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Sorption to sediment black carbon (BC) may limit the aerobic biodegradation of polycyclic aromatic
hydrocarbons (PAHs) in resuspension events and intact sediment beds. We examined this hypothesis exper-
imentally under conditions that were realistic in terms of oxygen concentrations and BC content. A new
method, based on synchronous fluorescence observations of 14C-pyrene, was developed for continuously
measuring the uptake of dissolved pyrene by Mycobacterium gilvum VM552, a representative degrader of PAHs.
The effect of oxygen and pyrene concentrations on pyrene uptake followed Michaelis-Menten kinetics, resulting
in a dissolved oxygen half-saturation constant (Kom) of 14.1 �M and a dissolved pyrene half-saturation
constant (Kpm) of 6 nM. The fluorescence of 14C-pyrene in air-saturated suspensions of sediments and induced
cells followed time courses that reflected simultaneous desorption and biodegradation of pyrene, ultimately
causing a quasi-steady-state concentration of dissolved pyrene balancing desorptive inputs and biodegradation
removals. The increasing concentrations of 14CO2 in these suspensions, as determined with liquid scintillation,
evidenced the strong impact of sorption to BC-rich sediments on the biodegradation rate. Using the best-fit
parameter values, we integrated oxygen and sorption effects and showed that oxygen tensions far below
saturation levels in water are sufficient to enable significant decreases in the steady-state concentrations of
aqueous-phase pyrene. These findings may be relevant for bioaccumulation scenarios that consider the effect
of sediment resuspension events on exposure to water column and sediment pore water, as well as the direct
uptake of PAHs from sediments.

The aerobic biodegradation of polycyclic aromatic hydrocar-
bons (PAHs) constitutes one of the main processes for dissi-
pation of these toxic compounds from polluted soils and sed-
iments. The oxygen dependence of this process has long
sustained the belief that the anaerobic conditions usually
found in environments such as sediments in estuaries and ports
are the main cause of a long persistence of PAH pollution.
However, recent findings have demonstrated that microorgan-
isms can also use other electron acceptors, such as nitrate and
sulfate, to oxidize PAHs in sediments (30, 33). Less attention
has been given to aerobic biodegradation operating at low
oxygen tensions. This process may also be important at the
interface between anoxic sediments and the overlying waters.
Resuspension of PAH-polluted anoxic sediments can result in
the exposure of sediment particles to low concentrations of
oxygen in the immediately overlying water column, thereby
promoting the aerobic biodegradation of PAHs (22) under
conditions in which they can be desorbed and taken up by
competent microorganisms. The resulting decreases in the
aqueous-phase concentration (and in the associated chemical
activity) caused by oxygen-limited aerobic biodegradation may
be relevant for bioaccumulation scenarios that consider expo-
sure to the water column and sediment pore water, in addition
to the direct uptake from sediments (23). Despite its signifi-

cance, the capacity for prediction of aerobic biodegradation
rates of PAHs at low oxygen tensions is still very limited.
Whereas the oxygen dependence of fast biodegradation of
PAHs in soils and sediments is a well-known phenomenon (5,
17), studies reporting precise measurements of the dissolved
oxygen half-saturation constant (Kom) for biodegradation of
PAHs—a key modeling parameter—are very scarce (7, 21).
The only available estimation for a Kom value of a high-mo-
lecular-weight (HMW) PAH (5.9 �M) was provided for pyrene
on the basis of growth rates on pyrene of a Mycobacterium
strain in a fermenter (7). However, the pyrene concentration
chosen (500 mg/liter)—well above the level of its aqueous
solubility (0.13 mg/liter) known to support bacterial growth
(34)—was not representative of those concentrations present
in the environment.

Besides the oxygen concentration, another factor that may
control the biodegradation of sedimentary PAHs is their
bioavailability. Due to their partitioning into sorbents, such
chemicals exhibit only weak chemical activity gradients that
promote their uptake and transformation by active micro-
bial cells. Hence, the biodegradation rates are likely far
below those corresponding to maximum rates, and they may
reflect nonlinear biochemical dependencies. Also, these low
rates may be due to the lower chemical activity of PAHs
causing the microbial acquisition of the aqueous-phase
chemicals to become a bottleneck for the biodegradation
process (31). Examples of conflicts of bioavailability with
biodegradation can be found when PAHs are predominantly
sorbed onto solid aggregates (12) and dissolved in non-
aqueous-phase liquids (28). Sorption is especially important
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in sediments. During recent years, the traditional, one-
phase organic carbon (OC) partitioning model has been
expanded for PAHs and other hydrophobic pollutants to
include uptake both into OC and onto the ubiquitous, solid-
phase products of incomplete combustion, collectively
called black carbon (BC). Therefore, adsorption to BC and
absorption to OC would occur in parallel during the sorp-
tion process (1, 2, 15). The new model has been useful in
understanding field observations of the PAH solid-water
distribution coefficient (Kd), which have evidenced a higher
sorption capacity than would have been expected on the
basis of OC content only (25, 26). Several studies have
shown that strong sorption of PAHs to BC may also signif-
icantly limit biodegradation. For example, Ghosh et al.
showed that 16 U.S. Environmental Protection Agency
(USEPA) PAHs associated with carbonaceous coal-derived
material present in harbor sediments exhibited negligible
biodegradation rates in aerobic sediment slurries, whereas
similar conditions led to significant losses (up to 75% after
2 months) of PAHs present in semisolid coal tar pitch (10).
Little or no biodegradation was also observed for 3- to
6-ringed PAHs associated with BC-rich street dust added to
soils to simulate diffuse pollution (18) and with naphthalene
sorbed to granular activated carbon, a material similar to
BC in its physicochemical characteristics, in suspensions of
two different bacterial species with dissimilar modes of ac-
quisition of the sorbed compound (14). Finally, Rhodes et
al. examined the effect of BC on bioavailability of phenan-
threne in soils (32). They found that the addition of BC to
soils caused a significant decrease both in the total extent of
mineralization and in extractability by the use of cyclodex-
trin solutions (32). Despite these advances in the field, it is
still uncertain whether sorption to BC causes the sequestra-
tion of PAHs or whether their microbial assimilation is still
possible, although at a very low rate. This gap in knowledge
is a major limitation in predicting the fate of these chemicals
in many contaminated sediments, making it difficult to
achieve a proper perception of the risks posed by resuspen-
sions in overlying waters and bioturbated sediment beds.

We considered that sorption to sediment BC may limit the
aerobic biodegradation of aqueous-phase PAHs such as py-
rene and examined this hypothesis experimentally under
conditions that were realistic in terms of concentrations of
oxygen and suspended-solids typical for sediment resuspen-
sion events. For this aim, we developed a new method, based
on synchronous fluorescence observations of 14C-pyrene, for
both measuring the rates of uptake of dissolved pyrene at
low oxygen concentrations by a representative PAH-degrad-
ing bacterial strain and simultaneously assessing the appear-
ance of 14CO2. The method also allowed us to characterize
the evolution of aqueous-phase pyrene during biodegrada-
tion in initially equilibrated suspensions of sediment with a
known content in black carbon. The information obtained
experimentally was integrated in model calculations of the
evolution of aqueous pyrene concentrations in sediment sus-
pensions. To our knowledge, this is the first report connect-
ing these two major factors—oxygen limitation and sorption
to BC—in the biodegradation of HMW PAHs.

MATERIALS AND METHODS

Chemicals. [4,5,9,10-14C]Pyrene (55 mCi/mmol; radiochemical purity, �97%)
was obtained from Sigma-Aldrich, Saint Louis, MO. Nonlabeled pyrene (purity,
99%) was purchased from Aldrich Chemical Co., Milwaukee, WI.

Bacterium, media, and cultivation. Mycobacterium gilvum VM552 was used,
because it can grow with pyrene as the sole source of carbon and energy. Bacteria
of the genus Mycobacterium have previously been identified as representative
components of PAH-degrading populations in Boston Harbor sediments (4).
The strain, which was kindly supplied by D. Springael (Catholic University of
Leuven, Leuven, Belgium), was grown exponentially at 30°C in a phosphate-
buffered solid medium (pH 7.0) described previously (35). Pyrene had earlier
been added to the sterile medium at 45°C in acetone solution (0.033 g/ml) to give
a final concentration of 0.10 g/liter. This temperature facilitated the fast evapo-
ration of the acetone prior use of the plates. This procedure resulted in the
formation of fine crystals whose dissolution through the agar allowed the growth
of M. gilvum. Noninduced cells were obtained after growth on solid Luria broth
(LB) medium (35). For biodegradation experiments, early-stationary-phase cells
were collected 2 weeks (pyrene) or a few days (LB) after inoculation, by a
washing of the surface of the agar with pyrene-free medium, centrifugation at
1,700 � g for 20 min, and a further single washing performed once with the same
medium. Final cell densities were adjusted by measurement of the optical density
at 600 nm (OD600) as stated below. The medium, which was also used in all
biodegradation experiments, was prepared as described above and previously
(35), except that the concentrations of K2HPO4 � 3H2O and NaH2PO4 � 3H2O
were 0.65 and 3.70 g/liter, respectively, and were buffered to pH 5.8.

Sediment. The sediment sample used in this study was obtained from North
Quincy Bay (NQB) in Boston Harbor, a site with a known record of pollution by
PAH. The sediment has been studied in terms of chemical composition and
sorption capacity for PAHs (1, 24). It has 3.1% organic matter, 0.6% black
carbon, and approximately 11 mg of pyrene/kg of dry sediment. The sediment
sample was prepared for the experiments as described earlier (1). For some
experiments, NQB sediment was enriched with black carbon by mixing (1% [wt/wt])
with diesel particulate matter (SRM 2975; National Institute of Standards and
Technology, Gaithersburg, MD) (0.9 mg of pyrene/kg of dry matter). This sample is
referred to here as NQB-BC. The sediment samples were left unsterilized to avoid
alteration of their sorption capacity, but sorption controls (see below) evidenced no
pyrene biodegradation activity in the absence of inoculation.

Sorption. Sediment samples (20 to 80 mg) were introduced into 60-ml BOD
glass bottles (Wheaton), together with 50 ml of distilled water containing 8.4
ng/ml dissolved 14C-pyrene (5,000 dpm/ml). The resulting range of concentra-
tions of suspended solids (400 to 1,600 mg solids/liter) can be considered realistic
for natural estuary, harbor, or tributary water columns, which typically contain 20
to 500 mg of solids/liter (20), and for waters receiving inputs of solids (130 to
2,300 mg solids/liter) during resuspensions of PAH-polluted sediments (37). The
radiolabeled compound had been added to the aqueous solution dissolved in
acetone (0.1 ml acetone per liter of water). This acetone concentration was low
enough to cause a cosolvent effect or toxicity for the bacteria. The bottles were
closed with glass stoppers and tumbled once every 17 s for 200 h. This sorption
equilibration period was sufficient to cause restrictions for biodegradation of
sediment-sorbed PAH (12).

The concentration of 14C-pyrene in solution was determined by synchronous
fluorescence analysis (36) of homogenous samples taken from the flasks and
transferred to a quartz cuvette (model 13LT PCS2; NSG Precision Cells, Inc.,
Farmingdale, NY) (1-cm path length). The scans were performed using a Perkin-
Elmer LS50B luminescence spectrofluorometer (Buckinghamshire, England),
with a �� of 100 nm (i.e., quantifying response with excitation at 272.4 nm and
emission at 372.4 nm), an entrance slit width of 2.5 nm, an exit slit width of 5 nm,
and a scan speed of 240 nm/min. The detection limit with these parameters was
0.27 ng of pyrene/ml (1). The specific activity of 14C-labeled pyrene was calcu-
lated from the calibration with solutions of 12C-pyrene in water and independent
measurement of radioactivity with a liquid scintillation counter (model LS6500;
Beckman Instruments). We found that the specific activity was 94.9 � 4.2% of
the value stated by the supplier. Inner-filter effects on the fluorescence quanti-
fications in sediment suspensions were corrected for each determination accord-
ing to the method of Gauthier et al. (8), using measurements of absorbance at
272.4 nm and 372.4 nm obtained with a Beckman DU640 spectrophotometer
(Fullerton, CA). The correction factors (Fcorr/Fobsd) were calculated from ab-
sorbance readings taken after 5 min, a period within which most of the bigger
particles had settled. Settling did not interfere during fluorescence measure-
ments, since the fluorescence remained constant (at �9% of the initial fluores-
cence values) over at least the first 20 min. Correction factors typically ranged
from 1.03 to 1.18. The accuracy of these corrections was also confirmed by the
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limited (�1%) deviation of the values calculated from fluorescence determina-
tions for pyrene in supernatants of the samples after centrifugation at 1,700 � g
for 20 min. Fluorescence readings taken during 20 min for a solution of pyrene
(8.2 ng/ml) in culture medium confirmed that sorption of the chemical to the
walls of the fluorimeter cuvette was below the instrumental error level (6.5%).
Losses of dissolved 14C-pyrene in control bottles without sediment were �4%
during the experiment. No mineralization occurred in the sediment suspensions
during equilibration, as indicated by the absence of detectable 14CO2 in the
solution. Interference caused by the presence of native pyrene in fluorescence
determinations was not observed, even though the pyrene contribution in the
sediment was between half and twice the 14C-pyrene spiking level, as we saw that
sediment suspensions maintained under the same conditions, but without added
14C-pyrene, had no pyrene fluorescence signal. The solid-water distribution co-
efficient, Kd (in liters per kilogram), was calculated from the following equation:

fw �
1

1 � rswKd
(1)

where fw is the fraction of the compound remaining dissolved in the water at
equilibrium and rsw is the solid-water phase ratio in kilograms per liter.

Biodegradation. Experiments were performed at 23°C using the fluorimeter
cuvette under conditions that allowed us to follow continuously the disappear-
ance of pyrene from the aqueous solution. This was achieved by taking advantage
of the higher specificity of the signal from pyrene observed with synchronous
spectrofluorometry compared with conventional fluorimetry. The synchronous
method uses a fixed �� (emission minus excitation) during the scan that helps
discriminate target fluorophores (e.g., pyrene) from interfering signals from sed-
iment, bacterial cells, and inorganic salts present in the culture medium. The exper-
iments included (i) biodegradation in sediment-free media at different oxygen con-
centrations and (ii) biodegradation in air-saturated sediment suspensions.

The effects of different oxygen concentrations on biodegradation were tested
using bacterial suspensions prepared in the fluorimeter cuvette by mixing known
volumes of oxygen-free and air-saturated bacterial suspensions and 14C-pyrene
solutions. The mixtures were prepared in a nitrogen atmosphere inside a glove
bag provided with an oxygen trap in the inlet (VWR, Batavia, IL). Oxygen-free
and air-saturated suspensions were prepared by sparging with nitrogen and air,
respectively, for 3 min. The concentration of oxygen in the cuvette was calculated
from the oxygen concentration in air-saturated culture medium (8.4 mg/liter or
262.5 �M at 23°C, as measured with a model 57 oxygen meter provided with a
5905 BOD probe [YSI, Yellow Springs, OH]) and from the volumes of the
different oxic and anoxic solutions used in the reaction. The absence of detect-
able amounts of oxygen in nitrogen-sparged suspensions was confirmed with
oxygen meter and colorimetric determinations (Chemets kit R-7501; Chemetrics,
Calverton, VA) (limit of detection, 0.05 mg/liter or 1.6 �M). The cuvette was
then immediately sealed with a ground glass stopper and transferred from the
glove bag directly into the fluorimeter. The concentration of pyrene in solution
was then measured in all of the experiments every 30 s by synchronous scans
performed as previously described, using appropriate corrections for inner-filter
effects. Experiments with killed bacteria were performed by adding, at 5 min
prior to experiments, 50 �l of a solution of HgCl2 (40 g/liter) to 4 ml of the
bacterial suspensions.

Because the fluorescence calibrations at low oxygen tensions had a higher
slope than in air-saturated solutions (thus evidencing the quenching effect of
oxygen on fluorescence), a separate calibration was used for each oxygen con-
centration tested. For example, calibration at 13 �M oxygen followed the rela-
tionship y � 20.63 � 	1.48 (R2 � 0.98), whereas, for air-saturated solutions
(262.5 �M oxygen), calibration followed the equation y � 15.25 � 	7.19 (R2 �
0.98). Because of the nanomolar-range concentrations of pyrene used and the
stoichiometry of the aerobic oxidation of this compound, significant changes in
the concentration of oxygen due to biodegradation were not expected. Although
the suspensions were not stirred, the bacterial cells remained homogeneously
suspended during the experiments, as revealed by independent absorbance mea-
surements performed at 272.4 nm and 600 nm during 1 h.

The effect of sorption on pyrene biodegradation was tested under fully aerated
conditions in aliquots of sediment suspensions equilibrated as described above
for the sorption experiments. Again, considering the experimental period used,
the low concentration of organic-matter-containing solids present, and the use of
pyrene-induced cells, no significant oxygen limitation was expected. To measure
biodegradation, 4-ml portions of the sediment suspensions were placed in the
fluorimeter cuvette, supplemented with 100 �l of a 40-fold-concentrated mineral
medium (pH 5.8), and inoculated with 75 �l of a bacterial suspension prepared
as described above. The fluorescence signal of pyrene was then monitored by
synchronous scans.

The fluorescence signal of 14C-pyrene could not be identified in bacterial
suspensions having an OD600 higher than 0.03. Therefore, the cell density in the
assay mixtures was adjusted (unless otherwise stated) to an OD600 of 0.010 �
0.003. In experiments with sediment suspensions, cell densities were adjusted in
parallel by measuring the OD600 of bacterial suspensions at appropriate dilutions
in sediment-free medium. The protein concentrations in the assay mixtures were
estimated for each experiment (6), with bovine serum albumin (Sigma-Aldrich,
Saint Louis, MO) as the standard. A cell suspension with an OD600 of 0.007 had
a protein content of 2.81 �g/ml and 2 � 106 cells/ml. The cell densities used were
slightly higher than those usually found in natural sediments and pore waters (see
Results). However, they allowed accurate estimations of the biomass-indepen-
dent biodegradation parameters needed for model calculations. The concentra-
tion of dissolved 14CO2 produced from 14C-pyrene was determined in parallel to
fluorescence readings of suspensions prepared as described above and placed in
8-ml glass vials. The vials were maintained upright and without shaking to mimic
the conditions of the fluorescence determinations. At certain time intervals,
0.5-ml samples were taken from the vials and analyzed for their 14CO2 content.
In some experiments, the aliquots were taken directly from the cuvette at the end
of each experimental period. This volume was introduced into a 50-ml glass tube
(Pyrex 8424) that had at the bottom 1 ml of an acidified (pH 2.3) solution of
HgCl2 (10 g/liter) to stop biodegradation and release 14CO2 into the headspace.
The tube was immediately closed with a Teflon-lined stopper, from which a vial
of 1 ml containing 0.5 ml of 0.5 M NaOH was suspended to trap 14CO2. The
flasks were kept upright for at least 8 h at 23 � 2°C on an orbital shaker operating
at 100 rpm. This procedure allowed the complete recovery of the 14CO2 initially
present in the solution. The NaOH solution was then mixed with 5 ml of liquid
scintillation cocktail (Ready Safe, Beckman Instruments, Fullerton, CA), and the
mixture was kept in darkness for about 8 h to allow dissipation of chemilumi-
nescence. Radioactivity was measured with a liquid scintillation counter. No
significant losses of 14CO2 were expected during biodegradation experiments,
given the small headspace in the cuvette and its closure with a gas-tight cap. Mass
balances performed after mineralization determinations accounted for 75 to
100% of the initial radioactivity present in the system. The bioavailable fraction
of 14C-pyrene in the system, fbio, was estimated in experiments with sediment
suspensions according to the following equation:

fbio �
Fmin

Fef
(2)

where Fmin is the extent of mineralization measured at the end of the experi-
mental period when dissolved pyrene concentrations remained at constant levels
and Fef is the fractional extent of mineralization of pyrene, previously deter-
mined for M. gilvum VM552 to be 22.6% in the absence of sediment.

Model calculations. The kinetic analysis of the biodegradation experiments
that separately examined oxygen and sorption limitations was integrated into
model calculations predicting the concentration of aqueous-phase pyrene in
sediment suspensions. For this purpose, the maximum rates of pyrene uptake at
different oxygen concentrations were fitted by linear regression to the Lin-
eweaver-Burk inverse form of the Michaelis-Menten equation:

1
v

�
Kom

Vmax
�

1

O2�

�
1

Vmax
(3)

where v is the specific rate of uptake (in nanograms per microgram of protein per
minute), [O2] is the millimolar oxygen concentration, Vmax is the maximum
specific uptake rate under conditions of saturating air (in nanograms per micro-
gram of protein per minute), and Kom is the oxygen concentration resulting in
v � 0.5(Vmax). According to this equation, a plot of 1/v versus 1/[O2] yields a
straight line with an intercept on the y axis of 1/Vmax and a slope of Kom/Vmax.

The half-saturation constant for pyrene, Kpm, corresponding, under conditions of
air saturation, to the concentration of pyrene (in nanograms per milliliter) resulting
in one-half of the maximum specific uptake rate, Vmax (in nanograms per microgram
of protein per minute), was calculated using the governing equation:

d
pyr�
dt

�
Vmax � P � 
pyr�

Kpm � 
pyr�
(4)

where P is the concentration of protein (in micrograms of protein per milliliter).
This has the following solution:

ln�Pyrt

Pyr0
� � Pyrt � Pyr0 �

Vmax � P � t
Kpm

(5)

where Pyr0 and Pyrt are the aqueous concentrations of pyrene at time 0 and t,
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respectively, and t is time (min). Replacement using the fluorescence values was
calculated as follows:

Pyr �
�fluo � bkdg


rf
(6)

where fluo, bkdg, and rf are fluorescence readings, background fluorescence, and
response factor, respectively; rearrangement gives the following equation:

ln�fluot � bkgd
 �
fluot

rf
�

Vmax � P � t
Kpm

� ln�fluo0 � bkgd
 �
fluo0

rf
(7)

The value of Kpm was calculated from equation 7 by fitting values to fluorescence
readings from biodegradation experiments after fixing the Vmax value that was
determined for uptake at different oxygen concentrations.

The results of biodegradation experiments in sediment suspensions were an-
alyzed with the following differential equation:

d�pyrw


dt
� 	kbio � pyrw � kdesorb � � pyrsed

Kd � pyrw
� (8)

where pyrw (in nanograms per milliliter) is the concentration of pyrene in the
aqueous phase, t is time in minutes, kbio (per minute) is the pseudo-first-order
rate constant for biodegradation of dissolved pyrene, kdesorb is the first-order rate
constant for desorption of pyrene (per minute), pyrsed is the concentration of
sorbed pyrene (in nanograms per gram), and Kd (in milliliters per gram) is the
solid-water distribution coefficient. The integral form of this equation is as
follows:


pyrw�t � �
pyrw�0 � A
 � e	Bt � A (9)

with

A �
kdesorb � �pyrsed/Kd


kbio � kdesorb
(10)

B � kbio � kdesorb (11)

For our modeling fits, we took A to represent the quasi-steady-state concentra-
tion of aqueous-phase pyrene achieved during long time spans when dissolved
pyrene levels reflected a balance of desorption inputs and biodegradation re-
movals, whereas B represents the sum of first-order rate constants for processes
changing aqueous-phase pyrene concentrations. The values for A and B were
obtained by the use of Microsoft Excel 2003 (Solver option) to minimize the
differences in the cumulative squared residual values between experimental and
calculated values of pyrene concentrations. These values were then used to
calculate kdesorb by solving equations 10 and 11:

kdesorb �
A � B � Kd

pyrsed
(12)

The effect of oxygen- and sorption-limited biodegradation on the evolution of
aqueous pyrene concentrations in sediment suspensions was simulated with
equation 9 using the parameter values obtained experimentally in this study
(Vmax, Kom, Kpm, Kd, and kdesorb) or as previously published (Kd and kdesorb [2, 12,
26]). The first-order biodegradation rate constant from equation 9, kbio (per
minute), was adjusted for different oxygen concentrations according to the fol-
lowing equation:

kbio � VmaxP �

O2�

Kom � 
O2�
�

1
Kpm � 
pyr�

(13)

where P (in micrograms of protein per milliliter) is the biomass concentration
operating at a certain oxygen concentration ([O2]) and an initial aqueous pyrene
concentration ([pyr]). The values for the empirical ratio of the pyrene concen-
tration in the solid phase to that in the dissolved phase (Qd) were calculated from
the simulated aqueous concentrations by assuming that the solid-phase concen-
tration remained constant.

RESULTS

Effects of induced, noninduced, and inactivated cells on
aqueous-phase 14C-pyrene. To test the use of synchronous
fluorescence spectroscopy for following biodegradation of
aqueous-phase 14C-pyrene in bacterial and sediment suspen-

sions, we examined various simplified systems. When we used
only pyrene-grown bacteria, the fluorescence data showed
rapid and complete loss of the dissolved compound in air-
saturated solutions, as evidenced by the decrease in fluores-
cence signal to undetectable levels (Fig. 1A). The experiments
showed that uptake of the compound may be an inducible
process, because losses during the first 10 min were small
whereas longer incubations (up to 1 h) with LB-grown cells (at
7.3 �g protein/ml or an OD600 of 0.019) produced decreases in
aqueous-phase 14C-pyrene levels (Fig. 1A); however, this slow

FIG. 1. (A) Time courses of dissolved 14C-pyrene concentrations in
the presence of noninduced cells of Mycobacterium gilvum VM552
cultivated in Luria broth medium and induced, pyrene-grown cells.
(B) Time courses of 14C-pyrene concentrations in the presence of
induced cells (14C-PYR, IND) and of induced cells previously treated
with mercuric chloride (14C-PYR, KILLED), and percentages of
chemicals converted into 14CO2 in the presence of induced cells
(14CO2, IND). (C) Effect of oxygen concentrations (indicated in the
figure as 3.1, 12.3, and 262.5 �M) on the biodegradation of dissolved
14C-pyrene in suspensions of induced cells. Error bars in panels B and
C represent 1 standard deviation of the results of duplicate measure-
ments.
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uptake may also have reflected some passive uptake from so-
lution into the cells. Measurement of evolved 14CO2 showed
that uptake of 14C-pyrene by induced bacteria was strongly
coupled to its mineralization (Fig. 1B). Noninduced cells were
not able to mineralize the chemical under these conditions.
The extent of mineralization reached after complete consump-
tion of the aqueous-phase compound was within the expected
values for mineralization of PAHs. We did not observe any
compound disappearance when induced bacterial suspensions
were treated with mercuric chloride 5 min before the assay
(Fig. 1B), indicating that passive sorption onto bacterial cells
was not significantly increased in induced cells. Mineralization
of the chemical by these inactivated cells was negligible
(�1%).

Effect of oxygen concentration on uptake of 14C-pyrene. Ox-
ygen concentrations had a strong effect on the biodegradation
of aqueous-phase 14C-pyrene by induced cells (Fig. 1C). For
low oxygen concentrations, the disappearance of this PAH was
slow and represented a nearly zero-order reaction with respect
to the 14C-pyrene concentration, occurring at constant rates of
0.064 � 0.002 and 0.130 � 0.006 ng �g protein	1 min	1 at 3.1
and 12.3 �M oxygen concentrations, respectively. Under con-
ditions of air saturation (262.5 �M), 14C-pyrene loss occurred
at a rate of 0.385 � 0.065 ng �g protein	1 min	1 during the
first 2 min and decreased with time. The fractions of substrate
transformed to 14CO2 at the end of the experimental period
(9.5 min) were 7.0 � 1.9%, 10.2 � 2.0%, and 28.2 � 5.5% at
3.1 �M, 12.3 �M, and 262.5 �M oxygen, respectively. Uptake
of 14C-pyrene also occurred in suspensions of pyrene-grown
cells containing no measurable oxygen, although at a rate
(0.035 � 0.007 ng �g protein	1 min	1) much slower than that
measured at known oxygen concentrations. Linear regression
(R2 � 0.96) of equation 3 with the maximum rates of com-
pound uptake occurring at five different oxygen concentrations
(3.1, 6.2, 12.3, 18.5, and 262.5 �M) resulted in a Vmax value of
0.34 ng �g protein	1 min	1 and a Kom of 14.1 �M. The pyrene
half-saturation constant, Kpm, was calculated from equation 7
with the data from the 14C-pyrene uptake determination (Fig.
1B) and the previously determined value of Vmax. The value
obtained for Kpm was 1.23 � 0.14 ng/ml (6.04 � 0.68 nM).

Effect of sorption to black carbon on biodegradation of 14C-
pyrene. A previous study, performed with untreated and com-
busted NQB sediment, showed the strong contribution of black
carbon to the overall sorption of pyrene in this sediment (1).
We enriched this sample in BC by adding diesel soot (1% by
weight). This sample is referred to here as NQB-BC. Sorption
kinetics experiments showed that, at a solid-phase/water-phase
ratio of 400 mg/liter, the dissolved 14C-pyrene concentrations
approached equilibrium, with half-lives of about 20 h and �6
h for the NQB and NQB-BC sediments, respectively (data not
shown). Kd values were estimated by assuming that the dis-
solved 14C-pyrene concentrations observed after 200 h re-
flected sorption equilibria. Not surprisingly, the NQB-BC sam-
ple exhibited an enhanced sorption capacity due to the
addition of the diesel soot. The log Kd values estimated for
NQB and NQB-BC sediments were 3.38 � 0.04 and 4.09 �
0.04, respectively. The former was close to, but lower than, the
value previously reported with this sediment, 3.72 � 0.17 (1),
presumably because the sorptive equilibrium for this system
was not fully reached even at 200 h (20).

The addition of pyrene-grown cells to these sediment sus-
pensions caused the fast decrease of the pyrene fluorescence
signal and a simultaneous transformation of the compound
into 14CO2 (Fig. 2). The bioavailable fraction of pyrene in the
system (fbio), as evidenced by the ratio of 14CO2 formed at the
end of the 20-min experimental period compared to the cor-
responding sediment-free results, was lower than 1.0 for all
sediment suspensions (Table 1), indicating the impact of sorp-
tion on biodegradation. Furthermore, sorption to diesel soot
was clearly the cause for diminished mineralization of pyrene
in NQB-BC suspensions, given that the observed fbio value was
lower than that seen with NQB at the same sediment concen-
tration (400 mg/liter). In addition, fbio values were very close to
the corresponding aqueous fraction of pyrene at equilibrium,
supporting the assumption of constant concentrations of py-
rene in the sediment underlying equation 9. Indeed, the con-
centration of aqueous-phase pyrene changed during biodegra-
dation in accordance with that equation (Fig. 2), indicating
that the concentration of aqueous-phase pyrene (pyrw) during
active biodegradation was dependent on the simultaneous net

FIG. 2. Time course of 14C-pyrene fluorescence and mineralization in suspensions of NQB sediment (from North Quincy Bay, Boston Harbor,
Boston, MA) and NQB-BC sediment (NQB sediment amended with soot at 1% [wt/wt]) previously equilibrated with 14C-pyrene solutions and
inoculated with Mycobacterium gilvum VM552. The solid line represents the predictions from equation 9. Conditions (referring to sediment and
PAH initial concentrations): (A) NQB at 400 mg/liter, 8.4 ng/ml 14C-pyrene; (B) NQB at 1,600 mg/liter, 15.1 ng/ml 14C-pyrene; (C) NQB-BC at
400 mg/liter, 8.4 ng/ml 14C-pyrene. Error bars represent 1 standard deviation.
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desorption of the compound from the sediment. Furthermore,
Fig. 2B and C show that equation 9 satisfactorily predicts the
maintenance of steady-state concentrations of dissolved py-
rene during slow (but significant) 14CO2 production. The ki-
netic analysis (Table 1) showed higher B values for higher rsw

values and with NQB-BC; while some of this trend can be
explained by larger concentrations of solid leading to a faster
system approach to sorptive equilibration (34), most of the
increase (contrast B and kdesorb in Table 1) was due to higher
kbio values at lower aqueous-phase concentrations of pyrene
resulting from the nonlinear nature of equation 13.

Integrating the effects of oxygen limitation and sorption on
the biodegradation of pyrene. In order to assess the combined
impacts of limited oxygen and sorptive interactions on the
biodegradation of pyrene, simulations were performed to eval-
uate the removal of pyrene at different oxygen concentrations
in initially equilibrated sediment/water systems. Model predic-
tions performed with equation 9 for biodegradation in suspen-
sions of NQB sediment at 1,600 mg/liter (Fig. 3A) show that
oxygen tensions at or above the experimentally determined
value of Kom (14.1 �M) should cause decreases in the aqueous
concentrations of pyrene similar to those seen under air-satu-
rated conditions (i.e., down to less than 1 ng/ml). Even at
sub-Kom levels of oxygen, losses due to biodegradation were
expected to be significant. For example, at 5 �M oxygen, bio-
degradation-desorption modeling causes the quasi-steady-state
aqueous concentration to be about 1.3 ng/ml (Fig. 3A). If this
type of result were applicable to surface sediment layers that
are microaerobic, then one would see an important impact on
“field-derived” log Qd values (i.e., observed ratios of sorbed-
to-dissolved compounds that may deviate from sorption equi-
librium ratios, or Kd values, because biotransformation is too
fast to allow sorptive equilibration). For example, the same
sediment (initial log Qd of 3.38) with oxygen-saturated pore
water would exhibit a log Qd of 4.17 whereas that seen with 5
�M O2 would have a log Qd of 3.76.

Further modeling was performed to ascertain whether oxy-
gen-limited plus desorption-limited biodegradation could fea-
sibly explain previously reported field conditions (Fig. 3B). The
scenario considered repeated short-term resuspension events
causing a solids content of 1,600 mg/liter, with sediment prop-
erties typical of parts of Boston Harbor (off Spectacle Island;

native pyrene concentration of 1.1 mg/kg, an OC content of
4.0%, and a BC content of 0.3% [2, 26]). Previous measures of
the pyrene in this bed sediment and its pore water showed a log
Kd value for pyrene sorption of 5.2, a value that was approxi-
mately 1 logarithm unit greater than expected, according to the

TABLE 1. Effect of sorption to sediments on biodegradation of aqueous-phase pyrene by Mycobacterium gilvum VM552

Sedimenta rsw
b

(mg/liter) fbio
c

pyrw
d (ng/ml) Be

(kbio � kdesorb)
(min	1)

kdesorb
f

(min	1)Initial Steady state

NQB 400 0.43 � 0.13 4.49 � 0.39 0.30 � 0.09g 0.135 � 0.012 0.0096 � 0.0037
800 0.36 � 0.03 3.49 � 0.04 0.23 � 0.04g 0.115 � 0.030 0.0064 � 0.0028

1,600 0.21 � 0.02 3.55 � 0.56 0.29 � 0.09h 0.288 � 0.007 0.0254 � 0.0085

NQB-BC 400 0.28 � 0.04 0.84 � 0.23 0.15 � 0.02h 0.684 � 0.146 0.0683 � 0.0021

a NQ, North Quincy Bay in Boston Harbor, Boston, MA; NQB-BC, NQB sediment amended with 1% diesel soot.
b rsw, solid-phase/water-phase ratio.
c fbio, bioavailable fraction.
d pyrw, dissolved concentration of pyrene (total concentration, 8.40 ng/ml) at equilibrium before the addition of bacteria (Initial) and at the end of the biodegradation

experiments (Steady state). The treatment with NQB at 1,600 mg/liter initially contained 15.10 ng/ml total pyrene.
e B, first-order rate constant for dissipation of aqueous-phase pyrene (calculated with curve fitting equation 9).
f kdesorb, rate constant for desorption of pyrene (calculated with equation 12).
g Mean � standard deviation of experimental values during the last 5 min of incubation.
h Value for A (quasi-steady-state concentration of aqueous-phase pyrene; see Materials and Methods) � standard deviation (obtained by curve fitting equation 9).

FIG. 3. Model predictions of pyrene aqueous concentrations and
empirical distribution ratio (log Qd) in sediment suspensions with
biodegradation operating at different oxygen tensions. (A) Effect of
oxygen concentrations (indicated in the figure as 0.1, 1.0, 5.0, 14.1, and
262.5 �M) on the evolution of dissolved pyrene in suspensions of NQB
(sediment from North Quincy Bay in Boston Harbor, Boston, MA)
under experimental conditions corresponding to those described for
Fig. 2B. (B) Evolution of aqueous-phase pyrene (solid curves) and
log Qd (dashed curves) at two different oxygen concentrations (5
and 262.5 �M) in suspensions of Spectacle Island sediment from
Boston Harbor (2, 26) at a cell density of 103 cells/ml (see text for
a description of the other simulation conditions). The dotted hori-
zontal line indicates the field-estimated log Kd value (2). Note the
different scale units on the left side of panels A and B.
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OC content of the sediments (26). Black-carbon-based model
predictions did not completely explain the enhanced sorption,
as they still underestimated log Kd values by 0.6 logarithm units
in the upper zone of the sediments, which is subject to biotur-
bation (2). To assess whether oxygen-limited and desorption-
limited biodegradation could account for these differences, we
took the BC-predicted log Kd value of 4.6 for our modeling
(i.e., Kd � 0.003 � 106.25 � pyrene	0.38, assuming that the dis-
solved pyrene level was 0.004 �g/liter [1]). Because a value for
the desorption rate constant was not available for this sedi-
ment, and considering that more than 95% of native pyrene is
usually found in sediments in the very slowly desorbing frac-
tion, we took a value of 1.31 � 10	3 h	1 for this constant (12).
The density of pyrene-degrading cells was taken as 103 cells/ml.
This relatively low cell number was based on estimations of
numbers of phenanthrene-degrading bacteria in sediments (up
to 107 cells/g of sediment [9]), considering that the number of
pyrene degraders in the water column was due exclusively to
the input of the resuspended sediment particles and that nat-
urally occurring populations of pyrene-degrading microorgan-
isms are usually 1/10 the size of phenanthrene-degrading pop-
ulations (19). Model predictions under these conditions
showed that biodegradation operating at very low oxygen ten-
sions (5 �M) was still able to significantly reduce the concen-
tration of aqueous-phase pyrene (Fig. 3B)—15 days being
needed to drive the log Qd value to the field-observed value of
log Kd.

DISCUSSION

The new method for continuous measurement of 14C-pyrene
uptake by Mycobacterium gilvum VM552 was a useful means to
characterize kinetically the biodegradation of aqueous-phase
pyrene at different oxygen concentrations under different sorp-
tion conditions. However, in our experimental system, cells
that were left uninduced with respect to pyrene metabolism,
and induced cells incubated at a concentration resulting in no
detectable oxygen, also caused losses of pyrene in solution.
This was expected, because the amount of biomass used in the
assays was sufficient to passively sorb a significant fraction of
the compound, taking into account the amount of organic
carbon (OC) present in the system as bacterial cell components
and the log Koc of pyrene, which is 4.7 (1). For example,
approximately 40% of the compound would be expected to
sorb onto cells added at 7.30 �g protein/ml or 15 mg of OC/
liter (one cell of M. gilvum VM552 contained approximately
1.4 pg of protein and 2.8 pg of C, assuming that cell protein
contains 50% of cell C).

The low bacterial cell densities used in the present work
resulted in passive sorption to the cells that was reduced com-
pared to the level that was found in previous studies reporting
nearly instantaneous sorption of PAH to bacterial cells and
dissolved humic materials, with equilibration times of less than
1 min (3, 8, 27). This lower rate of passive sorption allowed us
to observe profound differences between induced and unin-
duced cells in uptake rates. Therefore, we believe that the
biodegradation-driven uptake overwhelmed the low rate of
spontaneous sorption to bacterial cells in our degradation test-
ing, given our experimental conditions. The precise mechanism
is unknown, but it may involve a specific, energy-dependent

mechanism for substrate uptake by induced cells, in addition to
passive diffusion (27).

The observed shift in biodegradation kinetics under condi-
tions ranging from high to low oxygen concentrations (Fig. 1C)
is consistent with the existence of an energy-dependent mech-
anism for pyrene uptake. It is possible that, at limiting oxygen
concentrations, this mechanism was inhibited. A similar effect
has been described for two inhibitors of active transport (cya-
nide and carbonyl cyanide m-chlorophenylhydrazone), which
prevented active uptake of phenanthrene by induced cells of
Mycobacterium sp. RJII-135 but not uptake by passive diffusion
(27). It is possible, therefore, that the linear kinetics observed
in our study at low oxygen tensions may be a reflection of the
uptake of the compound by passive diffusion, whereas an active
acquisition contributed to the first-order uptake observed for
air-saturated conditions. Another possible explanation for the
enhanced uptake by induced bacteria is that the active con-
sumption of pyrene due to biodegradation caused steepened
concentration gradients through the unstirred boundary layer
(UBL) surrounding the cells, resulting in an enhanced diffu-
sional flux toward the cells. Such a UBL, containing much
lower substrate concentrations than the surrounding media,
is usually formed around bacteria as a result of differences
in the rates of uptake and the rates of diffusion through the
UBL (16, 29).

The results shown here indicate that, under the bioavailabil-
ity restrictions imposed by strong sorption (e.g., to BC), an
active population of degrading cells drove the aqueous con-
centration of pyrene to a steady-state level caused by desorp-
tion inputs and biodegradation removals. Model calculations
further indicate that oxygen tensions far below saturation lev-
els in water were sufficient to allow steady-state concentrations
similar to those appearing in air-saturated conditions. The
oxygen concentration affected sorption-limited biodegradation
only below a threshold value, as determined by Kom. To our
knowledge, the value found for Kom (14.1 �M) is the first
estimation of a Kom value for pyrene uptake by microorgan-
isms. This value is slightly higher than the Kom value deter-
mined for growth on pyrene of a Mycobacterium sp. strain (5.9
�M) (7) and is close to that found for naphthalene uptake by
Pseudomonas putida G7 (15.6 �M) (21). These observations
suggest that very low oxygen inputs are needed for the aerobic
transformation of PAHs present in BC-containing sediments
subject to resuspension events or bioturbation activity, pro-
vided that they harbor an active, aerobic population of PAH-
degrading bacteria. The existence of such a potential for aer-
obic biodegradation is plausible, considering that faunal
activity may introduce up to 100 �M dissolved oxygen into
deeper sediment layers by burrowing and irrigation (11), and
surface and burrow sediments have been identified as the main
compartments for aerobic mineralization of pyrene in marine
sediments compared with reduced bulk sediment (13). How-
ever, the simultaneous occurrence of other carbon sources
and/or other organisms competing for oxygen should also be
considered in future works addressing the actual relevance of
oxygen-limited aerobic biodegradation of PAHs sorbed to BC-
containing sediments. This concept complements recent stud-
ies showing the significant contribution of anaerobic, sulfate-
dependent biodegradation to the dissipation of PAHs in anoxic
sediments (30, 33). Recent research has also demonstrated a

4436 ORTEGA-CALVO AND GSCHWEND APPL. ENVIRON. MICROBIOL.

 by on June 24, 2010 
aem

.asm
.org

D
ow

nloaded from
 

http://aem.asm.org


substantial role of black carbon regarding enhanced sorption
observations in sediments (2, 26), and our study extends those
findings by suggesting that aerobic biodegradation may also
contribute to sorption enhancements observed in situ.
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