










about 400-fold lower than those detected by the MPN liquid
technique. Clearly the latter technique enumerated more de-
graders, possibly because it allowed the formation of consortia
of bacteria; in addition it was less time-consuming to set up and

read. Similar results have been obtained in the enumeration of
phenanthrene degraders from contaminated soil (37). It
should be noted that, although we attempted to collect sedi-
ments for the two experiments in the same way and from the

FIG. 3. Phenanthrene (closed bars) and chrysene (open bars) concentrations and total (dotted circles) and culturable (for explanations of
symbols, see legend to Fig. 1) bacteria in three unirradiated (A and B) and in individual successfully irradiated ONR-2 (see text) (C to J)
mesocosms spiked on day 17. Some error bars in panels A and B are not visible because they are close to the data points. The asterisk above the
phenanthrene bar in panel A indicates that this value is significantly different from the initial value (P 	 0.013 by Student’s t test).
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same spot (according to global positioning system data), PAH-
degrader activity in San Diego Bay sediments is notoriously
variable, and microbial populations observed in one set of
sediments can be difficult to replicate in subsequent sets, an
indication of the complexity of marine sediments (unpublished
results of Office of Naval Research workshop on San Diego
Bay sediment research).

Bacterial populations in irradiated spiked sediments. Total
bacteria in irradiated ONR-1 mesocosms declined 60% after
exposure to 2.5 megarads (Fig. 2D) and about 90% after ex-
posure to 3.5 and 5 megarads (Fig. 2F and H); these numbers
remained fairly constant during the postirradiation incubation
period. All culturable populations of bacteria were below de-
tection levels in each irradiated mesocosm at the first sample
taken after irradiation, and SRBs and heterotrophic bacteria
able to grow anaerobically (data not shown) as well as the
phenanthrene and chrysene degraders remained undetectable
even at 133 days postirradiation. In contrast, heterotrophs able
to grow aerobically and endospore formers reappeared. The
heterotrophs were detected on day 22 in the 2.5- and 3.5-
megarad-irradiated mesocosms (Fig. 2D and F) and on day 66
in the 5-megarad-irradiated mesocosms (Fig. 2H); their num-
bers were consistently lower, sometimes by 1,000-fold, than
those from the unirradiated mesocosm incubated for the same
length of time. The failure of phenanthrene- and chrysene-
degrading populations to reappear in these irradiated spiked
sediments was reflected in the stability of phenanthrene and
chrysene concentrations over the same time period (Fig. 2C, E,
and G) and after 53.7 weeks (3).

At day 161, fungi overgrew all the media (except for the
plates inoculated with pasteurized sediments) that were inoc-
ulated with 3.5- and 5-megarad-irradiated sediments but not
those inoculated with unirradiated or 2.5-megarad-irradiated
sediments. This pattern suggested that fungal survivors were
able to proliferate in the former sediments because of lowered
bacterial numbers but that the generally higher numbers and
earlier appearance of bacteria in the latter sediments re-
strained fungal growth. These fungi were not PAH degraders,
as indicated by the stable levels of PAHs in these mesocosms
(3). The fungi could seriously interfere with subsequent studies
of the spiked aged sediments after reinoculation with PAH-
degrading bacteria. Indeed, Sandoli et al. (36) ascribed such
lack of PAH biodegradation to the toxic effects of 2.5-megarad
irradiation on 50 g of dried aquifer sediment. However, be-
cause these authors reported no microbiological testing in the
days following irradiation, it cannot be ruled out that fungal
overgrowth was responsible, rather than the buildup of toxic
radiation compounds.

While the details will be the subject of another paper, we
found that the fungi were killed in the aged ONR-1 sediments
by reirradiation at the 5-megarad level. Upon reinoculation
with small amounts of freshly collected PAH-contaminated
sediment, heterotrophic bacteria reappeared in just 11 days, as
did some phenanthrene degraders (based on the overlayer
method) together with a significant decrease in phenanthrene,
fluoranthrene, and pyrene concentrations (E. W. Lin, E. Arias,
S. A. Clawson, and S. E. Apitz, Abstr. 99th Gen. Meet. Am.
Soc. Microbiol., abstr. Q-183, p. 568, 1999).

ONR-2 mesocosms were irradiated at higher doses in an
attempt to sterilize them, i.e., to kill all microorganisms. While

fungi never became numerous, postirradiation numbers of cul-
turable bacteria suggested either that most of the ONR-2 me-
socosms did not receive the intended doses at the radiation
facility or that the radiation did not uniformly penetrate the
sediment jars, which were two times the volume of those used
for ONR-1. The latter possibility is supported by two lines of
evidence: (i) calculations of theoretical penetration depths for
60Co irradiation into a saturated, mineral-rich sediment sug-
gest that the contents of the 2-liter jars were at the theoretical
limit of penetration, and (ii) the most successful irradiation,
based upon postirradiation microbial populations, was in two
of the RP jars, which, due to mixing between doses, may have
exposed sediments (and bacteria) from the center of the jar to
the second irradiation. Microbial evidence of incomplete irra-
diation included heterotrophs able to grow aerobically and
phenanthrene and chrysene degraders appearing by day 41 or
69 in two of the mesocosms that had supposedly received 5
megarads, three that had received 7 megarads, two that had
received 10 megarads, and one (RP) that got 10 megarads in
two 5-megarad doses; examples of these data are shown in Fig.
4. These patterns of microbial recovery were very different
from those seen in the smaller sediment volumes of the irra-
diated ONR-1 mesocosms (Fig. 2) and strongly suggested that
these eight ONR-2 mesocosms were not successfully irradi-
ated. As a result, their examination was discontinued. How-
ever, four ONR-2 mesocosms remained free of phenanthrene
and chrysene degraders postirradiation: one that received 5
megarads, one that received 10 megarads, and two that got 10
megarads in two doses of 5 megarads each (RP). Based on
these criteria, these four were studied further (Fig. 3).

As in the ONR-1 mesocosms, total bacteria in these four
mesocosms from ONR-2 declined 91 to 97% from the unirra-
diated values; these low numbers remained fairly constant
throughout subsequent incubation (Fig. 3D, F, H, and J). En-
dospore-forming bacteria were below detectable levels imme-
diately after irradiation but reappeared by day 69 in RP-A (Fig.
3H) and by day 90 in the other three mesocosms (Fig. 3D, F,
and J). Heterotrophs able to grow in air did not reappear in the
mesocosms that received 5 megarads but did eventually pro-
liferate in the other three mesocosms. SRBs and heterotrophs
able to grow anaerobically were destroyed by radiation in these
four mesocosms and did not reappear. Phenanthrene and
chrysene degraders were enumerated only at day 41 in only one
of the four irradiated mesocosms from ONR-2 (Fig. 3H) and
not in three subsequent subsamples. However, chrysene levels
stayed relatively constant in this mesocosm, although phenan-
threne levels fluctuated. In the absence of a clear decline in
either PAH, which is seen in unirradiated, spiked sediments
(Fig. 2A and 3A), we concluded that this elevation of PAH
degraders on day 41 was anomalous.

Identification of PAH-degrading bacteria. All 44 isolates
from the PAH-containing media were gram-negative rods with
an absolute requirement for sodium for growth and the ability
to grow in liquid mineral medium with phenanthrene as the
sole source of carbon and energy. Eight isolates were faculta-
tive anaerobes and were classified as Vibrio spp. The remaining
isolates were strict aerobes with phenotypic characteristics that
placed them in the genera Halomonas, Marinomonas, Pseudo-
alteromonas, and Pseudomonas or as either Marinobacter or
Cycloclasticus (25).
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Mineralization of PAHs by bacterial isolates. When bacteria
dissolve PAH particles on overlayer plates and form turbidity
in liquid mineral medium with a PAH as the sole source of
carbon and energy for growth, it is assumed that the cells are
mineralizing the PAH in whole or in part (14). We made this
assumption in enumerating both phenanthrene- and chrysene-
degrading bacteria and then tested the assumption by exposing
a subset of isolates to 14C-labeled PAHs. Uniformly labeled
PAHs will detect mineralization by pathways both known (17,
22, 31) and unknown (7, 27), but only [9,10-14C]phenanthrene
and [5,6,11,12-14C]chrysene were available to us.

The six isolates (in four different taxa) from ONR-1 unirra-
diated but spiked sediments formed turbidity in liquid mineral
medium but could not clear phenanthrene particles in overlay-
ers, nor could they release 14CO2 from the PAHs (Table 3).
Perhaps these isolates are degrading only unlabeled parts of
the phenanthrene and chrysene molecules. If this proves to be
the case, it will greatly expand the number of species of marine
bacteria able to degrade these PAHs.

All but one of the nine isolates (in four different taxa) from
ONR-2 (unirradiated sediments) were able to clear phenan-
threne on overlayers; six of these (five Marinobacter or Cyclo-
clasticus strains and one Halomonas elongata strain) released
14CO2 from labeled phenanthrene, and five also released
14CO2 from labeled chrysene (Table 3). Another isolate iden-
tified as H. elongata could clear phenanthrene overlayers and
release some 14CO2 from chrysene only. Two isolates (Vibrio

pelagius I and H. elongata) released no 14CO2 at all from the
PAHs.

DISCUSSION

Marine sediments tend to be heterogeneous, and this het-
erogeneity often confounds attempts to take replicate sub-
samples for chemical and microbial analyses (3). Our protocol
for collecting, sieving, and homogenizing sediments mobilized
organic compounds, ammonia, and phosphate; undoubtedly
introduced oxygen; and led to modest increases in the numbers
of aerobic and facultative heterotrophic bacteria and of PAH-
degrading bacteria. Neither the presence of PAH-degrading
bacteria in the clean sediment nor their increase in number is
surprising given their ubiquity in the environment (4), and
their ability to also grow on a range of simple organic com-
pounds (15, 16, 25). In contrast, the addition of the organic
carbon in the five PAHs and of the hexadecane to the nonir-
radiated sediment mesocosms led to dramatic changes in the
numbers of these populations. About 50 days after spiking,
populations of the heterotrophs, phenanthrene degraders, and
chrysene degraders increased. Over time, the phenanthrene
content declined in the spiked, unirradiated sediments;
chrysene concentrations declined only over the very long term
as measured in the ONR-1 mesocosms (3). The increase in
phenanthrene- and chrysene-degrading populations supports
the findings of others that numbers of PAH-degrading bacteria

FIG. 4. Phenanthrene (closed bars) and chrysene (open bars) concentrations and total (dotted circles) and culturable (for explanations of
symbols, see legend to Fig. 1) bacteria in two of the eight unsuccessfully irradiated ONR-2 mesocosms (see text) spiked on day 17. Microbial
examination of 7A (panels A and B) ceased with the day 90 sample. While single points cannot be subjected to statistical analysis, a visual
inspection of PAH levels suggested that the phenanthrene concentration, at least, was decreasing in these mesocosms.
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increase after PAH contamination (5, 32, 33). Depending upon
the relative rates of input and degradation, these sediment
microbial populations may actually help “cleanse” overlying
waters of ongoing PAH inputs (7a). As these inputs decrease
over time, natural recovery may occur. Our observations about
population changes provide some insight into this process.

Although there was a general increase with time in the
populations of some culturable bacteria enumerated in the
clean, nonirradiated, nonspiked sediments and in the nonirra-
diated, spiked sediments, this was not reflected in the total
numbers of bacteria enumerated in these mesocosms. The
technique used to count total numbers of bacteria detects
those bacteria that contain sufficient amounts of nucleic acids
to take up the fluorescent dye acridine orange; such bacteria
are assumed to be alive (21, 23) but not necessarily culturable
on the medium used. The presence of clay in these sediments
also made counting the fluorescent bacteria on the filters dif-
ficult; dilutions were used to provide reasonable numbers of
cells to count, but often there was enough clay contamination
and background fluorescence to mask stained cells. Thus, total
bacterial counts are probably underestimates of the total num-
bers of bacteria actually present in the mesocosms. Despite this
difficulty, it is apparent that shifts in the numbers of culturable
populations occurred even though the total number of bacteria
did not appear to increase.

Since the main purpose of our experiments was to determine
whether various irradiation treatments resulted in sterile sed-
iments, and the microbial response to the treatments (other
than whether they were present) was a secondary issue, no
effort was made to control or monitor redox potential in the
sediments during sample manipulation and aging. Clearly, the

anoxic sediments were partially oxidized during collection, ho-
mogenization, and transfer. Experience tells us that water-
saturated, organic-rich sediments, even after extensive stirring
and aeration, become anoxic millimeters below the sediment-
water interface within days of being placed in jars. The primary
mechanism assumed to drive this process is microbial con-
sumption of oxygen. Clearly, the same processes were not at
work, or at least not at the same rates, in the irradiated sedi-
ments, since microbial activity had, at a minimum, been slowed
down by irradiation. Thus, it is possible, if microbial activity in
the jars did not remove the introduced oxygen before irradia-
tion, that these sediments retained regions with very different
redox conditions than those in the unirradiated sediment, even
though we noted no distinct visual differences between the
irradiated and unirradiated jars. It should be pointed out that
this lack of control of redox conditions may have affected both
the mode of PAH sequestration during the aging process and
the numbers of culturable bacteria. The potential exists for
PAHs to be sequestered in nanopores as a result of iron oxi-
dation and for very different microbial populations to develop
in jars that have undergone different treatments. Ideally, the
sediment should be collected, homogenized, divided, and
placed into jars under strictly anoxic conditions. However, this
was not feasible given the large amounts of sediment needed.
Since we are not aware of any other published methods for
“realistic” sediment spiking in which this variable was con-
trolled, we cannot predict what the effects of such control
would be.

In this study, bacteria able to produce turbidity in liquid
medium with phenanthrene or chrysene as the sole source of
carbon and energy were isolated from the nonirradiated,

TABLE 3. Mineralization of [14C]glucose, [14C]phenanthrene, or [14C]chrysene by isolates from unirradiated, spiked San Diego Bay sediment
mesocosms as determined by release of 14CO2 after 11 (glucose) or 26 days of incubation

Isolate
source Identification Sediment dilutionb

Phenanthrene
overlayer
cleared

% dpm of 14CO2 releaseda

[14C]glucosec [14C]phenanthrene [14C]chrysene

Controls Uninoculated NAd NA 6.6 1.9 0.8
Killed E. coli NA NA 3.3 1.1 0.7
E. coli NA NA 32.7 0.9 1.3

ONR-1 Vibrio anguillarum II 10�3 phenanthrene � 37.5 0.5 0.3
Halomonas pacifica 10�4 chrysene � 15.5 0.4 0.2
H. pacifica 10�2 chrysene � 1.5 0.4 0.5
Halomonas halophila 10�2 phenanthrene � 6.0 0.2 0.2
Halomonas halophila 10�5 phenanthrene � 1.5 0.3 0.3
M/Ce 10�5 phenanthrene � 0.9 0.2 0.3

ONR-2 M/C 10�3 phenanthrene � 1.7 46.6 2.5
M/C 10�5 phenanthrene � 0.5 40.2 18.0
Halomonas elongata 10�3 phenanthrene � 3.3 31.5 8.3
M/C 10�2 phenanthrene � 2.1 18.9 4.3
M/C 10�2 phenanthrene � 2.0 18.0 7.3
M/C 10�5 phenanthrene � 2.5 11.3 6.9
V. pelagius I 10�2 phenanthrene � 5.6 1.4 0.6
H. elongata 10�2 phenanthrene � 1.9 0.9 6.8
Halomonas marina 10�3 phenanthrene � 1.2 0.5 0.3

a % dpm of 14CO2 released 	 dpm accumulated in NaOH � dpm at time zero/50,000 dpm added � 100.
b Except for V. pelagius I, which was isolated from a phenanthrene overlayer plate, all isolates were taken from the MPN liquid medium with the indicated PAH as

the sole source of carbon and energy.
c Many marine bacteria are incapable of glucose metabolism (6).
d NA, not applicable.
e M/C, isolate identified on the basis of phenotypic tests as either M. hydrocarbinoclasticus or Cycloclasticus pugettii.
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spiked mesocosms, usually from microtiter wells inoculated
with 1:100 to 1:100,000 dilutions of the sediment; thus, they
probably represent the dominant culturable PAH degraders in
the mesocosms (8). Phenotypic characterization placed them
in several genera of marine bacteria: Vibrio, Marinomonas,
Pseudomonas nautica (now Marinobacter hydrocarbonoclasti-
cus), Pseudoalteromonas, Marinobacter or Cycloclasticus, and
Halomonas. PAH-degrading species of most of these genera
have been isolated before from marine sediments (9, 16); this
is the first time that marine PAH degraders have been identi-
fied as Marinomonas and Halomonas, although species in the
latter genus have been reported elsewhere to cleave aromatic
rings (41). The addition of these two genera expands the di-
versity of marine bacteria able to attack PAHs. We did not
isolate nonmarine PAH degraders associated with terrestrial
environments (15, 29, 39).

About half of the 15 representative isolates that we tested,
including two of the seven Halomonas species, were able to
release 14CO2 from labeled phenanthrene or chrysene, or both.
Those that did not produce 14CO2 could be partially degrading
the PAH, perhaps enough to grow on, but not enough to
release the 14C from the few labeled sites in each PAH. It
seems clear that the nonirradiated, spiked sediments contained
several kinds of PAH-degrading marine bacteria able to re-
spond fairly rapidly to PAH addition.

However, this response just days after addition of five dif-
ferent PAHs models only a very recent introduction of PAHs
into sediments in the field. While there is ongoing input of
PAHs into sediments at various levels and rates, many sites
contain sediments that have been contaminated by PAHs for
months to years, during which time weathering and sequestra-
tion may alter the contaminants, their relationship to sediment
constituents, and their availability to microbes. Thus, experi-
mental sediments containing known amounts of PAHs must be
aged in the absence of PAH-degrading bacteria (3, 20). We
were able to accomplish this with the irradiated ONR-1 and
four of the successfully irradiated ONR-2 mesocosms even
though the heterotrophs able to grow in air and endospore
formers eventually reappeared. The former population usually
recovered first, and the endospore formers reappeared later,
probably because their detection depended on endospore for-
mation. These populations probably arose from survivors, most
likely endospores, that were able to grow on the DOC present
in the sediment or on carbon released from cells lysed by the
gamma radiation. The absence of PAH-degrading bacteria,
none of which are endospore formers, was supported by the
apparent inhibition of PAH disappearance in the mesocosms.
The small decreases in extractable levels of the heavier PAHs
observed can be ascribed to aging of the PAHs and their
sequestration onto organic or inorganic components of the
sediments, with a concomitant decrease in extractability (3).

In conclusion, the present work suggests that gamma irradi-
ation can be used to prepare marine sediments free of indig-
enous PAH-degrading bacteria for the construction of a model
system to study PAH interactions and later biodegradation in
marine sediments. Such a system should use clean sediment
divided after homogenization into several 1-liter or smaller
mesocosms. After irradiation at 5 megarads, each mesocosm
should be spiked with the sterile sand-PAH mixture and tum-
bled for several days to homogenize the spike. The mesocosms

would then be incubated for several months to allow the spike
to age into the sediments. During this time, it would be pru-
dent to enumerate several different bacterial populations to
evaluate the uniformity of the radiation exposure and to en-
sure that the PAH-degrading bacteria do not reappear. The
mesocosms could then be reirradiated at 5 megarads to kill off
any fungi that might have grown (Lin et al., Abstr. 99th Gen.
Meet. Am. Soc. Microbiol.) and reinoculated with any micro-
bial population or isolate of interest. Degradation of the aged
PAHs could then be studied by monitoring both the levels of
extractable PAHs and the populations of PAH degraders. To
monitor PAH degradation more accurately, one radiolabeled
PAH should be added per mesocosm so that the fate of the
labeled compound can be traced and its mineralization, trans-
formation, and sequestering monitored. Such model sediments
will make it possible to analyze the different variables involved
in biodegradation in a more controlled system that mimics the
dynamics of field biodegradation. This model would advance
our knowledge of the processes involved in and important to
biodegradation in situ. Furthermore, the same model sedi-
ments can be used to study other fate and bioavailability issues
as well as the bacteria involved and the genetic processes
required in situ. We could then begin to make predictions
about PAH-contaminated sites which could be used to create
bioremediation protocols that would more rapidly and effec-
tively reduce PAH contamination of these sites, predict avail-
ability of residues, and close mass balances. This is eventually
the goal of all sediment management research.
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