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We investigated nutrient limitations during hydrocarbon degradation in a sandy soil and found that fixed
nitrogen was initially a limiting nutrient but that N limitation could sometimes be overcome by N, fixation.
Hydrocarbon biodegradation was examined in an unsaturated sandy soil incubated aerobically at 20°C with
propane or butane and various added nutrients. Propane and butane degradation proceeded similarly during
the first 3 months of incubation. That is, bacteria in soil amended with N oxidized these hydrocarbons more
rapidly than in controls without nutrient additions or in soil with added phosphate or trace minerals. Both
propane- and butane-amended soil apparently became N limited after the initial available inorganic N was
utilized, as indicated by a decrease in the rates of hydrocarbon degradation. After 3 months, propane and
butane degradation proceeded differently. Bacteria in propane-degrading soil apparently remained N limited
because propane degradation rates stayed low unless more N was added. In contrast, bacteria in butane-
degrading soil appeared to overcome their N limitation because butane degradation rates later increased
regardless of whether more N was added. Analyses of total N and acetylene reduction assays supported this
apparent surplus of N in butane-amended soil. Total N was significantly (P < 0.01) higher in soil incubated with
butane and no N amendments than in soil incubated with propane, even when the latter was amended with N.
Acetylene reduction occurred only in butane-amended soil. These results indicate that N, fixation occurred in
butane-amended soil but not in propane-amended soil.

Leaking underground storage tanks are a significant
source of petroleum hydrocarbon contamination in soils and
groundwater. There are 2 million underground tanks in the
United States that store gasoline, and 90,000 of them are
leaking (21). Efforts to clean up this extensive petroleum
contamination have prompted research into in situ bioreme-
diation. Depending on specific microbiological, chemical,
and hydrogeological constraints, in situ hydrocarbon biodeg-
radation is a cost-effective and environmentally sound reme-
diation alternative or partner to pump-and-treat and vacuum
extraction technologies (1). Although hydrocarbon biodeg-
radation studies have been conducted in both groundwater
(2, 5) and topsoil (8, 12) regions, fewer studies have been
conducted in the unsaturated zone between these two re-
gions.

In 1930, Schollenberger observed that soil exposed to
natural gas contained more N than unexposed soil (25).
Since that time, very few studies have compared hydrocar-
bon contamination with the occurrence of N, fixation in soils
(7, 10, 13). Many field-scale bioremediation efforts have
shown that fixed nitrogen additions to soils stimulate hydro-
carbon biodegradation (8, 9, 19). Only a few studies have
shown that N additions do not stimulate hydrocarbon bio-
degradation (17, 24), but these studies did not consider
whether the lack of stimulation by N could be due to N,
fixation.

We examined the effects of N on propane and butane
biodegradation in an unsaturated sandy soil. Propane and
butane were studied because volatile, low-molecular-weight
hydrocarbons (especially butane) constitute a majority of the
soil vapor phase after a gasoline spill and can be used to
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confirm and monitor subsurface contamination by soil-gas
surveying (15). The soil (Columbia River soil) was taken
from a Large Experimental Aquifer Program tank (9 m wide
by 11 m long by 4.5 m deep), which is a unique field-scale
experimental facility located at the Oregon Graduate Insti-
tute. The Large Experimental Aquifer Program tank is
currently used to monitor the transport and fate of hydro-
carbons leaked from underground storage tanks, and Colum-
bia River soil was used to establish correlations between
laboratory-scale and very-large-scale experiments.

These laboratory-scale experiments showed that N addi-
tions initially stimulated both propane- and butane-oxidizing
organisms in Columbia River soil but that propane-amended
soil became N limited whereas butane-amended soil eventu-
ally overcame its N limitation. Our results indicate that
butane-oxidizing soil overcame N limitation by fixing N, and
that N,-fixing organisms grew in soil amended with butane
but not in soil amended with propane.

(Portions of these results were presented previously [27].)

MATERIALS AND METHODS

Seil. A composite sample of Columbia River soil (original-
ly from Scappoose, Oreg.) was collected from a 540-m>
artificial aquifer at the Oregon Graduate Institute in 1989.
The sample was stored at 10 to 15°C in a sealed plastic
bucket until used. Available phosphorus (2.7 mg/kg of dry
soil), organic carbon content (0.3%), and pH (6.56) of the
original soil were determined by using previously described
procedures (16, 18, 20). Total N (55 mg/kg of dry soil),
NH,*-N (0.97 mg/kg of dry soil), and NO;~-N (0.40 mg/kg of
dry soil) were determined at the Oregon State University
Soil Testing Laboratory. The volumetric water content of
the soil is 8% at field capacity (FC), and the bulk density is
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1.52 g/em® (14). The gravimetric water content (6,) at FC
was therefore 5.3 ml of H,O per 100 g of dry soil. The
grain-size fractions of the sand based on the U.S. Depart-
ment of Agriculture’s classification of soil particle sizes (6)
were as follows: 4% gravel (=4 mm), 37% very coarse sand
and gravel (1 to 4 mm), 17% coarse sand (0.5 to 1 mm), 26%
medium sand (0.246 to 0.5 mm), 8% fine sand (0.175 to 0.246
mm), 7% fine and very fine sand (0.043 to 0.175 mm), and 1%
silt (<0.043 mm) (14).

Experimental design. The soil was air dried for 3 days and
sieved (<2 mm), and then 50-g (dry weight) portions of the
soil were added to 161-ml serum bottles (Fisher Scientific,
Tustin, Calif.). Ultrapure water (resistance, 18 M{}-cm) was
added to make 6, equal to 4 or 4.5 ml of H,O per 100 g of dry
soil. Water activity (a,) was measured with an SC-10A
thermocouple psychrometer (Decagon Devices, Inc., Pull-
man, Wash.) and converted to water potential () by ¢ =
[RT - In(a,,)]/V,,, where R is the universal gas constant, T is
the absolute temperature, and V,, is the partial molal volume
of water (22). The bottles were sealed with butyl rubber
stoppers and aluminum crimp caps, shaken to distribute the
water, and incubated for up to 600 days in the dark at 20°C
(£0.5°C).

Propane or butane (Aldrich Chemical Co., Milwaukee,
Wis.) was injected into the bottles; all hydrocarbon injec-
tions and sample removals were made with gas-tight syringes
(Hamilton Co., Reno, Nev.). Sample replicates (4 to 12)
were prepared for each experimental condition. To maintain
aerobic conditions in the bottles, the bottles were flushed
with room air when the O, level fell to approximately 10%
and the hydrocarbon concentration was 0%. Additional
hydrocarbons (0.24 to 2 ml of propane or 2.5 ml of butane)
were added each time the bottles were flushed. Flushing the
bottles with room air may also have increased soil pH that
was lowered during incubation because of CO, accumula-
tion; 8% CO, in the headspace decreased the soil pH from
6.56 to 6.17.

Sterile controls duplicating experimental conditions were
prepared for all experiments. Empty sterile serum bottles
injected with propane or butane served as additional controls
to account for any sorption of the hydrocarbons to the butyl
rubber stoppers. All sterile controls were autoclaved at
121°C for 30 min on 2 consecutive days before alkane
addition.

Analytical methods. Hydrocarbon disappearance, CO, and
CH, evolution, and O, consumption were measured by
withdrawing serum bottle headspace gas (0.3 to 0.5 ml) with
syringes equipped with sterile needles and injecting the gas
into a fixed-volume sample loop on an HP-5890 gas chro-
matograph (Hewlett-Packard Co., Avondale, Pa.). The
headspace volume was the volume of the serum bottle minus
the volume of the soil and water; it included the soil
pore-space volume. Propane and butane were separated in a
fused-silica capillary column (25 m by 0.53 mm inside
diameter; Chrompack International, Middelburg, The Neth-
erlands) and detected by a flame ionization detector (FID).
Flow rates were as follows: carrier gas (He), 4 ml/min;
makeup gas (N,), 34.5 ml/min; H,, 41 ml/min; and air, 400
ml/min. Column and detector temperatures were 30 and
170°C, respectively.

Samples analyzed for O,, CO,, and CH, were split into
two separate packed columns. In one column, O, was
separated in a stainless-steel analytical column (6.4 mm by
48.3 cm; Molecular Sieve 5A 60/80; Alltech Associates, Inc.,
Deerfield, Ill.) and detected by a thermal conductivity de-
tector. In the other column, CO, and CH, were separated in
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a stainless-steel analytical column (3.2 mm by 40.6 cm;
Spherocarb 100/120 mesh; Analabs, Norwalk, Conn.) and
detected by an FID. Prior to detection, the gas stream
passed through a methanator, where the CO, in the gas
stream was reduced to CH, by a Ni catalyst heated to 500°C.
Helium was the carrier gas in both columns (40 ml/min to the
thermal conductivity detector and 30 ml/min to the FID).
Compressed air (400 ml/min) was the fuel gas to the FID, and
H, (30 ml/min) fueled the methanator. Both column temper-
atures were held at 40°C for 1 min, increased to 80°C at
30°C/min, and then held at 80°C for 0.5 min. The detector
temperatures were 105 and 225°C for the thermal conductiv-
ity detector and FID columns, respectively.

All peak areas were quantitated by comparison with
standards made from the dilution of pure gases (Air Products
and Chemicals, Inc., Allentown, Pa.) in N, and integrated
with a model 900 series interface (Nelson Analytical, Inc.,
Cupertino, Calif.).

Effects of nutrients on propane biodegradation. Propane
biodegradation was monitored under six nutrient conditions:
(i) no added nutrients, (i) N only, (iii) phosphorus (P) only,
(iv) trace minerals (Tr) only, (v) N+P, and (vi) N+P+Tr. P
(0.135 mg per bottle = 2.7 mg/kg of dry soil) was added in
equimolar quantities of Na,HPO, and NaH,PO, to keep the
pH neutral, and N (0.45 mg per bottle = 9 mg/kg of dry soil)
was added as NH,NO,. The Tr solution was added to
Tr-only bottles (2 ml) and to N+P+Tr bottles (0.5 ml). The
Tr solution had a pH of 6 and contained the following (per
liter of water): 5.0 mg of Na,-EDTA - 2H,0, 1.5 mg of
CoCl, - 6H,0, 1.0 mg of MnCl,.4H,0, 1.0 mg of
FeSO, - TH,0, 1.0 mg of ZnCl,, 0.4 mg of AICI; - 6H,0, 0.3
mg of Na,WO, - 2H,0, 0.2 mg of CuCl, - 2H,0, 0.1 mg of
H,Se0,, 0.1 mg of H;BO,, and 0.1 mg of NaMoO, - 2H,,0.

In all except the N+P+Tr bottles, 6, was 4.0 ml of H,0
per 100 g of dry soil (a,, = 0.997, & = —4 x 10° Pa, 75% of
FC). In the N+P+Tr bottles, 6, was 4.5 ml of H,O per 100
g of dry soil (a,, = 0.999, & = —1.4 x 10° Pa, 85% of FC).
Propane (0.16 ml) was initially added to all bottles, resulting
in a propane concentration of 0.1%. More propane (0.24 to 2
ml) was added after each propane addition was degraded.
The soil had not been preexposed to propane.

Effects of N on butane biodegradation. All samples were
preexposed to butane (0.13 ml) for 2 months, and then
butane biodegradation was monitored under four different N
conditions. N was added as NaNO, to levels of 0.05, 0.1, or
0.15 mg of N per bottle (1, 2, or 3 mg/kg of dry soil,
respectively) or as NH,Cl to 0.1 mg of N per bottle (2 mg/kg
of dry soil). In all bottles, 6, was 4.5 ml of H,O per 100 g of
dry soil. Butane (2 ml) was added to all bottles, resulting in
a butane concentration of 1.2%. More butane (0.5 to 2.5 ml)
was added after each butane addition was degraded. Con-
trols included samples with no added N and samples with
NaCl added at the same ionic strength as the nutrient
solutions.

Acetylene reduction assay. Acetylene was introduced into
the headspace of serum bottles or culture tubes to 0.07 atm
(ca. 7 kPa) after first removing an equivalent volume of air.
Cultures were incubated at 22°C in the dark. Controls
without added acetylene accounted for any endogenous
ethylene production. Headspace samples (0.5 ml) were ana-
lyzed for ethylene production with an HP-5890 gas chro-
matograph with a stainless-steel column (2 mm by 3 m)
packed with Porapak N 80/100 mesh (Supelco, Bellefonte,
Pa.) at 65°C. N, was the carrier gas (25 ml/min). Acetylene
and ethylene were detected by using an FID at 250°C, and
the integrated peaks were quantitated by comparison with
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standards made from the dilution of pure gases (Aldrich) in
N..

Numbers of organisms. A most-probable-number (MPN)
assay was used to determine the numbers of propane- and
butane-oxidizing organisms under various conditions. The
assay was performed in a mineral medium with or without
added N and with propane or butane as the sole source of
carbon. The mineral medium contained the following (per
liter of water): 0.4 g of K,HPO, 3H,0, 1.0 g of
MgCl, - 6H,0, 0.4 g of CaCl, - 2H,0, and 10 ml of the Tr
solution described above. An N-containing medium also
included 0.1 g of NaNO; per liter as an N source. The
medium was prepared by dissolving the constituents into
CO,-saturated water, adjusting the pH to 7.0 with NaOH,
and dispensing 5-ml portions into 27-ml culture tubes. All
culture tubes were capped with butyl rubber stoppers and
aluminum crimp caps and autoclaved at 121°C for 20 min.

Air-dried soil (5 g) was added to 50 ml of sterile 1 mM
sodium pyrophosphate (Sigma Chemical Co., St. Louis,
Mo.) solution (26). The mixture was firmly shaken to dis-
lodge bacteria from soil particles and settled for 3 min to
allow the largest of the sand particles to fall to the bottom of
the flask, and serial dilutions of the supernatant were pre-
pared in the sterile medium. Dilutions (10~ to 10~°) were
each inoculated into five tubes of mineral medium and into
five tubes of mineral medium with added N. Propane (0.2 ml,
about 0.5%) or butane (0.2 ml, about 0.5%) was added to
each culture, and all cultures were incubated statically
(horizontally) at room temperature for 10 weeks. Propane
and butane were measured every 2 weeks for 10 weeks or
until at least 50% of the hydrocarbon was degraded. Cultures
were considered positive if 50% of the added hydrocarbon
was degraded in comparison with that in uninoculated con-
trols.

Isolation procedures. To isolate butane-oxidizing, N,-
fixing bacteria, transfers (10%) were made from the most-
dilute, positive MPN cultures into a mineral medium with
and without added N, and organisms from the MPN cultures
were streaked and restreaked onto agar plates made from the
mineral medium without N solidified with 15% purified-grade
agar (Fisher Scientific). The mineral medium had a pH of 7
and no precipitate and contained the following (per liter of
water): 0.014 g of Na,S0O,, 0.4 g of K,HPO, - 3H,0, 0.2 g of
MgCl, - 6H,0, 0.02 g of CaCl, - 2H,0, and 10 ml of the Tr
solution described above. The transferred cultures were
incubated statically (horizontally) at 37°C after adding bu-
tane (0.2 ml). Cultures on agar plates were incubated at 37°C
in an air-tight jar with 0.65% butane in the headspace.
Controls included incubation of uninoculated transfer tubes
as well as incubation of cultures on agar medium lacking
substrate.

RESULTS

Effects of nutrients on propane biodegradation. During the
first 40 days of incubation, propane degradation rates were
similar under all nutrient conditions except when no nutri-
ents were added (Fig. 1). More propane (0.24 ml) was added
on day 47, and differences in the degradation rates of various
treatments became apparent: soil with added N degraded
propane much faster than those with other treatments (Fig.
1B). The degradation rate was independent of propane
concentration when propane concentration was greater than
about 0.05%, suggesting that the apparent K,,, for propane
oxidation was lower than 0.05% (data not shown).

Additions of multiple inorganic nutrients (N+P or
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FIG. 1. (A) Effects of various nutrient amendments on propane
biodegradation. The arrow indicates the addition of propane. (B)
Effects of N only on propane biodegradation. Arrows indicate the
addition of propane. Soils treated with N+P or N+P+Tr degraded
hydrocarbon at the same rate as soils treated with N only.

N+P+Tr) did not enhance propane oxidation over that
resulting from the addition of N alone. Each propane addi-
tion to N-amended bottles was degraded faster than the
previous one to a maximum rate of 8.8 mg of C per day per
kg of dry soil after the fifth addition on day 108. Propane
additions after this one were degraded more slowly, at rates
of about 1.7 mg of C per day per kg of dry soil (Fig. 2).
Propane degradation was unaffected by water contents rang-
ing from 75 to 85% of FC.

In bottles with added N, a total of 19 mg of C was added
as propane (0.53 mmol of propane), 12 mg of C was evolved
as CO, (1 mmol of CO,), and 1.81 mmol of O, was consumed
over the course of the experiment (about 600 days). No CH,
was produced, and sterile controls showed insignificant
propane losses, CO, production, or O, consumption.

Effects of N on butane biodegradation. Nutrient studies
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FIG. 2. (A) Propane degradation in N-amended soil (0.45 mg of
N per bottle = 9 mg/kg of dry soil). Arrows indicate the addition of
propane. Early time points are duplicates of data shown in Fig. 1.
(B) Propane degradation rates, calculated from the slopes of the
linear portions of curves shown in panel A (in some cases, only two
points were used to determine a rate). The last propane degradation
rate shown was calculated from additional propane degradation
experiments carried out after day 300.
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with propane showed that N alone was the most-limiting
nutrient in Columbia River soil. Therefore, in the butane
biodegradation study, only N was supplied as an additional
nutrient. During the first 7 weeks of incubation, butane
degradation rates increased with increasing soil N concen-
trations (Fig. 3). Butane degradation rates ranged from 1.8
mg of C per day per kg of dry soil when no N was added to
11.4 mg of C per day per kg of dry soil in soil amended with
0.15 mg of N per bottle. Degradation rates later fell in all
samples to about 2 mg of C per day per kg of dry soil,
presumably after the available inorganic N was utilized (Fig.
4). This assumption was verified by plotting the amount of
butane oxidized during the first 2 months of incubation
versus the amount of N added to the bottles. The linear
relationship between the N added and butane degraded (Fig.
5) suggested that butane degradation during the first 2
months was proportional to the available inorganic N (i.e.,
available inorganic N in the unamended soil plus added N).
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FIG. 3. Effects of various NO;-N concentrations on butane
biodegradation. Error bars represent the standard errors of the
means.

Assuming that butane degradation was proportional to avail-
able inorganic N, extrapolating this line back to an x inter-
cept of —0.07 mg of added N per bottle indicates that the
unamended soil contained 0.07 mg of available N per bottle
(=1.4 mg of N per kg of dry soil). This was in agreement with
the measured value of available inorganic N (1.37 mg of N
per kg of dry soil). Measured available inorganic N was
defined as the sum of NH,*-N (0.97 mg/kg of dry soil) and
NO,;™-N (0.40 mg/kg of dry soil).

Butane biodegradation was unaffected by the form of N
added; degradation rates were the same when N was added
as NaNO; or as NH,Cl. Soil samples with added NaCl
degraded butane at a rate similar to samples with no N added
(data not shown). After 3 months of incubation, butane was
degraded in all samples at the same rate regardless of the
initial N concentration, and butane degradation rates in-
creased with time to 60 mg of C per day per kg of dry soil
(Fig. 4).

A total of 131 mg of C was added as butane (2.7 mmol of
butane), 66 mg of C was evolved as CO, (5.5 mmol of CO,),
and 9.8 mmol of O, was consumed over the course of the
experiment (about 1 year). No CH, was produced, and
sterile controls showed insignificant butane losses, CO,
production, or O, consumption. Butane degradation rates,
like propane degradation rates, appeared to be independent
of substrate concentration when substrate concentration was
high (greater than about 0.1% for butane).

Evidence for N, fixation in butane-amended soil. N became
limiting when propane was used as a substrate and during the
first 2 months of incubation with butane. However, during
subsequent butane degradation, N limitation was apparently
overcome. N, fixation would explain the rapid butane deg-
radation in the absence of added N. Such N, fixation could
be due to the activities of butane-degrading organisms per se
or butane degraders could form associations with N,-fixing
bacteria which supply N to the butane degraders by cross-
feeding. Four experiments were performed to verify that N,
fixation occurred in butane-amended soil but not in propane-
amended soil.
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FIG. 4. (A) Butane biodegradation in N-amended soil (0.15 mg of
N per bottle = 3 mg/kg of dry soil). Arrows indicate the addition of
butane. Early time points are duplicates of data shown in Fig. 3 with
0.15 mg of N added per bottle (3 mg/kg of dry soil). (B) Butane
degradation rates calculated from the slopes of the curves shown in
panel A (in some cases, only two points were used to determine a
rate).

The first experiment determined whether N was limiting in
propane- and butane-amended soil. When more available
inorganic N (0.15 mg of N as NaNO; per bottle) was added
to propane-amended soil on day 287, the residual propane
was quickly degraded after a short lag time of 3 days.
Propane biodegradation rates increased from 0.5 to 6.7 mg of
C per day per kg of dry soil after the supplemental N was
added. In contrast, supplemental available inorganic N
added to butane-amended soil had no effect on butane
biodegradation rates, which remained constant at about 50
mg of C per day per kg of dry soil (data not shown).

In the second experiment, serum bottles were prepared
with a 1:1 mixture of propane- and butane-degrading soil that
was not amended with N, and both propane and butane were
added as substrates. Organisms in the mixed soil degraded
equal quantities of both compounds, and average maximum
propane and butane degradation rates were approximately
equal (27 mg of C per day per kg of dry soil). In propane-
amended soil without N amendments, only 1.4 ml of propane
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FIG. 5. Bioavailable N in Columbia River soil calculated from
the amount of butane degraded during the first 2 months of incuba-
tion when various amounts of N were added to the soil.

was degraded in 180 days. In contrast, in the mixed soil
without N amendments, 7 ml of propane was degraded in
only 50 days. The maximum propane degradation rate in
mixed soil was 37 mg of C per day per kg of dry soil, which
was four times higher than the maximum propane degrada-
tion rate in unmixed soil with N amendments.

In the third experiment, the acetylene reduction assay
demonstrated that N, was fixed (acetylene was reduced) in
butane-amended soil but not in the original unamended soil,
the propane-amended soil (Fig. 6), or the controls. Ethylene
production rates in butane-amended soil averaged 2.1 pmol
of ethylene per kg of dry soil per h.

In the last experiment, total Kjeldahl N was determined
for the original soil and for propane- and butane-amended
soil with and without N amendments. Propane-amended soil
contained similar amounts of total N (55 to 65 mg of N per kg
of dry soil) as the original soil (55 mg of N per kg of dry soil),
whereas the butane-amended soil contained significantly (P
< 0.01) more total N (85 to 95 mg of N per kg of dry soil) than
the original soil, on the basis of a Student’s # test analysis.

Numbers of organisms. The injtial butane-oxidizing popu-
lation (450/g of dry soil) was larger than the initial propane-
oxidizing population (<10/g of dry soil) in the original soil.
Hydrocarbon-amended soil contained significantly (P <
0.05) more hydrocarbon-degrading organisms than the orig-
inal soil; propane-amended soil contained 680 propane-
degrading organisms per g of dry soil, and butane-amended
soil contained 6.8 x 10° butane-degrading organisms per g of
dry soil. There were significantly (P < 0.05) more butane
oxidizers than propane oxidizers in hydrocarbon-amended
soil. The presence of N in the mineral medium only slightly
increased the numbers of propane- and butane-oxidizing
organisms counted. No organisms were detected in the
uninoculated controls.

No ethylene was produced during the acetylene reduction
assays of the MPN cultures over the 24-h incubation period
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FIG. 6. Ethylene production in acetylene reduction assay soil
samples. Error bars represent the standard errors of the means.

regardless of the dilution tested, the substrate utilized, or the
presence or absence of N in the media.

Attempts to isolate organisms. No cultures that fixed N,
and utilized butane as a sole source of C were isolated.
Transfers made from positive MPN cultures did not grow
unless (i) the transfers were made from MPN cultures
amended with N or (ii) the transfers were made into media
that contained N. In both cases, growth did not occur before
at least 6 weeks of incubation. Colonies grew on all of the
streak plates regardless of whether any butane was present
as a substrate, suggesting that the organisms may have used
one or more unknown catabolic substrates other than bu-
tane.

DISCUSSION

Differences between propane and butane biodegradation.
Propane and butane degradation proceeded similarly during
the first 2 to 3 months of incubation. That is, propane and
butane degradation by microbes in this sandy soil was
stimulated by N additions, and both propane- and butane-
amended soil became N limited after the initial available
inorganic N was utilized, as indicated by a decrease in
degradation rates (Fig. 2 and 4). After 2 to 3 months,
propane-degrading soil remained N limited, whereas butane-
degrading soil overcame N limitation.

Propane biodegradation rates in N-amended soil followed
a pattern consistent with the requirement of fixed N for
growth of microbial populations. Our measurement of higher
numbers of propane degraders after propane was degraded
in soil samples indicated growth of these populations. The
amount of propane degraded was much greater than the
organic matter content of the soil, so it is unlikely that soil
microbes could degrade so much propane without growth.
Degradation rates were initially low and then increased. The
increased degradation rate appears to be due to increases of
propane-oxidizing populations. Later, degradation rates fell
to a maintenance level (Fig. 2), presumably because avail-
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able N was exhausted and microbial growth stopped. The
rate of propane degradation in N-limited soil was relatively
high (20% of the maximum degradation rate). This suggested
that (i) propane degradation met the high maintenance-
energy needs of a nongrowing population; (ii) the population
of propane degraders was maintained at a constant number
by an equal growth rate and microbial decay rate, perhaps
the result of protozoal grazing of the bacterial population; or
(iii) slowly growing propane-degrading bacteria were sup-
plied N by N, fixation occurring at a rate much lower than
that occurring in butane-degrading soils.

Whereas degradation rates in propane-degrading soil sug-
gested that microbial growth depended on added N, butane
degradation rates continued to increase without added N
(Fig. 4), suggesting that N, was fixed in butane-amended
soil.

Biodegradation equations. Mass balances for C and O,
were calculated on the basis of the initial and final concen-
trations of CO,, O,, and hydrocarbons in the bottles. These
calculations were made to better understand the nutrient
requirements of propane- and butane-degrading bacteria. All
of the added C that was not evolved as CO, was assumed to
be incorporated into biomass. This assumption was made
because actual measurements of biomass are highly variable
(11). Biomass incorporation was 37.5 or 50% of the added C
when propane or butane, respectively, was used as the
substrate, which supports previous findings that about 40%
of substrate C is assimilated into biomass (3). The following
net equations for propane and butane degradation take into
account the percentage of substrate mineralized and incor-
porated into biomass. The stoichiometric equation for pro-
pane mineralization is as follows: C;Hg + 50, — 3CO, +
4H,0. The equation for stoichiometric conversion of pro-
pane to biomass is as follows: C;Hg + 1.40, + 0.3NH,NO,
— 0.6C;H,NO, + 2.5H,0. The net equation, with 62.5% of
propane mineralized and 37.5% converted to biomass, is as
follows: C;Hg + 3.650, + 0.11NH,NO; — 0.22C;H,NO, +
1.87CO, + 3.4H,0.

For butane mineralization, the equation is as follows:
CH,, + 6.50, — 4CO, + 5H,0. The equation for butane
incorporation into biomass is as follows: C,H,, + 0.70, +
0.8NaNO; — 0.8CsH,NO, + 2.2H,0 + 0.8Na*. On the
basis of mineralization of 50% of butane, with 50% con-
verted to biomass, the net equation for butane biodegrada-
tion is as follows: CH,, + 3.60, + 0.4NaNO; —
0.4CsH,NO, + 2CO, + 3.6H,0 + 0.4Na*.

The biomass formula above (CsH,NO,) is an empirical
representation of microbial biomass derived from the ratios
of elements in a typical microbial cell (23). There is very
good agreement (0 to 7% difference) between the O,/CO, and
O,/hydrocarbon ratios actually measured and ratios pre-
dicted by the above equations. In addition, the overall
equations approximated how much N was needed to degrade
the hydrocarbons before N became limiting to actively
growing organisms. However, during nutrient- or C-limiting
conditions, more of the substrate is expected to be utilized
for maintenance functions (mineralization), and less of the
substrate would be incorporated into biomass. Therefore,
the overall equations described above can be manipulated on
the basis of the fraction of C oxidized and the fraction
assimilated into biomass. These propane and butane degra-
dation equations suggest that the nutrient requirements for
soil microbial communities can be quantitatively estimated.

Nutrient requirements. A separate method for estimating
the N needed to satisfy the demands for cell synthesis
requires data on the extent of C assimilation and the C/N
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ratio of the cells formed. C assimilation was 37.5 or 50% of
the substrate C in propane and butane oxidizers, respec-
tively. Microbial cells have an average C/N ratio of 3.6 (4) to
10 (3, 8). Combining the figures for C assimilation and cell
composition indicates that the decomposition of 100 mass
units of substrate C requires 3.8 to 10.5 mass units of N for
propane oxidizers and 5 to 14 mass units of N for butane
oxidizers or a C/N ratio of 9.5 to 27 for propane oxidizers
and 7 to 20 for butane oxidizers. These C/N ratios can be
used to speculate on the microbial activities in the propane-
and butane-amended soil.

On the basis of these ratios and the amount of N added to
propane-degrading soil, 4.9 to 14 mg of C per bottle should
have been degraded before N became limiting. In actuality,
3.7 mg of C per bottle was degraded before propane-
amended soil appeared to become N limited, and a total of 19
mg of C per bottle was degraded over the course of the
experiment.

Without N, fixation, butane-amended soil with no added
N should have degraded only 0.5 to 1.4 mg of C per bottle
before N became limiting, but 131 mg of C per bottle was
actually degraded. These results suggested that butane-
degrading soil obtained N by N, fixation. This suggestion
was supported by total N accumulation and by acetylene
reduction in butane-amended soil. The presence of surplus N
in butane-degrading soil was also shown by a lack of
response to additional N and by the stimulation of propane
degradation when propane-degrading soil was mixed with
butane-degrading soil.
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