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FIG. 2. Indigenous microbial activities against creosote and PCP. Percent biodegradation of N-heterocycles, S-heterocycles, O-hetero-
cycles, group 1 PAHs, group 2 PAHs, group 3 PAHs, phenolics, and PCP is shown.

microbial population may also have contributed to this
decrease. In general, there appeared to be an active popu-
lation of indigenous microorganisms capable of degrading
lower-molecular-weight creosote constituents. Conversely,
the persistence of higher-molecular-weight chemicals and
PCP suggests a dearth of indigenous microorganisms with
relevant catabolic abilities. This is probably related to low
bioavailability of these compounds, as discussed above.
These studies show that, under optimum conditions, many

of the contaminants present in groundwater at the American
Creosote Works site are susceptible to biodegradation by
indigenous microorganisms. However, the following points
must be considered: (i) studies were performed under con-
trolled laboratory conditions (well mixed, aerobic, 30°C), (ii)
inorganic nutrients were optimally available, (iii) relatively
high concentrations (27 ,ug of bacterial protein per 25 ml of
medium) of surface soil microorganisms were used to inoc-
ulate each flask, and (iv) the tests were performed within a
closed system. Therefore, these rates and extents of degra-
dation cannot be used directly to predict accurately those
occurring in situ. However, the rate and extent of biodegra-
dation of monitored contaminants observed in these studies
are comparable to those generated during slurry-phase biore-
mediation of similarly contaminated material (18).

Biological assessment of biodegradation. From the analyti-
cal chemistry data described above, it was determined that,
with the exception of PCP and certain HMW PAHs (com-
pounds 12 and 14 to 21), most contaminants monitored were
extensively biodegraded by the indigenous microflora within
14 days of incubation under controlled conditions. However,
data generated from both the Microtox and the fish toxicity
and teratogenicity assays showed that the bioremediated
groundwater was still capable of eliciting a positive re-

sponse. Microtox assays demonstrated a 50% effective con-
centration (EC50) of 0.72 (a solution containing 0.72% parent
material killed 50% of the test organisms) for filtered (si-
lanized glass wool), untreated groundwater freshly recov-
ered from the creosote-contaminated site. After 14 days of
exposure to the catabolic activities of indigenous, "creosote-
adapted" microorganisms, an EC50 of 3.8 was still observed.
This result represents a relatively minor decrease (<10-fold)
in the toxicity of the starting material.

Fish toxicity and teratogenicity assays showed essentially
the same response. Filtered, untreated groundwater freshly
obtained from the American Creosote Works site was toxic
to embryos at 100% and teratogenic at 10 and 1% concen-
trations (Table 3). At the 1% concentration, all hatched
larvae had terata, including stunted skeletal axes and de-

TABLE 3. Response of embryonic Menidia beryllina to untreated
and biotreated filtered groundwater

Groundwater % of embryos dead % of larvae hatched
concn (%) With terata No terata Normal With terata

Untreated groundwater
0 0 3 97 0

100 0 100 0 0
10 100 0 0 0
1 67 13 0 20

Biotreated groundwater
0 0 14 83 3

100 0 100 0 0
10 97 3 0 0
1 0 11 78 11
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FIG. 3. Response of inland silversides exposed to creosote- and PCP-contaminated groundwater. (A) Newly hatched larvae from control
embryo showing normal vertebral development. (B) Individual larvae exposed to 1% biotreated groundwater solution, exhibiting scoliosis and
back aberration. (C) Detail of back aberration (arrow). Magnifications: A, x25; B, x50; C, x 100.
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formed hearts. Typical examples of these effects are shown
in Fig. 3 and in a recent publication by Middaugh et al. (14).
Following biotreatment, reduction of embryo toxicity and
teratogenicity of groundwater was not evident at the 100 and
10% groundwater concentrations, but at the 1% level marked
improvement could be seen: 78% of the embryos that
hatched produced normal larvae, while only 11% developed
observable terata. This contrasts sharply with that observed
with untreated groundwater at the 1% dilution level (no
normal larvae, 20% terata).
Checks of dissolved oxygen at the end of the tests showed

that levels were >89% saturation in controls and all GWM
preparations of untreated and biotreated groundwater. The
mean pH in untreated GWM ranged from 7.9 in controls to
5.5 in 100% GWM. In bioremediated samples, control pH
was 8.0 and in 100% GWM it was 7.0. Although never

observed during the course of these studies, if dissolved
oxygen and pH dropped below 60% and 5.0, respectively,
the tests were repeated. Therefore, responses observed were

not due to effects of change in pH or oxygen concentration.
Based on analytical chemistry data, bioremediation ap-

peared to offer a potentially effective treatment strategy for
restoration of creosote- and PCP-contaminated groundwa-
ter. However, biotreatment did not result in a total reduction
in the toxicity and teratogenicity associated with these
materials. There are at least three possible explanations for
these results: (i) catabolism of biodegradable chemicals
resulted in the formation of toxic metabolites; (ii) the ob-
served response is due to the cumulative effect of nonme-

tabolized, residual constituents; or (iii) toxicity and terato-
genicity were due to the presence of chemicals that were not
analyzed (i.e., chlorinated dioxins, inorganic compounds).
The observed responses were not due to heavy metal toxic-
ity, since previous groundwater analyses did not detect these
compounds. A fourth possibility, although considerably less
likely, is that the bacteria synthesized toxic and teratogenic
compounds during the incubation period. There is, however,
no precedent for the formation of teratogenic substrates by
bacteria during their natural growth processes.

There is no strong basis for the position that biodegrada-
tion of the substrates studied results in the formation of toxic
or teratogenic metabolites (4a). While it is recognized that
fungi and eucaryotic organisms may transform PAHs to
toxic metabolites such as trans-diol epoxides, some of which
have been identified as ultimate carcinogens (8, 26), there is
no reason to think that the action of bacteria will lead to the
formation of such metabolites (5, 9). On the other hand,
there are no detailed studies to show whether the bacterial
metabolites of PAHs possess inherent toxicity beyond that
of the parent chemical.

Alternatively, observed toxicological responses are prob-
ably related to the limited activity of indigenous microorgan-
isms towards PCP, HMW PAHs, and other persistent con-

taminants. While an average of 53% of the HMW PAHs were

degraded, a concentration of 19.5 ppm of cumulative, carci-
nogenic PAHs (compounds 14 to 21) remained after 14 days
of incubation. Thus, the observed toxicity and teratogenicity
response is likely due to the presence of these residual
carcinogenic, teratogenic, and mutagenic chemicals. Dose-
response experiments are in progress to resolve this ques-

tion.
To address this problem, the use of specially selected

biocatalysts with demonstrated ability to attack these com-

pounds has been proposed (19, 20). Moreover, physical
polishing (extraction) steps have been shown to be very

effective in removing these residual contaminants (14). The

effectiveness of a treatment strategy that integrates both
approaches by employing such biocatalysts in conjunction
with physical separation technology is currently being eval-
uated at the pilot-scale level.
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