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Genome sequence of the ubiquitous hydrocarbon-
degrading marine bacterium Alcanivorax borkumensis
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Alcanivorax borkumensis is a cosmopolitan marine bacterium that uses oil hydrocarbons as its exclusive source of carbon and
energy. Although barely detectable in unpolluted environments, A. borkumensis becomes the dominant microbe in oil-polluted
waters. A. borkumensis SK2 has a streamlined genome with a paucity of mobile genetic elements and energy generation-
related genes, but with a plethora of genes accounting for its wide hydrocarbon substrate range and efficient oil-degradation
capabilities. The genome further specifies systems for scavenging of nutrients, particularly organic and inorganic nitrogen and
oligo-elements, biofilm formation at the oil-water interface, biosurfactant production and niche-specific stress responses. The
unique combination of these features provides A. borkumensis SK2 with a competitive edge in oil-polluted environments. This
genome sequence provides the basis for the future design of strategies to mitigate the ecological damage caused by oil spills.

Several million tons of oil are discharged into the oceans every year.
Some of it seeps from natural oil fields, but the bulk of the discharge
comes as a result of anthropogenic activities. One of the most
dramatic polluting events was the spill of oil from the supertanker
Prestige, which sank off the Galician coast of Spain, releasing an
estimated 17,000 tons of heavy fuel oil'. Maintenance of sustainable

ffective measures to reduce oil pollution and mitigate its environ-

r I marine and coastal ecosystems urgently requires the development of

=" mental impact.

A. borkumensis is an unusual, rod-shaped marine y-proteo-
bacterium able to grow on a highly restricted spectrum of
substrates, predominantly alkanes’. This bacterium is found in
low numbers in unpolluted environments, but it quickly becomes
the dominant microbe in oil-polluted open ocean and coastal
waters, where it may comprise up to 80-90% of the oil-degrading
microbial community>®. Several recent field studies on bacterial
community dynamics and hydrocarbon degradation in coastal
systems have demonstrated the pivotal role of A. borkumensis in
oil-spill bioremediation®”.

Bacteria of the genus Alcanivorax belong to a group of
slow-growing marine hydrocarbonoclastic bacteria (HCB; ‘clastic’

from the Greek word klastes, meaning breaker) comprising
bacterial genera, such as Cycloclasticus, Marinobacter, Neptuno-
monas, Oleiphilus, Oleispira and Thalassolituus®, that preferentially
use petroleum-derived aliphatic and aromatic hydrocarbons
as carbon and energy sources. Since the first description of
A. borkumensis in 1998, it has been detected in many marine and
coastal habitats worldwide including the Mediterranean Sea,
the Pacific Ocean, the Japanese and Chinese Seas and the
Arctic Sea®*6=9,

We report here the genome sequence of the marine, hydro-
carbonoclastic bacterium A. borkumensis strain SK2, the first
hydrocarbonoclastic bacterium to be sequenced. Genome analysis
yielded unprecedented insights into the bacterium’s capacity for
(i) n-alkane degradation, including metabolism, biosurfactant
production and biofilm formation, (ii) scavenging of nutrients and
cofactors in the oligotrophic marine environment and (iii) coping
with various habitat-specific stress factors. The genome data and
their functional analysis provide us with an invaluable knowledge
base essential to design, develop, test and optimize rational
strategies to mitigate the ecological damage caused by oil spills in
marine systems.
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RESULTS

General features of the A. borkumensis SK2 genome

The A. borkumensis SK2 genome consists of a single circular chromo-
some of 3,120,143 base pairs (bp) with an average G+C content of
54.7% (Fig. 1). The assembly of the sequence was validated by a
complete bacterial artificial chromosome (BAC) map (Supplementary
Fig. 1 online). Biological roles were assigned to 2,241 of the 2,755
predicted coding sequences. The remaining 514 coding sequences
comprise 316 conserved hypothetical and 198 of unknown function
(Fig. 1 and Table 1).

Genomic comparison of A. borkumensis SK2 to related species
A. borkumensis SK2 is the first sequenced member within the order
l, .I Oceanospirillales of the 7y-Proteobacteria (Fig. 2). Most of the
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. borkumensis SK2—encoded proteins show highest similarity to

=" proteins of y- (1,897; 68.9%) and [-Proteobacteria (302; 11.0%)

(Supplementary Fig. 2 online). BLAST comparisons to nonmarine

members of the Pseudomonaceae, marine y- and o-Proteobacteria as

well as to selected marine Gram-positive bacteria revealed that the

proportion of homologous proteins roughly decreases as phylogenetic
distance increases (Supplementary Fig. 2 online).

Genomic islands and mobile genetic elements

The A. borkumensis SK2 genome has a number of regions with atypical
GC content. One such island (1,011,000 bp to 1,058,000 bp) com-
prises a cluster of 40 genes whose products are predicted to be
involved in cell-surface polysaccharide biosynthesis. A second promi-
nent island (3,057,000 bp to 3,075,000 bp) carries a complete gene
cluster for alkane degradation (alkSB;GJH)'°. This unusual nucleotide
composition may be indicative of horizontal gene transfer or result
from a multitude of factors such as selection or mutation bias.

The A. borkumensis SK2 genome harbors only a small number of
mobile genetic elements such as transposons, insertion (IS) elements
or their remnants. Interestingly, various elements of heavy metal
cation efflux transport systems were identified within a putative
transposon (Supplementary Results 1 online). This paucity of mobile
elements may be explained by counterselection against variants with
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Figure 1 Circular representations of the A. borkumensis SK2 chromosome
displaying relevant genome features. From the outer to the inner concentric
circle: circle 1, genomic position in kb; circles 2 and 3, predicted protein-
coding sequences (CDS) on the forward (outer wheel) and the reverse

(inner wheel) strands colored according to the assigned COG classes; circles
4, 5 and 6, CDS with homologs in P, aeruginosa®® (pink), P. putida®! (light
blue) and . loihiensis3C (green), respectively; circle 7, G+C content showing
deviations from the average (54.7%); circle 8, GC skew. The bar below

the plot represents the COG colors for the functional groups (C, energy
production and conversion; D, cell cycle control, mitosis and meiosis;

E, amino acid transport and metabolism; F, nucleotide transport and
metabolism; G, carbohydrate transport and metabolism; H, coenzyme
transport and metabolism; |, lipid transport and metabolism; J, translation;
K, transcription; L, replication, recombination and repair; M, cell wall/
membrane biogenesis; N, cell motility; O, post-translational modification,
protein turnover, chaperones; P, inorganic ion transport and metabolism;

Q, secondary metabolites biosynthesis, transport and catabolism;

R, general function prediction only; S, function unknown; T, signal
transduction mechanisms; U, intracellular trafficking and secretion;

V, defense mechanisms).

increased numbers of mobile elements, thus avoiding the detrimental
effects of transposition events on the fitness of bacteria. Alternatively,
it may reflect a minor impact of horizontal gene transfer on the
A. borkumensis SK2 genome.

Genetic basis of alkane degradation in A. borkumensis SK2

A. borkumensis SK2’s most distinctive feature is its ability to grow
efficiently and almost exclusively on alkanes>>!b12, Its genome
specifies a number of systems for the catabolism of hydrocarbons
(Figs. 3 and 4). The proteins encoded by the SK2 alkSB;GHJ operon
genes (ABO_2707 ABO_2710, Fig. 3a) have, with the exception of
alkS, >80% amino acid similarity to those of the corresponding, well-
characterized alkane degradation components in Pseudomona putida
strains!®1315, The AIKS of A. borkumensis SK2 shows 48% amino acid
identity with AIKS of P. putida, which has been grouped within the
MalT subfamily of LuxR transcriptional activators'®. The A. borku-
mensis SK2 AlkB; alkane hydroxylase efficiently oxidizes medium-
chain alkanes (C5 to C12). Its expression, as revealed by quantitative
real time (qRT)-PCR, was strongly (44-fold) induced in the exponen-
tial growth phase compared to the stationary phase when grown on
alkanes (Supplementary Fig. 3 online). Other proteins involved in

Table 1 General features of the A. borkumensis SK2 genome

Feature
Size, bp 3,120,143
G+C content, % 54.7
Coding sequences 2,755
Function assigned 2,241
Conserved hypothetical protein 316
Hypothetical protein 198
% of genome coding 87.4
Average length, bp 993
Maximal length, bp 10,803
% ATG initiation codons 82.1
% GTG initiation codons 11.3
% TTG initiation codons 6.6
RNA elements
rRNA 3 x (16S-23S-5S)
tRNAs 42
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his alkane degradation pathway, namely, AIkK (ABO_2748), AlkL
(ABO_1922) and AIKN (ABO_0106), have lower percentage simila-
rities to the orthologs in P. putida, whereas no homolog could be
detected for the alkF gene encoding rubredoxin 1 in P. putida GPol.
However, two genes, rubA and rubB (ABO_0163 and ABO_0162)
encode a rubredoxin and a rubredoxin reductase, respectively, and are
likely to be involved in alkane catabolism. Rubredoxin reductase genes
map in many alkane-degrading bacteria separately from the alkane
hydroxylase genes!®!7.

A second alkane hydroxylase system is specified by ABO_0121,
encoding a GntR transcriptional negative regulator, and ABO_0122,
encoding the alkane hydroxylase AlkB,, which oxidizes medium-chain
alkanes in the range C8 to C16 (ref. 10). Although both alkB; and
alkB, in A. borkumensis SK2 exhibit similar expression patterns, being
simultaneously induced on n-alkanes (Supplementary Fig. 3 online),
their underlying regulation is certainly different and possibly responds
complementarily under different conditions'®. Importantly, both
alkane hydroxylase systems are located close to the origin of replica-
tion of the chromosome (Supplementary Fig. 1 online), which
ensures a high dosage of alkane hydroxylation genes. A search for
alkB genes in sequenced marine organisms and the only marine
metagenomic database available!® revealed that only a comparatively
small number of bacteria harbor alkB homologs and even fewer
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Figure 2 Phylogenetic affiliation of A. borkumensis SK2 based on 16S rDNA
sequence comparison. Neighborhood-joining tree showing a 16S rDNA gene
phylogeny-based placement of A. borkumensis among the y-Proteobacteria.
Sequences were taken from the type strains of the given organisms. Marine
organisms with completely sequenced genomes are highlighted in bold. The
tree is rooted with Aquifex pyrophilus M83548. The a-proteobacterial strain
Silicibacter pomeroyi served as outgroup.

have multiple copies (Supplementary Fig. 4 and Supplementary
Table 1 online).

A. borkumensis SK2 is able to degrade a large range of alkanes
up to C32 and branched aliphatic, as well as isoprenoid hydro-
carbons (e.g., phytane), alkylarenes and alkylcycloalkanes (ref. 20
and M.M.Y., unpublished data). This spectrum is much broader
than expected based on current knowledge about alkane hydroxylase
complexes. Thus, the A. borkumensis SK2 genome must specify a
wider range of systems involved in hydrocarbon catabolism. It
encodes three cytochromes: ABO_2384 for P450(a), and two para-
logous genes ABO_2288 P450(b) and ABO_0201 P450(c). ABO_0201
(P450(c)) clusters in an operon-like structure with genes encoding a
ferredoxin (fdx, ABO_0200), an alcohol dehydrogenase (alk/,,
ABO_0202), a FAD-dependent oxidoreductase (ABO_0203) and an
AraC transcriptional regulator gene (ABO_0199) (Fig. 3a).
Proteome?! and qRT-PCR expression experiments revealed that all
the enzymes encoded by this gene cluster were upregulated on hexa-
and tetradecane. Furthermore, all three genes for P450
(ABO_0201,ABO_2288, ABO_2384) were specifically expressed in
the presence of isoprenoid hydrocarbons, whereas at exponential
growth phase, substantially lower levels of mRNA, or none at all,
were demonstrated for alkB, and alkB; genes, respectively (Supple-
mentary Fig. 3 online). The two alkane-induced cytochromes of
A. borkumensis SK2 are phylogenetically grouped in one branch with
the P450 cytochrome of Acinetobacter sp. EB104 (Fig. 3b), which
catalyzes the terminal oxidation of alkanes?2. Thus, the three P450
systems are likely to account for an important part of the expanded
hydrocarbon degradation capacity of A. borkumensis SK2. A metabolic
reconstruction of these various alkane degradation pathways is
depicted in Figures 3c and 4. It is anticipated that a fraction of the
large number of enzymes, especially oxidoreductases with unknown
specificity (see Biotechnological potential below), might be involved
in hydrocarbon catabolism. The versatility and wider spectrum
for hydrocarbon utilization clearly provides A. borkumensis SK2 a
competitive advantage over other members of oil-degrading marine
microbial communities.

Emulsification of hydrocarbons by A. borkumensis SK2

The production of biosurfactants facilitates emulsification of alkanes,
enhances their bioavailability and increases the degradation rate of
these hydrophobic organic substrates. A. borkumensis forms stable
emulsions of hydrocarbon in water and produces biosurfactants®.
These biosurfactants are anionic glucolipids carrying four fatty
acids of varying chain lengths'!. The genetic organization of the
glucolipid biosynthesis remains unclear in A. borkumensis SK2,
but genome annotation revealed candidate genes potentially involved
in biosurfactant production. ABO_1783 and ABO_2215 encode
glycosyltransferases, exhibiting significant homology with RhIB
from Pseudomonas aeruginosa®® and glycosyltransferase protein
family 9, respectively. These gene products possibly provide the
sugar moiety of the glucolipids, yielding glucose lipid surfactants.
A. borkumensis SK2 also expresses an OprF/OmpA protein encoded
by ABO_0822, which is upregulated when grown on alkane®.
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Figure 3 Genetic determinants involved in alkane degradation in

A. borkumensis SK2. (a) Clusters of genes encoding proteins involved
in alkane degradation in A. borkumensis SK2 (see text for details).

(b) Neighborhood-joining tree showing the phylogenetic affiliation of the
P450 cytochromes of A. borkumensis SK2. Two identical alkane-induced
cytochromes P450(b) (ABO_2288) and P450(c) (ABO_0201) cluster
with the Acinetobacter EB104 cytochrome P450. Cytochrome P450(a)
(ABO_2384) is affiliated distantly. The tree is rooted with the methyl-
CoM-reductase subunit A from Methanolubus tindarius (gbU22244).
(c) Reconstruction of putative alkane degradation pathways in

A. borkumensis SK2 (see text for details).

OmpA proteins, the active constituents of the biosurfactant alasan,
have been demonstrated to efficiently emulsify hydrocarbons®> and
to be produced by a number of oil-degrading y-Proteobacteria®®.
A.  borkumensis SK2 harbors determinants of OprG/OmpW
(ABO_1922) and OmpH (ABO_1152), which are also possibly
involved in emulsifier production.

ecretion and biofilm formation in A. borkumensis SK2

Owing to the low solubility of hydrocarbons in water, bacterial
degradation takes place mainly at the hydrocarbon-water interface.
A. borkumensis SK2 attaches readily to the oil-water interface of
hydrocarbon droplets in salt water (Fig. 4). The A. borkumensis
SK2 genome has many determinants for the biosynthesis, export,
modification and polymerization of exopolysaccharides putatively
involved in biofilm formation. Forty of these determinants are
identified in a 50-kb region of lower G+C content (1,011,000 bp
to 1,058,000 bp), which codes for putative glycosyltransferases,
for proteins predicted to be involved in sugar nucleotide bio-
synthesis and addition of noncarbohydrate decorations, as well as
export and polymerization of polysaccharides. A cluster putatively
specifying alginate biosynthesis is located elsewhere (432,500 to
448,500, Supplementary Results 2 online). The A. borkumensis
SK2 chromosome harbors 16 pil genes related to Type IV pili,
which mediate the formation of biofilms and are involved in
surface translocations?’. A number of determinants for a Type II
secretion system, Sec translocon and twin-arginin translocation
(Tat) have been identified, as well as five genes putatively encoding
secretion proteins of the HlyD family (Fig. 4). Most of the above
genes are likely to be involved in the formation of biofilms at
oil-water interfaces.
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Nutrient transport and sodium dependency

The success of a bacterium in the generally oligotrophic marine
environment depends on effective scavenging of elements such as N
and P, S and various oligo-elements such as Fe, Zn, Co, Mg, Mn and
Mo. A. borkumensis SK2 encodes genes for a broad range of transport
proteins (Fig. 4, see also Supplementary Results 2 online). These
comprise determinants for about 50 permeases, of which roughly
half belong to high affinity ABC-transport systems, five major
facilitator superfamily transport systems and two TRAP C4-dicarbox-
ylate transporters (DctP, ABO_2146 and ABO_0688). No other
carbohydrate transporters, such as ABC-type transport systems
for ribose, xylose, arabinose and galactoside, that are usually present
in other bacteria, were identified. This is consistent with A. borku-
mensis SK2’s reported inability to grow on or to use many common,
simple carbohydrates?.

Many of the transport systems in A. borkumensis SK2, consistent
with its marine lifestyle, are linked to Na'* pumps (Fig. 4). The
A. borkumensis SK2 genome encodes six subunits of a Na*-dependent
NADH-quinone dehydrogenase (nqrABCDEF, ABO_1032-1037),
enabling it to use the sodium gradient as a source of energy for
nutrient uptake. Export of sodium ions at the expense of the
proton gradient is performed by a variety of sodium/proton
antiporters, including the multisubunit Na*/H* antiporter
(mnhABCDEFG genes, ABO_2653-2658), as well as NhaD
(ABO_0238), NhaB (ABO_1226), NhaP (ABO_1404) and NhaC
(ABO_2329) (Fig. 4). A. borkumensis SK2 also encodes a symporter
for Na*/alanine (dagA, ABO_0618), Na*/sulfate (ABO_0929), Na*/
glutamate (ABO_1478 and ABO_1616, see above) as well as several
other Na'*-dependent symporters (ABO_0344, ABO_1913,
ABO_2155, ABO_2158, ABO_2678).
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The A. borkumensis SK2 genome encodes diverse and alternative
systems for the uptake of both dissolved organic and inorganic
nitrogen?®. Phosphate uptake is mediated by a high-affinity ABC-
type Pst system encoded by phoU-pstBACS, ABO_2681-2685 and
phoBR (ABO_0166, 0167), as well as by a low-affinity transporter
protein (encoded by ABO_2305). In addition to this array of N, P and
S uptake systems (for details see Supplementary Results 2 online),
SK2 specifies the import of various oligo-elements, such as molybdate
(modABC, ABO_1254-1256), zinc (znuAB, ABO_0155-0157), magne-
sium and cobalt (ABO_1335), and magnesium (mgtE, ABO_0541).
This wealth of scavenging abilities enables A. borkumensis SK2 to use
its alkane-degrading potential to tackle quickly and effectively the
sudden increase in carbon availability and consequent carbon/nutrient
imbalance that results from typical oil spills. Indeed, although many
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constituents in crude oil are biodegradable, the main limitation to
their actual biodegradation is nutrient availability, particularly nitro-
gen and phosphorus®. These features thus provide the genomic basis
underlying the overwhelming ecological success of A. borkumensis
and underpin its potential for bioremediation of oil-contaminated
marine environments.

Metabolic specialization and biotechnological potential

A. borkumensis SK2, like other hydrocarbonoclastic bacteria, has a
limited substrate range for its growth?. The absence of a functional
PEP-dependent sugar/phosphotransferase system or other types of
sugar transporters, as well as the lack of several determinants for key
enzymes of the glycolytic, pentose phosphate shunt and Entner-
Doudoroff pathways (Supplementary Results 1 online), is consistent

¥
% Oilphase

vo,?

EPS
Water phase

Dihydroxy-
acetone-3-P

Fructose
= 16PP _’4_ Fructose-6-P

Glycer- Glucose and

40/0 Glucose lipid aldehyde-3-P \‘ / monomeric sugars
Nitrate (surfactant) % Glucose 6-P
A, biosynthesis. AIKK Xy\ulose 5-P
B S 1,3-PP-glycerate
Glucose 1-P Glucose

Rlbulose 5-P

+ Purines, pyrimidines
prve B
FAD, folate, riboflavin :

L-Isoleucine

\{
g"a e\.. L-Serine &
- aceto \A 2-oxo-
g 5 PS
lactate L-Glycine % L-Threonine butanoate E
Citrate
2-oxoiso- P LValine
valerate | 5
b 2osommonr 5 ieopropyi
- Isocitrate malate
L-Proline L-Methionine :
ADP
2-oxoglutarate " ' L-Leucine ?i l
H*

Ectoine biosynthesis

NatH TypeliType IV %\ arginino- *Argmme ¢T VG)\
Glu = = . succinate
H*/betaine, carnitine P/\Q él Secretion pathways l L-Glutamine
K/C\tru\hn O”“”"”e : Ubiquinone- dehydlo- v"? 11
Sg\w Carbamoyl- P \ N2 SLA L o TonB-dependent
dmarboxylates receptor
Mo Zn NO,” —b No,”

4CzC
ohgopeptlde

C
Co™,
Mgzl
Cation
transporter
ATPases

i

Ca/

oot
2n2+/0d2+

Mﬁﬁw

é ; o /
Natye NaTHT NH* K* Na*-efflux

Figure 4 Schematic overview of metabolism and transport in A. borkumensis SK2. The background is a transmission electron micrograph (TEM) of an
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nitrogenous compounds (dark green), carboxylates (light green), drug efflux and other (dark gray). Export or import of solutes is designated by the direction

of the arrow through the transporter. The energy coupling mechanisms of the transporters are also shown: solutes transported by channel proteins are shown
with a double-headed arrow; secondary transporters are shown with two arrowed lines indicating both the solute and the coupling ion; ATP-driven transporters

are indicated by the ATP hydrolysis reaction; transporters with an unknown energy-coupling mechanism are shown with only a single arrow. The P-type
ATPases are shown with a double-headed arrow to indicate they include both uptake and efflux systems. Where multiple homologous transporters with

similar substrate predictions exist, the number of that type of protein is indicated in parentheses. Abbreviations of less common terms: EPS, extracellular

polysaccharides; AA, amino acids: BCCT, betaine/carnitine/choline transporters; GSP, general secretion pathways; PRPP, 5’-phospho-alpha-p-ribose
1-diphosphate; Mhn, complex sodium/proton antiporter involved in sodium excretion.
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with the inability of A. borkumensis SK2 to utilize simple hexoses and
other simple carbohydrates for growth.

The A. borkumensis SK2 genome encodes a number of proteins
putatively involved in metabolic reactions of potential biotechnologi-
cal interest, including eight hydrolases of the haloacid dehydrogenase/
epoxide family, two determinants for dienelactone hydrolases
(ABO_1618 and ABO_1886), three for deacylases, 36 for various
cytochrome proteins and 30 for oxidoreductases. Various oxidoreduc-
tase genes are clustered together or in operon-like structures with
determinants for monoxygenases, aldehyde dehydrogenases, decarbox-
ylases, Rieske 2Fe-2S family proteins, transcription regulators and/or
transporter-coding genes. The genome also includes 11 genes coding
for different lipases/esterases of unknown specificity. Two of these
esterases were purified and functionally characterized. They exhibit
excellent enzymatic activity up to two orders of magnitude higher
than typical esterases, have a wide substrate profile, remarkable
enatioselectivity and chemical resistance, which underscores their
potential for the resolution of chiral mixtures in biocatalysis
(M.E et al, unpublished data). Thus, overall, A. borkumensis SK2
exhibits a biotechnological potential that goes well beyond its applica-
tion to marine oil degradation.

Stress responses and osmoregulation
In addition to general regulation and signal transduction mechanisms
(Supplementary Results 2 online), A. borkumensis SK2 specifies a
number of habitat-related stress-response systems. Being a marine
organism that thrives mostly in the upper layers of the ocean,
A. borkumensis SK2 harbors a number of genes involved in reducing
the damaging effect of UV radiation. The full gene complement
for DNA alkylation and base excision repair, recombinational and
nucleotide excision repair, and those for the RecF pathway and SOS
response are shown in Supplementary Table 2 online. A. borkumensis
specifies as well a variety of chaperone-like activity proteins, many of
which are commonly found in all bacterial genomes (Supplementary
Results 2 online). Interestingly, however, and like Idiomarina
loihiensis?® and other marine bacteria, A. borkumensis SK2 specifies
a relatively low number of cold-shock proteins as compared to
Yo\ bacteria such as Escherichia coli. A. borkumensis SK2 encodes three
@Na*-driven multidrug efflux pumps (ABO_0158, ABO_1554 and
=" ABO_2623), as well as several systems for detoxification of com-
pounds like arsenate, mercury, copper and other heavy metals. (Fig. 4
and Supplementary Results 1 online). Halotolerant bacteria
generally accumulate K*, glutamate and the compatible solutes
ectoine and betaine as osmoprotectants. Accordingly, and in addition
to the uptake systems for glutamate (glfP, ABO_1478, gItS,
ABO_1616) and choline/betaine (ABO_0232, ABO_0637 and
ABO_0808), the A. borkumensis SK2 genome contains the genetic
determinants for the biosynthesis of glutamate (gltA, ABO_1501, giB,
ABO_2229, gltD, ABO_2228 and gltX, ABO_1509), ectoine (ectABC,
ABO_2150_2152) and (putatively) betaine (ABO_0886) (Fig. 4).
However, genes for the synthesis of other organic compatible solutes,
such as trehalose, di-inositol phosphate or mannosylglycerate, were
not identified. Determinants for ATP-dependent K* transporters are
absent, which may indicate a strategy for minimization of ATP
expenditure in response to consistently high salt concentrations in
marine environments.

© 2006 Nature Publishing Group http://www.nature.com/naturebiotechnology

DISCUSSION

The analysis of the genome sequence of A. borkumensis SK2
has provided us with valuable insights into the genomic basis of
its (i) unusual metabolic capability and cellular composition,
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(ii) oligotrophic lifestyle and high affinity for hydrocarbon substrates,
(iii) genomic responses to the signals and environmental stresses it
faces in its natural environment and (iv) ability to overcome carbon/
nutrient imbalances typical of oil spills to degrade a range of oil
hydrocarbons and to dominate oil-degrading microbial communities.
A. borkumensis attains its ecologically competitive advantage to both
adapt rapidly to the presence of oil and thrive in most oceans of the
world, by relying on a streamlined and efficient combination of
essential, central metabolic functions with remarkable hydrocarbon
degradation and emulsification abilities and a broad nutrient uptake
complement, in particular for organic and inorganic nitrogen. The
ubiquity of A. borkumensis reflects its highly developed ability to adapt
to the varying conditions it faces in different unpolluted and polluted
marine environments. Future functional studies involving spatiotem-
poral proteomic, transcriptional and metabolomic profiling of
A. borkumensis under a wide range of hydrocarbon-relevant
conditions (including pilot- and field studies), complemented with
thorough, systematic and targeted functional investigations, will
largely expand our insights into marine hydrocarbon degradation.
The availability of this expanded knowledge base, in conjunction with
the growing wealth of (meta)genomic, microbial diversity and popu-
lation dynamics data®’, provides a framework within which to study
the interactions among hydrocarbon-degrading communities and the
impact of environmental conditions on the genetic programs under-
lying oil degradation, stress responses and ecological fitness. This
framework will thus undoubtedly contribute to the development of
new strategies for the bioremediation of petroleum-contaminated
marine sites.

METHODS

Whole genome shotgun sequencing. Genomic DNA of A. borkumensis SK2
(ref. 2) was extracted from cells grown at 30 °C in ONR7a medium?®! by using
the GNOME DNA isolation kit from Qbiogene. The isolated DNA was used for
construction of DNA shotgun clone libraries with insert sizes of 1 kb, 2-3 kb
and 8 kb in pUC19 vector®? by Qiagen GmbH. Plasmid clones were end
sequenced on ABI 3700 capillary sequencing machines (ABI) by Qiagen
GmbH. Base calling was carried out using PHRED?***. High-quality reads
were defined by a minimal length of 250 base pairs with an average quality
value of >phred 20. While sequencing the A. borkumensis genome, we had to
readjust the estimated genome size of 2.1 Mbp (as measured by pulse field gel
electrophoresis) to a real size of ~ 3.1 Mbp®. Finally, 32,428 high-quality reads,
a total of 11,472 (2.0 X), 13,052 (2.3 X), and 7,904 (1.4 X) end sequences from
libraries of 1 kb, 2-3 kb and 8 kb, respectively, were established (X’s indicate
genome equivalents).

Sequence assembly and assembly validation. Base calling, quality control and
vector sequence elimination of the sequences were performed using the soft-
ware package BioMake (Bielefeld University, unpublished) as described?”.
Sequence assembly was performed by using the PHRAP assembly tool
(http://www.phrap.org). The CONSED/AUTOFINISH software package’®?’,
supplemented by the in-house tool BACCardI*®, was used for the finishing of
the genome sequence.

For gap closure and assembly validation, a BAC library with inserts of
~100 kb was constructed by Molecular Engines Laboratories, as described®.
Sequencing of BAC ends was carried out on ABI 3100 and ABI 377 sequencing
machines by Integrated Genomics GmbH and IIT GmbH, respectively.
Remaining gaps of the whole genome shotgun assembly were closed
by sequencing on shotgun and BAC clones carried out by IIT GmbH on
LI-COR 4200L (LI-COR) and ABI 377 sequencing machines and by direct
sequencing with chromosomal DNA as a template on an ABI 3730x] DNA
analyzer by the sequencing group of the Max Planck Institute for Develop-
mental Biology. To obtain a high quality genome sequence, we polished
all regions of the consensus sequence to at least phred 40 quality by
primer walking. Collectively, 1,471 sequencing reads were added to the shotgun
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assembly for finishing and polishing of the genomic sequence. Repetitive
elements, that is, rRNA operons, were sequenced completely by primer
walking on BACs and, in some cases, on shotgun clones. For assembly
validation, BAC end sequences were mapped onto the genome sequence using
the BACCardI tool.

Assembly and genome analysis. Curation and annotation of the genome was
done by using the annotation system GenDB*’. Briefly, a combined gene
prediction strategy*! was applied on the assembled sequences using GLIMMER
and CRITICA. Putative ribosomal binding sites and transfer RNA genes were
identified with RBSFINDER*? and tRNAscan-SE*, respectively. Before the
manual annotation of each predicted gene, an automatic annotation was
computed based on different tool results as follows: similarity searches were
performed against different databases including SWISS-PROT and TrEMBL,
KEGG, Pfam, TIGRFAM and InterPro. Additionally, SignalP, helix-turn-helix
and TMHMM were applied. Finally, each gene was functionally classified
by assigning a Clusters of Orthologous Groups (COG) number and its
corresponding COG category** and GeneOntology numbers.

Genomic comparisons. For comparative analyses, the annotated genome
sequences of the following bacteria were imported into GenDB: Pseudomonas
aeruginosa PAO1 (gb|AE004091), Pseudomonas putida KT2440 (gb|AE015451),
Idiomarina loihiensis L2TR (gb|NC_006512). Homology searches were con-
ducted against the genomes and the plasmids on the nucleotide and amino acid
sequence level by using BLAST#. Comparisons of chromosomal sequences
were performed with GenDB.

Detection of regions with atypical GC content. Genomic regions with atypical
G+C content were identified using the ‘sliding window’ technique with a
window size of 2,000 bp and a step size of 1,000 bp. For this purpose, the G+C
content was assumed to follow a gaussian distribution and regions with at least
1.5 s.d. difference from the mean were calculated.

Construction of phylogenetic trees. Homologs were identified using
BLAST analysis with a cutoff E-value of le-45 and >50% sequence alignment.
Rooted neighbor-joining phylogenetic trees were constructed using the
ClustalX 1.83 tool¥, edited and visualized by NJPLOT*® and TreeExplorer
software MEGA package?®.

Database submission. The nucleotide sequence of the A. borkumensis SK2
genome was submitted to GenBank under accession number AM286690.

la.l Note: Supplementary information is available on the Nature Biotechnology website.
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