Downloaded from http://aem.asm.org/ on July 6, 2017 by guest



VoL. 58, 1992

1 ml of hexadecane. The incubation conditions were identi-
cal. The microorganisms from this incubation were used as
the inoculum for the fermentations.

Determination of cell concentrations. To determine the
concentration of cells in the sediment suspension, 1 ml of
sediment-seawater suspension was mixed with 4.0 ml of
KH,PO, (0.1 mol liter—*) containing 0.5% (vol/vol) Tween
80. The dilution was sonified with a Branson sonifier three
times for 30 s with a break of 30 s (50 W, 50 Hz). After 30 s
of sedimentation, aliquots of the supernatant were taken; the
cell number was determined by counting in a hemacytometer
(Thoma) at a depth of 0.02 mm. To determine the cell
concentration in the absence of sediment, the samples were
sonified as described above but without KH,PO,.

Chemicals. All chemicals used were of the highest purity
available and obtained from Merck (Darmstadt), Fluka
(Ulm), Sigma (Deisenhofen), and Riedel de Haen (Seelze).
Helium-4.6, nitrogen-5.0, and the control gas (98% N,, 2%
0O,) for the equilibration of the gas analyzer and the oxygen
electrode were obtained from Messer Griesheim (Duisburg).

Fermentation system. The fermentations were performed
in a stirred and aerated reactor with a working volume of 2.1
liters (Braun Diessel Biotech GmbH, Melsungen, Germany).
The reactor was equipped with registration and control units
for pH, DOT, and temperature. Cultures were aerated by
means of a complex gas inlet system permitting two inde-
pendent gas flow rates that could be regulated separately.
This system consisted of a modified proportional action
controller of the type E 565 (Metrohm, Herisau, Switzer-
land) and Hi-Tec mass flow meters (Bronkhorst B. V.,
Ruurlo, The Netherlands). The regulation of the gas flow
rates depended on the deviation of the actual DOT from the
fixed nominal value (26).

Culture conditions. The fermentations were performed
with 11% (vol/vol) dried sediment in artificial seawater (23).
Hexadecane-coated sediment was mixed with uncoated sed-
iment, resulting in an initial hexadecane concentration of 1.2
g per liter of sediment-seawater suspension. Nitrogen (ni-
trate or ammonia) and phosphate were added separately at a
concentration recommended by Gibbs (16): 60 mg of N and
6 mg of P for the degradation of 1 g of hydrocarbon. Previous
investigations had confirmed that these concentrations are
high enough to avoid N and P limitation (18). In the range of
80 to 5% DOT, NaNO; was used as the nitrogen source. In
the range of 0 to 5% DOT, it was replaced by (NH,),SO, to
avoid denitrifying hexadecane degradation. Vitamins speci-
fied by Schlegel (34) and mineral salts specified by the
Deutsche Sammlung von Mikroorganismen (13) were added
as supplements. The concentration of inoculated hexadec-
ane-adapted microorganisms was 5 X 107 cells per ml. The
agitation (600 rpm), temperature (20°C), and nitrogen gas
flow (50 or 100 ml min~?) were kept constant. The pH was
adjusted to 7.3. The DOT was adjusted to different values
(0.0, 0.4, 1.0, 5.0, 10.0, 20.0, 40.0, and 80.0%) and kept
constant during each cultivation.

Aerobic reference fermentations with sterile sediment
were performed to ensure that all hexadecane losses were
due to microbial degradation and not to other effects like
stripping.

Gas analysis. The amount of air in the gas influent was
measured on line (gas flow meters and controllers, mass flow
control instrument type MFC F-201 A Hi-Tec; Bronkhorst),
and the percentages of O, and CO, were calculated. The CO,
concentration of the gas effluent was recorded on line by an
infrared detector (Unor 6N; Maihak, Hamburg, Germany).
The O, concentration in the gas effluent was analyzed in gas
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samples (40 ml) taken with a gas-proof syringe and analyzed
in a Shimadzu GC 8A gas chromatograph equipped with a
heat conductivity detector and a capillary column packed
with Propac QS (100/120 MESH). The carrier gas was
helium-4.6, and the gas flow rate was 40 ml min—!. The
temperature of injector and detector was 150°C, and the
column temperature was 50°C. The injected sample volume
was 0.25 ml. Integration was performed with a Shimadzu
Chromatopac C-E1B integrator.

n-Hexadecane determination. Hexadecane concentrations
were determined by gas chromatography after extraction
with n-hexane. A sample (10 ml) taken from the sediment
suspension was mixed with an equal volume of hexane
containing n-tetradecane as an internal standard, vigorously
shaken, and centrifuged. Two milliliters of this supernatant
was filled up to 10 ml with hexane and analyzed in a gas
chromatograph (Perkin-Elmer 8310) under the following
conditions: column packed with Chromosorb W-HP (80/100,
3% OV 101); carrier gas, nitrogen-5.0; gas flow rate, 38 ml
min~?; injector temperature, 270°C; flame ionization detec-
tor temperature, 290°C; oven temperature, 120 to 140°C with
a ramp rate of 10°C min~?, 140 to 270°C with a ramp rate of
30°C min~?, and then 1 min at 270°C. The injection volume
was 1 pl.

Protein determination. A variety of methods for determin-
ing biomass production of microorganisms in cultures with
hydrocarbon as a substrate are discussed in the literature.
Comparison of several of these methods indicates that none
produces satisfactory results (14, 21, 25, 29, 31, 36). For the
present investigations, the determination of the total protein
content of the suspension was considered to be the most
appropriate method. Samples (1 to 2 ml) of the sediment
suspension were centrifuged, and the pellets were treated as
described by Oberbremer and Miiller-Hurtig (30). To test the
recovery efficiency of protein in the sediment suspension,
serum albumin and/or defined amounts of mixed bacterial
populations were added. After the cultures were mixed and
incubated for several hours (20°C, 100 rpm), the recovery
efficiency ranged between 90 and 110%. The protein concen-
tration was determined in pretreated pellets as described by
Bradford (9).

Calculation of oxygen consumption and carbon dioxide
production. The volumetric oxygen consumption (grams of
oxygen consumed per liter of culture volume) and the
volumetric carbon dioxide production (grams of carbon
dioxide produced per liter of culture volume) were calcu-
lated from the gas inflow and outflow rates and from the
concentrations of oxygen and carbon dioxide in the gas
inflow and outflow, respectively.

RESULTS

Amount of degraded hexadecane and degradation rate. The
dependence of hexadecane degradation on different DOTs
was investigated in batch fermentations with sediment-
seawater suspensions and mixed autochthonous populations
of microorganisms of the intertidal sediment. The adjusted
oxygen tensions ranged from 80 to 0% DOT. These values
are relative to the maximum concentration of oxygen (100%
DOT) that can be dissolved when air is added to the
sediment-seawater suspension. The adjusted value was kept
constant during each fermentation. The intended initial
concentration of hexadecane was 1.2 g liter 1. The concen-
tration determined in the sediment suspension at the begin-
ning of the cultures ranged from 1.1 to 1.5 g liter ! (because
of dilution of the hexadecane-coated sediment with uncoated

1senb Aq 2T0Z ‘9 AN uo /610 wse war//:dny woly papeojumoq


http://aem.asm.org/

3074 MICHAELSEN ET AL.

100

807 DOT
40,

80 -1

#O0*%>EO

60 -4 /X

a0

HEXADECANE DEGRADED [*J

20

o —

0 20 40 60 80 100 120 140 160 180 200
CULTIVATION TIME [R]

FIG. 1. Degradation of hexadecane (percentage of the initial

concentration of hexadecane) in cultures with sediment-seawater
suspensions at different DOTs.
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sediment). The actual hexadecane concentration of each
culture was set to 100%.

There was no difference in the hexadecane degradation
capacities of cultures with various DOTs in the range of 1 to
80% (Fig. 1). After 7 days of incubation, the final concentra-
tion of hexadecane ranged from 0.1 to 0.3 g liter™*. That
means that 78 to 93% (mean value, 86%) of the hexadecane
quantity initially provided was degraded. An influence on the
degree of degradation was found only with a DOT of 0.4%,
the final concentration was 0.5 g liter™!, and 62% of the
originally applied hexadecane was degraded within the incu-
bation time. No degradation was observed under anaerobic
conditions.

The expected corresponding influence of the DOT on the
hexadecane degradation rate was not detected. In the range
of 0.4 to 80% DOT, a constant degradation rate of 16.2 mg
liter™! h™! was obtained. Calculated with respect to the dry
weight of the sediment (11%, vol/vol), the maximum degra-
dation rate was 3.6 g of hexadecane per kg of sediment per
day.

Another effect of low DOT (0.4%) was the noticeably
expanded lag phase of more than 100 h, compared with lag
phases of about 20 to 30 h for DOTs of 1 to 80%.

Production of biomass. The protein concentration of the
original sediment suspension containing indigenous microor-
ganisms was 0.19 g liter™! (1.8 mg per g of dry sediment).
Adding the inoculum led to a protein concentration of 0.23 g
liter™* (2.1 mg per g of dl;y sediment) and an average cell
concentration of 5 X 10° cells per ml. In hexadecane-
containing anaerobic cultivations (0% DOT) and in oxic
hexadecane-free cultivations, no further protein was pro-
duced. In cultures with hexadecane and oxygen supplies, the
protein concentration showed the typical dependence on
time expected for batch cultures. The growth phase with the
maximum protein production rate fitted well with the phase
of the maximum degradation rate of hexadecane (data not
shown). No influence of the DOT on the maximum protein
production rate could be found. There was little influence of
the DOT on the total amount of protein produced. In the
range of 5 to 80% DOT and with a DOT of 0.4%, a yield of
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FIG. 2. O, consumption (a) and CO, production (b) during

microbial degradation of hexadecane in cultures with sediment-
seawater suspensions at different DOT values.

about 0.3 g of protein per g of hexadecane consumed was
obtained. This value was only higher at a DOT of 1%, which
yielded about 0.6 g of protein per g of hexadecane con-
sumed. Careful checking of the method indicated that this
value was not caused by experimental artifacts.

Respiration metabolism. The use of fermentors allowed us
to determine the volumetric oxygen consumption (grams per
liter of suspension) and the carbon dioxide production
(grams per liter) during growth. Oxygen consumption (Fig.
2a) and carbon dioxide production (Fig. 2b) were indepen-
dent of the DOT within the range of 80 to 1.0%. An influence
was found only at a DOT of 0.4%, in which case the oxygen
consumption and the carbon dioxide production were re-
duced; the carbon dioxide production was affected consid-
erably more than was oxygen consumption. Neither CO,
production nor O, consumption was detected under anaer-
obic conditions (Fig. 2).

The oxygen consumption curves and CO, production
curves of the cultures with 1 to 80% DOT have parallel
slopes (Fig. 2), which means that hexadecane is oxidized at
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FIG. 3. Influence of DOTs between 0.4 and 80% on the degree of
mineralization of consumed hexadecane (percentage of complete
mineralization of hexadecane), and the extent of degraded hexadec-
ane (percent referring to the initial hexadecane concentration).

a constant stoichiometric rate in these cultures. Control
cultures were used to find out to what extent oxygen
consumption and carbon dioxide production were due to
indigenous carbon in the sediment or to added hexadecane.
In the absence of hexadecane, the O, consumption ranged
below 0.1 g liter ! and the CO, production was below 0.04 g
liter—*. This negligible metabolic activity was probably due
to the fact that the sediment had been exhausted by storage
for several months.

Since the main metabolic activity of the cultures was due
to hexadecane metabolism, the respiration coefficient (RQ)
was a good measure for estimating the oxidative metabolism
of hexadecane. The time course of the RQ during cultivation
indicates two phases of substrate metabolism in cultures
with 1 to 80% DOT. In the first cultivation phase (up to about
100 h), during which most hexadecane was consumed, the
RQ was below the theoretical value of 0.65 mol mol™* for
complete hexadecane oxidation. It ranged between 0.5 and
0.6 mol mol~!. In the later cultivation phase, the RQ
exceeded the theoretical value and leveled off at about 0.75
mol mol~?! at the end of the cultivation time. In cultures with
a DOT of 0.4%, the RQ was below the theoretical value
during the whole cultivation time and ranged between 0.4
and 0.5 mol mol ™%,

Mineralization. If hexadecane is mineralized aerobically
during catabolism without producing biomass or other
metabolites, the cells need 24.5 mol of oxygen per mol of
hexadecane and produce 16 mol of carbon dioxide and 17
mol of H,0. Taking these data into account, the degree of
mineralization of the consumed substrate was calculated.
Since biomass production was found in all cultures except
the anaerobic ones, complete oxidation of hexadecane to
carbon dioxide was not expected. In the range of 5 to 80%
DOT, a mean mineralization of 70% was found, whereas at
1% and 0.4% DOT the mineralization was only 50% (Fig. 3).

The calculated ratio between the amount of carbon diox-
ide produced per amount of hexadecane consumed (yield of
CO,, grams per gram) and the calculated yield of protein
(grams of protein produced per gram of hexadecane con-
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FIG. 4. Dependence of CO, production and protein production
on the DOT.

sumed) indicated that more hexadecane is converted to
biomass at DOTs below 5% than at DOTs of 5 to 80% (Fig.
4).

DISCUSSION

The aim of this investigation was to determine the degree
and rate of hexadecane biodegradation and its dependence
on different DOTs in seawater-sediment suspensions.
Knowledge about the oxygen limitation of hydrocarbon
biodegradation is important for strategies of remediation of
spilled sediments. Previously published papers that deal with
the dependence of the hexadecane degradation on the DOT
do not contain data about degradation at DOTs near 0% (5,
15, 19, 26, 28).

To verify these culture conditions it was necessary to
regulate and keep constant DOTs near 0%. This could only
be done with a fermentor system. The crucial point was the
development of a special mass flow regulation system con-
sisting of two independent gas lines that allowed controlled
mixing of a commercially available control gas (2% oxygen
in nitrogen) with pure nitrogen.

These investigations showed that the total amount of
degraded hexadecane was constant at 86% with DOTs of 1 to
80%. A decline of the hexadecane degradation to 62%
occurred only at a DOT of less than 1%. This indicates that
in sediment suspensions with a constant DOT of more than
1%, the oxygen concentration does not influence the amount
of hydrocarbon degraded.

In this range of DOT, the hexadecane degradation rate
was unaffected. Even when the DOT was lowered to 0.4%,
the rate did not decline. Since in other studies different
sediments and culture techniques were used, the results can
hardly be compared (6). Nevertheless, a rough comparison
gives a reasonable result: the mean degradation rate of 3.6 g
of hexadecane per kg of sediment per day determined in this
investigation is 20 times higher than that in previous batch
cultures in Erlenmeyer flasks with an uncontrolled gas
supply (19) and 7 times lower than those published by
Oberbremer and Miiller-Hurtig (30).

Considering the protein yield, which was constant at 0.3 g
per g of hexadecane consumed (except the cultivation with
1% DOT), and considering the corresponding amount of
hexadecane consumed, it is obvious that biomass production
is not affected much by the actual oxygen concentration in
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FIG. 5. Mass ratio of hexadecane uptake into cells to hexadec-
ane mineralization at different DOT values in sediment-seawater
suspensions with autochthonous microorganism populations.

the sediment suspension. With these data and with carbon
dioxide production data, it is possible to calculate a mass
balance for the hexadecane metabolism with respect to its
dependence on the adjusted oxygen concentration. In the
range of 5 to 80% DOT, the organisms consumed 87% (4.8
mmol) of the 5.5 mmol of hexadecane added. The residual
13% (0.7 mmol) remained in the suspension. With 0.4%
DOT, 62% (3.4 mmol) of the offered 5.5 mmol of hexadecane
was consumed and 38% (2.1 mmol) remained in the suspen-
sion. The hexadecane consumed was partly metabolized to
biomass or accumulated in the cells and partly oxidized to
carbon dioxide. In cultures with 5 to 80% DOT, 70% of the
consumed hexadecane was mineralized to CO,; in the case
of 0.4% DOT, only 52% of the hexane was mineralized (Fig.
5).

The above-mentioned data do not explain why the oxida-
tion of the consumed hexadecane does not depend on DOT.
To determine this, other parameters like the oxygen affinity
of the oxygen-dependent enzymes of hexadecane oxygen-
ation have to be considered. In oxygen-saturated seawater
with a salinity of 3% (in equilibrium with the atmosphere),
the oxygen concentration is 210 pmol of O, per liter (20°C).
If the DOT is adjusted to 1%, 2.1 x 10~° mol of O, per liter
is obtained. If hydroxylation is the rate-determining reaction
in aerobic hexadecane degradation, the corresponding en-
zymes must be completely active at this oxygen concentra-
tion. Because of the problems involved in determinations of
very small oxygen concentrations, little is known about the
oxygen dependence (Michaelis constant) of the oxygenase
enzymes. The Michaelis constant is assumed to range from
10 x 107° to 100 x 10~° mol liter—* (8, 24). These values are
higher than the molar oxygen concentrations at 0.4 and 1%
DOT achieved in our experiments. The data are only rough
estimates, since the Michaelis constant normally is deter-
mined with isolated enzymes. In the experiments described
above, intact whole cells of microbial populations were
used.

With regard to the estimation of K, values in sediment
suspensions containing hydrocarbons, it is important to
know whether oxygen is accumulated in the hydrophobic
micromilieu of the cells and in the hydrocarbon coat of the
sediment particles at concentrations high enough to affect
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oxygenase reactions. This question and the question of
whether the oxygenases are fully active with oxygen con-
centrations below their determined K, need further investi-
gation to help us understand degradation processes in sedi-
ments with low oxygen concentrations.

The experiments described here revealed that aerobic
hexadecane biodegradation proceeds unaffected when the
oxygen tension is lowered to 5% of the saturation concen-
tration. Even if the DOT is lowered to 1% of saturation, the
influence is negligible; a further diminution to 0.4% DOT
alters the degradation kinetics but does not alter the degra-
dation rate. These results cast new light on the conditions to
be maintained during sediment remediation. It is significant
that these results were achieved with the model substance
hexadecane and not with petrochemical products or crude
oil.
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