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ABSTRACT

Petroleum hydrocarbon contaminants in soil may leach to the
groundwater and pose a threat to the quality of drinking water
in Hawaii. This study was initiated to evaluate the competence
of tropical bacteria, indigenous to Hawaii, to degrade petroleum
hydrocarbons in soil when environmental factors are optimized to
favor the growth of microorganisms. In a first experiment,
baseline microbial populations were determined in five soils,
then the soil was treated with either fertilizer or fertilizer
and 3,000 mg/kg of diesel No. 2 and incubated for 20 days.
Heterotrophic bacteria and phenanthrene-degrading bacteria were
enumerated on plates, total bacteria were determined by
microscopy (acridine-orange counts), and hexadecane-degraders
were enumerated by the most-probable-number technique in multi
well plates. The double-Iayer-phenanthrene plates were modified
to optimize enumeration and isolation of bacteria. Hexadecane
and phenanthrene-degraders were found in all soils and were
stimulated by the addition of diesel and fertilizer. Thus,
Hawaii soils harbor microorganisms that can be active in the
bioremediation of petroleum-contaminated soils.

Of the 200 bacteria that were isolated from either the
phenanthrene plates or the MPN-hexadecane wells, 70 could
utilize as sole carbon source at least one of the following
hydrocarbons: hexadecane, diesel, mineral oil, phenanthrene, and
pyrene. Most isolates were specialized in their use of
hydrocarbons. Of the 32 confirmed Gram-negative bacteria, 26
were identified by the Biolog~ system as belonging to the genera
Pseudomonas, Sphingomonas, Acinetobacter, and Flavobacterium;
the other 6 could not be identified. None of the 16 Gram
positive rod-shaped hydrocarbon degraders was identified by the
Biolog~ system.

The second experiment was a time-course experiment (124
days) in a chronically contaminated soil (87 ppm of gasoline).
This soil (#9) was spiked with 6,000 mg of diesel No. 2/kg,
fertilized, and incubated in jars at 30°C and 40° C. The higher
temperature was used to simulate the increase in temperature
which may occur when bioremediation is conducted in a tent
exposed to the sun under tropical conditions. Three rapid
techniques (less expensive than gas chromatography) were
evaluated to monitor the disappearance of hydrocarbons:
gravimetry of a hexane extract to measure total petroleum
hydrocarbons (TPH), an immunoassay to . determine the
concentrations of polycyclic aromatic hydrocarbons (PAH), and
the Microtox~ assay to determine soil toxicity. The
concentration of TPH and PAH decreased rapidly during the first
month (25 and 10% left, respectively) and then declined very
slowly in soil containing active microorganisms. Soil toxicity
decreased with time. Similar results were obtained at 30°C and
40°C. The concentrations changed little in soil where the
microorganisms had been killed with 0.5% HgC12 • CO2 evolution by
the soil confirmed the growth of microorganisms on diesel No.2.
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Determination of TPH by gravimetry and of PAH by immunoassay
were more r~id, informative, and cost-efficient methods than
the Microtox assay. Bacterial counts increased during the first
40 days, then remained stationary (total bacteria) or decreased
(hydrocarbon degraders) .

In the third experiment, the possible enhancement of
bioremediation of soil contaminated with diesel ·No. 2 and No. 6
(Bunker C) by inoculation with a versatile hydrocarbon-degrading
bacterium (138) was examined. A clayey soil was contaminated
with 6,000 mg/kg of either diesel fuel, limed, fertilized,
seeded or not with bacterium 138, limed, fertilized, and
incubated in jars at 30°C for 138 days. Poisoned controls (0.6%
HgC12 ) were used to determine the extent of hydrocarbon
degradation due to microbial activity. A rapid biodegradation of
TPH (75% in 14 days) occurred in soil contaminated with diesel
No.2, regardless of bacterial seeding. Biodegradation of PAH
was more gradual but reached 90% by day 98 in both seeded and
unseeded treatments. Inoculation (5 x 107 bacteria/g of soil)
increased the counts of phenanthrene-degrading bacteria and of
microorganisms capable of utilizing hexadecane and diesel No.2.
The counts of total bacteria and CO2 evolution were not
increased by seeding. In soil contaminated with diesel No.6,
the measurements of TPH and PAH were more variable due to the
uneven distribution of the product. The extent of the
bioremediation of diesel No. 6 in this soil is unclear from
these measurements. The counts of total bacteria remained
unchanged after the addition of diesel No.6. However the counts
of the indigenous phenanthrene-degrading bacteria increased
dramatically (4 log units) during the first 54' days whereas the
level of the seeded bacteria remained stable. The counts of
mineral oil degraders decreased steadily possibly due to the
toxicity of diesel No.6. A small effect of seeding was visible
(54 to 138 days) in the amount of CO2 evolved by the soil
contaminated with diesel No.6. In conclusion, diesel No. 2 was
readily degraded by soil microorganisms while diesel No. 6 was
more refractory. In this soil and with the Gram-positive
bacterium we used there was no detectable effect of inoculation
on the extent of bioremediation. Other soils and inoculants
should be examined before definitive conclusions can be drawn.
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INTRODUCTION

Currently petroleum contamination of soil is the most
serious threat to the quality of groundwater in the state of
Hawaii. The problem is especially acute on the densely populated
island of Oahu where 95% of the drinking water is supplied by an
aquifer which stretches under the whole island. The major
sources of pollution of soil and water are the airport, the
military bases, Campbell Industrial Park, and the gas stations
around the state. There are 5,000 underground storage tanks in
the state and it is likely that a large percentage of them are
leaking. The Hawaii Department of Health (HDOH), which is
responsible for issuing the guidelines for remediation of soil
and water impacted by leaks of petroleum hydrocarbons and for
enforcing compliance by the polluters, receives approximately 20
notifications a month of release of petroleum from underground
storage tanks. It is anticipated that the problem will be long
lasting.

Several remediation techniques are available to either
reduce the level of contamination in the soil to the maximum
contamination levels established by the HDOH (1996)
(volatilization, soil washing, bioremediation), or to eliminate
the contaminant (incineration), or to stabilize it in a solid
matrix. Of all these processes bioremediation is the most
environmentally sound. Microorganisms have the capability to
transform petroleum hydrocarbons to benign products such as
water, carbon dioxide and minerals to restore soil quality (Wang
and Bartha, 1990). Bioremediation is a clean-up technique which
is based on ecological principles. Indigenous populations of
microorganisms will degrade organic pollutants provided the
environmental conditions are favorable to their. growth (Atlas,
1991). Thus, bioremediation entails the optimization of soil
water content, oxygen level, pH, and inorganic nutrients levels
(mostly nitrogen and phosphorus) to stimulate microbial
multiplication. Although the process may take several months in
temperate climates (Shen and Bartha, 1994), it is relatively
easy to set up and can be cost effective. In view of Hawaii warm
climate all year around, bioremediation has the potential to be
much more rapid than in temperate continental US where the
technique has mainly been studied (Wang and Bartha, 1990; Song
and Bartha, 1990; Song et al. 1990).

This research project was initiated to test the efficacy of
the biodegradation of petroleum hydrocarbons in tropical soils
of volcanic origin and to generate a database of the
characteristics of the populations of microorganisms responsible
for the degradation. The interest was focused on the
bioremediation of diesel No. 2 and diesel No. 6 fuels, common
soil pollutants, which can leach to the groundwater. Whereas
biodegradation of diesel No. 2 was shown to occur after addition
of nutrients (Song et al., 1990), the role of microorganisms in
the degradation of diesel No. 6 is more controversial. Minimal
biodegradation of diesel No. 6 under a temperate climate was



reported by Song et ale (1990). However, Jones and Greenfield
(1991) studies in Florida indicated that diesel No. 6 was
susceptible to biodegradation and that addition of bacteria
might be beneficial.

The objectives of this project were:

1. To determine the size of indigenous populations of
hydrocarbon- degrading microorganisms in several Hawaii
soils and to examine the response of these populations to
additions of diesel No. 2 in conjunction with nitrogen
and phosphorus fertilizer.

2. To characterize a
bacteria isolated
unpolluted soils.

collection of hydrocarbon-degrading
from chronically polluted and

3. To determine the extent of bioremediation of petroleum
hydrocarbons in Hawaii soils as a function of soil type,
temperature, type of diesel fuel, previous exposure to
petroleum hydrocarbons, and seeding with a versatile
hydrocarbon-degrading bacterium previously isolated from
a Hawaii soil.

4. To evaluate three rapid techniques to monitor hydrocarbon
disappearance during soil remediation (gravimetry of
extracted hydrocarbons, quantification of polycyclic
aromatic hydrocarbons by a commercial immunoassay, and
measurement of soil toxicity by the Microtox~assay).

All bioremediation
carried out in jars
laboratory.

experiments were feasibility studies
under controlled conditions in the

The objectives were addressed in the following experiments:

Experiment 1a. Populations of total bacteria, viable bacteria,
phenanthrene-degrading bacteria, and hexadecane-degrading
microorganisms were determined in five Hawaii soils of various
types at day 0 and 20 days after addition of 3,000 ppm of diesel
No. 2 together with nitrogen (N) and phosphorus (P) fertilizer
and incubation at 30oe. The soil microbial activity was also
measured by the dehydrogenase activity assay.

Experiment lb. Putative phenanthrene-degrading bacteria and
hexadecane-degrading bacteria were isolated from the five soils
used in experiment 1 and were tested for growth on 'the following
hydrocarbons: hexadecane, diesel, mineral oil, phenanthrene, and
pyrene. Those isolates that grew on at least one hydrocarbon
were tested on Biolog~ plates (95 sources of carbon) for
identification.

Experiment 2. A bioremediation experiment was done in jars for
124 days using a chronically polluted (gasoline) soil (#9) to
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which Nand P fertilizer and 6,000 ppm of diesel '2 were added
on day o. The extent of the biodegradation of diesel '2 was
determined by comparison of the hydrocarbon concentration in
soil with normal microbial activity and soil where microbes were
killed with 0.5% HgCI 2 • Three rapid methods were evaluated to
monitor the disappearance of hydrocarbons as a function of time:
extraction of total petroleum hydrocarbons with hexane and
measurement of the weight of the residue after hexane
volatilization; determination of the concentration of the
polycyclic aromatic hydrocarbons by an immunoassay; and
measurement of the progressive decrease in soil toxicity by the
Microtox~ assay. The populations of total bacteria, viable
bacteria, phenanthrene-degrading bacteria, and hexadecane
degrading microbes were also determined at each sampling time.
The activity of the microbial community in soil was monitored by
measuring carbon dioxide evolution.

These experiments were carried out at both 30°C and 40°C to
evaluate the possible deleterious effect of the higher
temperature on the bioremediation process when carried out in a
tent under tropical conditions.

Experiment 3. A bioremediation experiment was done in jars for
138 days using an originally unpolluted soil (soil '11 from
Waimanalo agricultural station) which was rich in clay. Two
types of diesel fuel were tested in this soil on separate
occasions: diesel No. 2 and the more recalcitrant diesel No. 6
(Bunker C). The extent of bioremediation was determined as
before by comparison of the concentration of hydrocarbon in jars
where there was microbial activity and where the microbes were
killed by HgCI 2 • Since this soil had almost undetectable
populations of phenanthrene degrading bacteria, half of the soil
was seeded with a promising gram-positive bacterium (isolate
138) which we previously isolated from a local soil. The
disappearance of the hydrocarbons with time was measured by
gravimetry of the residue of the hexane extract (TPH) and by
immunoassay of the PAH. Populations of total bacteria, viable
bacteria, and phenanthrene-degrading bacteria were determined at
each sampling time. When the soil was spiked with diesel No.2,
populations of hexadecane degraders and of diesel No. 2
degraders were enumerated. Because growth on diesel No. 6 could
not be visually assessed, populations of microorganisms capable
of growing on mineral oil (longer-chain alkanes) and on
nonadecane were determined as relevant substitutes. The activity
of the soil microbial community was determined by measuring
carbon dioxide evolution.
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MATERIALS AND METHODS

Enumeration of Soil Microorganisms

• Total soil bacteria numbers were determined by
fluorescence microscopy -- direct counts of acridine orange
stained bacteria trapped on O. 45-um pore-size nuclepore
membranes (Hobbie et al., 1977).

• Viable soil bacteria (heterotrophic plate counts) were
enumerated on soil-extract-agar plates (Waksman and Fred, 1922).

• Phenanthrene-degrading bacteria were enumerated on double
layer plates (Bogardt and Hemmingsen, 1992) which were modified
as follows (Robert and Israel, 1994) to facilitate the
enumeration and isolation of these bacteria. Phepanthrene was
dissolved in acetone instead of ethanol. Instead of mixing a
phenanthrene-containing layer of low-temperature-gelling agarose
with 0.1 ml of soil suspension, the phenanthrene-laden top layer
(1.6% Noble agar at 58°C) was poured alone. The acetone was
allowed to volatilize at 30°C for 24 h (Shiaris and Cooney,
1983), then 0.1 ml of soil suspension was spread on the surface
of the plates. Colonies of phenanthrene-degrading bacteria were
distinguished by the presence of a clear halo in the turbid
phenanthrene layer.

• Hexadecane-degrading microorganisms were enumerated by the
most-probable-number (MPN) technique (Mills et al., 1978) using
24-well tissue-culture plates (Brown and Braddock, 1990) and
five wells per dilution. Each well received 2 ml of Bushnell
Haas mineral medium (Difco) and 0.4 ml of a la-fold soil
dilution. A drop (5 ul) of hexadecane was added to the surface
of the liquid in each well. Uninoculated controls and controls
devoid of hexadecane were also included. A dissecting microscope
was used to detect microbial growth in the high-dilution wells.

• Microorganisms capable of growing on diesel No. 2 or on
mineral oil (White oil No.9, Hawaii Chemical Co., Honolulu)
were enumerated by a MPN technique similar to that used for
hexadecane-degraders. For the enumeration of nonadecane
degraders by the MPN method, nonadecane was dissolved in hexane
(lg/10 ml) and delivered as one drop/well. The plates were left
open for 20 minutes to let the hexane volatilize and the
nonadecane to solidify on the surface. Control plates with
hexane were prepared to insure that no growth occurred on
residual hexane.

Characterization of Bacterial Isolates

Presumptive hydrocarbon-degrading bacteria were isolated
from phenanthrene-degrading colonies and MPN wells that were
positive for growth on hexadecane. Washed pure cultures were
tested in duplicate at 30°C for their ability to grow in tubes
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which contained 5 ml of Bushnell-Haas medium and 5 ul of either
hexadecane, diesel, or mineral oil. Degradation of phenanthrene
(3 aromatic rings) and pyrene (4 rings) was tested by spotting
5 ul of washed cultures (@ 108 cells/ml) on double-layer agar
plates prepared as described above for phenanthrene-degraders
enumeration. Growth on hydrocarbons was visually assessed and
recorded for one month.

The Gram reaction of prom~s~ng hydrocarbon-utilizing
bacteria was determined prior to the identification of these
isolates by the Biolog~ assay (Biolog, Inc., Hayward, CA) on the
basis of the patterns of growth of individual isolates on 95
carbon sources.

Measurement of Soil Dehydrogenase Actiyity

The activity of the total soil community of microorganisms
was determined by the dehydrogenase assay according to the
method of Tabatabai (1982) with the exception that the soil
extract was centrifuged instead of being filtered to remove soil
particles. Briefly, 20 g of soil/jar was mixed with 200 mg of
CaC03 and 5-g aliquots were weighted in triplicate and placed
into a tube. To each tube were added 1 ml of a 3% solution of
2,3,5-triphenyl tetrazolium choride (TTC) and 2.5 ml of water.
After mixing the open tubes were incubated in an anaerobic
chamber (three gas packs/chamber) at 30DC for 24 h. Ten-ml
methanol was added to each tube, and the tubes were closed with
a rubber stopper. The tubes were protected from light and shaken
for 5 minutes. The extract was centrifuged at 17,000 x g and the
supernatant was saved. The soil was extracted again until no red
triphenylformazan could be detected. The extracts were pooled
and the total volume was measured. A final centrifugation step
ensured the extract was devoid of turbidity. The absorbance of
the extract was read at 485 nm and the concentration of
triphenylformazan/g of soil was computed.

Measurement of CQ~ Eyolution by Soil

Carbon dioxide evolution was measured by the method of
Pramer and Schmidt (1964). An amount of soil equivalent to 80 g
of oven-dry soil was placed in a 500-ml erlenmeyer flask, water
and amendments were added, and 15 ml of 4N NaOH was introduced
into a glass container attached to a rubber stopper. The amount
of carbon dioxide evolved in one week and trapped in the NaOH
vial was measured by titration of the residual NaOH with HCl.
Each week the flask were aerated and water was added to restore
the original water content.

Measurement of Hydrocarbon Concentration in Soil

• Total petroleum hydrocarbon (TPH) concentration was
determined by gravimetry (Sorkhoh et al., 1995). Twenty g of
soil (dry weight basis) was mixed with an equal amount of Na2SOC'
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Forty ml of hexane was added to the column and left in contact
with the soil for 30 min. The hexane extract was eluted and 10
ml of hexane added and subsequently eluted. 20-30 ml of extract
was collected. After hexane volatilization, the weight of the
residue was determined.

• Polycyclic aromatic hydrocarbon (PAR) concentration was
determined with a colorimetric immunoassay kit (Ohmicron,
Newtown, PA). Extraction of PAR was done in methanol for five
minutes according to the manufacturer's instructions.

Determination of Soil Toxicity

• Soil toxicity due to hydrocarbon contamination was
determined by the Microtox~ assay (Microbics, Carlsbad, CA) as a
means of assessing the progress of bioremediation. A hexane
extract residue was dissolved in dimethylsulfoxide (Shen and
Bartha, 1994) and its toxicity was assayed according to the
manufacturer's instructions. The ECso was computed as the amount
of soil in the extract that produced a 50% reduction of light
emission by the luminescent bacterium in the assay.

• Soil toxicity was also assessed from the germination
levels of seeds of Anuenue lettuce in bioremediated soil as
compared to the levels obtained in vermiculite.

Experimental Design and Soil Treatments

Experiment 1

During the first year baseline microbial populations were
determined in five soil samples (day 0 counts). All soils were
sieved (2mm openings) prior to the experiment. On day 0
enumerations in untreated soils were done in triplicate. For the
day 20 experiments, jars (1 quart) containing 50 g of soil (dry
soil basis) were prepared in triplicate. The soil was fertilized
with a solution of NH4NO J and K2HP0 4 (C:N:P was 100:10:1) (Glaser
and Potter, 1993) . The water content was brought to
approximately 50% of the soil water holding capacity and kept
constant. The soil was limed to pH 7 if necessary. Diesel no. 2
(3,000 mg/kg) was added to half the jars and the jars were
incubated at 30°C for 20 days with frequent aeration and mixing.
At this stage the stimulation of bacterial populations was
determined (Day 20 counts).

Bacterial isolates were obtained from each soil sample and
tested for their ability to grow on several hydrocarbons
(hexadecane, diesel, mineral oil, phenanthrene, and pyrene). The
most promisin& were characterized morphologically and identified
by the Biolog system.
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Experiment 2

A time-course experiment was done in the laboratory over a
124-day period to determine the feasibility of bioremediation in
soil #9. This chronically polluted soil (46% sand, 29% silt, 25%
clay) from an underground gasoline storage tank area was sieved
(2 rom openings), spiked with 6,000 mg/kg of diesel No. 2 and
fertilized with NH4N03 and K2HP04 (C:N:P was 100:10:1). Soil
moisture content was kept at 47% of water holding capacity. The
experiment was done in jars in triplicate. The soil in half of
the jars was poisoned with 0.5% HgC12 (abiotic treatment) to
determine the concentration of hydrocarbons left after
evaporation. The experiment was done at both 30°C and 40°C to
examine the possible deleterious effect of the higher
temperature.

At each sampling time, the following were measured on 3
biotic and 3 abiotic jars at 30°C and 40°C: the numbers of total
bacteria, viable bacteria, phenanthrene-degraders, hexadecane
and diesel No. 2 degraders, the concentration of TPH, and soil
toxicity by the Microtox assay and by the germination of lettuce
seeds in treated soil. PAR concentration was measured on pooled
soil from 3 jars due to the high cost of the reagents.

Experiment 3

A time-course experiment was done with a cultivated clayey
soil (30% sand, 15% silt, 55% clay) from the Agricultural
Experiment Station at Waimanalo, Oahu, Hawaii (soil. #11) to
study the effect of diesel type and inoculation with a promising
bacterium on soil bioremediation. This soil was sieved (2rom
openings), limed (to obtain a pH of @6.5), fertilized with NH4N03
and K2HP04 (C:N:P was 100: 10: 1), and spiked wit~ 6,000 mg/kg of
either diesel No. 2 or diesel No. 6 (bunker C). Diesel No. 6 was
a low- sulfur, waxy semisolid compound. It was mixed with a
small amount of hexane to decrease its viscosity and distribute
it more evenly in the soil. Soil moisture content was 49% of the
water holding capacity. The experiment was carried out in jars
in triplicate. 0.6% HgC12 was added to the soil in half of the
jars to generate abiotic conditions. Half the jars were seeded
with bacterium 138, a promising Gram-positive hydrocarbon
degrader previously isolated from a Hawaii soil.

At each sampling time 3 biotic and 3 abiotic jars of
inoculated and uninoculated treatments were randomly selected
and the following tests were performed: enumeration of total and
viable bacteria, phenanthrene-degraders, mineral oil-degraders,
and nonadecane-degraders. The last two compounds were used in
lieu of diesel No. 6 because growth on this compound could not
be visually determined. TPH concentration was determined in each
jar and the PAR concentration by immunoassay on pooled soil
samples from three jars. Soil toxicity was assessed by the
percent germination of Anuenue lettuce seeds.

7



RESOLTS AND DISCOSSION

Experiment 1

a. Response of soil microorganisms to diesel No. 2 and
fertilizer

A technical problem had to be addressed prior to the routine
enumeration of hydrocarbon-degrading microorganisms. The double
layer plates of Bogardt and Hemmingsen (1992) for enumeration of
phenanthrene-degrading bacteria had to be modified. The original
technique called for the incorporation of the diluted soil
sample into an expensive low-temperature-gelling agarose layer
which also contained phenanthrene dissolved in ethanol. Because
the colonies were very small, it was difficult to see the clear
halo around the colonies of phenanthrene-utilizers. Also, the
embedded colonies were hard to reach for isolation purpose. The
technique was modified to a spread-plate technique where the
second layer, containing the phenanthrene particles in Noble
agar, was poured in advance. The modified double-layer
phenanthrene plates greatly facilitated the detection of a clear
halo around the phenanthrene-degrading bacteria. Also, the
confinement of the bacterial colonies to the surface of the
plate dramatically increased the success rate of the isolation
of phenanthrene-degrading bacteria.

Five Hawaii soils of various characteristics were used in
this study (Table 1). Soils #2 and #5 had been chronically
polluted with diesel and motor oil/grease, respectively. Soil .2
was from a landfarming operation in a diesel-contaminated soil.
Soil #5 had undergone bioremediation and the process was
completed at the time of sampling. The other soils were
originally free of petroleum hydrocarbons.

Tables 2 to 5 show the effect of fertilizer and diesel No. 2
addition on the levels of microorganisms in 5 Hawaii soils. On
day 0 phenanthrene-degrading bacteria were detected in all of
the soils. Their numbers were modest in nonpolluted soils (10 2

to 104 cells/g of soil) and elevated in the chronically polluted
soils #2 and #5 (10 6 to 107 cells/g of soil, respectively). These
results are in agreement with results obtained in California
(Bogardt and Hemmingsen, 1992) and in Japan (Kiyohara et al.,
1992). The numbers of hexadecane degraders were similar in all
soils.

In soils treated for 20 days with fertilizer and 3,000 mg/kg
of diesel No.2, the counts of the total viable bacteria
increased but the effect was more pronounced in chronically
polluted soil. This may be a reflection of the adaptation of
soil populations to the hydrocarbons. A marked response of both
the phenanthrene- and hexadecane-degraders to this treatment
occurred in soils that had not previously been exposed to
hydrocarbons (soils t1, 3, 4 in tables 2, 4, and 5). In
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chronically contaminated soils 12 and .5 (Tables #3 and .6),
only the numbers of hexadecane degraders increased; probably
because hexadecane, which is readily degradable (Blackburn and
Hafker, 1993), had already been degraded in the chronically
polluted soils. Addition of hexadecane, as a constituent of
diesel, may have boosted the hexadecane-degrading
microorganisms. Phenanthrene, which is less degradable than
hexadecane (Blackburn and Hafker, 1993), may still have been
present at a later stage in the chronically polluted soils.
Thus, the populations of phenanthrene were already high in the
chronically polluted soils and were not further stimulated.
These results suggest that high levels of phenanthrene degraders
in soil may be indicative of past (soil '5) or active
contamination (soil '2) with petroleum hydrocarbons that contain
polycyclic aromatic hydrocarbons.

The measurement of soil dehydrogenase activity was not a
reliable indicator of the increase in microbial populations in
response to the addition of diesel as a carbon source to the
soils examined here (Tables 2 to 6). In soil #1 and '4 the
dehydrogenase activity was the same when the soil was supplied
with fertilizer alone or with a combination of fertilizer and
diesel fuel. In contrast, in soil '3 and '5 the dehydrogenase
activity strongly increased in the presence of diesel. This lack
of correlation between the dehydrogenase activity and the
numbers of microorganisms in some of the soils has been
documented for soils under various climates (Skujins, 1967;
1973). An interesting observation was made in soil '5 in which
the bioremediation process was completed at the time of sampling
(Table 6). The dehydrogenase activity was nil in the unspiked
soil at day 0 and remained nonexistent at day 20 even after the
soil was moistened (untreated soil) and after. fertilizer and
water addition (fertilized soil). However, when diesel was added
in combination with water and fertilizer (fertilized soil +
diesel; day 20) the soil showed dehydrogenase activity. These
data indicate that the cells were in a dormant state after
completion of bioremediation due to the absence of a degradable
source of carbon. When diesel was provided, the cells resumed
their activity. The high numbers of viable bacterial cells (1.3
x 108 cells/g of soil) growing on plates at the day 0 sampling
time, combined with the absence of dehydrogenase activity in
soil, provide evidence that high numbers of inactive cells may
remain present in soil in a viable state for a certain period of
time. More research is needed to determine how long starving
populations of microorganisms may remain viable in a soil
apparently devoid of degradable carbon.

b. Characterization of hydrocarbon-degrading bacteria

Approximately 200 putative hydrocarbon-degrading bacteria
were isolated from the phenanthrene plates and the

hexadecane wells used to enumerate hydrocarbon-utilizing
bacteria in the 5 soils. Of the 200 isolates, 70 were capable of
utilizing as sole source of carbon at least one of the following
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hydrocarbons: hexadecane, diesel #2, mineral oil, phenanthrene,
and pyrene. Table 7 shows the characteristics of a representa
tive sample of the isolates. Some isolates were restricted to
one compound in their ability to use hydrocarbons, others were
versatile (e.g. isolates 53, 128, 138). Interestingly, 8/11 of
the most versatile isolates, that could· grow on four or five
hydrocarbons, were slow-growing Gram-positive bacteria isolated
from chronically polluted sites #2 and IS.

Hexadecane (n-alkane), a constituent of diesel, was degraded
by the highest number of isolates and was more readily degraded
than diesel itself, probably because some diesel constituents
are toxic. Mineral oil, a mixture of longer-chain- hydrocarbons
was degraded by a smaller numbers of bacteria. Phenanthrene was
degraded by a larger number of bacteria than pyrene. Only 10
isolates were capable of growing on pyrene.

Of the 32 confirmed Gram-negative bacteria, 26 were
identified by the Biolog~ system. None of the 16 confirmed Gram
positive isolates was identified by the Biolog system. We are
attempting to identify the Gram-positive isolates by
conventional methods. Five actinomycete isolates probably belong
to the genus Streptomyces. All the identified genera of Gram
negative bacteria are listed in Table 7. Some species in these
genera are well-known for their ability to metabolize
hydrocarbons.

Experiment 2

Evaluation
extent of
chronically
temperature

of three rapid techniques to determine
the biodeqradation of diesel No. 2
polluted soil '9 as a function of time

the
in

and

This experiment was a 124-day time-course experiment in
which the soil in all jars had been moistened, fertilized, and
spiked with 6,000 mg of diesel No. 2/kg of soil. The role of the
microbes in the disappearance of the hydrocarbons was determined
by comparison of the concentration of hydrocarbon$ in poisoned
soil and the concentration of hydrocarbons in soil where
microbial populations were active. The feasibility of conducting
bioremediation in a tent exposed to the sun where the
temperature might reach 40°C was examined by comparing the
results obtained at 30°C and 40°C. Due to budget constraints, the
hydrocarbon concentrations were not measured by gas
chromatography except at the beginning of the experiment. Three
rapid and less expensive methods to determine hydrocarbon
concentrations were evaluated (gravimetry for total petroleum
hydrocarbons, immunoassay for polycyclic aromatic hydrocarbons,
and the Microtox assay for soil toxicity).

Measurements of the total petroleum hydrocarbon (TPH)
concentrations by the gravimetric technique at 30°C (Figure 1)
indicated a recovery (day 0) of approximately one-third the
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amount of hydrocarbon applied (2,000 mg/kg recovered; 6,000
mg/kg applied). An analysis of total petroleum hydrocarbon by
gas chromatography (EPA method 8015 M) was performed on a day 0
soil sample by a commercial analytical laboratory and only 1350
mg/kg were detected. The concentrations of TPH in the abiotic
treatment remained high throughout the experiment at both
temperatures (Figures 1 and 2). At day 124 the concentration of
TPH was still approximately 85% of the initial concentration. In
contrast, the decline in TPH concentration was. very rapid (25%
left after 33 days) in soil undergoing bioremediation at both 30
and 40°C. Thereafter the concentration of TPH decreased very
slowly. A second addition of fertilizer was done at day 85 in an
effort to improve bioremediation but the concentrations of TPH
hardly changed. This seems to indicate that Nand P were not the
limiting factors in the biodegradation process. Measurements of
the pH indicated a lowering of the pH in the microbially active
jars at both temperatures at the last two sampling times (Table
8). This lower pH may have impaired microbial activity during
the last stages of the ex~eriment. The curves obtained for
bioremediation of TPH at 40 C were virtually the same as the
curves at 30°C. These results indicate that the higher
temperature was not detrimental to the biodegradative activities
of the microorganisms.

Bioremediation brought about an even more drastic decrease
in the concentration of polycyclic aromatic hydrocarbons (PAR)
at both temperatures (Figures 3 and 4). The PAR concentration
underwent a ten-fold reduction in 19 days (down to 20 mg/kg) and
thereafter decreased very slowly to 11 and 8.5 mg/kg at 30 and
40°C, respectively. Thus PAR biodegradation was not impaired by
the higher temperature either.

The measurement of soil toxicity by the Microtox™ assay
(Figure 5) indicated a progressive loss of toxicity in soil
undergoing bioremediation. On day 0 the soil was very toxic and
the ECso (the amount of soil in the extract that causes a 50%
reduction in light emission by the luminescent bacterium) was
small. As time elapsed, the hydrocarbons were degraded and the
toxicity of the soil decreased. This resulted in larger ECso
values. However, the soil was still toxic after 124 days; the
ECso for the soil prior to the addition of diesel No. 2 was 283
mg of soil. The toxicity of the soil was confirmed by the
complete inhibition of lettuce seed ~ermination in the soil
throughout the experiment. The Microtox assay also indicated no
difference between the results at the two temperatures.

Of the three methods tested to measure hydrocarbon dis
appearance during bioremediation, TPH measurement by gravimetry
and PAH measurement by immunoassay were more rapid and
convenient than the Microtox™ assay. The determination of TPH by
gravimetry is an inexpensive method whereas the immunoassay for
PAH determinations is more costly. Other advantages of the first
two methods are their ability to quantify hydrocarbons and to
provide some information regarding the nature of the
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hydrocarbons that were degraded. The Microtox'l'M method is more
tedious, more time-consuming, more expensive in terms of
reagents and instrumentation, and less informative.

Enumeration of total bacteria by acridine orange staining
(Figure 6) and of viable bacteria by plate counts (Figure 7)
showed a stimulation of bacterial populations in the first 30
days of the experiment followed .by a stabilization or a slight
decrease. The period of population size increase coincided with
the period of rapid decrease in the TPH and PAH concentrations
during bioremediation (Figures 1 to 4). Addition of fertilizer
at day 85 did not seem to affect the numbers of total bacteria
(Figure 7). Microorganisms that were capable of degrading
specific hydrocarbon fractions, such as the phenanthrene and
hexadecane degraders, also showed a stimulation during the early
stages of the experiment (Figures 8 and 9). Phenanthrene is a
rather degradable hydrocarbon (Blackburn and Hafker, 1993) and
most of it was probably degraded during the first three weeks.
Unfortunately the phenanthrene counts were not collected at day
19, point at which an increase in counts may have happened. A
slight increase was visible at day 33 for the 30°C treatment.
After day 33 the counts dropped drastically to be nondetectable
at day 68. Addition of fertilizer at day 85 slightly increased
the phenanthrene-degrading bacteria counts but the populations
remained very low and made no impact on the total number of
bacteria or the evolution of carbon dioxide by the soil (Figure
10). The hexadecane-degrading microorganisms occurred in high
numbers in this soil at day 0 (Figure 9) and increased in
numbers (one log unit) during the first three weeks of the
experiment. Thereafter the populations declined. This pattern of
growth may reflect the ease with which this hexadecane is
degraded.

The hydrocarbon-degrading bacteria in our collection
(Table 7) showed a great degree of specialization in terms of
ability to degrade various types of hydrocarbons. Thus the
hydrocarbon degraders would comprise various specialized
populations. Each of which would increase in size while the
hydrocarbon they can utilize is available and decline when the
concentration of that specific compound decreases.

For all populations that were enumerated there was virtually
no difference between the numbers at 30°C and 40°C.

Additional evidence that microorganisms were growing on
diesel No. 2 was provided by the carbon dioxide evolution data
in Figure 10. A higher output of CO2 was achieved by the soil
treated with fertilizer and diesel than by the soil treated with
fertilizer alone, irrespective of temperature. The rates of
carbon dioxide production remained virtually unchanged during
the experiment. This seems to indicate that the microorganisms
were still actively degrading hydrocarbons at the end of the
experiment, probably feeding on adsorbed hydrocarbons that could
not be extracted.
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In conclusion, the results of experiment t2 indicated that
bioremediation of a soil contaminated with diesel No. 2 was
rapid under tropical conditions. The higher temperature (40°C),
that might be reached when bioremediation is conducted under a
tent exposed to the sun under tropical conditions, was not
detrimental to the bioremediation of diesel 12. Of the three
methods tested to monitor the concentration of hydrocarbons in
soil, the measurement of TPH by gravimetry and of PAR by
immunoassay were the most rapid, convenient, and informative.

Experiment 3

Effect of bioauqmentation with a versatile hydrocarbon
degrading bacterium on the bioremediation of diesel No.
2 and diesel No. 6 (Bunker C) in a clayey agricultural
soil

The aim of this experiment was to compare the biodegradation
of diesel No. 2 and diesel No. 6 (Bunker C) in a clayey
cultivated field soil (soil Ill) which had no prior history of
contamination with petroleum hydrocarbons. Soil #11 was limed to
maintain the pH between 6.4 and 6. 6 throughout the experiment.
The soil was moistened, fertilized, and spiked with either
diesel No. 2 or diesel No.6. Because this soil had been found
to harbour very low populations of phenanthrene-degrading
bacteria (102 to 103 cells/g of soil), the soil was inoculated
with 5 x 107 cells of bacterium 138/g of soil. Bacterium 138 is
an unidentified Gram-positive bacterium which was found to be
capable of growing on hexadecane, diesel No.2, mineral oil,
phenanthrene, and pyrene (Experiment 1).

a. Bioremediation of diesel No. 2

In soil t11 contaminated with diesel No.2, the TPH
concentration decreased dramatically (less than 10% left after
23 days) when microorganisms were active (Figure 11, A and B).
In contrast, at day 98, the poisoned soil contained
approximately 65% of the initial concentration of TPH.
Inoculation had no effect on TPH concentrations (TPH
concentrations on day 98 were 31.7 and 26.8 mg/g of soil in
uninoculated and inoculated soil, respectively.

Degradation of PAR occurred gradually over 98 days and was
similar in both the uninoculated and inoculated biologically
active treatments (Figure 12, A and B) where the final
concentrations were 14.2 and 12 mg PAR/kg, respectively. Thus,
inoculation had no effect on the bioremediation of PAR in this
soil.

In this soil a profuse growth of the Zygomycete
Cunninghamella echinulata occurred between days 3 and 7 in
biologically active soil treated with diesel No. 2 and
fertilizer. A pure culture of this fungus was capable of growing
on hexadecane, nonadecane, diesel No.2, and mineral oil (in
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decreasing order of biomass produced). No growth occurred on
phenanthrene and pyrene. Thus, C. echinulata may have played a
significant role in the rapid decrease of TPH in this soil.

Soil toxicity to lettuce seeds was higher after the growth
of fungal mats than at day 2 when the concentration of diesel
was higher (Figure 13). The soil remained toxic throughout the
experiment. The cause of this toxicity is not clear. The
fraction of diesel No. 2 that could not be extracted by our
procedures and was presumably adsorbed to the soil, may have
caused the toxicity. The latter may also have been due to some
metabolites produced during the bioremediation of the
hydrocarbons or due to metabolites produced during the
biodegradation of the fungal hyphae. The latter disappeared
rapidly after day 7 and a large population of actinomycetes
developed during that time and persisted until the end of the
experiment. Actinomycetes are well-known chitin degraders
(Alexander, 1979) and may have degraded the fungal hyphae. The
toxicity to the seeds may also have been caused by by-products
of actinomycete growth. Thus the significance of the soil
toxicity to the lettuce seeds as an indication of· the presence
of hydrocarbons is questionable in this soil.

During the first 3 weeks of the experiment the total
bacteria (acridine orange counts; Figure 14) and the viable
bacteria (heterotrophic plate counts; Figure 15) increased. The
increase (one log unit) is more visible in Figure 5 for the
viable bacteria. The total bacteria counts at day 14 (Figure 14)
must have been underestimated because those counts are lower
than those of the viable bacteria. The increase in viable
bacteria counts coincided with the drastic decrease in TPH
concentration in biologically active soils (Figure 11, A and B).
The same trend was seen in chronically polluted soil 19 (Figure
1) in experiment 2. No effect of inoculation with bacterium 138
was seen on the numbers of total and viable bacteria (Figures 14
and 15).

The number of indigenous phenanthrene-degrading bacteria
significantly increased (3 log units) over the first 14 days
(Figure 16) and remained at that level while the concentration
of PAH decreased (Figure 12). During the last month, the
population of indigenous phenanthrene-degraders decreased
sharply. In contrast, the level of phenanth~ene-degrading

bacteria in the inoculated treatment slowly decreased. from 8 to
6.3 log units. At the end of the experiment, colonies of
phenanthrene-degrading bacteria were individually picked and
transferred to a plate of BUGM medium (half strength). All
colonies gave rise to slow growing yellow bacteria of the same
morphology as bacterium 138. Collectively these results indicate
that the inoculant was not stimulated by the diesel No. 2 spike
but was capable of surviving in the soil for at least 98 days.

Microorganisms capable of growing on hexadecane (a
constituent of diesel No.2) increased in numbers, mostly in the
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inoculated treatment (Figure 17), in the early stages of the
experiment. Then their numbers steadily decreased after day 37.
Similar results were obtained for diesel-utilizing
microorganisms (Figure 18). Thus the results obtained in this
clayey soil showed the same patterns in microbial populations
during bioremediation as the results seen in experiment 2
(Figure 9) for chronically polluted soil '9.

Regarding the MPN counts of hexadecane- and diesel-degrading
microorganisms in the inoculated treatment, some discrepancy
appeared between these numbers and those obtained by the
phenanthrene plate method. Because the numbers of inoculated
bacterium 138 were comprised between 8 and 7 on the log scale
from day 0 to day 65 (Figure 16), it is expected that such high
numbers of bacterium 138 would also be enumerated by the MPN
technique. This stems from the ability of the bacterium to
degrade hexadecane and diesel No. 2 in pure culture. However,
the numbers enumerated by the MPN technique were lower most of
the time (Figure 17 and 18). This raises the possibility that
the MPN method underestimated the numbers of hydrocarbon
degraders. The assumption that one single cell of hydrocarbon
degrader in a well will give rise to detectable growth
(Alexander, 1982) may not be met because growth can occur only
in the upper region were the drop of hydrocarbon floats. A
similar discrepancy was recently shown to occur when pure
cultures of phenanthrene-degraders were enumerated by plate
counts and the MPN technique (Wrenn and Venosa, 1996). Currently
we are comparing plate counts and MPN counts of bacterium 138.

The CO2 evolution experiments (Figure 19) corroborate that
microorganisms were responsible for the degradation of diesel
No.2; more CO2 was produced in the presence of diesel than in
its absence. The data in Figure 19 confirmed that inoculation
with bacterium 138 had no effect on the degradation of diesel
No.2. There was no increased CO2 production in the presence of
the inoculant.

b. Bioremediation of diesel No. 6

The recovery of diesel No. 6 at day 2 was high
(approximately 89%, except for one treatment where it was 50%)
by measurement of TPH by gravimetry (Figure 20, A and B) as
compared to diesel No.2 which was 34% (Figure 11, A and B). At
day 26 the levels of TPH had greatly decreased (less than 33% of
the original concentrations were measured) in all treatments,
regardless of the presence of microorganisms. Since this product
is very waxy and of low volatility and the experiments were
conducted in the absence of light, it is probable that the
adsorption of diesel No. 6 increased with the aging of the
product. There was no detectable bioremediation in soil
contaminated with diesel No. 6 during the first 54 days. From
day 82 to day 138 the concentrations of TPH seemed approximately
30% lower in the presence of microorganisms. However, these
results were inconclusive because of the high variability in the

15



measurements. There was no effect of bioaugmentat ion with
bacterium 138. A short-lived fungal growth was also observed at
the beginning of the experiment but it was scant on diesel No.
6. The latter may have contained a smaller proportion of readily
degradable hydrocarbons than diesel No.2.

The PAR levels were lower in diesel No. 6 (60 mg/kg, Figure
21, A and B) than in diesel No. 2 (113 mg/kg; Figure 12, A and
B). Up to day 82 there was no significant indication of
microbial degradation of PAR in diesel No.6. Results for later
time points are not available at this time.

Both total bacteria counts and plate counts of .heterotrophic
bacteria showed no increase in populations due to the addition
of diesel No. 6 to the soil (Figures 22 and 23). The counts
remained constant throughout the experiment and no difference
was noted between uninoculated and inoculated treatments.

In contrast, there was a significant (3 log units)
stimulation of indigenous phenanthrene-degrading bacteria in
soil contaminated with diesel No. 6 during the first 26 days
(Figure 24). Inoculant levels remained very stable during the
whole experiment decreasing from 8 to 7.3 on the log scale from
day 2 to day 138. This confirms the persistence of the inoculum
which was identified on phenanthrene-degrading plates until the
end of the experiment.

Populations of mineral-oil degraders, which were monitored
as a substitute for diesel No. 6 degraders, decreased steadily
during the experiment (Figure 25). The growth of mineral oil
degraders appeared to be hindered in the soil, possibly by toxic
compounds in diesel No.6.

Up to day 54, the CO2 data (Figure 26) indicated no
production of CO2 from diesel No.6. However, from that day
until the end of the experiment (day 138), the production of CO2
due to the addition of inoculant to the diesel and fertilizer
increased above the production of CO2 by the other treatments
(e.g. 7% above the production in other treatments at day 102).
This modest production of CO2 (Figure 20) may indicate that some
fractions of diesel No. 6 are biodegradable. However, it is
difficult to reconcile these results and those obtained for TPH
which did not show an inoculation effect. These contradictory
results are probably due to the uneven distribution of diesel
No. 6 which caused a higher variability in the measurements of
TPH in diesel No. 6 contaminated soil than in soil contaminated
with diesel No.2.

In conclusion, our results do not permit to determine
unequivocally whether bioremediation of diesel No. 6 occurred in
this soil although there were indications of some microbial
activity probably supported by the lower-molecular weight
fractions. Further studies are needed.
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CONCLUSIONS

1. Modification of the double-layer phenanthrene plates from a
pour-plate to a spread-plate enhanced the ability to detect a
halo around the positive colonies for enumeration purposes
and increased the success rate of hydrocarbon-degrading
bacteria.

2. Hydrocarbon-degrading bacteria were widespread in Hawaii
soils, irrespective of previous exposure to petroleum
hydrocarbons. These bacterial populations were stimulated by
addition diesel No. 2 and fertilizer. These results suggest
that hydrocarbon-contaminated soils in Hawaii are well suited
for bioremediation.

3. Characterization of the hydrocarbon-degrading bacteria
isolated from Hawaii soils indicated a specialization in the
ability of the bacteria to degrade hydrocarbons.

4. Bioremediation of diesel No. 2 occurred rapidly in the two
soils of contrasting textures that were studied here. In
contrast, bioremediation of diesel No. 6 in .the clayey soil
was difficult to evaluate and probably occurred on a small
scale.

5. The best rapid and convenient techniques to monitor
hydrocarbon disappearance in soil were the gravimetric
measurement of TPH (inexpensive) and the determination of PAH
concentrations by immunoassay (more expensive) .

6. The results indicate bioremediation can be eff~ciently

conducted in an enclosure, such as a tent, which may 1ncrease
the temperature of the soil to 40°C under tropical
conditions.

7. Soil inoculation with the versatile hydrocarbon-degrading
bacterium 138 had no effect on diesel No. 2 and diesel No. 6
disappearance in the clayey soil studied despite the
persistence of the bacterium at high levels for an extended
period of time. It is possible that inoculation with a
faster-growing bacterium may have produced different results.

8. The role of the Zygomycete C. echinulata in the disappearance
of TPH in the clayey soil contaminated with diesel No. 2
should be examined in other soils where it C9uld possibly be
introduced.
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Fig. 11. Changes in TPH concentration, as affected by inoculation
with the Gram-positive bacterium 138, during the bioremediation of
clayey soil #11 which had been spiked with 6,000 mg of diesel No.
2/kg.

32



160
A Uninoculated

-~1~-0)

.§. 120--0
en 100c:-X
~

eo I~Abk>flcl-o-8Ioflc
'0 60c:
()
c:
0 ~

0

20

0
0 10 20 30 ~ SO 60 70 eo 90 100

Time (Days)

B Inoculated
160

-C) 1~

~-C)

E 120--"0
IQ)en

c:-X 80<
Q.
~

60 I-o-~ncl0
c: -o-Bionc
0
C
0

0
20

0
0 10 20 «) 50 60 ]0 eo 90 100

Time (Days)

Fig. 12. Changes in PAH concentration, as affected by inoculation
with the Gram-positive bacterium 138, during the bioremediation of
clayey soil #11 which had been spiked with 6,000 mg of diesel No.
2/kg.

33



100

90

eo

70

~ 60•C,.) C
~ :8

~ 50

E•0 ~

30

20

10

0
0 10 20 30 «) 50 60 70 80 90 100

TIme (Deya)

-0- fertilizer + Diesel

-0- fertilizer + Diesel + Inoculum
_ Untreated Soil

Fig. 13. Toxicity of soil III during bioremediation in the presence
or ab8ence ot inoculant bacterium 138.



10

-~ D D

H", -/
...,.--

I
8

=a 7
~
Q

'! 6

"" .zc.n
E 5:J
Z

~
oS ..
(,)
tlI

CD

8' 3...
2

1

0
0 10 20 3() 40 50 60 10 80 90 100

TIme (DIIya)

-0- Fertilizer + Diesel

-0- Fertilizer + Diesel + Inoculum

Fig. 14. Changes in the acridine-orange counts of total bacteria
during the bioremediation of soil III spiked with diesel No.2.



10

9

8

7

Co)

CD

~ 6
~c
~ 5
:;)
"-(,)

sa •
..J

-0-Fertilizer + Diesel

-0-Fertilizer + Diesel + Inoculum

3

2

10090807040 50 60

TIme(o.ya)

302010

o I I I I I I I I I I I

o

Fig. 15. Changes in the viable counts of bacteria during the
bioremediation of soil III spiked with diesel No.2.



10

9

8

7

! 6

~
e." 0.... ~ 5

:>
~
()

r 4
.J

3

2

1

0
0 10 20 30 40 SO 60

TIme (DIIya)

70 80 90 100

-0-Fertilizer + Diesel

~ Fertilizer + Diesel + Inoculum

Fig. 16. Changes in the counts of phenanthrene-degrading bacteria
during the bioremediation ot soil #11 spiked with diesel No.2.



10

9

8

7

J 6

c.:l ~
00

i5+~ ~ ~
1-0-Femllzer + Diesel
~ Fertilizer + Diesel + Inoculuma.

:E
r <4
-'

3

2

100908070-40 50 60
TIme (DtIya)

302010

o I I I I I I I , I I I

o

Fig. 17. Changes in the counts of hexadecane-degrading
microorganisms during the bioremediation ot soil 111 spiked with
diesel No.2.



~
CQ

10

9

8

7

~ 6
~
Q

2 5
0..
:E

J ..
3

2

1

0
0 10 20 30 40 50 60

TIme(o.ya)

70 80 90 100

-0-Fertilizer + DIesel

-0-Fertilizer + Diesel + Inoculum

Fig. 18. Changes in the counts of diesel-degrading microorganisms
during the bioremediation of soil III spiked with diesel No.2.



··-Nodata

~FettIIz.

....0IeMI
-o-F.-z. + 0leMI

-.-F«1Ilzer + 0IeseI + Inocvlum

10400

_1200-"0en
0)1000
o
~
0)
E 800-c:::o
~ 600
:s
'0
>
W 0400

C"f

o
°200

O~---+--+--+--+-~--+-~.----+--~-+--t---+---+---+---+--+--+---1--+----I

o 5 10 15 20 25 30 35 ~ .cs SO 55 60 65 10 7S 80 as 90 9S 100

Time (Days)

Fiq. 19. Carbon dioxide evolution from soil #11 as affected by
addition of diesel No. 2 and inoculant bacterium 138.

40



6000
A Uninoculated-C)

~ sooo-C)

E--·0 4000
(I)

C-
%:
Q. 3000
I-
0
c
() 2000
C
0
0

1000

~ ~ ~ ~ ~ ~ IW 120 130 I~

Time (Days)
10 20 30 <to

O+--+---+---+---+---+---+---+---+---+----+_-+-_-+-_-+-_~

o

-15en
c-

%:
Q.
I-
02000
C
()
Coo 1000

B Inoculated

3010 20

0+---+---+---+---+----+---+---+---+---+----+--+---+---+----1
o

Time (Days)

Fig. 20. Changes in TPH concentration, as affected by inoculation
with bacterium 138, during the bioremediation of soil #11 which had
been spiked with 6,000 mg of diesel No. 6/kg.

41



160

A Uninoculated-0) 140
~-0)

E 120---0
(I) 100
C-:z: /::AbbHcJ
~

-O-BIotic

....
0
c
(,)
c:
0

0

20

0
0 10 30 40 50 80 90

Time (Days)

160

B Inoculated
t40-C)

~ t20-C)

E-- tOO
0
(I)

C 80

X I::Abbtlcl«

~
-O-8lotlc

Q. 60....
0
c: 40 =:(,)
c
0
0 20

0
0 to 20 40 50 60 70 80 90

Time (Days)

Fig. 21. changes in PAH concentration, as affected by inoculation
with bacterium 138, during the bioremediation of soil #11 which had
been spiked with 6,000 mg of diesel No. 6/kg.

42



10

a

-0-Fertilizer + Diesel
-0-F.-tIIIzer + Diesel + Inoculum

.......------

5

6

7

9T ~ ~
Q ~Q--oen 8

~
Q

~
f
Q)

.J:J
E
::s
Z

"'"t.:l

(; 4
1:
Q)

() 3
CG
m
en 2

.9
1

1401301201101()()9060 70 80

Time (Days)
so40302010

o I I I I I I I I I I I I I I I

o

Fig. 22. Acridine-orange counts of total bacteria during ,the
bioremediation of soil 111 spiked with diesel No.6.



10

9

8

-.- 70
(/)

~
6L..

C
~

CD~

5"""'-
:::;)
La. ..0
·CD
0 3

..J

2

~ 8: a ~ a g

~ Fertilizer + Diesel
-0- Fertilizer + Diesel + Inoculum

loCO13012011010050 60 70 80 90

Time (Days)
oCO302010

o I I I I I I I I I I I I I I I

o

Fig. 23. Counts ot viable bacteria during the bioremediation of
soil III spiked with diesel No.6.



10

9

8 +0 cr

140130120

-0-Fertilizer + Diesel

-0- fertilizer + Diesel + Inoculum

1101009080706050

-----~ a:::o:::::::::::: ~ -a

.(0302010

-.-
0 7

en
~ 6
C

ol::oo !!JStTl

:::;)
LA.
0 ..
C)
0 3..J

2

1

0
0

Time (Days)

Fig. 24. Changes in the counts ot phenanthrene-degrading bacteria
during the bioremediation of soil III spiked with diesel No.6.



10

9

8

-.- 7t l~ Fertilizer + Diesel0
U'J -0- FertiflZer + Diesel + Inoculum

~ 6
C

~
C) C)-- 5

Z
Q.
:E ..
C)
0 3

..J

2

9080706JJ40 50

Time (Days)
302010

o I I I I I I I I I I

o

Fig. 25. Changes in the counts of mineral oil-degrading
microorganisms during the bioremediation of soil 111 spiked with
diesel No.6.



1800

1600.--.-.-0
en 1-400

C')
0
CO 1200--C)

.;.
S,000

..;j

c:
0.- 800..,
:::s-0
> 600
W

N

0 400

0
200

0
0

- Fertilizer + Hexane
-0- Fertilizer

-tC-Diesel

-0-Fertilizer + Diesel

-6- Fertilizer + Diesel + Inoculum

I I I I I I I I I I I I I I I I , I I , I I

5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115 120 125 130 135 140

Time (Days)

Fig. 26. Carbon dioxide evolution from soil III as affected by
addition of diesel No.6 and inoculant bacterium 138.



Table 1. Characteristics of the soil samples used to study the
response of microorganisms to addition of diesel No. 2
and fertilizer

------~-------pp.------------------

Soil
No.

we- pH Org.C, NOi-N NHl-N P K Ca Kg Particle size analysis:
sand silt clay
----------,------------------------------------------------------------------------------ ------------------------_.

1.
Subsoil

0.60 8.0 0.94 24 1.5 78 920 7800 960 71 9 20

.a:.
00

2. 0.63 7.0
Polluted
landtarmed
soil

3. 0.64 4.9
Wahiawa
pineapple
field

0.03

1.44

3024

44 3.2

142

38 140 640 120

10

18

55

23

3S

59

4. 0.72 6.2
Waimanalo
Corn
field

5. 0.71 7.6
Polluted
soil
biopile

1.62

1.12

150

906

o

o

102 400 3600 940

78 260 7900 1300

30

54

15

23

55

23

--------------------------------------------------------------------------------------------
• Water holding capacity at saturation (g water/g oven-dry 80il)



Table 2. Response of microbial populations to fertilizer and
diesel No. 2 contamination in soil #1 (subsoil with no
history of petroleum hydrocarbon contamination)

Type of counts

Total bacteria
(AO counts) b

viable bacteria
(plate counts)C

No. of microorganisms/g of soil- in:

Untreated Fertilized Fertilized soil
soil soil + 3,000 mg diesel/kg

Day 0 Day 20 Day 20

3.9 x 108 1.7 X 109 2.4 X 109

2.7 X 107 3.3 X 107 1.0 X 108

Phenal1threne
degrading bact.
(plate counts)

Hexadecime
degrading
microorganisms
(MPN counts) d

4.7 X 10·

1. 5 X 105

Not detected

Dehydrogenase activity (ug TPF/g soil/24 h)· in:

Untreated
soil
Day 0

14.95

Fertilized
soil
Day 20

16.50

Fertilized soil +
3,000 mg diesel/kg

Day 20

16.35

• Mean of 3 replicates, calculated on an oven-dry basis

b Direct acridine orange counts

C Aerobic bacteria growing on soil-extract agar

d Most-probable-number of microorganisms growing in tissue-culture
plates containing Bushnell-Haas medium and 5 ul of hexadecane

• TPF = Triphenyl formazan (extracted in methanol)
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Table 3. Response of microbial populations to fertilizer and diesel
No. 2 contamination in soil #2 (chronically polluted soil
from a landfarming facility)

No. of microorganisms/g of soil- in:

Type of counts

Total bacteria
(AO counts) b

Viable bacteria
(plate counts)C

Phenanthrene
degrading bact.
(plate counts)

Untreated Fertilized Fertilized soil
soil soil + 3,000 mg diesel/kg

Day 0 Day 20 Day 20

3.0 X 10' 3.7 X 10' 6.5 X 10'

2.4 X 108 8.2 X 108 1.4 X 10'

1.1 X 107 8.6 X 106 2.5 X 107

Hexadecane
degrading
microorganisms
(MPN counts)d

4.7 X 106

Dehydrogenase activity (ug TPF/g soil/24 h)· in:

Untreated
soil
Day 0

Fertilized
soil
Day 20

NO

Fertilized soil +
3,000 mg diesel/kg

Day 20

NO

- Mean of 3 replicates, calculated on an oven-dry basis

b Direct acridine orange counts

C Aerobic bacteria growing on soil-extract agar

d Most-probable-number of microorganisms growing in multiwell
plates containing liquid Bushnell-Haas medium and 5 ul of
hexadecane

• TPF = Triphenyl formazan (extracted in methanol)

f No data
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Table 4. Response of microbial populations to fertilizer and diesel
No. 2 contamination in Wahiawa soil 13 (cultivated soil
with no history of petroleum hydrocarbon contamination)

No. of microorganisms/g of soil· in:

Untreated Fertilized Fertilized soil
soil soil + 3,000 mg diesel/kg

Day 0 Day 20 Day 20

3.7 x lOs 8.3 x lOs 1.1 X 109

1.3 X 108 1.5 x 108 3.3 x 108

5.1 X 104 7.9 x lOs 4.3 X 106fPhenanthrene
degrading bact.
(plate counts)

Viable bacteria
(plate counts)C

Total bacteria
(AO counts) b

Type of counts

Hexadecane
degrading
microorganisms
(MPN counts)d

Dehydrogenase activity (ug TPF/g soil/24 h)- in:

Untreated
soil
Day 0

Fertilized
soil
Day 20

Fertilized soil +
3,000 mg diesel/kg

Day 20

28.63 31. 34 66.55

• Mean of 3 replicates, calculated on an oven-dry basis

b Direct acridine orange counts

C Aerobic bacteria growing on soil-extract agar

d Most-probable-number of microorganisms growing in multiwell
plates containing liquid Bushnell-Haas medium and 5 ul of
hexadecane

- TPF = Triphenyl formazan (extracted in methanol)

! counts were underestimated due to the presence of swarming
bacteria on some plates

a No data
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Table 5. Response of microbial populations to fertilizer and diesel
No. 2 contamination in cultivated Waimanalo soil #4 (No
history of petroleum hydrocarbon contamination)

No. of microorganisms/g of soila in:

Untreated Fertilized Fertilized soil
soil soil + 3,000 mg diesel/kg

Day 0 Day 20 Day 20

3.7 x 108 3.8 X 108 9.3 X 108

1.4 X 107 1.6 x 107 7.4 x 107

1.4 X 102 1.5 x 103 1.1 x 106Phenanthrene
degrading bact.
(plate counts)

Type of counts

Viable bacteria
(plate counts) e

Total bacteria
(AO counts) b

Hexadecane
degrading
microorganisms
(MPN counts) d

Dehydrogenase activity (ug TPF/g soil/24 h)· in:

Untreated
soil
Day 0

Fertilized
soil
Day 20

Fertilized soil
+ 3,000 ppm diesel

Day 20

7.5 24.4 24.4

a Mean of 3 replicates, calculated on an oven-dry basis

b Aerobic bacteria growing on soil-extract agar

C Direct acridine orange counts

d Most-probable-number of microorganisms growing in multiwell
plates containing liquid Bushnell-Haas medium and 5 ul of
hexadecane at the surface

• TPF = Triphenyl formazan (extracted in methanol)
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Table 6. Response of microbial populations to fertilizer and
diesel No. 2 contamination in soil 15 (chronically
polluted soil in a biopile at the completion of
bioremediation)

No. of microorganisms/g of soil· in:

Type of counts Untreated Fertilized Fert. soil Untreated
soil soil + 3,000 mg soil

diesel/kg

Day 0 Day 20 Day 20 Day 20

Total bacteria 1. 9 x 108 2.8 X 108 3.4 X 109 3.5 X 108

(AO counts) b

Viable bacteria 1.3 x 108 1.3 X 108 1.8 X 109 1.2 X 108

(plate counts)e

Phenanthrene- 1.5 x 106 3.0 X 106 1.1 X 107 1.4 X 106

degrading bact.
(plate counts)

Hexadecane- 1.2 x 105 3.1 X 105 8.9 X 106 1.3 X 105

degrading
microorganisms
(MPN counts)d

Dehydrogenase activity (ug TPF/g soil/24 h)· in:

Untreated
soil
Day 0

o

Fertilized
soil

Day 20

o

Fertilized soil
+ 3,000 mg diesel/kg

Day 20

24

Untreated
soil

Day 20

o

• Mean of 3 replicates, calculated on an oven-dry basis

b Direct acridine orange counts

e Aerobic bacteria growing on soil-extract agar

d Most-probable-number of microorganisms growing in multiwell
plates containing liquid Bushnell-Haas medium and 5 ul of
hexadecane

• TPF = Triphenyl formazan (extracted in methanol)
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Table 7. Characteristics of Representative Hydrocarbon-Utilizing
Bacteria Isolated from Hawaii Soils

Growth on-:
_Gram Identification

Soil Isolate HEX DIE MO PHE PYR reaction by Biologn1

No. No.

1 18 + P. aeruginosa

47 + + + + Not tested
(actinomycete)

82 + + + Pseudomonas sp.

86 + + P. tluorescens E

87 + + + P. oleovorans

2 53 + + + + + None

55 + P. aeruginosa

58 + P. vesicularis

74 + + + + + None

3 94 + P. tluorescens C

103 + + + None

110 + P. aeruginosa

4 111 + + + + None

125 + + + Not tested

5 128 + + + + Acinetobacter
genosp. 9

132 + + Flavobacterium

145 + + + + + + None

156 + + + + + + P. tluorescens B

- Abbreviations: HEX, hexadecane; DIE, diesel No.2; MO, mineral
oil; PHE, phenanthrene; PYR, pyrene
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Table 8. Soil pH in soil undergoing bioremediation at two
temperatures. Soil 19.

Soil pH (1:1 in water) at:
Treatments

Day 0 Day 19 Day 33 Day 47 Day 68 Day 89 Day 124

Biotic

30°C 7.1 5.9 7.3 6.8 6.9 6.2 5.4

40°C 7.1 6.3 7.3 6.3 7.1 5.6 5.7

Abiotic

30°C 6.3 6.6 7.1 6.8 7.0 6.3 6.5

40°C 6.3 6.9 7.0 7.0 6.8 6.9 6.8
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