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with an unambiguous demonstration of a cis relative stereochemistry at the double bonds.
Demonstration of alkenes in cultures of Arthrobacter spp.
Nonpolar material extracted from Arthrobacter strains was
compared to the hydrocarbons produced by Micrococcus luteus
ISU and Stenotrophomonas (formerly Pseudomonas) maltophilia ATCC 17674 (17) (Fig. 1). Four-day-old cultures were
extracted by using a modified Bligh and Dyer protocol (5) as
described previously (24). Evaporated extracts were dissolved
in 1 ml chloroform and applied to a 3.5-g silica gel column,
eluted with 30 ml hexanes, concentrated, and subjected to gas
chromatography-mass spectrometry (GC-MS) analysis using
an HP6890 gas chromatograph connected to an HP5973 mass
spectrometer (Hewlett Packard, Palo Alto, CA). The GC conditions were helium gas, 1 ml/min; HP-1ms column (100%
dimethylpolysiloxane capillary; 30 m by 250 m by 0.25 m);
temperature ramp, 100 to 320°C; and 10°C/min, with a 5-min
hold at 320°C. The MS was run in electron impact mode at 70
eV and 35 A.
Unlike the more-complex Stenotrophomonas (Fig. 1A) and
Micrococcus (Fig. 1B) hydrocarbon profiles, the large majority
of the Arthrobacter hydrocarbons were apparent in three
readily resolvable peaks that eluted in the narrow range of
18.8 to 19.1 min. The major hydrocarbons extracted from
Arthrobacter strains, represented in Fig. 1C and D, were
identified by MS as C29 monoalkenes (m/z ⫽ 406; C29H58).
Treatment of the alkenes with hydrogen gas over a palladium
catalyst produced saturated alkanes, and subsequent GC-MS
gave slightly longer retention times and mass spectra that were
consistent with a gain of two mass units for each (m/z ⫽ 408;
C29H60).
Table 1 shows the relative distribution of different alkene
chain lengths in Stenotrophomonas, Micrococcus, and eight
Arthrobacter species. The Arthrobacter strains were obtained from
other researchers (9, 14) or the American Type Culture Collection (ATCC) or were isolated in this laboratory (7, 16). The
Arthrobacter strains generally showed a narrower distribution
of chain lengths (Table 1). This trend was most pronounced
with A. oxydans ATCC 14358, which produced only C29 alkenes. Four other Arthrobacter strains did not yield any detectable alkenes. One of those not producing alkenes, Arthrobacter sp. strain FB24, has been subjected to genome
sequencing (NCBI sequence accession number CP000454).

Bacterial hydrocarbon biosynthesis has garnered renewed
interest in the context of generating new biofuels that are
superior to ethanol (8, 12). A number of bacteria make longchain, nonisoprenoid hydrocarbons that are being explored for
biofuel and specialty chemical applications (23). An unusual
class of unsaturated C22 to C31 alkenes produced by Micrococcus and Stenotrophomonas species was first described more
than 40 years ago, but the biological function and mechanism
of formation of these alkenes have not yet been elucidated (4,
18, 21). In addition, the assignment of the structure for specific
compounds has differed in different reports (19, 20). The precise structures of the compounds are relevant to understanding
the biosynthetic mechanism and biological utility of these compounds. Micrococcus and Stenotrophomonas make a complex
mixture of alkenes; identifying new organisms with a simpler
product profile should facilitate mechanistic and biological experiments. Moreover, discovering alkenes in new bacteria that
have been subjected to complete genome sequencing should
advance efforts to identify the relevant biosynthetic genes and
enzymes.
Arthrobacter spp. are high-G⫹C-content gram-positive bacteria (10) for which several genome sequences are currently
available (NCBI sequence accession number NC_008541 and
NCBI sequence accession number ABKU00000000 [13]). In
the present study, we screened cultures of divergent Arthrobacter species for the presence of hydrocarbons. Longchain alkenes, reminiscent of a subset of those previously
found in Micrococcus, were observed in several Arthrobacter
species. Arthrobacter strains tested here were observed to produce a more uniform alkene chain length, predominantly C29.
To positively identify the products, C29 alkenes with different
methyl branching patterns and with cis or trans stereochemistry
were prepared by chemical synthesis (see Fig. S1 in the supplemental material). The corresponding alkanes were also synthesized. This set of 11 chemical standards allowed the identification of the products as specific dimethyl-13-heptacosenes
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Arthrobacter aurescens TC1, Arthrobacter chlorophenolicus A6, Arthrobacter crystallopoietes, and Arthrobacter
oxydans produce long-chain monoalkenes, predominantly cis-3,25-dimethyl-13-heptacosene. Four other
Arthrobacter strains did not form alkenes. The level of cis-3,25-dimethyl-13-heptacosene in Arthrobacter chlorophenolicus A6 remained proportional to cell mass during growth. cis-3,25-Dimethyl-13-heptacosene did not support
growth of A. chlorophenolicus A6.
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Two Arthrobacter strains producing alkenes have had their
genomes sequenced (NCBI sequence accession numbers
ABKU00000000 and NC_008711 [13]).
Rigorous assignment of structures to resolved C29 isomers. The mass spectra of the major alkenes produced by
Arthrobacter bacteria were consistent with their assignment
as dimethylheptacosenes (m/z ⫽ 406; C29H58). Arthrobacter
strains produce predominantly C15 methyl-branched fatty acids
(6, 22), and thus, if a head-to-head fatty acid condensation
mechanism were operative as previously proposed (2, 3), dimethylheptacosenes (C29H58) would be the anticipated products. Arthrobacter bacteria produce both iso and anteiso
methyl-branched C15 fatty acids, and so the alkenes could be
iso-iso, iso-anteiso, anteiso-iso, anteiso-anteiso, or some mixture of the different isomers (see Fig. S1 in the supplemental
material). Hydrogenation of the alkenes provided preliminary
evidence from fragmentation patterns (M-15 and M-43) that
the 18.8-min peak (I) was iso-iso branched, or 2,26-dimethyl-

heptacosene (data not shown). The 19.0-min (major) peak
(III) showed fragmentation (M-29 and M-59) consistent with
an anteiso-anteiso branching that identifies the compound as
3,25-dimethylheptacosene (data not shown). The middle (18.9
min) peak (II) showed characteristics of iso-anteiso branching
and thus could be identified as 2,25-dimethylheptacosene,
3,26-dimethylheptacosene, or a mixture of the two.
To help resolve these issues, and to determine the precise
structures of the products, synthetic standards were prepared.
Previous reports of alkenes biosynthesized by Micrococcus luteus indicated that the double bond of the alkenes was near the
middle of the chain, based on their chemical degradation to
fatty acids (1). The stereochemistry of the double bond was
proposed to be cis based on their retarded migration on silica
gel impregnated with silver (1). However, no synthetic chemical standards were available in those previous studies to compare the properties of cis- and trans-alkenes. Moreover, the
same peak was assigned different structures in different studies

TABLE 1. Distribution of alkene chain lengths detected by GC-MS for a variety of Arthrobacter strains and comparison to their distribution
in two previously studied bacteria, S. maltophilia and M. luteus
% of indicated chain length in straina
Organism

Stenotrophomonas maltophilia ATCC 17674
Micrococcus luteus ISU ATCC 27141
Arthrobacter aurescens TC1
Arthrobacter chlorophenolicus A6
Arthrobacter crystallopoietes ATCC 15481
Arthrobacter oxydans ATCC 14358
Arthrobacter nicotianae ATCC 15236
Arthrobacter sp. strain FB24
Arthrobacter sp. strain 1-NP
Arthrobacter globiformis ATCC 35698
a

⫺, not detected.

C25

C26

C27

C28

C29

C30

C31

⫺
4.0
⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫺

⫺
1.2
⫺
⫺
⫺
⫺
⫺
⫺
⫺
⫺

1.15
14.0
⫺
1.5
3.9
⫺
⫺
⫺
⫺
⫺

5.15
5.2
⫺
4.5
2.9
⫺
⫺
⫺
⫺
⫺

36.3
75.5
79.7
80.3
93.2
100
⫺
⫺
⫺
⫺

39.4
⫺
12.7
11.6
⫺
⫺
⫺
⫺
⫺
⫺

18.0
⫺
7.6
2.1
⫺
⫺
⫺
⫺
⫺
⫺
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FIG. 1. Gas chromatograms of nonpolar extracts from Stenotrophomonas, Micrococcus, and Arthrobacter strains showing the variety of alkenes
produced by each strain. (A) Stenotrophomonas maltophilia ATCC 17674. (B) Micrococcus luteus ISU. (C) Arthrobacter chlorophenolicus A6.
(D) Arthrobacter crystallopoietes ATCC 15481. The numbers I, II, and III refer to the major C29 alkene products, and details of the their structures
are described in the text.
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(19, 20). In that context, cis- and trans-13-dimethylheptacosenes with all combinations of iso and anteiso branching
patterns were synthesized (detailed synthetic conditions will be
described elsewhere). The selective synthesis of cis or trans
isomeric standards could be controlled by the synthetic methods used and was confirmed by nuclear magnetic resonance
spectroscopy. Hydrogenation of different dimethylheptacosynes to the corresponding alkenes by using a Lindlar catalyst
produced predominantly cis-olefins with trace amounts of the
trans isomer, as shown in Fig. 2B, C, and D. The trans isomers
eluted as a shoulder on the tail end of each cis-isomer peak. A
more-aggressive hydrogenation reaction using 5% Pd/C catalyst produced predominately trans isomers. Long-term hydrogenation with 5% Pd/C led to complete reduction, yielding the
corresponding alkanes. In this manner, eight different dimethyl-13-heptacosene standards and three dimethylheptacosane standards were synthesized. All of these were used as GC
standards to determine retention times and mass spectra by
GC-MS. This allowed the identification of the three major
peaks as (Fig. 2A, left to right) cis-2,26-dimethyl-13-heptacosene (I), either cis-2,25-dimethyl-13-heptacosene or cis-3,26dimethyl-13-heptacosene or a mixture of the two (II), and
cis-3,25-dimethyl-13-heptacosene (III).
The structural identifications made via separate injections
were further confirmed by coinjection of standards in admixture with biological material on a GC. Coinjection of the respective standards gave uniform peaks, thus confirming the
identity of the biological material eluting in peaks I and III as
described above. Synthetic cis-2,25-dimethyl-13-heptacosene
and cis-3,26-dimethyl-13-heptacosene had identical retention
times and similar mass spectra, consistent with the conclusion
that peak II could be either one of the compounds by itself or
a mixture of the two.
Growth studies. Micrococcus bacteria are spherical cells at
all growth stages, whereas Arthrobacter species grow as rodshaped cells during the exponential phase and become spherical during stationary phase (10). Thus, it was considered that
alkenes might be preferentially formed by Arthrobacter bacteria during stationary phase. To test this hypothesis, a 50-l
preculture was used to inoculate 50 ml tryptic soy broth in a
125-ml Erlenmeyer flask. Cultures were grown at 28°C with
shaking at 225 rpm. Duplicate cultures for growth studies were
extracted at the time points of 0 h, 8 h, 16 h, 24 h, 32 h, 48 h,
96 h, and 288 h. The cells underwent a characteristic rod-tococcus transition at 48 h. Prior to extraction, 62.5 mol of
cis-9-tricosene was added as an internal standard to quantitatively determine the levels of 3,25-dimethylheptacosene. The
data obtained from these extractions showed that the alkene
levels closely paralleled culture optical density (Fig. 3). Thus,
both rod and spherical cell forms contain similar levels of
3,25-dimethylheptacosene.
Arthrobacter chlorophenolicus A6 was tested for growth on
S,S-cis-3,25-dimethyl-13-heptacosene, the major isomer thought
to be formed biosynthetically by that strain. A. chlorophenolicus
A6 was grown in M9 minimal medium (15) containing either
glucose or S,S-cis-3,25-dimethyl-13-heptacosene, added to a
concentration equivalent to 130 mM of carbon. Phenol was
also used as a positive control, at 2 mM, 10 mM, and 20 mM in
different cultures (14). Growth studies with each carbon source
were set up in triplicate. For the inoculum, cells were grown
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FIG. 2. Gas chromatograms of the C29 alkene region from an Arthrobacter chlorophenolicus A6 extract shown in comparison with synthetic standards. (A) Arthrobacter chlorophenolicus A6 extract. (B to
D) Synthetic standards: cis-2,26-dimethyl-13-heptacosene (B), a mixture of cis-2,25-dimethyl-13-heptacosene and cis-3,26-dimethyl-13heptacosene (C), and cis-3,25-dimethyl-13-heptacosene (D).

overnight in tryptic soy broth and washed twice with M9 minimal medium without a carbon source. The medium was inoculated to an optical density of 0.07 at 600 nm and grown in
capped test tubes at 28°C with shaking at 255 rpm. Optical
density measurements were taken at 600 nm (Beckman DU
7400) after 17 days of growth.
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No discernible cell growth was supported by cis-3,25-dimethyl-13-heptacosene. The average optical density at 600 nm
in the test cultures was 0.049 ⫾ 0.001 (mean ⫾ standard
deviation). That compared to an average of 0.042 ⫾ 0.001 in a
control without alkene. With phenol substituted for the alkene,
the optical density at the same time point was 1.04 ⫾ 0.03.
With D-glucose as the carbon source, the optical density was
1.70 ⫾ 0.18. These data suggested that the long-chain alkenes
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FIG. 3. Time course of culture optical density and C29 alkene accumulation in Arthrobacter chlorophenolicus A6. Alkene accumulation
was determined by quantifying cis-3,25-dimethyl-13-heptacosene and
normalizing the maximum concentration, found at 48 h, to 100%. The
open circles denote alkene percentage. Closed diamonds represent
absorbance. Error bars indicate standard deviations divided by n.
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