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Strain AR-46, isolated and identified as Acinetobacter haemolyticus, evolutionally distant
from the known hydrocarbon-degrading Acinetobacter spp., proved to have excellent long-
chain n-alkane-degrading ability. This is the first detailed report on an n-alkane-utilizing
strain belonging to this species. The preferred substrate is n-hexadecane, with an optimal
temperature of 37 ∞C under aerobic conditions. Five complete and two partial open reading
frames were sequenced and correlated with the early steps of monoterminal oxidation-initi-
ated n-alkane mineralization. The encoded protein sequences and the arrangement of these
genes displayed high similarity to those found in Acinetobacter sp. M-1, but AR-46 seemed
to have only one alkane hydroxylase gene, with a completely different induction profile.
Unique behaviour was also observed in n-alkane bioavailability. Substrate uptake occurred
through the hydrophobic surface of n-alkane droplet-adhered cells possessing long, thick
fimbriae, which were presumed to play a major role in n-alkane solubilization. A majority
of the cells was in detached form, with thick, but short fimbriae. These free cells were perma-
nently hydrophilic, unlike the cells of other Acinetobacter strains.
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Introduction

Various Gram-positive and Gram-negative bac-
teria are applied on an industrial scale as oil degra-
ders (Radwan et al., 1995; Ward et al., 2003), but
exclusively members of the Acinetobacter genus
are capable of depleting the very long-chain n-al-
kane fraction of crude oil. In general, Acinetobac-
ter spp. can utilize n-alkanes as the sole source of
carbon and energy, if they have carbon chain
lengths of from C6 (Huy et al., 1999) up to C44

(Sakai et al., 1994), via monoterminal oxidation
(Koma et al., 2001) or the Finnerty pathway
(Maeng et al., 1996). n-Hexadecane is frequently
used as a model substrate to investigate the n-al-
kane-degrading ability, but limited information is
available (Hori et al., 2002) on the kinetic parame-
ters of microbial growth during the biodegradation
of n-alkanes, and the temperature dependence of
n-alkane mineralization by the relevant Acineto-
bacter spp. has not been reported at all.

To achieve a sufficient hydrocarbon biodegrada-
tion rate, a number of different uptake mecha-
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nisms have been evolved in the Acinetobacter
genus. A. venetianus RAG-1 secretes emulsan, a
heteropolysaccharide bioemulsifier (Goldman et
al., 1982), and releases alkane-solubilizing mem-
brane-bound vesicles (Sullivan et al., 1999). Be-
sides bioemulsification, the bioavailability is en-
hanced by specific cell adherence to the alkane
substrate. Rosenberg et al. (1982) presumed that
thin (ca. 3.5 nm diameter) fimbriae are responsible
for this process, but emulsan-deficient, thin fim-
briae-deficient mutants of RAG-1 proved to have
the same growing capacity as that of the wild
strain (Pines and Gutnick, 1984). These results in-
dicate the crucial role of still unidentified hydro-
phobic membrane sites or cell components in
direct adherence. The microbial adhesion to hy-
drocarbon (MATH) test has demonstrated that
the surface of RAG-1 cells is permanently hydro-
phobic, irrespectively of the nature of the added
carbon source. Bioemulsifier production has not
been observed in A. venetianus VE-C3; the cells
are originally hydrophilic, but become hydropho-
bic after exposure to n-alkanes (Baldi et al., 1999).
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Once the substrate becomes bioavailable and
penetrates the cell membrane, multi-step oxida-
tion processes occur. In the case of the well-char-
acterized and complete genome-sequenced A. sp.
ADP1, the first step of n-alkane oxidation is cata-
lyzed by a non-heme iron integral membrane al-
kane hydroxylase/monooxygenase (1.14.15.3). This
protein, responsible for monoterminal alkane deg-
radation, is encoded by the alkM gene (Ratajczak
et al., 1998a). Its expression, induced by a broad
range of n-alkanes (C7ÐC18), requires the tran-
scriptional activator AlkR, an AraC-XylS-like
protein expressed at a low level. The transcription
of the complement alkR gene is indispensable for
n-alkane degradation, but the growth-supporting
substrate range mainly depends on the induction
of alkM. Weakly conserved putative promoter ele-
ments and an inverted repeat target site for the
regulator protein have been identified upstream
from alkM (Ratajczak et al., 1998b). Two alkM and
alkR paralogues representing different regulation
mechanisms have been found in A. sp. M-1 (Tani
et al., 2001). The alkMa gene is induced by solid
n-alkanes with chain lengths longer than C22, while
alkMb expression is evoked by C16ÐC22 n-alkanes.
In the upstream regions of alkMa and alkMb, the
alkRa and alkRb genes are located in complement
orientations coding for AraC-XylS-like and OruR-
like regulator proteins, respectively.

Despite the importance of the alkane-degrading
microbes in this genus, only few strains have been
characterized in detail in connection with their bi-
odegradation rates, uptake processes and gene
regulations. The present paper reports these prop-
erties for a novel Acinetobacter strain with special
n-alkane oxidation and uptake features.

Materials and Methods

Taxonomic characterization of the bacterium

16S rDNA analysis was performed directly on
an AR-46 colony resuspended in 1 m glycine-beta-
ine buffer, using the PCR method described by Di
Cello et al. (1997). The 1413 bp partial nucleotide
sequence of the 16S rDNA gene has been submit-
ted to the GenBank database and is reported un-
der accession number AY586400.

The biochemical characterization of isolate
AR-46 was carried out in accordance with Vane-
echoutte et al. (1999). After identification, the iso-
lated bacterium was deposited in the Hungarian
National Collection of Agricultural and Industrial

Microorganisms under accession number NCAIM
B02172.

Cultivation conditions

Cells were routinely cultivated in 100-ml Erlen-
meyer flasks containing 50 ml of high-nitrogen-
phosphorus-sulfur (HNPS) (Leahy et al., 2003) or
low-nitrogen-phosphorus-sulfur (LNPS) (Snell-
man et al., 2002) medium supplemented with 1 g/l
of n-hexadecane. For determination of the utiliz-
able hydrocarbon spectrum, 1 g/l of different n-al-
kanes (with a chain length from C6 to C40) or aro-
matic hydrocarbons was added as carbon source.
Media were inoculated with 0.5 ml of the 24-h cul-
ture grown on DSM1 complete medium. Before
inoculation, cells were centrifuged (16,000 ¥ g,
5 min) and resuspended in the inorganic medium.
Flasks were incubated for appropriate, regular
time intervals under non-stirred conditions at
37 ∞C, or at 25Ð40 ∞C in the temperature depend-
ence experiments. Microbial growth was followed
via the increases in optical density (OD) and cell
dry weight of the cultures. Total cell numbers were
counted microscopically too. Fermentation kinetic
parameters were calculated according to the
Monod model.

Analytical procedures

n-Hexadecane degradation by strain AR-46 was
analyzed by gas chromatography (GC) after chlo-
roform/methanol (3 :1) extraction (Koma et al.,
2001). 2 μl of the organic phase were injected into
a HP-5890 Series II GC instrument fitted with a
HT-5 capillary column (SGE 25 m ¥ 0.32 mm ¥
0.1 μm) and an FID detector. The analysis condi-
tions were as follows: injector and detector tem-
perature, 280 ∞C; column temperature, 100 ∞C
for 1 min, then increased to 250 ∞C at a rate of
15 ∞C/min in split mode (1: 20).

For identification of intermediates of the n-hex-
adecane biodegradation pathway, the strain was
cultivated in 500 ml of HNPS or LNPS medium
supplemented with 1 g/l of carbon source. Cells
were harvested in midlog and early stationary
phases and washed twice with physiological saline
solution. The resuspended cells were sonicated on
ice for 1.5 min 3 times at 25 W (Vibracell, Sonics &
Materials, USA). The total crude extract was ap-
plied directly for enzyme assays or was further ex-
tracted with an equal volume of chloroform/meth-
anol (4 :1) for intermediate analysis. 2 μl of the
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concentrated chloroform layer were analyzed
directly (without methanolysis) on a Finnigan
ThermoQuest Trace GC/Automass GC-MS instru-
ment fitted with a DB-5 capillary column (30 m ¥
0.25 mm ¥ 0.25 μm) in splitless mode. The condi-
tions of analysis were as follows: injector and de-
tector temperature, 350 ∞C; column temperature,
45 ∞C for 1 min, then increased to 330 ∞C at a rate
of 15 ∞C/min and held at 330 ∞C for 15 min.

MATH tests (Baldi et al., 1999) and OD meas-
urements were made with a Unicam Helios α
spectrophotometer at 600 nm. Surface tension
measurements (Traube procedure) (Vold and
Vold, 1983), GC n-hexadecane partition analysis
(Käppeli and Finnerty, 1979), emulsification assays
(Rosenberg et al., 1979), and total carbohydrate
(Dubois et al., 1951) and protein (Bradford, 1976)
measurements were carried out as described previ-
ously. Alkane dioxygenase (Sakai et al., 1996) and
cytochrome P-450 activities (Müller et al., 1989)
of enzyme preparations were also determined. All
measurements were performed in triplicate.

Microscopic study of A. haemolyticus AR-46

For transmission electron microscopy (TEM),
non-adhered cells were sampled from the bulk
phase of the culture by submerging the pipette
carefully below the level of the n-hexadecane-ad-
hered cell layer. The whole culture was then cen-
trifuged (16,000 ¥ g, 10 min) and the adhered cells
were sampled from the surface layer containing n-
alkane-attached cells. Finally, both cell types were
treated as described previously (Rosenberg et al.,
1982). Grids were examined with a Tecnai-12
(FEI) electron microscope. Photos were taken
with a CCD camera (MegaView III, Soft Imaging
System). For light microscopy, cells were observed
with a Zeiss Axiskop 20 microscope.

DNA manipulations

Genomic (Wilson, 1994) and plasmid (Enge-
brecht et al., 1991) DNA was isolated according to
standard protocols. For the amplification of alkM
gene(s), degenerated primers (AlkDegFw and
AlkDegRev; see Table I) were designed on the
basis of the conserved regions between the alkB
and alkM sequences of 10 n-alkane-degrading
Pseudomonas and Acinetobacter strains. Touch-
down PCR was performed in 50 μl of Promega
buffer supplemented with 1.25 mm MgCl2, 250 μm
of each dNTP, 2 U of Taq, 0.5 μm of each primer

Table I. Sequences of primers used in this study.

Primer Sequence (5�53�)

AlkDegFw: TTCCNRYGATHGATACRATTATTGG
AlkDegRev: CGHGTCGGATWVGCGTGATGATC
AlkInv1Fw: GGTTGGGGCATGAGTGCTGCATTTC
AlkInv1Rev: GATCGCCCCCATTGAAACACCAAGC
AlkInv2Fw: GCTCATCATGTTCCAAGCACTG
AlkInv2Rev: CATCGTCGTATCCATGTCTTCG
AlkInv3Fw: CGATTGCCTCTGACGCTCAG
AlkInv3Rev: CAGCGCCTGAATGGCTGC
AlkInv4Rev: GCAGTTCTTAGCCCCTGAATCG
AlkInv5Rev: CAAGCTGGTCACCCGCAACAAC

and 100 ng of the genomic template DNA of strain
AR-46. The PCR program was 11 ¥ [0.5 min at
95 ∞C, 0.5 min at 68Ði ∞C (i = 1Ð11]) and 1 min at
72 ∞C], and then 20 ¥ (0.5 min at 95 ∞C, 0.5 min at
55 ∞C, and 1 min at 72 ∞C). The reaction yielded
an alkM fragment. Inner AlkInv1Fw and AlkInv1-
Rev primers were designed on the basis of the se-
quence of this product, and used in inverse PCR.
The EcoRI-digested chromosomal DNA of strain
AR-46 was self-ligated and applied as a template.
The touchdown PCR protocol described above
was set up with 6-min elongation periods. The am-
plified fragment was sequenced through consecu-
tively by the newly designed inverse primers (Ta-
ble I). Finally, the entire sequence of the EcoRI-
ended part of genomic DNA was assembled; it is
reported under accession number AY586401 in
the GenBank.

For the determination of amino acid and DNA
sequence similarities, the ClustalW program of
EBI was used. Bacterial promoter prediction was
performed with the BPROM software of Soft-
Berry. The topology of proteins and transmem-
brane helices was predicted with the HMMTOP
software of the Hungarian Academy of Sciences.

Southern and Northern blot analyses

Southern blot analysis was carried out by using
the alkM fragment as the probe on the genomic
DNA digested with various restriction enzymes
(XhoI, HindIII and EcoRI). The hybridization was
performed under high-stringency (66 ∞C) and low-
stringency (37 ∞C) conditions, using the Gene Im-
ages Random Prime Labelling module and the
Gene Images CDP-Star Detection module (Amer-
sham Life Science) in accordance with the manu-
facturer’s instructions.
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The effects of different n-alkane carbon sources
on the expression of the alkM gene were deter-
mined by Northern blot analyses. AR-46 cells
were cultivated on control rich media (DSM1) and
on n-dodecane, n-hexadecane, n-eicosane and n-
triacontane under the conditions described above.
Total RNA extracted from midlog phase cells was
isolated by using the Trizol reagent (Amersham
Pharmacia Biotech, Little Chalfont, UK). 20 μg of
total RNA were run on 1% formaldehyde gel con-
taining 0.01% ethidium bromide. RNAs were
transferred to Amersham Hybond N filters
through the classical upward technique, and the
ribosomal RNA patterns of the filters were exam-
ined under UV light in order to verify the effi-
ciency of transfer and the quality of the loaded
RNA. Radioactive labelling and hybridization
were carried out by the standard protocols sup-
plied by Amersham. The filter was exposed to a
phosphor storage screen for 12 h, and analyzed
with a Molecular Dynamics 860 STORM Phos-
phorImager. The signal intensities of the riboso-
mal RNA and the radioactively labelled alkM
RNA were quantified with ImageQuant 5.0 soft-

Fig. 1. Unrooted phylogenetic trees based on aligned Acinetobacter 16S rDNA (A) and alkane hydroxylases (B)
sequences generated by the ClustalW program. The GenBank accession numbers of relevant oil-degrading isolates
and type strains (with DSM accession numbers and T symbols) are given in parenthesis. The bars denote 1 nucleotide
substitution per 100 nucleotides (A) and 10 substitutions per 100 amino acids (B).

ware (Molecular Dynamics, Sunnyvale, Califor-
nia, USA).

Results

Isolation and classification of strain AR-46

In order to isolate hydrocarbon-degrading bac-
teria, Hungarian oil wells were screened: HNPS
minimal medium supplemented with 1 g/l of puri-
fied, solid paraffins (C20ÐC38 fraction) as sole car-
bon source was inoculated with production water
from the wells and incubated at 30 or 37 ∞C under
static conditions. Fractions of cultures exhibiting
microbial growth were used for reinoculation sev-
eral times and finally purified for single colonies.
The dominant isolate (AR-46) grown at 37 ∞C was
used for further studies. For initial classification, a
segment of its 16S rDNA was amplified and the
product was sequenced. The 1413 bp sequence dis-
played the highest similarity (99.86% and 99.51%
identity) to the ammonia oxidizer Acinetobacter
sp. YY-5 (AY639376) and the type strain A. hae-
molyticus DMS 6962T (X81662), respectively.
Comparison with the available Acinetobacter 16S
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rDNA sequences revealed that the isolate was ev-
olutionally distant from the known hydrocarbon-
degrading Acinetobacter isolates, but very similar
to the type strain A. haemolyticus DSM 6962T

(Fig. 1A).
To confirm that this Gram-negative coccus re-

ally is a member of the A. haemolyticus species,
further biochemical characterization was per-
formed: The strain was beta-haemolytic, produced
beta-xylosidase, created acid from glucose, and
demonstrated growth at 41 ∞C and on 4-hydroxy-
benzoate, but not on lactate or malonate. In view
of these determinative biochemical properties and
the similarity of the 16S rDNA sequences, we con-
cluded that isolate AR-46 is indeed a member of
the A. haemolyticus species.

Determination of the hydrocarbon-degrading
ability

The substrate specificity of the isolate was inves-
tigated by using different n-alkanes as carbon
source at 37 ∞C (Fig. 2). Strain AR-46 catabolized
liquid n-alkanes to a greater extent than solid
ones, and n-hexadecane was found to be the best
of the examined substrates for growth. GC meas-
urements demonstrated that this bacterium was
able to deplete solid paraffins; n-C35 was the larg-
est compound that underwent a significant de-
crease in concentration during the 7-day incuba-
tion period (data not shown). Hydrophobic
aromatic compounds such as toluene, xylene,

Fig. 2. Substrate and temperature dependences of n-al-
kane utilization of A. haemolyticus AR-46. Cells were
grown for 48 h on HNPS broth supplemented with 1 g/l
of different n-alkanes (dotted columns) or with 1 g/l of
n-hexadecane at 25Ð40 ∞C (open columns) under non-
stirred conditions. The starting cell number was 5 ¥ 106

cells/ml. The presented values are total cell number per-
centages relative to the maximum cell numbers (approx-
imately 7.7 ¥ 108 cells/ml) attained on the n-C16 carbon
source at 37 ∞C.

naphthalene and benz[a]anthracene were not con-
sumed by this microbe.

The optimal temperature of n-hexadecane min-
eralization by AR-46 was found to be 37 ∞C
(Fig. 2), while the maximum specific growth rate
of the cells (μm) was 0.253 hÐ1 and the yield factor
for the cells (Y’X/S) was 0.576 kg of cells (kg of
n-hexadecane)Ð1. The hydrocarbon utilization at
37 ∞C was found not to be a unique phenomenon
among related Acinetobacter strains. A. venetianus
6A2 and A. calcoaceticus EB104 were likewise
able to grow better on n-hexadecane at 37 ∞C than
at 30 ∞C. However, while strain 6A2 grew similarly
to AR-46, the total number of cells achieved by
strain EB104 was only (24.3 ð 0.7)% of that
achieved by AR-46. The lower temperature, i. e.
30 ∞C, was preferred by A. sp. ADP1, A. sp.
2769A, A. calcoaceticus NCIB 8250 and A. calco-
aceticus 69-V, but corresponding cell numbers
achieved were only (27.0 ð 1.9), (11.7 ð 0.6),
(13.3 ð 0.1) and (32.8 ð 0.1)%, respectively, rela-
tive to AR-46 at 37 ∞C. Moreover, even the highest
of these latter values is less than half that achieved
by AR-46 at 30 ∞C.

The n-alkane uptake mechanism of
A. haemolyticus AR-46

The high n-hexadecane biodegradation rate in-
dicated the existence of an efficient uptake mecha-
nism in isolate AR-46. During growth on n-hexa-
decane, the surface tension of the medium did not
decrease, and no emulsification activity, or carbo-
hydrate and protein biopolymers were observed in
the centrifuged supernatant. n-Hexadecane parti-
tion analysis revealed that no supernatant from
any period of growth elevated the n-hexadecane
concentration above the corresponding solubility,
i. e. the AR-46 cells did not secrete biosurfactants,
bioemulsifiers or membrane-bound vesicles into
the media, indicating that the n-alkane uptake oc-
curs by direct cell adherence to the substrate.

Under aerobic, non-stirred conditions, some of
the cells did in fact adhere to the surface of the n-
alkane droplets and made them visible as a semi-
transparent cortex (Fig. 3A). This interaction was
strong enough to be maintained during intensive
centrifugation (16,000 ¥ g, 10 min). The TEM pic-
ture of the n-hexadecane-adhered cells (Fig. 3B)
revealed that these cells have only very long (700Ð
1400 nm), thick (11Ð14 nm) fimbriae. The mor-
phology of the non-adhered cells (Fig. 3C) was
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Fig. 3. Micrographs of A. haemolyticus AR-46 cells in the late exponential phase of growth. (A) Light microscopy
of cell adherence to the surface of an n-hexadecane droplet (13 μm in diameter). In consequence of the three-
dimensional adherence to the droplet, the light microscopic picture can not show sharp cell forms. TEM of adhered
(B), non-adhered (C) and control cells (D) maintained in complete medium. Longer arrows indicate long fimbriae of
adhered cells, while smaller arrows denote normal fimbriae. Scale bars: (A) 5 μm; (B) 1 μm; (C) 0.5 μm; (D) 0.2 μm.

similar to that of the cells maintained in complete
broth (DSM1) (Fig. 3D), but their fimbriae proved
significantly shorter (370Ð440 nm), though the
thickness was about the same.

These morphological phenomena correlated
well with the cell hydrophobicity values measured
in the MATH test. The surface of the non-ad-
hered, free A. haemolyticus AR-46 cells remained
hydrophilic after exposure to n-hexadecane. The
measured value of log (At /A0 ¥ 100) was higher
than 1.95 at every point of the growth curve. This
means that fewer than 10% of the free cells were
able to adhere to the added n-hexadecane sub-
strate. A similar constant surface hydrophilicity
was observed when AR-46 was grown on DSM1,
glucose or 4-hydroxybenzoate.

Determination of pathway of n-hexadecane
catabolism in strain AR-46

From n-hexadecane-grown A. haemolyticus
AR-46 cells, the GC-MS analysis identified n-hex-
adecan-1-ol and n-hexadecan-1-oic acid as inter-

mediates of the monoterminal oxidation pathway
from the beginning of the log phase, regardless of
the medium (HNPS or LNPS) used (mass spectra
not shown). The wax ester storage material n-hex-
adecyl-n-hexadecanoate was also detected accu-
mulated in cells cultivated in both types of media
in the late log phase of growth.

Finnerty pathway-specific alkane dioxygenase
activity was not detected in either the soluble or
the particulate enzyme fraction of AR-46 cells, ir-
respectively of the growth phase of the harvested
cells. The enzyme activity could not be restored by
adding reduced NAD, NADP or FAD as cofactors.
Similarly, no significant cytochrome P-450 activity
was measured in any enzyme preparation.

These results strengthened the presumption of
the involvement of an alkM encoded non-heme
iron integral membrane alkane hydroxylase, the
first key enzyme in the monoterminal oxidation
pathway. To prove the role of alkM in n-alkane
degradation by strain AR-46, its PCR-based iden-
tification was performed first.
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Identification and analysis of genes that can take
part in early steps of n-alkane hydroxylation

A comparison of the alkB and alkM protein se-
quences revealed evolutionally conserved regions.
A pair of degenerated oligonucleotides designed
for these regions was used in PCR. Although the
alkB genes are encoded on plasmids in Pseudomo-
nas spp., genomic DNA was applied in the further
experiments, because we could not detect any
plasmid in AR-46. The PCR yielded a 720 bp frag-
ment from the AR-46 genomic DNA template.
This product was sequenced and found to be part
of an alkM gene. This sequence was used as start-
ing point for a description of the full alkM and
adjacent genes by inverse PCR. On use of the in-
ner AlkInv1Fw and AlkInv1Rev inverse primers,
the reaction yielded a 5136 bp fragment. After the
sequencing of the inverse PCR product, a 5445 bp
long, EcoRI-ended sequence was assembled con-
taining 5 complete and 2 partial ORFs.

The gene mapped to ORF6 was alkM in strain
AR-46. The deduced amino acid sequence and hy-
drophobicity analysis revealed the typical con-
served 8-histidine motif and 5 transmembrane hel-
ices (data not shown). The encoded AlkM protein
(412 aa) exhibited the greatest similarity to the
alkMa-encoded partial alkane hydroxylase A se-
quence of A. venetianus 6A2 (96%), to the partial
AlkM of A. venetianus VE-C3 (94%) and to the
complete alkane hydroxylase A sequence of A. sp.
M-1 (93%). The phylogenetic tree of known al-
kane hydroxylases is presented in Fig. 1B.

In order to investigate the harbouring of a pos-
sible alkM gene counterpart, Southern hybridiza-
tion experiments were performed. Even under
low-stringency conditions (37 ∞C), the labelled
720 bp probe hybridized to one band of genomic
DNA digested with different restriction enzymes
(Fig. 4A). The sizes of the hybridized HindIII and
EcoRI-digested fragments correlated perfectly
with their sequence-based expected lengths.

In Northern hybridization analysis, the 720 bp
probe hybridized strongly to one band of ex-
pressed RNA prepared from cells maintained on
n-hexadecane, n-eicosane or n-triacontane, but
there was no significant sign of hybridization to
RNA from cells grown on n-dodecane and DSM1
complete medium (Figs. 4B, D).

The alkM of strain AR-46 is induced by differ-
ent long-chain n-alkanes via a putative promoter.
This seems to be confirmed by BPROM software-
based bacterial promoter prediction and sequence

Fig. 4. (A) Southern blot analysis of genomic DNA of
A. haemolyticus AR-46 digested with various restriction
enzymes, its fluorescein-labelled 720 bp alkM fragment
being used as a probe. Lane M: SmartLadder marker
(kbps). (B) Northern blot analysis of expressed RNAs
purified from AR-46 cells maintained on different car-
bon sources. (C) Gel picture of ribosomal RNA controls.
(D) Normalized relative induction of the alkM gene by
n-alkanes. Values denote 16S RNA-normalized alkM RNA
quantities relative to the RNA expressed due to n-C20.

similarity comparisons, which revealed a putative
ribosome binding site, a transcription initiation
site, and Ð10 and Ð35 boxes located 7, 34, 42 and
62 bp upstream, respectively, from the ATG start
codon of the alkM gene (Fig. 5, top section).

In the upstream region of alkM, an alkR gene
(ORF5) was found in complement orientation. It
encoded an AraC-XylS-like transcription regula-
tor protein (AlkR, 310 aa). Its putative target
binding site is an inverted repeat found 44 bp up-
stream from the Ð35 box (Fig. 5, top section).

Sequencing of the inverse PCR product re-
vealed that a partial glutathione reductase (gshR,
ORF7) gene is located downstream of alkM on the
chromosome. This gene encodes a protein which is
assumed to take part in the scavenging of reactive
oxygen radicals produced in the course of n-alkane
oxidation (Tani et al., 2001). The further 5� region
of the 5445 bp long fragment consists of clustered
early lipid A biosynthesis genes, such as UDP-N-
acetylglucosamine acyltransferase (lpxA, ORF4),
3R-hydroxymyristoyl-acyl carrier protein dehydra-
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Fig. 5. (Top) The intergenic region between the alkR and alkM genes of strain AR-46 with the putative start codons
(empty arrows), AlkR binding inverted repeat (IR, filled arrows), Ð35 and Ð10 promoter elements, transcription
initiation site (+1) and ribosome binding site (RBS). (Bottom) Genetic arrangement of similar genes in Acinetobac-
ter spp. GenBank accession numbers of cited genes are given in parenthesis. Similarity percentage values relating
to corresponding genes of A. haemolyticus AR-46 are given below the empty arrows indicating the genes. Horizontal
broken lines depict the non-sequenced part of the gene, while vertical broken lines depict the sequence gap between
the indicated genes.

tase (fabZ, ORF3), UDP-3-O-3-hydroxylauroyl
glucosamine N-acyltransferase (lpxD, ORF2), and
a partial putative outer membrane protein (ompH,
ORF1) gene. A systematic comparison and the ar-
rangement of these genes in Acinetobacter spp. are
presented in the bottom section of Fig. 5.

A. haemolyticus AR-46 is highly similar to A. sp.
M-1 in genetic organization and the sequences of
the encoded proteins. The early lipid A biosynthe-
sis genes are adjacent to early n-alkane degrada-
tion genes. However, the alkRb-alkMb genes are
located distinctly, and the functions of the up-
stream genes are not related to membrane forma-
tion in strain M-1. The lpxD-fabZ-lpxA genes are
clustered in A. sp. ADP1 too, but the alkR-alkM
genes are separated by almost 25 kbp. Besides
these genes, peptidyl-prolyl cis-trans isomerase
and acyl CoA dehydrogenase are present in strain
ADP1 and in A. calcoaceticus EB104. Moreover,
glutathione reductase is not found in complete ge-
nome-sequenced A. sp. ADP1 at all.

Discussion

Strain AR-46 was isolated from the production
water of an oil reservoir in Hungary. Both 16S

rDNA analysis and biochemical characterization
indicated the highest degree of similarity between
AR-46 and the A. haemolyticus type strain. This is
the first detailed description of an n-alkane-de-
grading isolate from the environment belonging to
this species. Under aerobic conditions, AR-46 is
able to assimilate n-alkanes with carbon chain
lengths from C12 to C35. Among the tested com-
pounds, n-hexadecane was found to be the best
substrate for growth and biodegradation [μm =
0.253 hÐ1, Y’X/S = 0.576 kg of cells (kg of n-hexa-
decane)Ð1 at the optimal temperature of 37 ∞C].
A systematic comparison of AR-46 with related
Acinetobacter spp. concerning the temperature de-
pendence of n-alkane degradation was performed.
Although Acinetobacter species are routinely
maintained at 30 ∞C, the present results suggest a
cultivation temperature of 37 ∞C for A. calcoaceti-
cus EB104 and A. venetianus 6A2. The experimen-
tal data reported here indicate that this latter
strain and our isolate appear to be well-suited for
relevant biotechnological applications in conse-
quence of their excellent long-chain n-alkane-de-
grading ability at both temperatures.

The high rate of n-alkane biodegradation must
correlate with an improved substrate uptake
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mechanism. Intimate interaction between the cell
and n-alkane droplet surfaces was observed micro-
scopically, and this adherence is involved in the
solubilization and uptake process. A. haemolyticus
AR-46 exhibits unique behaviour: its cells do not
possess either the thin fimbriae (ca. 3.5 nm in di-
ameter) observed in strain RAG-1, or the common
thick (ca. 5 nm in diameter) ones correlated with
twitching motility, but the diameter of the thick
fimbriae (11Ð14 nm) of AR-46 is unusually large.
These thick fimbriae of the n-hexadecane-adhered
cells are significantly (2Ð3 times) longer than the
fimbriae of the non-adhered and control cells (see
Fig. 3), and the present study suggests that these
long structures play the major role in substrate ad-
herence and solubilization. This phenomenon is
also manifested in their physiological properties.
The interactions between the n-alkane droplets
and the adhered hydrophobic cells are so strong
that cells can not be separated from the substrate
even by intensive centrifugation. Interestingly,
however, the detached n-alkane-grown AR-46
cells in the bulk phase, similarly to cells grown in
rich media, are predominantly unable to adhere
to n-hexadecane because of their constant surface
hydrophilicity. Fewer than 10% of these free
AR-46 cells can attach to the n-alkane, whereas
the analogous values for A. venetianus RAG-1 and
VE-C3 are approx. 90% (Baldi et al., 1999). The
special dynamic balance between the hydrophobic,
adhered cells with long fimbriae and the hydro-
philic, detached cells with short fimbriae com-
prises a novel theory of alkane solubilization. The
products of clustered lpxD-fabZ-lpxA genes lo-
cated adjacently to the alkR-alkM gene may also
play a crucial role in n-alkane solubilization in A.
haemolyticus AR-46. Lipid A and associated lipo-
polysaccharides mainly consist of fatty acid-linked
aminosugars, found in a wide range in cell compo-
nents, e. g. extracellular emulsan, membrane-
bound vesicles (Leahy et al., 2003) and emulsan-
like polymer on the cell surfaces (Pines et al.,
1983), all of which enhance the n-alkane bioavaila-
bility. The dynamic balance theory was strength-
ened by the fact that the intermediates n-hexa-
decan-1-ol and n-hexadecan-1-oic acid and the
wax ester n-hexadecyl-n-hexadecanoate could be
measured from free cells, but not from the media.

GC-MS identification of these compounds and
enzyme assays afforded evidence of the involve-
ment of the monoterminal oxidation pathway in
AR-46. In support of this, the single chromosomal

alkM gene was sequenced. Comparison of the re-
sults of Northern hybridization experiments on A.
spp. demonstrated significant differences in alkane
hydroxlase gene induction and regulation. In A.
sp. strain M-1, the alkMa expression is induced
only by C26ÐC30 n-alkanes, and the alkMb expres-
sion by C16ÐC22 n-alkanes. In contrast, induction
of the alkM gene in AR-46 is evoked by the entire
n-alkane range (C16ÐC30). The dual regulation of
two alkM counterparts also exists in the efficient
n-alkane degrader A. venetianus 6A2. Though
Northern hybridization experiments were not per-
formed, investigation of the growth-supporting
substrate range of alkM gene disruptants indicates
that alkMa is responsible for the degradation of
the C16ÐC18 n-alkanes while alkMb is responsible
for the C10ÐC14 n-alkanes in strain 6A2 (Throne-
Holst et al., 2006). Overall, the alkane induction
profile depends essentially on the regulation
mechanism, and not on the AlkM sequence simi-
larity. AlkM of AR-46 displays 96% identity to
AlkMa of 6A2, and 93% identity to AlkMa of M-
1, but a completely different n-alkane pool can
switch on the transcription of the alkM genes. The
fact that strain AR-46 harbours only one alkM
gene inducible by a wide range of n-alkanes can
be evolutionally advantageous versus 6A2 and M-
1, especially under real environmental conditions,
where the hydrocarbon composition of pollution
is generally diverse.

However, the presence of only one well-induci-
ble alkM gene does not automatically lead to a
high biodegradation rate. The alkM gene of A. sp.
ADP1 is inducible by C12ÐC18 n-alkanes (not de-
tected above; Ratajczak et al., 1998b) and its pro-
tein sequence is similar to AlkM of AR-46 (83%
identity). Moreover, in the upstream regions of
alkM genes, in silico analysis revealed the same
types of putative promoter elements and inverted
repeat sequences serving binding targets for the
AraC-XylS-like AlkR transcription regulator in
both strains. Despite these facts, differences in
AlkR sequences (62% identity), in uptake mecha-
nisms, in subsequent oxidation processes or in
other unknown features can result in great differ-
ences in degradation rates, not only between
AR-46 and ADP1, but also between all Acineto-
bacter species. Otherwise, the rate of growth on n-
hexadecane was found to be much greater for
strain AR-46 than for ADP1, and this isolate is
therefore a good candidate for relevant industrial
applications.
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Further investigations are needed to explain the
unique features of the n-alkane metabolism of
strain AR-46. Experiments are being planned to
elucidate why, if n-hexadecane promotes the
quickest growth of strain AR-46, the alkM gene
can be induced more strongly by n-eicosane. As n-
dodecane did not induce alkM transcription, and
n-alkane dioxygenase and cytochrome P-450 activ-
ities were not detected in the cell extracts, the
depletion of n-dodecane seems to occur via an
unknown degradation pathway. Unfortunately,
deeper genetic analyses are hampered by the very
low efficiency of site-specific recombination. Simi-
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