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AbstractÐIn previous results [Rockne and Strand (1998) Environ. Sci. Technol. 32, 2962±3967],
anaerobic biodegradation of the polycyclic aromatic hydrocarbons, naphthalene, phenanthrene, and
biphenyl in a ¯uidized bed reactor (FBR) enrichment was demonstrated. In this paper, re-feeding and
mineralization experiments with sub-cultures of the nitrate-reducing enrichment are described. The sub-
cultures continued to remove the PAHs after three feedings. PAH biodegradation ceased when nitrate
was depleted and resumed when the enrichment was fed nitrate, demonstrating that PAH
biodegradation was dependent upon nitrate reduction. Tests with radiolabeled PAH con®rmed that
PAH was mineralized, although the extent of mineralization di�ered greatly with di�erent PAHs. Only
partial mineralization (17% of initial carbon) was observed when the culture was fed naphthalene,
whereas nearly complete mineralization (96%) was observed with phenanthrene. PAH carbon was
incorporated into cell mass and mineralized after complete biodegradation of the PAHs, with 78±102%
recoveries of radiolabel for naphthalene and phenanthrene, respectively. PAH carbon incorporation
into biomass also varied considerably. Minor assimilation of biphenyl or phenanthrene was observed in
the culture, whereas extensive assimilation of naphthalene carbon (57%) was observed when the culture
was challenged with naphthalene. PAH degradation was approximately stoichiometric with the amount
of nitrate consumed. Headspace analysis showed production of N2O, suggesting the enrichment
coupled the biodegradation of PAH to denitri®cation. 7 2000 Published by Elsevier Science Ltd
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INTRODUCTION

The polycyclic aromatic hydrocarbons (PAHs)

include several Environmental Protection Agency
(EPA) priority pollutants and are found at many
Superfund sites and other petroleum-impacted areas

(ATSDR, 1990; Johnston et al., 1993; Menzie et al.,
1992; Shiaris, 1989; Turney and Goerlitz, 1990).
Their prevalence in polluted sediments is of particu-

lar concern because these environments are fre-
quently anaerobic (Meador et al., 1995) and PAHs
are typically thought to be recalcitrant to biodegra-
dation without oxygen as a reactant (Bauer and

Capone, 1985; Evans and Fuchs, 1988; Genthner et
al., 1997). In recent years, this view has changed as
anaerobic PAH biodegradation has clearly been

demonstrated under sulfate-reducing (Bedessem et

al., 1997; Coates et al., 1996, 1997; Zhang and

Young, 1997) and nitrate-reducing conditions

(Rockne and Strand, 1998). Earlier reports of

naphthalene biodegradation under denitri®cation

conditions did not demonstrate sustained degra-

dation of PAH after re-feeding and did not show a

stoichiometric balance between nitrate and naphtha-

lene removal (Mihelcic and Luthy, 1988a, b),

although more recent reports have demonstrated

degradation in a continuously fed column (Lan-

genho� et al., 1996), as well as PAH degradation

by pure cultures with no detectable dissolved oxy-

gen concentration (McNally et al., 1998). This

paper presents the results of biodegradation and

mineralization studies using a nitrate-reducing

enrichment described in a previous study (Rockne

and Strand, 1998). The objectives of this research

were to demonstrate nitrate-dependent PAH biode-

gradation following repeated feeding of PAH, to

determine whether the sub-enrichments could

mineralize naphthalene, biphenyl, and phenan-

threne, and to determine whether the sub-cultures

were nitrate-to-nitrite reducers or full denitri®ers.
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MATERIALS AND METHODS

PAH biodegradation experiments

All experiments described here were performed with
sub-cultures fed individual PAHs in serum bottle incu-
bations and were a continuation of a study reported pre-
viously (Rockne and Strand, 1998). The sub-cultures came
from a ¯uidized bed reactor (FBR) which contained a bac-
terial culture enriched from creosote-contaminated sedi-
ments, as described previously (Rockne and Strand, 1998).
The FBR consisted of a glass reactor with a ¯uidized bed
of diatomaceous earth biocarrier and was fed a mixture of
naphthalene, biphenyl, and phenanthrene as sole sources
of carbon and energy. The PAHs were dissolved in the an-
aerobic, nitrate-amended arti®cial seawater (ASW) med-
ium continuously pumped as the in¯uent. The FBRs were
maintained for a period of approximately two years prior
to these experiments.

For sub-culture experiments, cell mass and biocarrier
were anoxically transferred from the FBR through a side
port to ®ll a N2-®lled serum bottle (30 ml). The mass of
cells removed from the FBR was determined by measuring
the volatile suspended solids (VSS) as described in APHA
(1995). Cells were removed from the carrier by vigorous
shaking on a vortexer for approximately 1 min. Following
settling of the biocarrier (1 min), the supernatant was
transferred to fresh ASW medium in a serum bottle (30 or
60 ml) and used to inoculate the biodegradation exper-
imental bottles.

All PAH biodegradation experiments were conducted
with cell suspensions in serum bottles (30 ml) in duplicate
or triplicate. Individual PAHs were initially coated onto
the insides of the test bottles by methylene chloride deliv-
ery. The mass of individual PAHs dissolved in methylene
chloride varied depending on the target PAH concen-
tration. Aliquots of the methylene chloride/PAH mixture
(50 or 100 ml) were added to the serum bottles and distrib-
uted evenly around the bottom and sides of the bottles.
The methylene chloride was allowed to evaporate (1±
2 min), leaving the PAHs sorbed on the insides of the bot-
tles. No signi®cant PAH loss occurred using this delivery
method (Rockne and Strand, 1998). Identical amounts of
methylene chloride/PAH were added to bottles with ®lter-
sterilized (0.2 mm), de-oxygenated, de-ionized water to
determine the initial PAH concentration. PAH was
measured following incubation for one week to allow for
complete solubilization of the PAHs.

ASW media were prepared by heating and cooling
under de-oxygenated N2 as described previously (Rockne
and Strand, 1998). The media contained a strong reduc-
tant (0.2 mM TiIII-citrate) to ensure that trace oxygen was
absent. Test bottles (30 ml) were prepared using Hungate's
technique (Holdeman et al., 1977) and inoculated with the
cell suspension (2±5 ml) using a sterile, N2-¯ushed syringe
(5 ml). The initial cell mass concentration was 10123 mg
VSS lÿ1. The test bottles were sparged with de-oxygenated
N2 for 10±20 min after inoculation and the vials were
capped with Te¯on

1

-lined, thick butyl rubber stoppers
(20 mm, West Biodirect, Lionville, PA). Following the ex-
perimental setup, the bottles were placed in an anaerobic
glove box (Forma Scienti®c Inc., Marietta, OH) contain-
ing a gas composition of 80% N2, 18% CO2, 2% H2 and
incubated quiescently in the dark at room temperature
(21±258C).

Samples for PAH and nitrate/nitrite analysis were taken
from the experimental bottles inside the glove box using a
N2-¯ushed syringe. Immediately prior to sampling from
the experimental bottles, de-oxygenated N2 for ¯ushing
the sampling syringes and to provide N2 to displace the
liquid sample removed from the test bottles was trans-
ferred into the glove box in a large serum bottle (160 ml)
containing fresh TiCl3 solution (2 M, 20 ml) and ®tted
with a thick butyl rubber stopper. The serum bottle with

the de-oxygenated N2 was pressurized (5±10 psi above at-
mospheric) with de-oxygenated nitrogen. The high press-
ure inside the bottle prevented the glove box atmosphere
(at atmospheric pressure) from seeping into the bottle
when a volume of gas was removed. Liquid samples (1 ml)
were withdrawn from the test bottles after displacement
with an equal volume of N2. The sampling syringe needle
was inserted between the septa and the side of the glass
opening to prevent puncturing the Te¯on

1

-lining of the
septa. The samples were placed in vials (4 ml) and diluted
1:1 with methanol. The vials were capped with Te¯on

1

-
lined septa, vortexed on a high setting for 90 s, centrifuged
(1500 � g), and the supernatant was transferred to glass
vial inserts (0.5 ml) for determination of PAH and nitrate/
nitrite as described previously (Rockne and Strand, 1998).
The cultures were re-fed PAH by aseptically and anoxi-

cally transferring the remaining cell suspension to a PAH-
coated test bottle prepared as described above. Nitrate
was anoxically added (100±800 ml) to the test bottles with
a N2-¯ushed syringe (1000 ml) from an anoxic 20 mM
NaNO3 ASW stock solution.

Radiolabeled experiments

To determine whether PAH was mineralized, exper-
iments were performed with radiolabeled PAH. Radio-
labeled [9-14C]phenanthrene (13.3 mCi mmolÿ1),
[U-14C]naphthalene (49.8 mCi mmolÿ1), or [U-14C]biphe-
nyl (7.6 mCi mmolÿ1) (all >98% radiopurity, Sigma
Chemicals, St Louis, MO) was added directly from the
carrier ampoule (in hexane, methanol, or toluene, respect-
ively) to methylene chloride along with non-radiolabeled
PAH to make stock solutions of known concentration.
The methylene chloride stock solution was added to the
bottles using the procedures described previously for ex-
periments with non-radiolabeled PAH. Target activity was
1.6 mCi per bottle for naphthalene and biphenyl, and 0.4
mCi per bottle for phenanthrene. Initial concentrations
were determined from identically treated serum bottles
containing ®lter-sterilized (0.2 mm), de-ionized water. We
used a high ratio of radiolabeled PAH to non-radiolabeled
PAH to maintain a high speci®c activity, resulting in con-
centrations of each PAH that were much less than in the
previous experiment. This was done to maximize the abil-
ity to measure potential radiolabeled metabolites, although
metabolites were not detected at quanti®able levels. The
test bottles were inoculated with pooled cell mass left over
from the non-radiolabeled PAH biodegradation exper-
iments. The biomass was suspended in fresh media to pro-
vide su�cient volume for the tests in duplicate. The
bottles were incubated quiescently in the dark at room
temperature (20±258C). Initial cell mass concentrations
were 70, 102, and 110 mg VSS lÿ1 for the naphthalene-,
biphenyl-, and phenanthrene-fed sub-cultures, respectively.
Following incubation, aliquots (3 ml) of the cultures

were taken for quanti®cation of CO2, parent compound,
and metabolites. Carbon dioxide was quanti®ed using a
modi®cation of the method for radiolabeled toluene min-
eralization by Edwards et al. (1992). Equal aliquots (1 ml)
of suspension were ®ltered through 0.45 mm ®lters into
separate scintillation vials (20 ml) containing base (100 ml
1N NaOH) or acid (100 ml 1N HCl). To remove volatile
radiolabel the vials were sparged at identical ¯ow rates
(250±300 ml3 minÿ1) with de-oxygenated N2 for 10 min
using a gassing cannula. Tests with radiolabeled naphtha-
lene con®rmed identical losses in both acidi®ed and alka-
lized vials after sparging with this method. After sparging,
scintillation cocktail (12.5 ml, HIONIC, Packard, Down-
ers Grove, IL) was added and the vials were allowed to sit
in the dark overnight to eliminate chemiluminescence.
Radioactivity in the vials was counted on a Packard Tri-
Carb 1600 TR liquid scintillation counter (Packard,
Downers Grove, IL) for 20 min. 14CO2 produced from
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PAH was calculated as the di�erence between the radioac-
tivity in the alkalized and acidi®ed vials.

The remaining sample (1 ml) was put into glass vials
(4 ml), diluted with methanol and treated as described
above for non-radiolabeled samples. PAH and nitrate/
nitrite were determined by high pressure liquid chromatog-
raphy with ultraviolet detection (HPLC-UV) as described
previously (Rockne and Strand, 1998). Brie¯y, PAHs were
eluted isocratically with a 95% methanol/5% water con-
taining 0.1% H3PO4 mobile phase (1.5 ml minÿ1) and
quanti®ed by UV absorbance at 220 nm (naphthalene) or
250 nm (biphenyl and phenanthrene). Nitrate and nitrite
were quanti®ed with HPLC-UV spectroscopy as described
by Schroeder (1987). Total non-volatile metabolites were
determined by gradient-HPLC fraction collection. The
HPLC had a ¯ow rate of 1.5 ml minÿ1 with the following
gradient: 95% 0.1% H3PO4/5% methanol, proceeding to
95% methanol/5% 0.1% H3PO4 with a linear gradient
over 18 min, held for 7 min, and returned to initial con-
ditions. Fractions at 1 min intervals (1.5 ml) were collected
from the HPLC e�uent in scintillation vials (7 ml) with
scintillation cocktail (5 ml, Ecolume, ICN Pharmaceuti-
cals, Costa Mesa, CA) and radioactivity determined by
liquid scintillation counting as described above.

Total radiolabel ®xed in biomass was determined at the
end of the experiment. Samples of the culture (5 ml) were
®ltered through a 0.2 mm syringe ®lter. The ®lter was
washed with sequential washes of de-ionized water (10 ml)
and methanol (10 ml) to remove possible radiolabel in the
aqueous phase and non-polar radiolabel (e.g. parent PAH)
sorbed to the cells. Following extraction the ®lter was
placed in an acid fumer for removal of absorbed CO2

(APHA, 1995), and transferred to a scintillation vial
(20 ml) with scintillation cocktail (20 ml, Ecolume). The
total activity was counted and assimilated PAH was deter-
mined as a percentage of total PAH. Total recoveries of
added radiolabel in combined extracts were 78±102%.

N2O production assay

In order to test for N2O production, parallel exper-
iments were started at the same time as the mineralization
experiments with the same inoculum and cell mass concen-
trations. Individual PAHs were added to the test bottles
(65 ml) using the same PAH delivery method as described
above. The mass of PAH added to the test bottles was in
excess of solubility (50 mg PAH lÿ1) to provide su�cient
electron donor for detectable gas production by denitri®-
cation. The bottles were ®tted with thick butyl rubber
stoppers and ®lled to allow 5 ml headspace. Killed con-
trols consisted of a mixture of each sub-culture (18 ml
each) and PAH (15 mg each PAH lÿ1) as the only poten-
tial electron donor with the addition of formaldehyde sol-
ution (5% v/v ®nal concentration, Fisher Scienti®c,
Pittsburgh, PA). The test bottles were incubated quies-
cently in the dark at room temperature (20±258C).

After incubation headspace samples (100 ml) were with-
drawn using a gas-tight syringe (100) and split-injected
(1:99) on a gas chromatograph (Perkin Elmer Autosystem
GC) ®tted with a DB-5 capillary column (30 m) run iso-
thermally at 1008C for 5 min and N2O was detected by an
electron capture detector. Retention times of detected
peaks were compared to authentic N2O, N2, NO, CO2,
and O2 standards for identi®cation. No peaks detected in
the test bottle samples had retention times corresponding
to the authentic O2 standard. Peaks corresponding to N2O
were quanti®ed with a standard curve of known concen-
trations using N2O (99.99%, Scott Specialty Gases) diluted
into sealed serum bottles ®lled with laboratory air.

Reaction stoichiometry

We compared the ratio of PAH removed to nitrate con-
sumed to theoretical calculations of reaction stoichiometry

as described previously (Rockne and Strand, 1998). For
complete mineralization of naphthalene to CO2 coupled to
denitri®cation, the half-reactions are:

1=48C10H8 � 5=12H2O45=24CO2 � H� � eÿ �1�

1=5NOÿ3 � 6=5H� � eÿ41=10N2 � 3=5H2O �2�

Adding equations (1) and (2) gives an overall nitrate/PAH
stoichiometry of 9.6 moles nitrate per mole of naphtha-
lene. Similar equations were developed for biphenyl and
phenanthrene.
We re-calculated the reaction stoichiometry with the in-

clusion of cell synthesis using the method of McCarty
(1975). The half-reaction for cell growth is:

1=4CO2 � 1=20NH3 � H� � eÿ41=20C5H7O2N

� 2=5H2O �3�

The overall reaction combines the mineralization and the
synthesis equations as follows:

Roverall � Rd ÿ �1ÿ fs�Ra ÿ fsRc �4�
where Rd is the electron donor oxidation half-reaction
[equation (1)]; Ra is the electron acceptor reduction half-
reaction [equation (2)]; Rc is the cell synthesis half-reaction
[equation (3)]; and fs is the fraction of electron donor uti-
lized for cell synthesis.
The fraction of electron donor utilized for cell synthesis

was taken as the fraction of initial PAH ring carbon
found in cell mass at the end of the mineralization exper-
iments.

Fig. 1. Transformation of nitrate and naphthalene by sub-
cultures obtained from a nitrate-reducing, PAH-fed FBR
enrichment. Time elapsed since removal of sub-cultures
from FBR. Arrows indicate addition of naphthalene or
nitrate to the experimental cultures. Mean of triplicates2

SEM.
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RESULTS

Re-feeding experiments

Naphthalene, biphenyl, and phenanthrene

removal in batch sub-cultures followed similar pat-
terns demonstrating dependence and stoichiometry
with nitrate removal (Fig. 1). After initial naphtha-

lene feeding (on day 31 after removal from the
FBR), naphthalene and nitrate subsequently
decreased over 10±20 days. The naphthalene was

removed more rapidly after this and the subsequent
feeding, suggesting further enrichment or activation
of the naphthalene-degraders within the sub-culture.
After day 71, nitrate was not detected and there

was no removal of naphthalene until nitrate was
added on day 75. By day 78 the remaining naphtha-
lene was completely degraded, demonstrating

nitrate-dependent PAH removal. In a previous
study, this culture exhibited no signi®cant PAH or
nitrate losses in killed controls challenged with each

compound (Rockne and Strand, 1998).
Biphenyl was also removed with concomitant

removal of nitrate within 18 days of the ®rst feeding
on day 32 (Fig. 2). Biphenyl was removed more

rapidly (within 10±20 days) after the second and
third feedings, suggesting further enrichment or ac-
tivation of the biphenyl-degraders within the sub-

culture. Biphenyl degradation slightly lagged the
period of nitrate removal between days 50 and 58.
At day 68, nitrate was not detected and further

removal of biphenyl ceased. At day 76, additional
nitrate was fed to the culture and the remaining

biphenyl was subsequently completely depleted,
demonstrating the requirement of nitrate for biphe-
nyl removal by this culture.

Although phenanthrene in batch sub-cultures was
removed over a shorter period of time than biphe-
nyl or naphthalene (Fig. 3), the rate of mass

removal was actually less because of the much
lower concentration of phenanthrene compared to
that of the other two PAHs. Phenanthrene and

nitrate removal were consistently closely correlated.
Removal of phenanthrene followed each of three
feedings and ceased when nitrate was completely
utilized after day 43. Phenanthrene removal did not

recommence after a subsequent re-feeding of nitrate
to approximately 1.4 mg N lÿ1 on day 51, but did
recommence following an additional nitrate feeding

to approximately 5.6 mg N lÿ1 on day 54. The
cause of the lack of phenanthrene removal after the
feeding of nitrate on day 51 is unknown. There was

an eight to 10 day period between nitrate removal
and feeding of nitrate in this sub-culture. The
biphenyl-fed sub-culture was exposed to a similar

period without nitrate (Fig. 2), and subsequent
biphenyl removal was not lagged.
As with the other sub-cultures, phenanthrene and

nitrate removal were co-dependent and coincident,

with only minor variations across triplicate bottles,

Fig. 3. Transformation of nitrate and phenanthrene by
sub-cultures obtained from a nitrate-reducing, PAH-fed
FBR enrichment. Time elapsed since removal of sub-cul-
tures from FBR. Arrows indicate addition of phenan-
threne or nitrate to the experimental cultures. Mean of

triplicates2SEM.

Fig. 2. Transformation of nitrate and biphenyl by sub-cul-
tures obtained from a nitrate-reducing, PAH-fed FBR
enrichment. Time elapsed since removal of sub-cultures
from FBR. Arrows indicate addition of biphenyl or nitrate
to the experimental cultures. Mean of triplicates2SEM.
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suggesting that the processes of phenanthrene bio-
degradation and nitrate reduction were coupled.

Mineralization experiments

Subsequent to the re-feeding experiments, studies

with the sub-cultures were performed with individ-
ual radiolabeled PAHs to determine whether and to
what extent the PAHs were mineralized by the sub-

cultures. The remaining biomass in each set of tri-
plicate sub-cultures was combined, re-suspended in
fresh media, and fed the appropriate radiolabeled

PAH in duplicate bottles.
Naphthalene was only partially mineralized by

the naphthalene-fed sub-culture (Fig. 4(a)). After 60
days incubation, evolved 14CO2 was 17±20% of the

total naphthalene carbon added. 14CO2 production
increased over the ®rst 10±20 days to nearly 15%
(concomitant with a similar loss of naphthalene)

and then continued to increase at a slower rate
until naphthalene was no longer detected at day 62.
After 82 days of incubation, 78 2 9% of the

naphthalene carbon was recovered as CO2, cell
mass, or as unidenti®ed metabolites in the culture
liquid (Table 1).

No label was detected in culture medium frac-
tions collected in the retention time range corre-
sponding to the HPLC peak region of naphthalene.
A surprisingly large fraction of the label was recov-

ered in the cell mass, accounting for 572 11% of
the initial naphthalene carbon, suggesting that

much of the naphthalene carbon was incorporated
into the biomass and not mineralized to carbon

dioxide. Although the label in the biomass fraction
could have been sorbed naphthalene which was not
extracted by the methanol rinse of the ®lter, no

PAH label was detected by HPLC, suggesting that
naphthalene was depleted from the cultures. A
small amount of the label (42 1%) was recovered

as undetected (at 245, 218, and 208 nm wave-
lengths) metabolites. Based on retention times of
these fractions, they corresponded to both highly

polar and non-polar compounds.
In contrast to the naphthalene results, biphenyl

was mineralized to a much greater extent by the
biphenyl-fed sub-culture (Fig. 4(b)). After 60 days

incubation, the amount of radiolabel recovered as
CO2 accounted for approximately 60% of the total
biphenyl 14C initially added. 14CO2 did not accumu-

late signi®cantly until about half of the biphenyl
was transformed (50 days incubation). Biphenyl
was not completely removed until day 80.

A period between substrate removal and nitrate
consumption would be expected if a metabolic in-
termediate accumulated prior to mineralization

(Vandem and Mooyoung, 1975). Most of the elec-
tron equivalents from complete oxidation of biphe-
nyl are produced during the ®nal oxidation of citric
acid cycle intermediates produced after ring clea-

vage. We speculate that intermediates accumulated
that were of similar oxidation state to biphenyl,
thus requiring only minor amounts of nitrate re-

duction. If the metabolites were subsequently miner-
alized, nitrate consumption would occur more
rapidly, as was observed in the biphenyl mineraliz-

ation experiment.
The reason for the 20 day lag preceding biphenyl

transformation is not readily apparent. The TiIII-
citrate added during the preparation of the exper-

iment may have inhibited the culture by an initial
redox potential too low for nitrate reduction. This
e�ect has been observed in other denitrifying cul-

tures with high concentrations of TiIII-citrate used
as a reductant (Zehnder and Wuhrmann, 1976).
Following 82 days of incubation, 8027% of the

Table 1. Recovery of 14C following PAH biodegradation by the
nitrate-reducing enrichments in Figs 4 and 5. Mean of duplicates2

SEM

Compound CO2
a (%) Cell massb (%) Liquidc (%) Total (%)

Naphthalene 1721 57211 421 7829
Biphenyl 5521 2329 221 8027
Phenanthrene 9625 623 NDd 10224

aPercent of total PAH carbon recovered as CO2.
bPercent of total PAH carbon recovered in cell mass as described

in Materials and Methods.
cPercent of total PAH carbon remaining in liquid after incubation.

No radiolabel was detected in the fraction collected from
HPLC in the retention time range corresponding to the HPLC
peak region of the parent PAH.

dNot detected.

Fig. 4. Mineralization of (a) [U-4C]naphthalene and (b)
[U-14C]biphenyl by a sub-culture obtained from the
nitrate-reducing FBR enrichment. Percent CO2 is based on
amount of initial radiolabeled naphthalene or biphenyl
carbon oxidized to CO2. Time elapsed from the end of ex-

periments in Figs 1±3. Mean of duplicates2SEM.
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biphenyl carbon was recovered as CO2, cell mass,
or as unidenti®ed metabolites in the culture liquid

(Table 1). No label corresponding to biphenyl was
detected by HPLC-fraction collection. Most of the
remaining radiolabel was recovered in the cell mass

fraction (2329% of the added 14C), suggesting that
signi®cant amounts of biphenyl carbon was incor-
porated into biomass.

In contrast to the results from the naphthalene
and biphenyl sub-cultures, nearly complete mineral-
ization of radiolabeled phenanthrene occurred in

sub-culture (Fig. 5). No lag was observed prior to
onset of phenanthrene removal and mineralization.
Nearly all of the phenanthrene was removed after
20 days incubation, with 96% of the carbon at the

9-C position recovered as radiolabeled CO2.
14CO2

was detected within two days and production con-
tinued until the phenanthrene was exhausted. 14CO2

levels peaked at approximately 96% and remained
constant from 20 to 41 days incubation. These
results are in agreement with those of the previous

experiment with the phenanthrene-fed sub-culture
(Fig. 3), which showed simultaneous transformation
of nitrate with phenanthrene removal.

Following 41 days of incubation, 10224% of the
phenanthrene carbon was recovered as CO2 or cell
mass (Table 1). No HPLC peak or radiolabeled
HPLC fraction corresponded to phenanthrene,

showing complete transformation of phenanthrene.
Only minor amounts of the radiolabel were recov-
ered in the cell mass fraction, accounting for 6 2
3% of the added phenanthrene carbon.

N2O production assay

N2O production was assayed in sub-culture incu-
bations parallel to the mineralization experiment to
determine whether the nitrate-reducing enrichments
were complete denitri®ers or nitrate-to-nitrite redu-

cers. The biphenyl- and phenanthrene-fed sub-cul-
tures showed copious N2O production in response

to PAH addition (Fig. 6). After two days, N2O
increased to approximately 15% of the headspace

for both sub-cultures. Less N2O was produced (3%
partial pressure) by the naphthalene-fed sub-culture.
Either less nitrate was denitri®ed in the naphthalene

sub-culture or the naphthalene-degraders possessed
a more e�cient N2O reductase activity than the
phenanthrene- and biphenyl-degraders. The N2O

gas phase levels were consistent with 30±90% of the
added PAH being mineralized, based on the
Henry's law constant for N2O (Wilhelm et al.,

1977) and the complete mineralization stoichi-
ometry discussed in Materials and Methods. How-
ever, we did not quantify PAHs to con®rm the
stoichiometry since the production of nitrogen from

nitrate was not determined.

Reaction stoichiometry

The amount of nitrate consumed by the sub-cul-
tures corresponded with the amount of PAH
removed in the re-feeding experiments, as expected

from the theoretical nitrate to naphthalene stoichi-
ometry (Table 2). After three feedings of naphtha-
lene, the ratio of the amount of nitrate transformed

to naphthalene removed was 11 2 1.1 moles per
mole, compared to 9.6 moles per mole as calculated
from the expected nitrate to naphthalene stoichi-
ometry assuming complete denitri®cation to N2.

The molar ratio of nitrate to biphenyl consumed
was 9.120.6; somewhat less than the expected 11.6
moles per mole ratio. The 142 2.1 molar ratio of

nitrate to phenanthrene removed in the phenan-
threne-fed sub-culture was not signi®cantly di�erent
from the expected theoretical amount of 13.2 moles

nitrate per mole phenanthrene.
Using the actual extent of PAH mineralization

and cell incorporation observed in the mineraliz-

Fig. 6. Production of N2O by nitrate-reducing sub-cultures
exposed to individual PAHs in excess of aqueous satur-
ation. N2O expressed as partial pressure of the headspace
(5 ml) in single test bottles. The killed control was chal-
lenged with a mixture of all three PAHs as discussed in
Materials and Methods. Time elapsed from the end of ex-

periments in Figs 1±3.

Fig. 5. Mineralization of [9-14C]phenanthrene by a sub-
culture obtained from a nitrate-reducing FBR enrichment.
Percent CO2 based on the amount of initial radiolabeled
phenanthrene carbon oxidized to CO2. Time elapsed from
the end of experiments in Figs 1±3. Mean of duplicates2

SEM.
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ation experiments (Table 1), we recalculated the
nitrate/PAH stoichiometry based on the microbial

energetics equations of McCarty (1975) with
fs=0.57, 0.23, and 0.06 for the naphthalene-, biphe-
nyl-, and phenanthrene-fed sub-cultures, respect-

ively. There was no signi®cant di�erence between
the observed and theoretical stoichiometric ratios in
the biphenyl- and phenanthrene-fed sub-cultures

using this method; 10227% and 117217% for the
biphenyl- and phenanthrene-fed sub-cultures, re-
spectively (Table 2). In contrast, the value of

fs=0.57 for the naphthalene-fed sub-culture resulted
in an increase in the di�erence between the actual
and theoretical stoichiometric ratio (270 2 27%)
because of the high cell yield suggested by the min-

eralization experiment results.

DISCUSSION

The ability of a culture to maintain benzene bio-
degradation after re-feeding of benzene under

strictly anaerobic conditions was considered to be
proof of an anaerobic degradative process in pre-
vious studies (Kazumi et al., 1997; Lovley et al.,

1995; Lovley et al., 1994). The experiments pre-
sented in this paper demonstrate that the nitrate-
reducing sub-cultures could meet this criterion for
anaerobic PAH biodegradation. The nitrate-redu-

cing sub-cultures sustained biodegradation of PAH
with concomitant removal of nitrate over three
feedings of PAH. PAH biodegradation was depen-

dent on the presence of nitrate, demonstrating the
relationship between PAH biodegradation and
nitrate reduction. In this study, PAH biodegrada-

tion activities were repeatable both over time (60±
80 days), and across separate incubations, as shown
by the small variations in the standard error of the
means (SEMs) of triplicate bottles.

It is di�cult to draw direct comparisons between
the data from the re-feeding experiments and the
mineralization experiments. The cultures in the re-

feeding experiments were exposed to PAH and

PAH metabolites continuously, whereas the sub-

strate was withheld from the cultures prior to the
start of the mineralization experiments. Because of
this starvation period we calculated the stoichio-

metric ratio based on starting and ending data in
the re-feeding experiments. Based on these data, the

amount of nitrate consumed by the sub-cultures
was within 10±22% of that expected based on
theoretical calculations using the amount of PAH

transformed. Deviations from theory may have
been due either to incomplete denitri®cation, and/or

to a lack of complete PAH mineralization. Denitri-
®cation to nitrous oxide (a four electron reduction)
as opposed to nitrogen (a ®ve electron reduction)

would not a�ect the stoichiometric ratio greatly. As
mentioned above, nitrite was only detected transi-

ently, and not at a concentration high enough to
account for the nitrate loss in the incubations.
The extent of PAH mineralization varied greatly

in the three sub-cultures, ranging from 17% miner-
alization of naphthalene to nearly complete miner-

alization (96%) of phenanthrene. There was no
trend in extent mineralization versus PAH concen-
tration. Phenanthrene and naphthalene were present

in similar concentrations (150±180 mg lÿ1), but they
represented both the highest (phenanthrene) and

lowest (naphthalene) percent mineralization. In ad-
dition, the amount of 14C incorporation into bio-
mass varied between the sub-cultures, from 6% of

the phenanthrene to 57% of the naphthalene. These
results suggest that the assumption of complete

mineralization was not generally valid for predicting
nitrate-to-PAH stoichiometric ratios at low concen-
trations of the PAH substrates.

When cell utilization of PAH carbon was taken
into account, good agreement was observed in the

biphenyl- and phenanthrene-fed subcultures. This
was not the case with the naphthalene-fed subcul-
ture, however, because the results suggest signi®-

cantly more nitrate utilization than would be
expected from the naphthalene utilization data. If

the radiolabeled biomass measurement accurately

Table 2. Comparison of the actual vs theoretical stoichiometric ratio of nitrate utilization to PAH biodegradation by the sub-cultures
after repeated feeding of PAH as shown in Figs 1±3. Mean of triplicates2SEM

Compound NOÿ3 /PAH utilization ratio (actual)a NOÿ3 /PAH stoichiometry (theoretical) Ratio actual/theory (%)

Assuming complete mineralizationb

Naphthalene 1121.1 9.6 115212
Biphenyl 9.120.6 11.6 7825
Phenanthrene 1422.1 13.2 110216

With inclusion of radiolabel mass balance resultsc

Naphthalene 1121.1 4.1 268227
Biphenyl 9.120.6 8.9 10227
Phenanthrene 1422.1 12.4 117217

aDetermined over entire duration of the re-feeding experiment. Total includes data from the ®rst 20±30 days reported in Rockne and
Strand (1998).

bMoles electron acceptor reduced per mole PAH removed assuming oxidation of PAH to CO2 and complete denitri®cation as discussed
in Materials and Methods.

cThe actual amount of [14C]PAH incorporation into biomass (from Table 1) was used to calculate the fraction of electron donor coupled
to production of cell mass ( fs) in the energetics equations of McCarty (1975), as discussed in Materials and Methods.
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represents the fraction of electron donor utilized for

cell synthesis and naphthalene mineralization was
coupled to denitri®cation, then the additional
nitrate must have been utilized for other reactions,

possibly with another electron donor. Other than
PAH, the only potential electron donor source able
to be oxidized by bacteria was citrate from the

TiIII-citrate reductant. Although the TiIII-citrate
complex is strong and resistant to oxidation by

nitrate, it is not resistant to strong oxidants (Zehn-
der and Wuhrmann, 1976). If nitrate were reduced
to nitrite by the sub-culture, the nitrite could have

oxidized the TiIII-citrate, liberating one mole of
citrate per mole of nitrite. Citrate is a tricarboxylic
acid cycle intermediate and would be easily con-

sumed by any respiratory microbes if it were avail-
able. The complete oxidation of citrate to CO2

yields 18 electron moles and denitri®cation requires

®ve electron moles. Therefore, each mole of citrate
liberated by nitrite oxidation could use 2.6 moles of

nitrate for complete oxidation (the nitrite would be
reduced back to nitrate by the TiIII-citrate). If all of
the citrate were liberated (0.2 mM) and sub-

sequently oxidized to CO2 coupled to denitri®ca-
tion, an additional 0.52 millimolar nitrate would be
used; not enough to balance the stoichiometric ratio

for the naphthalene sub-culture (it would change
the actual versus theoretical ratio to 170%).

Another explanation for the di�erences observed
in extent of mineralization between the sub-cultures
could be related to the use of phenanthrene that

was not uniformly labeled (the biphenyl and
naphthalene were uniformly labeled). The position
of the radiolabeled carbon can in¯uence mineraliz-

ation data, an example being the mineralization of
the single labeled carbon in the terminal ring (pos-

itions 7±10) of benzo[a]pyrene (Cerniglia, 1984). It
is conceivable that some of the carbon was prefer-
entially incorporated into cell mass and some was

preferentially mineralized. However, most of the
carbon in phenanthrene was likely utilized (either
mineralized or incorporated) to the extent that the

radiolabeled carbon was observed to be used,
because the phenanthrene was labeled at the nine-

position on the inside ring. Utilization of this car-
bon would very likely necessitate cleavage of two or
all three rings.

The variations in the extent of mineralization for
the di�erent PAHs may provide some insight into
the FBR enrichment process. The least soluble

PAH (phenanthrene) was mineralized to the great-
est extent and the most soluble PAH (naphthalene)

was mineralized to the least extent. Although some
studies have shown that solubility can a�ect the
extent of PAH mineralization, this has only been

reported when bioavailability of the PAH was an
important rate-limiting factor; such as when the
PAH was sorbed to soil or present above solubility

(Aronstein and Alexander, 1993). Neither solubil-
ization nor adsorption limitations would have

occurred in the mineralization bottle tests because
the PAH were present well below solubility and no

organic solid phase (other than the biomass) was
present. Although solid phase was present in the
FBR enrichment vessel, the trend was opposite of

that reported in the literature: the most soluble
compounds were mineralized to the greatest extent
(Aronstein and Alexander, 1993). Therefore, bio-

logical e�ects, rather than physical limitations
appear to be the cause of the trend in the extent of
mineralization.

It is unknown how these cultures attack the
unsubstituted PAH ring structure without oxygen.
Zhang and Young (1997) demonstrated that ring
carboxylation was the initial activation reaction by

a sulfate-reducing consortium able to mineralize
naphthalene and phenanthrene. Although metab-
olites were not produced in identi®able concen-

trations by the denitri®er cultures, further study of
the enrichment and identi®cation of the metabolites
will enable the elucidation of the metabolic path-

ways to determine whether these bacteria utilize a
similar ring-activation reaction to the sulfate-redu-
cers.

CONCLUSIONS

We have shown that highly-enriched, denitrifying
cultures could mineralize bicyclic and polycyclic

aromatic hydrocarbons. Mineralization was nitrate
dependent and was sustainable over several feedings
and the cultures produced N2O, a denitri®cation

product, when supplied with PAHs as the sole car-
bon and energy source. These results further
demonstrate that bicyclics and PAHs are not recal-
citrant to biodegradation without oxygen as a reac-

tant, and extend the rigorously demonstrated
anaerobic PAH biodegradative abilities to the deni-
tri®ers.
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