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ABSTRACTtf

Acinetobacter phosphadevorus was found to grow on 
aliphatic hydrocarbons ranging from 12 to 40 carbons in 
length contained in a simple salts medium. When grown in 
the presence of a mixture of different hydrocarbons, A, 
phosphadevorus demonstrated a preference for C-^ hydro
carbons r most likely because they were present in higher 
numbers, The microorganism removed the hydrocarbon mole
cule as a whole molecule. Substantial increases in cell 
buoyancy following growth on hydrocarbons led to the dis
covery of inclusions within the cells that contained the 
unmodified hydrocarbon, Starvation of cells prelabeled 
with radioactive hexadecane resulted in the disappearance 
of the inclusions and utilization of the labeled hydro
carbon.

Radioactive studies using hexadecane-l-^C showed 
different modes of utilization of various substrates be
tween acetate- and hexadecane-grown cells. Co-oxidation 
experiments showed removal of hexadecane even in the pres
ence of more readily usable substrates such as acetate and 
palmitic acid. A slight preference for labeled hydrocarbon 
was noted in the co-oxidation experiments. It was deter
mined using palmitic acid-U-^C that hexadecane and palmitic
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acid have very different fates once inside the cell. When 
exposed to palmitic acid alone, A. phosphadevorus had 
little affinity for the compound. Co-oxidation with ace
tate resulted in increased uptake of palmitic acid.
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INTRODUCTION

Acinetobacter phosphadevorus is a gram-negative, 
rod-shaped bacterium. It is strictly aerobic, does not 
form spores, and is non-motile. It generally occurs in 
pairs or clumps. Optimum growth is at approximately 23 C 
and pH 7.5.

The organism was originally isolated from sewage 
and it was determined that acetate served as its primary 
carbon source (18). Further research showed the organism's 
ability to grow on motor oil, which prompted this research.

Hydrocarbon metabolism by microorganisms is an area 
of intense study. The number of oil spills and industrial 
catastrophes is increasing each year and will inevitably 
cause severe damage to sea life and coastal waters. The 
importance of cleaning up oil spills has never been greater. 
Also, wastewaters often contain hydrocarbons and other 
hydrophobic compounds. Due to these increasing problems, 
an acute interest in biodegradation of hydrocarbons by 
microorganisms has developed.

The isolation of hydrocarbon-oxidizing microorga
nisms is often accomplished by enrichment culture procedures



where growth rate and cell concentration are used as cri
teria for selecting the desired microorganism (1, 7). Many 
hydrocarbon-oxidizing microorganisms are commonly found in 
oil-soaked areas around wells, gas pumps and refineries.
It may be possible that, following prolonged exposure to 
hydrocarbons, many microbes develop adaptive enzymes which 
attack hydrocarbons (25). Following isolation of suspected 
hydrocarbon-oxidizers, research has focused on the specifics 
of the metabolism of the hydrocarbon by the microorganisms. 
The classical and probably best understood mechanism of 
hydrocarbon oxidation is that of beta-oxidation of n-alkanes. 
Considerable variation from beta-oxidation has been reported 
(22, 23). Incorporation of alkane derivatives into glyco- 
lipids following beta-oxidation has also been reported (9). 
Considerable research further indicates a relationship be
tween hydrocarbon utilization and lipid metabolism (4, 15,
16, 17) .

Variation in hydrocarbon structure leads to still 
more variable pathways of metabolism. It has been reported 
that the yeast Torulopsis gropengiesseri converts branched 
alkanes into glycolipids by three different pathways (8). 
Symmetrical ester formation by a gram-negative coccus was 
reported when the organism was grown on n-hexadecane, but 
assymmetrical ester formation occurred when it was exposed 
to dodecane, tetradecane, and octadecane (22).
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Hydrocarbons, though composed only of carbon and 

hydrogen, form many different compounds differing widely 
in their physical and chemical properties, which in turn, 
affects their potential for biodegradation of microorga
nisms. Few, if any, hydrocarbon-oxidizing microorganisms 
have been found to grow and metabolize all the various kinds 
of hydrocarbons. One report showed that a Corynebacterium 
sp. grew well on n-paraffins, poorly on branched paraffins 
and not at all on aromatics (21). Also in the same report, 
an Arthrobacter sp. was shown to grow on both n-paraffins 
and branched paraffins while failing to grow on aromatics.
An Achromobacter sp., however, was shown to grow poorly on 
n-paraffins and branched paraffins, but exhibited good 
growth on aromatics. Another study considering a Flavo- 
bacterium sp. and Brevibacterium sp. showed that while 
n-paraffins through C22 were extensively biodegraded,
branched paraffins were not metabolized (1).

Seeding of oil slicks with hydrocarbon-oxidizing 
microorganisms is within the realm of possibility. An 
important factor, however, is the limitation of hydrocarbon 
degradation by nitrogen and phosphorus. Recent studies 
have shown that supplementation of the polluted waters with 
available nitrogen and phosphorus resulted in increased 
mineralization of petroleum (2).



The organism investigated in this research, A. 
phosphadevorus, has possible potential for use in cleaning 
up oil spills. The following studies were undertaken to 
measure the capacity of A. phosphadevorus to remove medium 
to long chain hydrocarbons from a simple salts medium. An 
experimental method was designed to record any preferential 
behavior of the organism for one particular hydrocarbon.
This method was developed from a similar experimental design 
reported previously (24). To elucidate the mechanism of 
action upon the hydrocarbon, radioactive hexadecane was 
used as a model hydrocarbon. The organism was tested for 
its ability to remove hexadecane in the presence of ace
tate, its primary carbon source in sewage from which it 
was isolated.



MATERIALS AND METHODS

Chemicals
All chemicals used in the study were reagent grade. 

All hydrocarbons employed were either n-alkanes or n- 
paraffins. Radioactive carbon sources used were hexa- 
decane-l-^C and palmitic acid-U-^C obtained from 
Amersham-Searle. Acetate-l-^^C was obtained from New 
England Nuclear.

Organism
Acinetobacter phosphadevorus was provided by 

Dr. Irving Yall.

Media
The organism was maintained on Koser Citrate (Difco) 

slants and broth. Koser Citrate broth contained: 1.5 g
Na(NH4HP04) , 1.0 g KH2P04 , 0.2 g M g S O ^ T ^ O ,  3.0 g Na- 
citrate per liter distilled water. The pH was 6.7. Ace
tate broth consisted of 1.5 g Na(NH4HP04), 1.0 g KH^PO^
0.2 g MgSO4 «7H2 0, 4.0 g Na-acetate per liter distilled
water. The pH was adjusted to 7.0 with IN KOH. Hexadecane 
medium contained: 1.5 g Na(NH4HP04) , 1.0 g KH2P04 , 0.2 g



MgSO^'VHgO, 10.0 ml hexadecane per liter distilled water.
The pH was 6.7. Carbon-free basal salts used to wash cells 
free of exogenous carbon contained: 1.5 g Na(NH^HPO^ ) ,

1.0 g 0.2 g MgSO^ ° 7 ^ 0  per liter distilled water.

Growth Conditions 
The organism was cultured aerobically on a rotary 

shaker at"23 C. Maintenance cultures contained 100 ml 
Koser Citrate broth (Difco) in 500 ml Erlenmeyer flasks.
When large amounts of cells were required, 2 800 ml Fernbach 
flasks containing 500 ml medium were inoculated under the 
same conditions.

Centrifugation Conditions 
Cultures were harvested between 15,000 and 25,000 

x g in a Servall RC-2 refrigerated centrifuge. Hydrocarbon- 
grown cells were centrifuged at 15 C to 20 C. Non-hydro- 
carbon-grown cells were harvested at 4 C.

Measurement of Radioactivity 
Radioagtivity was measured in a Packard Tri-Carb 

liquid scintillation counter Model 3320. The scintillation 
cocktail consisted of: 4 g 2,5-bis-[2-(5-tert-Butylbenzo-
xazolyl)]-2'-thiophene (BBOT), 80 g naphthalene, 400 ml 
ethylene glycol monomethyl ether, and 600 ml toluene.



Gas Chromatography
Different mixtures of hydrocarbons were exposed to 

A, phosphadevorus and the residual hydrocarbons analyzed 
by gas chromatography. The column.employed was a 1/8" by 
18" stainless steel column packed with 1% SP-2100 Supelco
port 100/120 mesh available from SUPELCO, Inc., Beliefonte, 
Pennsylvania. Carrier nitrogen gas was passed through the 
column at a rate of 20 ml/min. The chromatograph employed 
was a MicroTech Model 220 gas chromatograph equipped with 
a dual flame ionization detector.

Injection size for each experiment was kept constant 
at 2.5 yl using a graduated microsyringe. For each mixture 
the gas chromatograph was programmed from 75 C to 300 C at 
10 C per minute or until all the hydrocarbons had been 
eluted.

The first mixture of hydrocarbons employed consisted 
of equal volumes of dodecane (ci2H26^ ’ hexadecane ,

and octadecane (C^gH^g). One ml portions of this mixture 
were added to each of six flasks containing 100 ml basal 
salts. The hydrocarbons served as the sole source of car
bon. The flasks were then autoclaved. Four of the flasks 
were inoculated and labeled as Day 1 through Day 4. The 
inoculum was obtained by concentrating 2 1 of 24-hour Koser 
Citrate cells and dispensing 1 ml portions of the concen
trate into the designated flasks. The remaining two flasks



served as Day 0 and Day 4 controls„ The Day 0 flask was 
extracted immediately with 30 ml of hexane and the hydro- 
phobic layer collected. The hexane was evaporated under a 
stream of air and the residual mixture collected and stored 
at 4 C. The remaining flasks were placed on a rotary 
shaker. Every 24 hr through 96 hr the respective flask was 
removed and residual hydrocarbons were extracted with hexane. 
The Day 4 control flask was extracted at the same time as 
the Day 4 test flask. Each of the refrigerated samples 
was dissolved in 2 ml hexane and analyzed by gas chroma
tography. The residual hydrocarbons were observed as 
separate peaks on gas chromatograms. Areas under the peaks 
were obtained using a planimeter. Knowing the micromoles 
of each hydrocarbon initially present, the amount of de
crease in areas seen every 24 hr was correlated to micro
moles of hydrocarbon removed by A. phosphadevorus.

Solid hydrocarbon mixtures were also employed.
These consisted of 50 mg eicosane (C2oH42^' 25 mg pentaco- 
sane (C25H52^ ' an<̂  25 mg triacontane (C^qH^) » These n- 
paraffins were dissolved in 7 ml hexadecane and then 1 ml 
portions added to each of seven flasks. The flasks were 
autoclaved and cooled. Five of the flasks labeled Day 1 
through Day 5 were inoculated and incubated at 23 C on a 
rotary shaker. The two remaining flasks served as Day 0 
and Day 5 controls. A third mixture consisted of 50 mg



each of eicosane, triacontane and tetracontane (C4qH82  ̂°
This experiment was carried out for 7 days, with extrac
tions performed on Days 1, 3,5, and 7. Extraction proce
dures were as described above.

Radioactive Study
Initial studies in metabolism were performed using

14C-labeled compounds. In each experiment, cells Were grown 
in large volumes, harvested, washed twice, and then resus
pended in 100 ml of carbon-free basal salts in.500 ml Erlen- 
meyer flasks. Radioactive substrate was added and CC^-free 
air (washed with 20% KOH) was bubbled through the stoppered 
flask. Any radioactive CO2 evolved was caught by an etha- 
nolamine trap. The duration of each experiment was 2 hr. 
After 2 hr the suspension was centrifuged and cells collected 
and extracted by a modification of the Ogur-Rosen fractiona
tion procedure (3). The extraction supernatants and ethanol- 
amine were assayed for radioactivity.

The experiments conducted were as follows:
1) hexadecane-grown cells exposed to hexadecane-l-^^C
2) acetate-grown cells exposed to hexadecane-l-^^C

Co-oxidation experiments assaying for isotope dis
tribution had the same protocol as stated above. The co
oxidation experiments done were:

141) hexadecane-grown cells exposed to acetate-1- C plus 
excess hexadecane



10
2) hexadecane-grown cells exposed to hexadecane-l-^C 

plus excess acetate
143) acetate-grown cells exposed to acetate-1- C plus 

excess hexadecane
4) acetate-grown cells exposed to hexadecane-l-^C 

plus excess acetate
145) hexadecane-grown cells exposed to palmitic acid-U- C 

plus excess acetate
6) acetate-grown cells exposed to palmitic acid-U-^^C 

plus excess acetate
The excess unlabeled carbon sources were present at a level 
of approximately 700 mg/1. In all experiments, the age of 
the cells was approximately 24 hr.

Starvation Experiment 
Two Fernbach flasks, each containing 500 ml of hexa

decane medium, were inoculated with 24-hour Koser Citrate- 
citrate cells and incubated for 48 hr. Cells were then 
harvested and washed twice in carbon-free basal salts and 
concentrated to a volume of 10 ml. The concentrated suspen
sion of cells was prelabeled by exposing the suspension to

140.5 ml hexadecane plus hexadecane-1- C in 100 ml basal 
salts. The cells were exposed to the radioactive material 
for 90 minutes. Cells were harvested and washed three 
times to remove any extracellular carbon. A portion of the
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washed suspension was extracted and assayed for radioactivity 
to determine the initial distribution of carbon-14. The re
maining pre-labeled cells were placed in approximately 550 
ml carbon-free basal salts in a continuous culture vessel. 
Carbon dioxide-free air was bubbled through and evolved CO^ 
was trapped in ethanolamine. The culture was agitated by a 
magnetic stirrer. One hundred ml samples were collected 
along with the ethanolamine trap every 24 hr through 96 hr. 
The samples were centrifuged and extracted by the modified 
Ogur-Rosen procedure (3). Extracted fractions and ethanola
mine were assayed for radioactivity»

The above procedure was performed again with unlabel
ed cells. Washed hexadecane-grown cells were starved for 
96 hr in a Fernbach flask with samples removed every 24 hr 
to observe changes in cell morphology. Centrifuged cells 
were prepared for electron microscopy as follows; They were 
fixed initially in 3% glutaraldehyde in 0.1 molar cacodylate 
buffer pH 7.2) for 3 hr. This was followed by washing in 
cacodylate buffer and then further fixation for 1 hr in 1% 
OsO^ in cacodylate buffer. The fixed cells were dehydrated 
by transferring them at 15 min intervals to increasing con
centrations of ethanol in a sequence 70%, 97%, and 100%.
The dehydrated cells were infiltrated with Ladd's Low Vis
cosity medium (Ladd Research Ind., Inc., Burlington,
Vermont) contained in varying proportions of 100% ethanol
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for up to 8 hr. The cells finally were embedded in 100% 
Ladd's Low Viscosity medium for 24 hr at 70 C. Sections 
of 1 ym thickness were cut from the block and placed on 
200 mesh grids. They were stained for 3 hr with Urany1 
Acetate and 15 min with Lead Citrate. The sections were 
examined in a Philips 200 electron microscope.

Thin-layer Chromatography 
Ethanol-extracted fractions from the starvation 

experiment were examined for the presence of radioactive 
hexadecane. Thin-layer plates, 20 x 20 cm, were prepared 
using Silica Gel G 0.25 mm thick. The plates were dried 
at 100 C for one hr and used within one hr. Solvent con
sisted of hexane;diethyl ethers acetic acid (80:20:2). The 
solvent was allowed to migrate to within one-half inch of 
the top. Spots identified as hexadecane were scraped from 
the plate into 10 ml scintillation fluid and assayed for 
radioactivity. Identification of spots was done by spraying 
with Rhodamine 6G and visualization by ultraviolet light.



RESULTS

The action of Acinetobacter phosphadevorus on hydro
carbon substrates was studied.

Growth Characteristics 
A general study: of growth characteristics of A. 

phosphadevorus was done by conducting a growth curve experi
ment with hexadecane serving as the sole source of carbon. 
Methods used to assay for growth were viable cell counts, 
turbidimetric determination, cell dry weight, and protein 
nitrogen determination. Growth measurements using viable 
cell count and cell dry weight showed a lag phase of 12 hr 
followed by exponential growth up to 30 hr. Turbidimetric 
measurements showed no lag phase with exponential growth 
occurring up to 30 hr. Protein nitrogen determinations 
showed a lag phase of 18 hr followed by exponential growth 
up to 30 hr. All measurement^, therefore, were in agree
ment as to the onset of stationary phase but variations in 
lag phases were considerable. The organism's tendency to 
form micelles and clumps when grown on all hydrocarbons 
made serial dilutions invalid and, therefore, the results 
of the viable plate count were inconclusive. Dry weight

13
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determinations using millipore filters were probably also 
invalid. Micelle formation might have, acted to clog the 
pores, thus increasing the weight due to the extracellular 
hydrocarbon on the filter. Homogenization of hexadecane by 
agitation and bacterial action probably inflated the values 
obtained from the turbidimetric method, thus invalidating 
this method for measuring growth. Protein nitrogen appeared 
to be the method of choice in measuring growth of A. phos- 
phadevorus on hexadecane. Due to the potential problems 
encountered when using hydrophobic substances as substrates, 
this method of determination is best able to overcome these 
problems.

Other problems experienced when employing hexadecane, 
as well as other hydrocarbons, was the increase in cell buoy
ancy. When allowed to stand, a culture of hexadecane-grown 
cells developed a milky surface layer due to the cells ad
sorbing the microdroplets of the hydrocarbon which rise to 
the surface. This increased cell buoyancy presented a pecu
liar problem. Harvesting was not by conventional methods. 
Cultures of hexadecane-grown cells were centrifuged at high 
speeds. Instead of the usual subsurface pellet formation 
at the bottom of the centrifuge tube, a pellicle-like mass 
of cells was observed on the surface of the liquid. This 
liquid was carefully poured through Whatman No. 2 filter 
paper which caught any pieces of the pellicle that might



have broken free. Only small pellet formation was observed 
after washing the cells. Most of the cells remained as 
part of the pellicle.

Gas Chromatography
The ability of A. phosphadevorus to attack certain 

hydrocarbons together in a mixture was measured by using 
gas chromatography. Also recorded was the ability of A. 
phosphadevorus to discriminate in its preference for one 
hydrocarbon over another. Area decrease between corres
ponding peaks on gas chromatograms was correlated to mg of 
hydrocarbon removed by the organism. An example of this is 
seen in Figure 1. All peaks showed significant reduction 
from Day 0 through Day 5.

The results of exposure of A. phosphadevorus to a 
mixture of dodecane, hexadecane and octadecane can be seen 
in Figure 2. The initial amount of each hydrocarbon was 
approximately: 1500 micromoles of dodecane (ci2H26^ r 1200
micromoles of hexadecane (C^gH^ ) , 1000 micromoles of octa
decane (cigH3g)• In terms of micromoles of hydrocarbon 
removed, the organism removed more dodecane than hexadecane 
or octadecane. The difference between the utilization of 
hexadecane and octadecane was found to be insignificant.
In terms of percentage of hydrocarbons removed, Figure 3 
supports the results observed in Figure 2. Since the data 
presented in both graphs represent the same experiment.
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A /V
Figure 1. Gas chromatogram tracing of a mixture of 

hydrocarbons. From left to right, the 
peaks represent Con, C9c., C^n.
(A) Zero time
(B) After 5 days exposure to A. 

phosphadevorus
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it appears the organism had a preference for the shorter 
chain dodecane over that of hexadecane or octadecane.

The mixture'-employing eicosane, pent acosane, and 
triacontane presents another picture. Initially, the amount 
of each hydrocarbon was approximately: 175 micromoles of
eicosane (C20H42^ " ^  micromoles of pentacosane (C25H52^'
60 micromoles of triacontane (C^qH ^ )  <> Again, Figure 4 
illustrates that in terms of micromoles removed, the orga
nism preferred the shorter chain member of the mixture, 
eicosane. However, in this mixture there was initially 
present twice as much eicosane as pentacosane and triacon
tane by weight in mg. Figure 5 shows that in percentage of 
hydrocarbon removed there was no difference in the action 
of A. phosphadevorus on those hydrocarbons present in the 
mixture. The organism removed approximately 80% of the 
initial amount of each hydrocarbon present. The increased 
removal in micromoles of eicosane may possibly be explained 
by its presence in higher concentration than the other two 
constituents of the mixture.

The results of the final mixture containing equal 
weights of eicosane, triacontane, and tetracontane are 
pictured in Figures 6 and 7. Initially, there were present 
approximately: 177 micromoles of eicosane (C2oH42^'
micromoles of triacontane (C^qH^ ) > 89 micromoles of tetra
contane (C4qH 82^ * Again, the smallest hydrocarbon fraction
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was removed fastest in terms of micromoles removed„ Figure 
7 shows a wide difference in percentages removed initially, 
but by Day 7 the difference is insignificant. In both fig
ures, tetracontane removal was initially rapid, but after 
24 hr very little more was removed. In all the mixtures 
tested, the smallest hydrocarbon was always present in lar
ger amounts in terms of numbers of molecules present. It 
appeared in each case that more of the shorter chain member 
of the mixture was removed by the final day of exposure to 
A. phosphadevorus.

Figure 8 shows the Day 5 chromatogram of the mixture 
containing eicosane, triacontane and tetracontane. Hexade- 
cane served as the carrier. An unidentified peak appeared 
on the trailing end of the hexadecane peak. Assuming that 
the solvent (hexane) only extracts hydrocarbons, this peak 
may represent an initially absent hydrocarbon species 
building up in the surrounding medium. A continual build
up was seen through Day 5 but disappeared by Day 7. In all 
other gas chromatograms obtained from the other mixtures, 
no unidentified peaks were ever observed.

Radioactive Studies
In an attempt to discern the mode of action on 

hydrocarbons by A . .phosphadevorus, hexadecane-l-^C was 
used. Table 1 shows that when hexadecane-grown cells were



A

Figure 8 . Gas chromatogram tracing of mixture of hydrocarbons C 2 0 , C30 ,

C 40 chain lengths following 5 days exposure to A. phosphadevorus 
(A) hexadecane, (B) unidentified peak, (C) C 2 0 / (D) C 3 0 , [El C 40 K)

Ul



Table 1. Comparison and mode of action of inoculum types of A. phosphadevorus
on hexadecane-l-l^c.

Inoculum type clRemoval by cells
Lost , 

as C02
Alcohol- 
soluble , 

compounds
Alcoholsether 

soluble . 
compounds

Hexadecane-grown
cells 88 6 17 77
Acetate-grown
cells 100 12 54 34

All counts.were obtained per 100 mg cell dry weight.
Initial radioactivity was approximately 650,000 cpm.
^Represents percentage of total radioactivity initially added. 
^Represents percentage of uptake or removal of radioactivity by cells.

fNj
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exposed to hexadecane-l-^C the majority of the label
appeared in the alcohol;ether fraction. This suggested .
possible lipid storage activity. Sudan Black B stain
failed to reveal fat globules within the cells. Less than
one-fourth of the label taken up was found in the alcohol-
soluble pool and ethanolamine. Only 23% of the label
appeared to have been used for energy-obtaining purposes.

On the other hand. Table 1 shows that exposure of
acetate-grown cells to hexadecane-l-^C resulted in greater
uptake and a different distribution of the label within the
cells. From the data, 66% of the label appeared in the
ethanolamine and alcohol-soluble pool, possibly indicating

14significant utilization of hexadecane-1- C in oxidative
mechanisms. Less than one-half as much label was found in
the lipid fraction of acetate-grown cells than in the hexa-
decane-grown cells.

To ascertain the mechanism of utilization of hexa-
decane by A. phosphadevorus, the corresponding acid of
hexadecane, palmitic acid-U-^C was used (Table 2) . Again,
hexadecane-grown cells were compared to acetate-grown cells.
The major difference seen was that of the differences in

14total uptake. Using hexadecane-1- C as the carbon source 
(Table 1), hexadecane- and acetate-grown cells removed 88 
and 100% of the label, respectively. While using palmitic 
acid-U-^C, hexadecane and acetate cells only removed 24



Table 2. Comparison and mode of action of inoculum types of A. phosphadevorus
on palmitic acid-U-l^C.

Inoculum type Removal by cellsa
Lost , 
as CC>2

Alcohol- 
soluble b 

compounds
Alcoholsether 

soluble . 
compounds

Hexadecane-grown
cells 24 39 31 30
Acetate-grown
cells 21 68 23 9

All counts were obtained per 100 mg cell dry weight.
Initial radioactivity was approximately 1.675 x 10^ cpm.
^Represents percentage of total radioactivity initially added. 
^Represents percentage of uptake or removal of radioactivity by cells.

to
00
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and 2 1 %  f respectively. Another difference seen was in the 
amounts of COg given off. Both types of inoculum exposed 
to palmitic acid-U-^C showed differences in amounts of 
label appearing in the alcohol-soluble and lipid fractions 
compared to using hexadecane-l-^C (Tables 2 and 3) .

Capacity of A. phosphadevorus. to remove trace 
amounts of isotopic carbon in the presence of excess "cold" 
carbon substrate was carried out using co-oxidation experi
ments (see Table 3). Hexadecane-grown cells were exposed
to labeled hexadecane plus excess "cold" acetate. Converse-

14ly, hexadecane cells were exposed to acetate-1- C plus
excess "cold" hexadecane. The results in Table 3 show that
upon exposure to labeled hexadecane and "cold" acetate,
hexadecane-grown cells rapidly placed the label into the
lipid fraction of the cell. In the opposite experiment,
hexadecane-grown cells were shown to cleave the radioactive
carboxyl group from the labeled acetate and release it as 
1 4CC>2. A higher percentage, 81 to 52%, of labeled acetate 
was removed by the cells than was labeled hexadecane;

Adetate-grown cells were exposed to labeled acetate 
and "cold" hexadecane, and the reverse, labeled hexadecane 
and "cold" acetate. A large difference in the removal of 
label was seen between the inoculum types. Only 32% of 
the labeled acetate was removed compared to 88% labeled 
hexadecane removed. The acetate-grown cells did respond



Table 3» Co-oxidation of carbon-14 compounds and unlabeled substrates by two 
inoculum types of A. phosphadevorus.

Supplement9, Inoculum type
Removal
cells*3

Lost Alcohol-
soluble

compounds

Alcohol: 
ether- 

soluble 
compounds

14Hexadecane-1- C 
(400,000 cpm) + 
acetate

Hexadecane-grown
cells 52 1 4 96

14Hexadecane-1- C 
(900,000 cpm) + 
acetate

Acetate-grown
cells 88 1 19 81

Acetate-1-14C 
(106 cpm) + 
hexadecane

Hexadecane-grown
cells 81 97 2 1

Acetate-1-14C 
(106 cpm) + 
hexadecane

Acetate-grown
cells 32 93 5 2

Palmitic acid-U-^4C 
(500,000 cpm) + 
acetate

Hexadecane-grown
cells 60 57 20 23

Palmitic acid-U-^4C 
(500,000 cpm) + 
acetate

Acetate-grown
cells 92 69 22 9

All counts were obtained per 100 mg cell dry weight.
^Radioactivity + acetate or hexadecane indicates "cold" acetate or hexadecane was 
available at a level of approximately 700 mg/1 as well as carbon-14.
^Represents percentage of total radioactivity initially added.
^Represents percentage of uptake or removal of radioactivity by cells.
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similarly to hexadecane-grown cells in that they cleaved 
the carboxyl group from the labeled acetate and placed the 
major portion of the labeled hexadecane into the lipid 
fraction of the cell.

The final co-oxidation experiments involved sepa
rately exposing hexadecane- and acetate-grown cells to 
palmitic acid-U-^C plus acetate. By far, the most signi
ficant observation seen in Table 3 is the large increase in 
uptake of labeled palmitic acid in the presence of "cold" 
acetate by both hexadecane- and acetate-grown cells. Table 
2 showed only modest uptake when cells were exposed to 
palmitic acid-U-^C alone. In the corresponding co-oxida- 
tion experiment where labeled hexadecane was used in place 
of labeled palmitic acid, large differences were seen in 
the utilization of the label. Hexadecane-grown cells ex
posed to labeled palmitic acid and "cold" acetate released 
57% of the label as whereas hexadecane-grown cells
exposed to labeled hexadecane plus "cold" acetate released 
less than 1% as COg. A little less than a fourth of the 
label appeared in the lipid fraction when labeled palmitic 
acid was used. When labeled hexadecane was used, 96% of 
the label appeared in the lipid fraction. When acetate- 
grown were exposed to palmitic acid-U-^C plus "cold" 
acetate, 69% of the palmitic acid label was given off as 
CO2, whereas when labeled hexadecane was used, less than



1% was given off as COg. Another observation was that when 
comparing the co-oxidation of palmitic acid-U-^C plus 
"cold" acetate and palmitic acid-U-^C alone by acetate- 
grown cells, the fate of the label in each case was almost 
identical. The only difference was the amount of label 
removed by the cells.

Starvation Experiment
Electron micrographs of A. phosphadevorus following 

growth on hexadecane revealed the presence of electron- 
transparent inclusions (Figure 9B). Extraction of hexa
decane cells with alcohol yielded a hydrophobic layer above 
the aqueous portion. This hydrophobic portion was drawn 
off, analyzed by gas chromatography, and demonstrated to be 
hexadecane by comparison with the known elution time of 
hexadecane. An experiment was designed to observe the dis
appearance of the inclusions under starvation conditions. 
Figure 9B shows the cells at zero time just before starva
tion began, and Figure 9C shows the cells following 48 hr 
of starvation. A marked reduction in the number of inclu
sions and cells having inclusions can be seen. By 96 hr 
of starvation, extensive cell degeneration was observed.

Another experiment was designed to pre-label the 
hexadecane cells with hexadecane-1 - .  Shift of the dis
tribution of label within the cells was measured and is
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Figure 9. Electron micrographs of A. phosphadevorus grown 
under various conditions (X 29,600).
(A) Cells grown on nutrient broth
(B) Cells grown on hexadecane
(C) Hexadecane-grown cells starved for 48 hours
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shown in Table 4. A decrease of label in both the alcohol- 
soluble and lipid fractions was seen. Utilization of the 
labeled material was evidenced by the continual appearance 
of radioactive CO^ in the ethanolamine trap.

Thin-layer Chromatography 
The alcohol-soluble and alcohol;ether-soluble frac

tions from the pre-labeled starvation experiment were 
chromatographed. The results in Table 5 show that labeled 
hexadecane was isolated from both fractions in substantial 
amounts. The number of counts identified as hexadecane-1- 

in the lipid fraction prior to starvation was low com
pared to the total counts initially present. However, a 
high percentage of the initial radioactivity in the alcohol 
fraction prior to starvation was shown to be hexadecane-1- 
■^C. Overall, a steady decrease in the amount of hexadecane 
present in the cells under starvation conditions was ob
served. No other detectable radioactive compounds were 
found in the lipid fraction.
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Table 4. Effects of starvation on the utilization of 

hexadecane-l-l^c by A. phosphadevorus.

Alcohol: 
Alcohol- ether

,» soluble soluble
Time CO2 compounds compounds

0 hr — 300,000 cpm 615,000 cpm
24 hr 235,000 cpm 225,000 cpm 350,000 cpm
48 hr 155,000 cpm 190,000 cpm 107,000 cpm
72 hr 120,000 cpm 75,000 cpm 25,000 cpm
96 hr 15,000 cpm 8,000 cpm 17,000 cpm

525,000 cpm
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Table 5. Extraction of hexadecane-1- C from
A. phosphadevorus cells after periods 
of starvation.

Time
Alcohol-extracted
hexadecane-l-l^c

Alcohol:ether extractedhexadecane-l-l^c

0 hr 210,000 cpm 150,000 cpm
24 hr 70,000 cpm 90,000 cpm
48 hr 55,000 cpm 68,000 cpm
72 hr 32,000 cpm 14,000 cpm
96 hr background 5,000 cpm



DISCUSSION

The organism, A. phosphadevorus, was found to grow 
on motor oil as a sole source of carbon (5). This prompted 
the use of known hydrocarbons in the effort to study more 
closely the mechanism of utilization by A, phosphadevorus. 
The hydrocarbons employed in the study were all straight- 
chain n-alkanes and n-paraffins ranging from dodecane to 
tetracontane. The organism was found to grow on all hydro
carbons tested. The effects of combining several hydro
carbons into a mixture upon the utilization of each indivi
dual hydrocarbon was measured by gas chromatography. A 
look into the mechanism of breakdown of hexadecane by the 
organism was accomplished using labeled hexadecane. Further 
radioactive studies were done to observe the effects of 
nOn-hydrocarbon substrates upon uptake of hexadecane.

In the course of this study, electron micrographs 
revealed the presence of inclusion bodies within the cells 
when grown on hexadecane. This led to the characterization 
of the material within the inclusions and its disappearance 
under starvation conditions. The reported growth character
istics of A. phosphadevorus on hydrocarbons indicated an

37
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intimate association with the metabolism of the hydrocar
bons not seen when non-hydrocarbon substrates were used.
The high buoyancy of the cells was possibly indicative of 
several things. If allowed to stand, a culture of hexade- 
cane-grown cells would rise to the surface of the aqueous 
suspension and take on a milky appearance. The cells were 
seen microscopically to adsorb to the hydrophobic spheres. 
Another possibility explaining buoyancy would be associa
tion of hexadecane with the cell wall or cell membrane, 
thus, in effect, holding up the cells. If this occurred, 
ultrastructural changes in the cell wall and cell membrane 
might be observed in electron microscopy (13). No notice
able changes were seen in this study. Also, another study 
done using a different Acinetobacter sp. gave no indication 
of hydrocarbon accumulation at the cell membrane surface 
(11). A final explanation for increased cell buoyancy might 
be the formation of inclusion bodies consisting of the un
modified hexadecane. The large and numerous inclusions 
seen in Figure 9B might serve to buoy the cells. However, 
other researchers reported no such cell buoyancy upon 
centrifugation (20).

The inclusions formed when grown on hexadecane were 
shown to contain the unmodified hydrocarbon and appeared to 
resemble those reported to occur in another Acinetobacter 
sp. (19). This was determined by gas and thin-layer
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chromatography. These data indicate that A. phosphadevorus 
transports hexadecane as a whole molecule from the surround
ing medium. Although several methods for determining growth 
of the organism on hexadecane proved invalid, macroscopic, 
as well as microscopic examination, showed growth on hexa
decane is considerable. Therefore, the incorporation of 
hexadecane into inclusions before the onset of stationary . 
phase can be described as luxury uptake. In the gas chroma
tograms obtained, the most rapid removal of hydrocarbons 
usually occurred within the first 24 hr. A starvation ex
periment was performed to observe if under stress conditions 
the cells could draw on this stored hexadecane as a source 
of carbon. Electron micrographs showed the disappearance of 
the hexadecane inclusions after 48 hr of starvation. The 
pre-labeling experiment showed a rapid utilization of com
pounds within the lipid fraction. This seems to indicate 
that the cells drew on a carbon source located within this 
fraction. From the data, it is likely that this storage 
product was shifted to the alcohol-soluble fraction of the 
cell and metabolized for energy. Labeled hexadecane was 
isolated from both alcohol-soluble and alcohol;ether-soluble 
portions of the cell. A high percentage of the total label 
was identified as labeled hexadecane in the alcohol-soluble 
fraction. A significantly lower percentage of the total 
radioactivity in the lipid fraction existed as labeled



hexadecane» No other radioactive compounds were identified 
from the lipid fraction. Extraction of intracellular hydro
carbon with ethanol has been described in another Acineto- 
bacter sp. (11). Since both fractions contained hexadecane, 
the hexadecane may be existing in different states within 
the cell.

The existence of a limiting membrane around the 
hexadecane inclusion might explain the concurrent localiza
tion of the hexadecane. The presence of an added membrane 
suggests intimate involvement with the oxidation of the 
hydrocarbon in A. phosphadevorus. Intracytoplasmic mem
branes are a real possibility in this organism. The hexa
decane inclusions seen in electron micrographs generally 
have a uniform and definite shape and do not exist as an 
amorphous mass with vague outlines. Similar observations 
and detection of an added membrane associated with hexade
cane inclusions of another Acinetobacter sp. have been 
reported (10, 20). If such membranes exist in A. phosphadevo- 
rus, this might explain the localization of hexadecane 
within two (functionally and chemically) different fractions 
of the cell. In any case, this organism can utilize intra
cellular hexadecane under starvation conditions following 
luxury uptake of the hydrocarbon during the exponential 
phase.
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In all the mixtures employed for gas chromatographic 

analysis, results showed the largest amount of hydrocarbon 
was removed during the first 24 hr of exposure. This is 
indicative of luxury uptake and the incorporation of hydro
carbons into inclusions. There seems to exist little if 
any lag time in the removal of hydrocarbons by non-hydro
carbon-growing cells. The capacity of A. phosphadevorus 
to remove hydrocarbons appears to be present at all times. 
Following the first 24 hr of exposure to a mixture,. the 
amount of hydrocarbon removed is reduced significantly, 
but the continued presence of the inclusions suggests that 
the organism is continually metabolizing the hydrocarbon.
It is unclear as to whether the hydrocarbon is transported 
to an inclusion, then utilized for energy and carbon skele
tons, or whether a portion is stored in inclusions and 
part is metabolized. Radioactive studies using 24-hr 
hexadecane-grown cells exposed to labeled hexadecane resulted 
in label appearing both alcohol-soluble and lipid portions 
of the cell with a predominance (77%) in the lipid fraction. 
This would tend to indicate that some hydrocarbon was being 
utilized for energy and some was being placed into inclusions. 
The continued presence of inclusions after 24 hr, along with 
cell proliferation, also supports this.

The results indicate that when exposed to the mixture 
containing dodecane, hexadecane, and octadecane, A.
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phosphadevorus removed more dodecane both in micromoles 
removed and percentage removed, than either hexadecane or 
octadecane. In all other mixtures employed, the organism 
also showed a higher amount of removal of the shortest 
chain length hydrocarbon present. However, in each case, 
the shortest chain hydrocarbon was present in higher numbers 
of micromoles than the other members of the mixture. Con
sequently, there were higher numbers of molecules available 
of the shortest chain hydrocarbon. In terms of percentages 
of hydrocarbons removed, excluding the above-mentioned mix
ture , approximately equal percentages of each hydrocarbon 
had been removed. This shows that in relation to the initial 
amounts present, the organism had little preference and did 
not-discriminate in its uptake of hydrocarbons in a mixture. 
This, together with the data on micromoles removed, shows 
that the organism does not prefer one hydrocarbon over 
another, but removes the one that is present in higher 
numbers of molecules. In each mixture, this was the short
est chain hydrocarbon. This is very clearly shown when 
comparing micromoles and percentages removed of the mixture 
containing eicosane, pentacosane and triacontane. Twice as 
much eicosane (50 mg) was present initially than pentacosane 
(25 mg) or triacontane (25 mg). These data indicate that A. 
phosphadevorus acts to remove the hydrocarbon molecule as a 
whole molecule. The transport system appears to be
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non-specific in that it transports hydrocarbon molecules 
of any. chain length. This would explain the increased 
removal of shorter, chain hydrocarbons simply on the basis 
of their presence in higher numbers.

The ability to transport large molecules of up to 
40 carbons in length undoubtedly requires a unique membrane 
system. The hydrophobic character of alkanes and paraffins 
further magnifies this unique system. Throughout the gas 
chromatographic work, no hydrocarbon fractions were identi
fied other than those initially present, except in the mix
ture employing tetracontane. The appearance of an extra 
peak on the tail of the carrier hexadecane peak increased 
to a maximum on Day 5, then disappeared by Day 7 and termi
nation of the experiment. Due to the fact that this was 
only observed in the experiment involving tetracontane, it 
seems that the organism in essence "bit off more than it 
could chew." It may be that during transport, only so much 
of the molecule could be transported before overloading the 
system. The organism removed the tetracontane fastest dur
ing the first 24 hr, followed by drastically diminished 
removal. But along with the diminished removal came the 
appearance of the extra peak. It appears here that this 
interference from this extra peak may be attributed to the 
organism's reaction to tetracontane.



The organism, A. phosphadevorus, was originally 
isolated from sewage. The carbon source found the be most 
abundant in this habitat was acetate (12). Therefore, 
radioactive studies.were done using acetate-grown cells 
as well as hexadecane-grown cells. Also, labeled acetate 
was employed as well as cold acetate. A very different 
type of utilization of labeled hexadecane was observed 
between acetate-grown cells and hexadecane-grown cells. 
Practically all the label was removed by acetate-grown 
cells compared to 88% by hexadecane-grown cells. The 
amounts of label showing up in the alcohol-soluble and 
lipid fractions were significantly different, indicating 
possibly a difference in utilization. Co-oxidation exper
iments revealed more insight into the utilization of hexa
decane by A. phosphadevorus. When exposed to labeled 
hexadecane and cold acetate, the data reveal that hexa
decane-grown cells switch their metabolism towards the 
utilization of acetate as a source of energy. However, 
uptake of labeled hexadecane occurs, but almost all of 
the label appears in the lipid fraction. Presumably, it 
is placing the hexadecane into inclusions. The same experi
ment, but using carboxy-labeled acetate, shows an almost 
complete release of the label as CC^ and probable utiliza
tion of the reduced carbon in C-l metabolism (5, 12). These 
two experiments complement each other and present a good
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picture as to the switch-over from metabolism of hexade- 
cane to metabolism of acetate.

Acetate-grown cells subjected to co-oxidation of 
labeled hexadecane plus acetate show a similar, but not 
identical, distribution of label as that of hexadecane- 
grown cells. In both cases, the large majority of label 
is found in the lipid fraction of the cell. However, the 
acetate-grown Cells seem to place more of the hexadecane 
into the alcohol-soluble portion. If the alcohol-soluble 
fraction is proposed to contain TCA intermediates and the 
like, it seems plausible to state that even in the presence 
of acetate, acetate-grown cells show some increased affin
ity for hexadecane as an energy substrate. This is sup
ported when acetate-grown cells were subjected to co
oxidation with carboxy-labeled acetate and cold hexadecane. 
Only 32% of the label was removed. This indicates that 
either hexadecane inhibits uptake of acetate or that the 
cells actually prefer the more reduced hydrocarbon substrate. 
From the data shown here, it appears that even in the 
presence of acetate, the carbon source most abundant in 
its natural habitat, A. phosphadevorus will remove hexa
decane and may show a slight inclination towards preference 
for the hydrocarbon.

A study employing the corresponding acid of hexade
cane, palmitic acid, was done to compare the respective



fates of each molecule. Beta-oxidation is a well-documented 
pathway for the degradation of fatty acids (6 , 9, 14). The 
terminal methyl group of a hydrocarbon chain is oxidized to 
a primary alcohol and then further oxidized to a fatty acid. 
Beta-oxidation then occurs with release of two-carbon frag
ments utilized for energy or carbon skeletons. Experiments 
performed with A. phosphadevorus showed no similarity be
tween hexadecane and palmitic acid with respect to mechanism 
of utilization of each molecule. Neither hexadecane-grown 
cells nor acetate-grown cells showed much affinity for 
palmitic acid. Of the label taken up by hexadecane-grown 
cells, 39% was given off as CO^ indicating significant 
oxidation of the palmitic acid. The remaining label was 
evenly distributed between the alcohol-soluble and lipid 
portions of the cell indicating metabolism plus storage of 
the molecule, possibly in triglycerides. Acetate-grown 
cells produced significant loss of radioactivity as 
from palmitic acid-U-^C, further indicating the utiliza
tion of palmitic acid to be significantly different than 
than of hexadecane.

Co-oxidation experiments using labeled palmitic 
acid resulted in significant increases in uptake of the 
label over that when palmitic acid was oxidized alone. It 
may be that the utilization of the carrier carbon, being in 
excess, facilitates the uptake of the label. Although
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uptake was greater, the utilization and distribution of the 
palmitic acid label did not resemble the results obtained 
in corresponding experiments where labeled hexadecane was 
employed. These data indicate that the utilization of 
palmitic acid may be through beta-oxidation, and that utili
zation of hexadecane is not similar to that of palmitic acid, 

Acinetobacter phosphadevorus has proven to possess 
some very unique properties and characteristics. The pro
posed presence of intracytoplasmic membranes found only in 
hydrocarbon-grown cells might help to explain certain physio
logical properties discovered in this report. Intimately 
associated with the intracytoplasmic membranes would be the 
organism's transport of whole hydrocarbon molecules. The 
incorporation of hydrocarbons into membrane-bound inclusions 
is an advanced property placing A. phosphadevorus very high 
in the procaryotic world. With the ever increasing problem 
of oil spill clean-up, the possible implementation of micro
bial seeding becomes correspondingly important. With the 
buoyant characteristic exhibited when grown on hydrocarbons, 
the organism would remain in the near vicinity of the hydro- 
phobic oil, thus making it ideal as a seeding organism. Its 
ability to remove copious amounts of phosphate and hydro
carbons makes it an ideal organism for possible use in



sewage treatment plants. Further studies on the possible 
ecological impacts of such seeding must be done before 
actual implementation takes place.
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