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Vibrio furnissii M1 was recently reported to biosynthesize n-alkanes when grown on biopolymers, sugars, or
organic acids (M. O. Park, J. Bacteriol. 187:1426-1429, 2005). In the present study, V. furnissii M1 was
subjected to genomic analysis and studied biochemically. The sequence of the 16S rRNA gene and repetitive
PCR showed that V. furnissii M1 was not identical to other V. furnissii strains tested, but the level of relatedness
was consistent with its assignment as a V. furnissii strain. Pulsed-field gel electrophoresis showed chromosomal
bands at approximately 3.2 and 1.8 Mb, similar to other Vibrio strains. Complete genomic DNA from V. furnissii
M1 was sequenced with 21-fold coverage. Alkane biosynthetic and degradation genes could not be identified.
Moreover, V. furnissii M1 did not produce demonstrable levels of r-alkanes in vivo or in vitro. In vivo
experiments were conducted by growing V. furnissii M1 under different conditions, extracting with solvent, and
analyzing extracts by gas chromatography-mass spectrometry. A highly sensitive assay was used for in vitro
experiments with cell extracts and [**C]hexadecanol. The data are consistent with the present strain being a
V. furnissii with properties similar to those previously described but lacking the alkane-producing phenotype.
V. furnissii ATCC 35016, also reported to biosynthesize alkanes, was found in the present study not to produce

alkanes.

The need for renewable energy sources will require the
development of biofuel options other than ethanol. One excel-
lent fuel option would be bio-alkanes. Alkanes comprise the
major component of current petroleum-based fuels. A biolog-
ical petroleum would be renewable and completely compatible
with existing fuel infrastructure. Thus, considerable interest
was generated by recent reports of high-level n-alkane forma-
tion by the bacterium Vibrio furnissii M1 (22, 23, 24).

V. furnissii strains were recognized as a distinct species in
1983 (6). Other Vibrio species, such as V. cholerae (8) and V.
parahaemolyticus (30), have been more extensively studied be-
cause of their significant pathogenicity in humans. Both of the
latter species (12), along with V. vulnificus (7) and V. fischeri
(25), have been subjected to genomic sequencing that has been
completed and published. V. furnissii has been most extensively
studied with respect to its physiological and genetic mecha-
nisms of chitin degradation (3, 17). Marine vibrios are prom-
inent chitinolytic organisms (18).

Thus, the recent report of a V. furnissii strain biosynthesizing
appreciable quantities of n-alkanes was unusual and interesting
(22, 23, 24). The organism was isolated from activated sludge
of a sewage disposal plant located in the Osaka prefecture of
Japan (24). It was reported to produce a copious lipid layer
that floated on top of liquid cultures. The culture lipids were
found to consist of 48% alkanes (24), and the alkane-produc-
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ing phenotype was the subject of three papers published be-
tween 2001 and 2005. The reports were significant for several
reasons. First, n-alkanes were produced during growth on re-
newable carbon sources such as sugars and polysaccharides.
The latter included starch, chitin, and xylan. This is of specific
interest when considering substrates for large-scale growth for
production of a usable biofuel. Second, the amount of alkanes
was significant, accounting for as much as 35% of the carbon
consumed (23). Third, the n-alkane backbone was proposed to
derive largely from the reduction of fatty acids through a novel
mechanism, the reduction of a fatty alcohol to an alkane (22).
This mechanism would be both interesting and commercially
appealing, as there would be no loss of carbon in a pathway
condensing acetyl coenzyme A (acetyl-CoA) units into a long-
chain acyl-CoA followed by six-electron reduction to yield an
alkane.

The present study was conducted to investigate the alkane-
producing phenotype of V. furnissii M1 using a combined ap-
proach of whole-genome sequencing and biochemical studies.
The major findings were that alkane-producing genes could
not be identified and alkane biosynthesis could not be demon-
strated in vivo or in vitro.

MATERIALS AND METHODS

Microorganisms and cultivation. V. furnissii M1 was kindly provided by Ka-
zuya Watanabe of the Marine Biotechnology Institute, Japan. Other strains were
obtained from the American Type Culture Collection (ATCC, Manassas, VA).

V. furnissii M1 was cultivated in three different media. Marine liquid medium
contained 37.4 g marine broth 2216 (Becton Dickinson and Company, Franklin
Lakes, NJ) per liter distilled water. Luria-Bertani broth was adjusted to 4%
(wt/vol) NaCl. Medium 3 contained 2.0 mg EDTA - 2Na, 2.8 mg H;BO3, 0.75
mg Na,MoO, - 2H,0, 0.24 mg ZnSO, - 7H,0, 1.6 mg MnSO, - H,0, 0.04 mg
Cu(NO;), - 3H,0, 0.75 mg CaCl, - 2H,0, 0.2 mg MgSO, - 7TH,O, 10 mg
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FeSO, - TH,0O, 30 g NaCl, 1.32 g (NH,),SO,4, 0.2 g yeast extract, 8.7 g
K,HPO, - 3H,0, and 8.4 g KH,PO, per liter distilled water. Carbon sources
used were 1.64 g sodium acetate, 1.92 g sodium propionate, 2.70 g disodium
succinate hexahydrate and 1.87 g disodium L-malate per liter. The pH was
adjusted to 7.0 with KOH. After autoclaving, the following filter-sterilized re-
agents (Sigma-Aldrich, St. Louis, MO) were added: 0.025 mg thiamine-HClI,
0.025 mg p-biotin, 0.025 mg nicotinamide, and 0.025 mg p-amino benzoic acid
per liter. Plates were prepared by the addition of 1.5% (wt/vol) granulated agar
(Becton Dickinson and Company) to broth media.

All strains were maintained as frozen stocks and grown at 37°C with agitation
at 210 rpm, unless otherwise noted. Strains were initially transferred from frozen
stocks onto marine agar plates. After 18 to 24 h, isolated colonies were used to
inoculate 3 ml of medium 3. After approximately 18 h, measurements of optical
density at 600 nm (ODg,) (Beckman DU 7400) ranged from 1.3 to 2.0. Two
hundred microliters of each preculture was used to inoculate 20 ml of marine
broth or medium 3 in 25-ml Erlenmeyer flasks. Cultures were grown under
numerous conditions to test for alkane formation. Among the factors tested were
degree of aeration, alternate carbon sources, different medium types, and har-
vesting media and cultures at various growth stages over 1 to 7 days. The
conditions used in different experiments are provided with the relevant results
below.

Chemicals. Chromasolv chloroform (Sigma-Aldrich, St. Louis, MO), spectro-
photometric-grade methanol (Sigma-Aldrich), hexanes (Mallinckrodt, Hazelwood,
MO), diethyl ether (Fisher Scientific, Hampton, NH), heptane (Sigma-Aldrich),
octacosane (Acros Organics, Geel, Belgium), and hexadecane (Sigma-Aldrich) were
obtained from the sources indicated.

[1-'*C]hexadecanol (Moravek Biochemicals Inc., Brea, CA) was 56 mCi/mmol
and had a radiochemical purity of 99.3%.

Analytical methods. Analytical methods largely followed those described by
Park et al. (23, 24). Cultures were extracted following the Bligh and Dyer
protocol (4). The concentrated extract was developed with 80:20:1 hexanes—
diethyl ether—water on silica gel thin-layer chromatography plates. Spots were
eluted with chloroform, concentrated to 100 pl, and analyzed by gas chromatog-
raphy-mass spectrometry (GC-MS). To ensure that alkanes were not lost during
initial chromatography, extracts were also directly analyzed by GC-MS. GC-MS
analysis was conducted with an HP6890 gas chromatograph connected to an
HP5973 mass spectrometer (Hewlett Packard, Palo Alto, CA). GC was con-
ducted under the following conditions: helium gas, 1 ml/min; HP-5 column (5%
phenylmethyl siloxane capillary; 30 m by 250 pum by 0.25 pwm); temperature ramp,
100 to 300°C; 10°C/min. The mass spectrometer was run under the following
conditions: electron impact at 70 eV and 35 pA.

In experiments where analytical standards were spiked into growth medium,
125 nmol hexadecane was added at the end of the growth phase to a 20-ml
culture grown on medium 3 for 11 days. Octacosane (0.25 wmol) was used to
spike a 50-ml culture grown on medium 3 containing 10 mM D-glucose for 24 h.
The cultures were then extracted and handled as described previously.

Methods relating to alkane contamination reduction. The following methods
were instituted to reduce alkane contamination during the course of the present
study. The chloroform solvent used for extractions was switched from Chroma-
solv to Chromasolv Plus (both from Sigma-Aldrich, St. Louis, MO). All glassware
was rinsed twice with Chromasolv Plus solvent prior to use. Stoppers were
neoprene rubber, and Teflon stopcocks were used in separatory funnels. Contact
of any solvents or other components with plasticware was avoided. In total, these
methods greatly reduced the introduction of contaminating alkanes.

In vitro experiments. Cell-free enzyme fractions were obtained and assays
were conducted as described previously by Park (22). Minor modifications were
as follows: dispersal was accomplished by shaking rather than sonication to
prevent generating radioactive aerosols; 10-mg protein aliquots were used in the
assay for greater sensitivity.

REP-PCR and pulsed-field gel electrophoresis (PFGE). Genomic relatedness
of Vibrio strains was investigated utilizing repetitive extragenic palindromic PCR
(REP-PCR) DNA fingerprinting with the primers ERIC 1R (3’-CACTTAGGG
GTCCTCGAATGTA-5") and ERIC 2 (5'-AAGTAAGTGACTGGGGTCAGC
G-3") (9). PCR amplification was performed using the following protocol: 95°C
for 2 min; 30 cycles of 94°C for 3 min, 92°C for 30 s, 50°C for 1 min, and 65°C for
8 min; final extension at 65°C for 8 min. Samples were separated on a 1.5%
SeaKem LE agarose (Cambrex Bioscience, Rockland, ME) gel in 1X Tris-
acetate-EDTA (TAE) at 4°C for 16 h at 68 mV and stained for 20 min with a
solution containing 0.5 pg of ethidium bromide per ml. Gel images were ana-
lyzed by BioNumerics v.2.5 software (Applied-Maths, Sint-Martens-Latem, Bel-
gium) and normalized to an external 1-kb reference ladder. DNA fragments less
than 300 bp long were not used in analyses. DNA fingerprint similarities were
calculated using Pearson’s product-moment correlation coefficient with 1% op-
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timization. Dendrograms were generated using the unweighted pair-group
method using arithmetic averages (9, 13, 14).

DNA for PFGE was prepared from cells lysed in plugs (11). Cells were grown
on marine agar plates overnight at 37°C, washed once in 1 ml resuspension buffer
(100 mM Tris [pH 8.0], 100 uM EDTA), and then resuspended to an absorbance
at 600 nm of 2.1. One part cell suspension was mixed with 20 pl of 20-mg/ml
protein kinase A (VWR International) and 1 part 2% SeaPlaque GTG agarose
(Cambrex BioScience, Rockland, ME) in 1X TAE and molded into plugs. Plugs
were lysed at 55°C in 10 ml lysing solution (50 mM Tris [pH 8.0], 50 uM EDTA,
1% sodium dodecyl sulfate, 1% N-laurylsarcosine, 0.1 mg/ml protein kinase A)
for 2 h. Plugs were washed four times in Tris-EDTA and twice in 0.5X TAE.
Plugs were immediately used in PFGE.

PFGE was performed with a CHEF DRII system (Bio-Rad, Richmond, CA).
Agarose-imbedded DNA was run on 0.8% Megabase agarose (Bio-Rad) in 0.5X
TAE at 14°C. Conditions were 72 h, initial pulse time of 1,200 s, final pulse time
of 1,800 s, at 2mV/cm (11). The gel was stained with a solution containing 0.5 g
of ethidium bromide per ml. Chromosome sizes were estimated based on the
mobility of unknowns in comparison with DNA samples of known base pair
composition (Bio-Rad).

Genome sequencing and annotation. DNA for sequencing was collected as
previously described (26). V. furnissii M1 was grown overnight in marine broth.
Cells were centrifuged at 10,000 rpm for 10 min at 4°C, washed once in TEN
buffer (50 mM Tris, 20 uM disodium EDTA, and 50 mM NaCl, pH 8.0), and
resuspended in 8 ml TEN buffer. Cells were lysed by adding 1 ml of a 5-mg/ml
lysozyme solution (Promega, St. Louis, MO) at 37°C for 30 min followed by 1 ml
of 5 mg/ml predigested pronase solution (Promega) at 37°C for 30 min, and then
1 ml 20% N-laurylsarcosine (Promega) at 37°C for 1 h. Eleven grams of cesium
chloride was added, followed by 1 ml of 10-mg/ml ethidium bromide. The solu-
tion was centrifuged at 40,000 rpm at 20°C for 40 h. DNA bands were isolated
using a syringe, ethidium bromide was extracted using salt-saturated butanol, and
the DNA was dialyzed overnight against four washes of 0.01 M Tris-HCI, pH 8.0,
containing 0.1 mM EDTA. The DNA was confirmed to be from V. furnissii by
16S rRNA sequencing. 16S rRNA was amplified by PCR using the primers 27f
(5'-AGAGTTTGATCMTGGCTCAG-3") and 785r (5'-GGACTACCIGGGTA
TCTAATCC-3"), 530f (5'-GTGCCAGCMGCCGCGG-3") and 1100r (5'-GGG
TTGCGCTCGTTG-3"), and 926f (5'-AAACTYAAAKGAATTGACGG-3")
and 1492r (5'-TACGGYTACCTTGTTACGACTT-3'), using the following con-
ditions: 95°C for 5 min; 35 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 90 s;
72°C for 5 min. PCRs were performed in duplicate and sequenced at the Bio-
medical Genomics Center at the University of Minnesota. The DNA fragments
used for genomic sequencing were determined to be longer than 15 kb via
electrophoresis on a 1% agarose gel.

Genome sequencing and contig assembly were performed by the Center for
Genomic Sciences at the Allegheny-Singer Research Institute, using a 454 se-
quencer (454 Life Sciences, Branford, CT). The Newbler assembly program was
used to order the sequences into 121 contigs. In order to annotate the contigs, a
single pseudochromosome was constructed using a linker sequence which allows
identification of partial genes at contig margins, as described by Tettelin et al.
(29).

The resulting pseudochromosome was subjected to automated annotation via
GenDB (19). Pfam (27) and hidden Markov models (HMM) (10) for local and
global alignments were used to search the M1 genome for specific protein
targets. Additional functionality was screened by searching the M1 genome using
BLASTP (1).

Functional analysis of ORF 275. V. furnissii M1 genomic DNA and the primers
GGATTATGGCATATGATGTTAGAT and TCTTTTCGAAACTTAACGCA
were used to amplify open reading frame (ORF) 275 using the PCR. Primers
contained the Ndel and HindIII restriction sites, respectively. The gene was
cloned separately into either pET28b+ or pET30a+ vectors (Novagen, San
Diego, CA) and transformed into Escherichia coli BL-21 cells. Starter cultures of
the recombinant E. coli strain, grown at room temperature to an ODy, of 0.5 to
0.6, were used to inoculate 100-ml cultures. These cultures were grown at 15°C
to an ODg of 0.4 to 0.5 and induced with 1 mM isopropyl-B-p-1-thiogalacto-
pyranoside for 19.5 h before harvesting. Crude extracts were prepared from both
PET vectors by sonication on a Biosonik sonicator (Bronwill Scientific, Roches-
ter, NY) at 80% intensity. Purified His-tagged protein was prepared from the
pET28b+ construct. Crude extracts were passed over a nickel column (Novagen)
and eluted with a solution of 1 M imidazole, 20 mM Tris [pH 7.9], 50 mM NaCl.

Acetaldehyde dehydrogenase (CoA-acetylating) activity was measured by
monitoring NADH production or consumption at 340 nm on a Beckman DU 640
spectrophotometer (Beckman Coulter, Fullerton, CA). All solutions were pre-
pared in 20 mM Tris, pH 7.5. Conversion of acetaldehyde and CoA to acetyl-
CoA was measured with both crude extracts and purified protein. The final assay
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FIG. 1. REP-PCR of genomic DNA from V. furnissii M1 and con-
trol strains. Percent relatedness was determined as described in Ma-
terials and Methods. The lanes contained DNA from the following
strains: 1, V. furnissii ATCC 33841; 2, V. furnissii ATCC 35627; 3, V.
Sfurnissit ATCC 35016; 4, V. furnissii M1; 5, V. furnissii ATCC 35628; 6,
V. parahaemolyticus LM5312; 7, V. harveyi B392; 8, E. coli K-12.
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buffer contained 2.5 mM NAD, 50 mM acetaldehyde, and 1 mM coenzyme A.
The reverse reaction was monitored with purified protein in an assay buffer
containing 100 pM acetyl-CoA and 250 uM NADH.,.

Nucleotide sequence accession number. The V. furnissii M1 16S rRNA se-
quence obtained in this study has been deposited in GenBank under accession
number EU204961.

RESULTS

V. furnissii M1 general characteristics and comparison to
other vibrios. The V. furnissii M1 culture showed a thick, float-
ing, waxy layer as described by Park et al. (24). The previous
study also reported that the 16S rRNA sequence was consis-
tent with identification as a V. furnissii strain, but the sequence
itself was not reported. The V. furnissii M1 16S rRNA se-
quence obtained in this study also showed the highest sim-
ilarity, >99%, to two V. furnissii 16S rTRNA sequences in
GenBank.

Subsequently, a more powerful method for comparing V.
furnissii M1 to other Vibrio strains was used: REP-PCR. In this
technique, PCR amplification of closely spaced repetitive ele-
ments throughout the genome can be used as a genomic sig-
nature. REP-PCR was performed with primers designed to
amplify repetitive elements found in diverse microbial ge-
nomes. A representative gel is shown in Fig. 1. A dendrogram
was constructed as described in Materials and Methods. V.
furnissii M1 was not identical to other V. furnissii strains tested
here. However, the relatedness observed, on the order of 60 to
90%, is consistent with comparisons in the literature between
organisms of the same species, confirming that V. furnissii M1
is indeed a V. furnissii strain.

PFGE. Genomic DNA of V. furnissii M1, other V. furnissii
strains, and standard strains were analyzed by PFGE (Fig. 2) to
determine the size of the genome and its organization. The
data suggested that V. furnissii M1 has a bipartite genome
consisting of two chromosomal elements with a total size of
approximately 5 Mb. This is similar to characteristics of other
Vibrio species, as reported in the literature and shown in Fig. 2
(7, 21).

Genome annotation. The genome of V. furnissii M1 was
sequenced, computationally assembled and the genes anno-
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FIG. 2. Comparative PFGE of genomic DNA from V. furnissii M1
(lane 2), V. furnissii 35016 (lane 3), V. furnissii 35627 (lane 4), V.
furnissii 35628 (lane 5), V. parahaemolyticus LM5312 (lane 6), V. har-
veyi B392 (lane 7), and E. coli DH5« (lane 8). Hansenula wingei (lane
1) and Schizosaccharomyces pombe (lane 9) chromosomes were used as
size markers.

tated. The raw sequencing data consisted of 106 Mb, which
represented an estimated 21-fold coverage of the total ge-
nome. The base reads were assembled into 121 contigs that
converged at 4.95 Mb of genome data, consistent with the
genome size estimated by PFGE. The contigs were randomly
ordered and assembled into a pseudochromosome for annota-
tion purposes.

A major goal of the genome annotation was to identify
putative genes that might be involved in alkane biosynthesis.
Among the candidate alkane-biosynthetic genes examined spe-
cifically were those encoding acyl-CoA reductase, aldehyde
reductase, and alcohol reductase and genes that might encode
an enzyme catalyzing the reduction of an alcohol to an alkane.
HMMs for the local and global Pfam alignments for acyl-CoA
reductase (PF05893) were used to search the M1 genome. No
sequence was found with an expectation value (e-value) less
than 1.0. Dozens of putative aldehyde and alcohol reductases
were identified. The genome was examined for aldehyde and
alcohol dehydrogenase genes that were clustered with genes
encoding enzymes resembling ribonucleotide reductase or
other radical-dependent oxidoreductases, an anticipated gene
constellation that might encode a carboxylic acid-to-alkane
biosynthetic pathway, as proposed by Park (22).

In this context, one interesting gene cluster was annotated as
consisting of genes for an aldehyde dehydrogenase (ORF 275),
an iron-dependent alcohol dehydrogenase (ORF 277), a pyru-
vate formate lyase homolog (ORF 278), and an accompanying
pyruvate formate lyase activator (ORF 279) (Fig. 3). These
functional genes were flanked by genes that were annotated as
metabolosome (carboxysome) shell proteins (Fig. 3). The
flanking gene structure is consistent with the function of pduJ
and ccmO genes in generating a carboxysome or metabolo-
some structure (5, 15), which is a bacterial intracellular protein
shell involved in compartmentalizing metabolites or a set of
reactions.

Further bioinformatics analysis of other genomes revealed a
very similar cluster of genes in E. coli strain F11 (accession
number NZ_AAJU00000000), a pathogen not expected to pro-
duce alkanes. Moreover, the metabolosome-like structure may
replace the multidomain protein particle catalyzing the con-
version of pyruvate to ethanol in E. coli K-12 (16). This was
tested by cloning and expressing ORF 275 in E. coli. The
recombinant E. coli strain was assayed for different activities as
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FIG. 3. Genome region from V. furnissii M1 showing similarities to a gene region in Salmonella. Identified protein types are highlighted:
carboxysome shell proteins (black), aldehyde dehydrogenases (vertical lines), and alcohol dehydrogenases (diagonal lines). The ORF numbers

(275, 277, 278, and 279) are given for proteins discussed in the text.

described in Materials and Methods. ORF 275 was shown with
purified enzyme to encode a bidirectional acetaldehyde dehy-
drogenase (CoA-acetylating) enzyme. Formation of acetalde-
hyde occurred at a rate of 1.5 wmol/min/mg, while the reverse
reaction had a rate of 2.7 pmol/min/mg. It was thus functional
as an acetyl-CoA reductase, an activity complementary with a
pyruvate formate lyase and an aldehyde-oxidizing alcohol de-
hydrogenase. These activities in total are consistent with a
metabolosome that compartmentalizes a fermentative pathway
metabolizing pyruvate to ethanol.

Whole-cell studies attempting to detect alkanes. V. furnissii
M1 cells and media were extracted by methods described by
Park et al. (23, 24). In preliminary experiments, alkanes were
detected by GC and confirmed by MS (Fig. 4A). Subsequent
analysis of media, solvents, and glassware revealed that they
were contaminated with alkanes and other materials. The sol-
vents used in extractions were the most significant source of
contamination (Fig. 4B). A series of methodological alter-
ations were made to eliminate contamination, as described in
Materials and Methods, which led to greatly diminished peaks
via GC.

To determine whether the extraction and new workup pro-
cedures were appropriate for isolating and concentrating al-
kanes for detection, an internal standard was added to cultures
of V. furnissii M1. The internal standards hexadecane and
octacosane were used in independent experiments. The choice
of using a C,4 and C,g alkane, respectively, was made to largely
bracket the entire range of n-alkane chain lengths previously
reported to be produced by V. furnissii M1 (23, 24). Solvent

lon Abundance (IOS}
Fey

4 8 12 16 20
Retention Time (min)

s1 B

Ion Abundance (10°)

4 8 12 16 20
Retention Time (min)

FIG. 4. Initial gas chromatograms of V. furnissii M1 (A) and a
chloroform blank showing the extent of contamination (B). The
prominent peaks in both were identified by MS as methyl palmitate
(12.5 min), dibutyl phthalate (13.0), octadecenoic acid methyl ester
(14.2 min), diethylhexyl phthalate (17.9 min), and octacosane (19.7
min).
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FIG. 5. Gas chromatograms of extracts of V. furnissii M1 (A) and
E. coli K-12 (B) using cleaner solvents and methods. Cultures were

spiked with octacosane prior to extraction and workup. The 19.7-min
peak was confirmed by MS to be octacosane.

extracts from these spiked cultures were processed and sub-
jected to GC-MS using procedures that minimized alkane con-
tamination. A parallel experiment was conducted using an E.
coli culture containing the same internal standard alkanes.
Figure 5 shows a representative chromatogram of the resultant
extracts analyzed by GC-MS with octacosane-spiked medium.
The large octacosane peak was clearly identifiable by both
retention time and the characteristic mass spectrum. The level
of octacosane added (0.25 wmol) matched the level of individ-
ual alkanes reported to be present in GC analyses by Park et al.
(24). Clearly, no peaks comparable to the added standard were
discernible. Very minor peaks were observed above the base-
line, but the same minor peaks were found in V. furnissii M1
(Fig. 5A) and E. coli (Fig. 5B) extracts, suggesting that they are
derived from a common source and are not made biosyntheti-
cally. E. coli and V. furnissii M1 cultures were grown in the
same growth medium and were extracted in parallel. Results
with hexadecane-spiked cultures produced similar results.

Since alkane formation could be dependent on growth con-
ditions, analysis for alkanes was conducted with V. furnissii M1
cultures grown in different media, under aerobic and mi-
croaerophilic (nonshaking) conditions, and over a period of 1
to 7 days. Alkanes were not detected above background levels
under any of these conditions. The media were quite different.
Medium 3 is completely defined, and marine broth is a stan-
dard commercial culture medium for V. furnissii. Under mi-
croaerophilic conditions, the culture was observed to have a
floating pellicle, and birefringence was seen in marine broth
cultures on the top of the culture. While these observations
were initially thought to be potential indicators of hydrocarbon
formation, no alkanes attributable to V. furnissii M1 were ob-
tained from extracts of these cultures.
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Cell-free enzyme assays for alkane formation. Cell-free en-
zyme preparations from V. furnissii M1, prepared as described
by Park (22), were tested for hexadecanol reductase activity
(Table 1). No significant radioactivity was detected in the spot
on a thin-layer chromatography plate corresponding to the R,
value of authentic hexadecane. The percentage of the starting
radioactivity in the hexadecane fraction in all cases was less
than 0.1%, a level significantly below that of the radiochemical
impurities of the starting material, or 0.9%. Total recovery of
radioactivity in substrate (hexadecanol) and putative product
(hexadecane) fractions was 57% in the no-enzyme control and
25 to 47% in the enzyme treatments. This is similar to the total
recovery reported by Park (22). A level of activity several
percent of that reported by Park (22) would have been de-
tected in this experiment. In separate experiments, V. furnissii
ATCC 35028 was tested for reductase activity with hexadeca-
nol, but no activity was detected.

No evidence for hydrocarbon oxidation. It was considered
that cells producing alkanes may also have the capability to
oxidize hydrocarbons, thus recapturing carbon and energy. Ex-
periments were conducted to determine the potential growth
of V. furnissii M1 in the presence of alkanes as the sole carbon
source or in admixture with limiting alternative carbon sources
such as glucose. No evidence for growth was observed using
dodecane (C,,), hexadecane (C,;), octadecane (C,g), eicosane
(C,y), docosane (C,,), or tetracosane (C,,), alkanes that Park
reported to be produced by V. furnissii M1. In addition, bioin-
formatics tools were used to search for genes encoding pro-
teins homologous to AlkA, AlkB, and cytochrome P450
monooxygenases. These genes, established to encode alkane-
oxidizing enzymes in other bacteria, could not be discerned in
the genome of V. furnissii M1. Using the HMMER 2 tool (10)
in conjunction with the Pfam HMMs for cytochrome P450
(accession number PF00067), in local and global alignments
against the V. furnissii M1 genome sequences, no match with
an e-value lower than 4.0 was found. For AlkB, no HMMs were
available, so the Pseudomonas oleovorans AlkB sequence
(gi 113639) was used with the BLAST tool. The best match
found in the V. furnissii M1 genome was 0.02. While this could
indicate weak homology, there was no characteristic clustering
of genes, as is found in alkane degraders. Specifically, we could
not find evidence for the presence of the gene cluster alkF-
GHIJKL or the regulatory elements alkST.

Other Vibrio strains. A patent filed on V. furnissii M1 in
Japan claimed that other Vibrio strains also produce alkanes,
albeit in smaller amounts than V. furnissii M1 (20). In the
present study, V. furnissii ATCC 35628 was tested for alkane
formation in vivo, and no levels above background were de-

TABLE 1. In vitro assay for hexadecanol reduction to hexadecane
using [*CJhexadecanol

Radioactivity (dpm)

Enzyme fraction

Hexadecanol Hexadecane
No enzyme 1,267,002 = 65,067 563 = 38
V. furnissii M1, soluble 674,895 + 23,202 303 =32
V. furnissii M1 membranes 799,030 = 143,600 812 = 162
E. coli, soluble 797,954 = 246,564 642 + 185
E. coli membranes 795,810 = 127,375 474 = 152
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tected. Additionally, membrane and soluble enzyme fractions
were prepared from V. furnissii ATCC 35628 and tested in vitro
with [**Clhexadecanol. The radioactivity (in dpm) in the re-
gion of a hexadecane standard was on the order of 0.1% of the
initial radioactivity, a level consistent with background radia-
tion in negative controls. In other experiments, a strain re-
ported in the patent to make alkanes, V. furnissii ATCC 35016,
was obtained from the ATCC and tested. No alkanes were
detected.

DISCUSSION

The V. furnissii M1 strain used in this study strongly resem-
bles the strain described previously (22, 23, 24), except that no
alkane formation was observed here. It is not possible to use
DNA sequence data to rigorously ascertain the relationship to
the previously described V. furnissii M1 strain, because no
DNA sequences had been reported in the literature or depos-
ited in GenBank. However, in this study, 16S rRNA sequence
data and REP-PCR data support the idea that the organism
used here was a V. furnissii strain and that it differed from V.
furnissii ATCC cultures that were tested.

In this study, V. furnissii M1 did not make alkanes under any
in vivo growth condition tested, and protein extracts did not
catalyze alkane formation in vitro. Some in vivo studies used
standards carried throughout the extraction and purification
protocols to show that the methods employed would have
detected alkanes, with significant sensitivity, had they been
present. The conditions of growth and analysis used here fol-
lowed the procedures of Park et al. (22, 23, 24) closely. Both
cells and media were extracted to ensure that any alkane
present would not be missed. In vitro assays were also very
sensitive. Picomole levels of alkane would have been detect-
able, but nothing above background could be discerned. Levels
that were orders of magnitude lower than those reported by
Park (22) could have been detected in the assays conducted
here.

The lack of alkane biosynthetic activity in strain M1 is con-
sistent with the lack of activity in V. furnissii strains ATCC
35627, 35628, and 33841 (H. R. Beller, personal communica-
tion), which were assayed under a range of conditions compa-
rable to those described by Park and coworkers; these in vivo
assays involving GC-MS entailed high extraction efficiency
(typically >99% based on recoveries of the surrogate com-
pound decane-d,,) and would have been able to detect 0.001%
of the alkane concentrations that were reported by Park and
coworkers (H. R. Beller, personal communication).

In the present study, V. furnissii ATCC 35016 was shown not
to produce alkanes under the conditions tested. A patent filed
in Japan by Miyamato (20) reported that V. furnissii ATCC
35016 produced alkanes, albeit at lower levels than V. furnissii
M1. This could not be reproduced in the present study.

Several observations reported by Park et al. were unex-
pected and unexplained. Different papers reported different
hydrocarbons being produced that would derive from diver-
gent mechanisms: even-chain alkanes, odd-chain alkenes,
branched-chain alkanes, and alkenes. Differences were re-
ported with different growth substrates, but some differences
were surprising. For example, growth with acetate resulted in
only a C, 4 alkene being formed, but butyl acetate, which would
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almost surely be metabolized via ester hydrolysis to yield
acetate, gave rise to C,5, C,, C,4, and C,, branched-chain
alkanes. Butyric acid, another likely metabolite from butyl ac-
etate, was reported to give rise to linear C,4 to C,5 alkanes.

No obvious genes that might be related to alkane biosynthe-
sis were identified in this study. It must be acknowledged that
alkane biosynthesis is currently poorly understood, and hence
the genes may not be obvious. However, nothing resembling
putative plant decarbonylases was detected. Fatty acid alde-
hydes and alcohols derive from acyl-CoA reductases. Only one
acyl-CoA reductase homolog was identified that clustered with
other genes that might be involved in alkane production. That
gene was cloned, expressed, and found likely to carry out a
different function (see below).

The genome sequence was also annotated to search for
alkane degradation genes. The logic behind this was that bac-
teria producing other energy-rich, carbon-rich molecules
(polyhydroxyalkanoates, triacylglycerides, and glycogen) typi-
cally oxidize these carbon storage molecules (2, 28). Thus, we
looked for the readily identifiable enzymes involved in alkane
oxidation: cytochrome P450 monooxygenases and Alk pro-
teins. None of these enzyme systems were identified. In
BLAST searches, expectation values for homologs were gen-
erally greater than 1.0. Moreover, these systems are multicom-
ponent and thus encoded by gene clusters. These gene clusters
should be readily identifiable, if present, even if the sequences
were fairly divergent.

Most of the genes examined have homologs in other Vibrio
species that are not known to produce alkanes. One gene
region that differed from other Vibrio species sequenced to
date contained structural genes with highly significant se-
quence identity to metabolosomes, or carboxysomes. Metabo-
losomes are intracellular, multiprotein structures consisting of
shell proteins harboring metabolic proteins (15). They were
initially known as carboxysomes because carbon dioxide-fixing
enzymes were found associated with the first metabolosomes
identified. More recently, other types of metabolism have been
found to be harbored by shell proteins homologous to carboxy-
some shell proteins. The carboxysome gene region in V. furnis-
sii M1 was initially considered intriguing. It included genes
encoding oxidoreductases and a pyruvate formate lyase ho-
molog; the latter activity could conceivably be involved in an
alcohol-to-alkane reduction reaction. However, bioinformatics
analysis and comparison to a similar region in E. coli F11 led
us to the tentative conclusion that the gene cluster and
metabolosome in V. furnissii M1 likely function in the fermen-
tation of ethanol. This hypothesis was tested by cloning V.
furnissii M1 ORF 275 in E. coli and assaying the protein extract
from recombinant cells. The data indicated that ORF 275
encoded a bidirectional acetaldehyde dehydrogenase (CoA-
acetylating) enzyme, consistent with its hypothetical role in an
ethanol fermentation. While E. coli strain F11 has a homolo-
gous metabolosome-like structure, E. coli K-12 produces a
multifunctional, spiral-shaped polypeptide that is thought to
channel pyruvate to ethanol (16). The channeling multidomain
protein and a metabolosome may represent different biological
mechanisms for channeling metabolic flux through a poten-
tially toxic aldehyde intermediate.

Conclusions. V. furnissii strains, including strain M1, were
observed to have chromosomes of approximately 3.2 and 1.8
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Mb. No apparent alkane-producing genes or phenotypes were
observed. The latter was checked in vivo and in vitro with V.
furnissii M1 and ATCC 35628 and in vivo with V. furnissii
ATCC 35016.
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