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Eleven strains of alkene-utilizing bacteria belonging to the genera Mycobacterium, Nocardia, and
Xanthobacter were tested for their ability to grow with C,; to C¢ alkanes, C, to C¢ alkenes, alkadienes, and
monoterpenes furnished individually as sole sources of carbon and energy in a mineral salts medium. A limited
number of alkenes and alkanes supported growth of the bacteria; some bacteria were unable to grow on any
of the saturated hydrocarbons tested. Monoterpenes were frequently used as carbon and energy sources by
alkene-utilizing bacteria belonging to the genera Mycobacterium and Nocardia. Washed cell suspensions of
alkene-grown bacteria attacked the whole range of alkenes tested, whereas only three strains were able to
oxidize alkanes as well. The alkenes tested were oxidized either to water and carbon dioxide or to epoxyalkanes.
Few epoxides accumulated in stoichiometric amounts from the corresponding alkenes, because most epoxides
formed were further converted to other compounds like alkanediols.

In nature, several gaseous and volatile alkenes are pro-
duced. The most predominant of these compounds are the
gaseous plant hormone ethene (1, 26), the volatile isoprene
from foliage (27), and various monoterpenes that are present
in plant oils. Many unsaturated hydrocarbons, especially the
lower gaseous alkenes ethene, propene, 1,3-butadiene, and
butenes, are produced chemically on a large scale; and
inevitably, these compounds are partly released into the
environment. It is therefore not surprising that many aerobic
microorganisms have been isolated that are able to use these
compounds as carbon and energy sources. Isolation sub-
strates included ethene (3, 15); propene (2, S5, 31); 1,3-
butadiene (34; C. G. van Ginkel, E. de Jong, J. W. R.
Tilanus, and J. A. M. de Bont, FEMS Microbiol. Ecol., in
press); 2-butene (33); and monoterpenes, for example,
myrcene (24) and a-pinene (20, 36). Other microorganisms,
which were isolated by the use of substrates such as alkanes,
have also been tested for their ability to grow on alkenes; but
growth on unsaturated hydrocarbons was recorded in only a
very limited number of instances (9, 10, 22).

Nevertheless, resting cells of alkane-grown bacteria, in-
cluding methane utilizers, often were able to epoxidate
alkenes due to the broad substrate specificity of alkane
monooxygenases which are responsible for the initial oxida-
tion of alkanes (16, 17, 19, 25, 28). Alkene utilizers also
contain monooxygenases with a broad substrate specificity,
but enzymes from these organisms generally do not
hydroxylate alkanes (4, 7, 32).

Alkene oxidation by washed cells of either alkane- or
alkene-grown cells very often results in the formation and
excretion of epoxides. Examples of epoxide-forming alkane
utilizers are resting cells of methane- and alkane-grown
bacteria that form these compounds from alkenes as a
consequence either of the inability of these bacteria to
degrade epoxides (18) or of a negligible oxidation rate of
epoxyalkanes (25). The excretion of epoxides by alkene-
utilizing bacteria is a consequence of a restrictive range of
substrates utilized by the epoxyalkane-degrading enzymes
(12). Accumulation of epoxides during growth of an organ-
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ism was shown by Furuhashi et al. (11), who detected
1,2-epoxypropane accumulation during growth of Nocardia
corallina B-276 on propene.

Epoxyalkane-producing microorganisms have frequently
been considered as potential biocatalysts in biotechnological
processes for the production of epoxides. Alkene-utilizing
bacteria should then be preferred over alkane-utilizing or-
ganisms for several reasons. (i) Alkene-utilizing bacteria
form epoxides in high enantiomeric excess (13), whereas
methane-grown bacteria produce racemic epoxyalkanes
(29). (ii) Alkene-grown bacteria only epoxidate and do not
hydroxylate alkenes as do some alkane utilizers. (iii) Alkane-
grown bacteria are more sensitive to epoxyalkanes than are
alkene-utilizing bacteria (14).

In view of the role that alkene-utilizing organisms play in
nature, and in view of their potential application in epoxide
production, it seems desirable to obtain a more comprehen-
sive knowledge of these bacteria. We therefore compared
several available alkene-utilizing bacteria (5, 12, 31, 33; van
Ginkel et al., in press) and two new isolates. In this study we
particularly dealt with the capacity of these selected organ-
isms to form and excrete epoxyalkanes from alkenes.

MATERIALS AND METHODS

Chemicals. All gaseous alkenes and 1,2-epoxyethane were
obtained from Hoek Loos, Amsterdam, The Netherlands.
All other chemicals were purchased from Janssen Chimica,
Beerse, Belgium.

Microorganisms. The isolation and description of the bac-
teria used in this study have been reported earlier (5, 12, 31,
33; van Ginkel et al., in press). Nocardia sp. strain H8 and
Pseudomonas sp. strain H1 were isolated by similar meth-
ods, except that 1-hexene was used as the sole source of
carbon and energy (3).

Cultivation of the microorganism. Organisms were grown
at 30°C in 5-dm® Erlenmeyer flasks containing 500 cm? of
mineral salts medium (35) with the gaseous alkene in air (5%)
or 1 cm? of a volatile alkene as the sole carbon and energy
source.

Analyses. Determination of alkenes, 1,2-epoxyalkanes,
1,2-propanediol, and carbon dioxide has been described
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TABLE 1. Microorganisms isolated from soil samples from 10
different locations on various gaseous and volatile alkenes

Alkene Isolate genera (no. of strains)
Ethene .................... Mycobacterium (10)
Propene ................... Xanthobacter (9), Mycobacterium (1)
1-Butene .................. Xanthobacter (8), Nocardia (1),

Mycobacterium (1)

2-Butene .................. Nocardia (2), Mycobacterium (1)
1,3-Butadiene ............. Nocardia (10)
Isoprene................... Nocardia (10)
1-Hexene.................. Pseudomonas (9), Nocardia (1)

previously (4, 7, 35). The protein concentration of washed
cell suspensions was determined as described by Habets-
Criitzen et al. (12). Mycolic acids were determined by
thin-layer chromatographic analysis of methanolysates of
whole cells, as described by Minnikin et al. (23).

Growth of microorganisms. Microorganisms were grown
on slants of mineral salts medium described previously (35).
These slants were placed in a dessicator, and the appropriate
gas was injected or a volatile alkene in a test tube was placed
in the dessicator. After 3 weeks the slopes were examined
for growth.

Oxidation of hydrocarbons. Preparation of washed cell
suspensions has been described by de Bont et al. (4). The
cell suspension (2 cm?) was placed in 30-cm® screw-cap
bottles. The appropriate gas (0.5 cm?) or volatile compound
(0.3 x 1073 cm®) was injected into the screw-cap bottles. The
reaction mixture was incubated at 30°C on a water bath
rotary shaker at 150 rpm, and alkenes and the products of
epoxidation were assayed at regular intervals.

Conversion of 1,2-epoxypropane to 1,2-propanediol. A
washed cell suspension of ethene-grown Mycobacterium sp.
strain E3 (10 cm®) was incubated with 0.25 mM 1,2-
epoxypropane. During 1,2-epoxypropane degradation by
washed cell suspensions of ethene-grown Mycobacterium
sp. strain E3, CO, formation was measured along with the
endogenous CO, formation rate. At regular intervals the
epoxide concentration was determined by analyzing the
headspace gas chromatographically. After centrifugation,
samples of washed cell suspensions were analyzed for 1,2-
propanediol.

RESULTS

Microorganisms growing on gaseous and volatile alkenes.
We isolated several alkene-utilizing bacteria by using soil
samples from 10 different locations. The enrichment cultures
were set up individually with the alkenes used previously (3,
12, 31; van Ginkel et al., in press) or with other alkenes, such
as allene, 1-pentene, and 1-hexene. In general, all enrich-
ment cultures showed growth within 1 week, except for
incubations with allene, frans-2-butene, and l-pentene. In
spite of numerous efforts, a 1-pentene-utilizing bacterium
was not isolated; and when allene was used as the carbon
and energy source, it was not even possible to obtain a
positive enrichment culture. Of the 10 enrichment cultures,
only 3 cultures of #rans-2-butene-utilizing bacteria were
isolated. Many Pseudomonas spp. and Nocardia sp. strain
H8 were enriched and subsequently isolated with 1-hexene
as the carbon and energy source. All newly isolated bacteria
were tentatively classified on the basis of Gram staining,
microscopic observation, and mycolic acid analysis. In
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Table 1 are summarized the genera to which the new isolates
were assigned, and the number of strains isolated is given.

Growth on alkenes and alkanes. A representative selection
of 11 alkene-utilizing bacteria, mainly strains already de-
scribed, was made to determine the range of alkenes (ethene,
propene, 1-butene, trans-2-butene, 1,3-butadiene, 1-pentene,
isoprene, 1-hexene), n-alkanes (C; to Cg), and monoterpenes
used for growth; the substrate specificity of alkene-grown
bacteria; and the formation and excretion of epoxides by
washed cells.

Eleven strains of alkene-utilizing bacteria investigated
grew on only one or two alkenes, except for Nocardia sp.
strain H8 which utilized all 1-alkenes (C, to C¢). Mycobac-
terium spp. strains E3 and 2W grew only on ethene, whereas
Mycobacterium sp. strain Pyl utilized propene and 1-
butene. Xanthobacter spp. strains Py2 and By2 grew on
ethene, propene, 1-butene, and 1,3-butadiene. Nocardia sp.
strain TB1 was only able to utilize 2-butene, whereas
Nocardia sp. strain Byl used propene and 1-butene. Strains
BT1 and IP1 grew on 1,3-butadiene and isoprene. Pseudo-
monas sp. strain H1 grew only on 1-hexene. Xanthobacter
spp. and Pseudomonas sp. strain H1 were not able to grow
on any monoterpene tested, but all other alkene-utilizing
bacteria were able to grow on several monoterpenes. Myco-
bacterium sp. strain Pyl and Nocardia spp. strains TB1 and
H8 utilized myrcene, limonene, y-terpinene, B-pinene, and
a-pinene, whereas Mycobacterium spp. strains E3 and 2W
and Nocardia sp. strain Byl grew only on myrcene.
Nocardia sp. strain BT1 used a-pinene; and Nocardia sp.
strain IP1 used limonene, y-pinene, and a-pinene.

Some of the alkene-utilizing bacteria also grew on a
limited number of saturated hydrocarbons. Pseudomonas
sp. strain H1 was able to grow on pentane and hexane,
whereas Nocardia sp. strain TB1 also grew on these hydro-
carbons, as well as on propane and butane. Mycobacterium
spp. strains 2W and Pyl grew on hexane, while Nocardia
spp. strains BT1 and IP1 possessed the ability to utilize
propane and butane as the sole source of carbon and energy.

Oxidation of alkanes. Resting-cell suspensions of 3 of the
11 strains tested oxidized alkanes when they were grown on
alkenes. Isoprene-grown Nocardia sp. strain IP1 oxidized
butane, pentane, and hexane at rates up to 2 nmol/min per
mg of protein. trans-2-Butene-grown Nocardia sp. strain
TB1 oxidized all alkanes tested except for methane, and the
oxidation rates were comparable to those of isoprene-grown
Nocardia sp. strain IP1, except that the rate of oxidation of
butane was twice as high. 1-Hexene-grown Pseudomonas
sp. strain H1 oxidized pentane and hexane at rates of 4 to 6
nmol/min per mg of protein, whereas the gaseous alkanes
were only oxidized at negligible rates. The other alkene-
grown bacteria tested were not able to oxidize gaseous or
volatile alkanes.

Oxidation of alkenes. All alkene-grown bacteria tested
oxidized the gaseous and volatile alkenes used. In general,
the highest alkene oxidation rates were found with the
alkene on which the bacterium was grown (Table 2). 1-
Hexene-grown Nocardia sp. strain H8 was exceptional,
since it oxidized all 1-alkenes at the same rate. Similar
oxidation rates were found when the strain was grown on
another substrate. Oxidation rates of 1-alkenes by Nocardia
sp. strain TB1 and Pseudomonas sp. strain H1 were low, and
after a short period of time the activity of the washed cell
suspensions leveled off, whereas alkanes were completely
oxidized by trans-2-butene-grown Nocardia sp. strain TB1
(Fig. 1) and Pseudomonas sp. strain H1. All other alkene-
grown bacteria oxidized the unsaturated hydrocarbons at
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TABLE 2. Oxidation of ethene, propene, 1-butene, 1,3-butadiene. cis-2-butene, 1rans-2-butene, 1-pentene. and 1-hexene
by washed cell suspensions of alkene-grown bacteria
Growth Substrate oxidation rate (nmol/min per mg of protein) on the following substrate:
substrate C:H, C:He C.Hy C.H, cis-CqHx trans-CHy CiHuo CeHi
Mycobacterium sp. strain E3 Ethene S0 17 12 19 20 20 14 13
Mycobacterium sp. strain 2W Ethene 23 6 6 11 12 13 6 7
Mycobacterium sp. strain Pyl Propene 15 20 17 ND“ ND ND 8 S
Xanthobacter sp. strain Py2 Propene S50 81 62 17 70 60 20 14
Nocardia sp. strain Byl 1-Butene 19 23 26 9 21 17 12 11
Xanthobacter sp. strain By2 1-Butene 45 70 61 24 67 29 24 16
Nocardia sp. strain TB1 2-Butene 2 2 3 3 6 S 1 1
Nocardia sp. strain BT1 Butadiene 18 16 17 57 19 19 ND ND
Nocardia sp. strain IP1 Isoprene 11 14 12 13 ND ND ND ND
Pseudomonas sp. strain H1 1-Hexene 0 0 1 1 1 1 3 S
Nocardia sp. strain H8 1-Hexene 16 19 19 ND ND ND 16 16
Nocardia sp. strain H8 Propene 17 18 16 ND ND ND 17 16

¢ ND, Not determined.

rates of 10 to 80 nmol/min per mg of protein (Table 2), and no
decrease in activity was detected during the time course of
the experiment.

Formation of epoxyalkanes. Washed cell suspensions of
the 11 strains of alkene-utilizing bacteria were able to
accumulate epoxyalkanes from one or more alkenes. How-
ever, no significant excretion of epoxyalkanes was detected
from alkenes on which the bacteria were grown (Table 3).
Epoxyalkanes also did not accumulate from alkenes, which
are potential growth substrates of the bacteria. For instance,
Nocardia sp. strain H8, which was able to grow on all tested
l-alkenes, did not form 1,2-epoxyalkane. 1,2-Epoxyethane
formation by alkene-grown Xanthobacter spp. was an ex-
ception, since these bacteria are able to grow on ethene at
very slow rates (31). No formation of epoxides was observed
from 1,3-butadiene by alkene-grown bacteria. The formation
of 1,2-epoxypentane and 1,2-epoxyhexane was demon-
strated with Mycobacterium spp. strains E3 and 2W. The
epoxyalkane formation rates varied from 1 to 50 nmol/min
per mg of protein, and the highest rates were found with
ethene- and propene-grown bacteria (Table 3). When alkene
oxidation rates from Table 2 and epoxyalkane formation
rates from Table 3 are compared, it can be seen that
epoxides are formed stoichiometrically in only a few cases.
2,3-Epoxybutanes were not degraded by ethene-grown My-
cobacterium spp. and 1,3-butadiene-grown Nocardia sp.

pmol 2-butene pmol butane pmol 1- butene
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FIG. 1. Oxidation of C4 hydrocarbons by washed cell suspen-
sions of Nocardia sp. strain Byl (18 mg of protein) grown on
1-butene (O) and Nocardia sp. strain TB1 (95 mg of protein) grown
on 2-butene (@®). The culture volume was 10 dm?.

strain BT1, and consequently, they accumulated stoichio-
metrically in the supernatant. Nocardia sp. strain TB1
formed 1,2-epoxyalkanes only stoichiometrically from
ethene and propene. Finally, Mycobacterium sp. strain Pyl
did not degrade 1.2-epoxyethane. From most nongrowth
alkenes, however, only a portion of the alkene oxidized by
the alkene-grown bacteria was recovered as epoxyalkane
during the time course of the experiment.

Utilization of epoxyalkanes. During the degradation of
1,2-epoxypropane by ethene-grown Mycobacterium sp.
strain E3, no additional CO, was formed over the CO- that
was formed endogenously. Subsequently, it was shown that
1,2-epoxypropane was hydrolyzed to 1.2-propanediol by
washed cell suspensions of ethene-grown Mycobacterium
sp. strain E3 (Fig. 2).

DISCUSSION

Gaseous and volatile alkenes can serve as sole carbon and
energy sources for microbial growth. In particular, taxonom-
ically related gram-positive bacteria were isolated when
these compounds were used as the growth substrate (Table
1). Gram-negative Pseudomonas spp. were isolated with
enrichment cultures with 1-hexene as the sole carbon and
energy source. This alkene is probably a borderline growth
substrate between lower gaseous and higher liquid alkenes.
Pseudomonas spp. have been described as liquid 1-alkene
utilizers (8, 21).

Only a few bacteria that have been isolated on gaseous
alkenes can also grow on saturated gaseous hydrocarbons,
namely, Nocardia corallina B276 (11), Mycobacterium sp.
strain E20 (5), and other Myvcobacterium spp. (10). Further-
more, only a very limited number of gaseous alkane-utilizing
bacteria can grow on gaseous alkenes (9, 22). In general,
these observations have now been confirmed by the results
obtained with the alkene-utilizing bacteria that were selected
because only three strains were capable of growth on some
gaseous alkanes. In particular, 1-hexene-utilizing Pseudo-
monas sp. strain H1 and trans-2-butene-utilizing Nocardia
sp. strain TB1 grew more abundantly on some alkanes than
on alkenes, and results of additional experiments showed
that both bacteria resembled alkane-utilizing bacteria more
so than did their alkene-utilizing counterparts.

In view of the low alkene concentrations found in nature,
it is likely that alkene-utilizing bacteria also utilize other
naturally occurring carbon and energy sources to sustain
life. The ability to utilize gaseous alkenes might have
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TABLE 3. Formation of epoxyalkanes from ethene, propene, 1-butene, cis-2-butene, and trans-2-butene
by washed cell suspensions of alkene-grown bacteria

Product formation rate (nmol/min per mg of protein) for the following product:

. Growth
Strain o
substrate C:H,0 C:HO CHO cis-CHO trans-C4HyO
Mycobacterium sp. strain E3 Ethene 0 15 11 20 20
Mycobacterium sp. strain 2W Ethene 0 S 4 12 13
Mycobacterium sp. strain Pyl Propene 15 0 0 ND* ND
Xanthobacter sp. strain Py2 Propene 46 0 0 17 41
Nocardia sp. strain Byl 1-Butene 9 0 0 7 11
Xanthobacter sp. strain By2 1-Butene 11 0 0 27 22
Nocardia sp. strain TB1 2-Butene 2 2 2 0 0
Nocardia sp. strain BT1 Butadiene 17 13 16 19 19
Nocardia sp. strain IP1 Isoprene 10 13 11 ND ND
Pseudomonas sp. strain H1 1-Hexene 0 0 1 1 1
Nocardia sp. strain H8 1-Hexene 0 0 0 ND ND
Nocardia sp. strain H8 Propene 0 0 0 ND ND

“ None of the strains tested excreted 1,2-epoxy-3-butene from 1.3-butadiene. Both ethene-grown mycobacteria excreted 1,2-epoxypentane and 1,2-
epoxyhexane from the respective 1-alkenes at rates of up to 2 nmol/min per mg of protein.
p!

» ND, Not determined.

evolved from the potential to degrade the saturated hydro-
carbons that are more abundantly present in nature. As
stated above, Nocardia sp. strain TB1 and Pseudomonas sp.
strain H1 are better described as alkane utilizers, and for
these organisms saturated hydrocarbons may be more im-
portant substrates in nature. The high incidence of mono-
terpene utilization by Mycobacterium and Nocardia strains
suggests that these bacteria may use these naturally occur-
ring compounds as carbon and energy sources in soil eco-
systems.

Some of the selected strains grown on alkenes were able to
oxidize both saturated and unsaturated hydrocarbons, and
therefore, it can be assumed that an alkane-type monooxy-
genase is present in these cells. Indeed, Pseudomonas sp.
strain H1 is a bacterium which resembles a Pseudomonas
strain used by Thijsse and van der Linden (30), and it was
shown by these investigators that the initial attack on
1-hexene is preponderantly via the methyl group. Nocardia
sp. strain TB1 grows more abundantly on saturated than on
unsaturated gaseous hydrocarbons, and evidence is pre-
sented elsewhere (33) that Nocardia sp. strain TB1 metabo-
lizes trans-2-butene via crotonic alcohol.

Resting-cell suspensions of bacteria grown on alkenes
readily oxidized all alkenes and alkadienes tested (Table 2).
This suggests that the monooxygenases involved do not have
a high degree of specificity toward alkenes. Such a broad
substrate specificity toward hydrocarbons is not unique
because alkane-grown bacteria act in the same way (16, 17,
19, 25, 28). 1-Hexene-grown Pseudomonas sp. strain H1 is
an exception, however, because this bacterium did not
oxidize the gaseous alkenes to any significant extent.

Although Pseudomonas sp. strain H1 and Nocardia sp.
strain TB1 oxidized 1-alkenes, the oxidizing activity leveled
off after a short period of time. This decreasing activity was
probably due to the toxic effect of the epoxyalkanes that
were formed, and such susceptibility toward epoxides is
found in alkane-utilizing bacteria but not in alkene-utilizing
bacteria (14). In this respect, Nocardia sp. strain TB1 and
Pseudomonas sp. strain H1 also resemble the alkane utiliz-
ers. The general differences observed between alkane and
alkene utilizers, with respect to both substrate specificity
and epoxide toxicity, are illustrated in Fig. 1. Activities
toward C, hydrocarbons of washed cells of 1-alkene-grown
Nocardia cells were compared with these activities of 2-
butene-grown Nocardia cells (Fig. 1).

No epoxides accumulated from alkenes on which the
bacterium was grown. However, alkene-grown bacteria, in
general, accumulate epoxyalkanes from nongrowth alkenes.
This epoxide formation by alkene-utilizing bacteria is a
consequence of the restrictive range of epoxides converted
by 1,2-epoxyalkane-degrading enzymes (12). Stoichiometric
formation of epoxyalkane from 2-butene was found with
ethene-grown Mycobacterium spp. and with 1,3-butadiene-
grown Nocardia sp. strain BT1, whereas propene-grown
Mycobacterium sp. strain Pyl cells accumulated stoichio-
metric amounts of 1,2-epoxyethane from ethene (7). Neither
Nocardia sp. strain TB1 nor Pseudomonas sp. strain H1
metabolized 1,2-epoxyalkanes or oxidize epoxyalkanes at
negligible rates, and in this respect, these bacteria again
acted in the same way as alkane-utilizing bacteria (25).

Nevertheless, most epoxyalkanes derived from non-
growth alkenes are degraded further by alkene-utilizing
bacteria. Ethene-grown Mycobacterium sp. strain E3 cata-
lyzed the hydrolysis of 1,2-epoxypropane to 1,2-propane-
diol, but 1,2-propanediol formation by Mycobacterium sp.
strain E3 is probably not mediated by an enzyme of the
degradative pathway of ethene (35). Such diol formation
from epoxyalkanes is not catalyzed by methane-grown bac-

pmol 1,2 propanediol
pmol 1,2 epoxypropane

\

250

1251

0 T T
0 50 100

FI1G. 2. Formation of 1,2-propanediol (O) from 1,2-epoxypro-
pane (@) by washed cell suspensions of ethene-grown Mycobacte-
rium sp. strain E3 (9.5 mg of protein). The culture volume was 10
dm?. The abscissa is time, in minutes.
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teria either (18), and information about this reaction in
bacteria is scarce (6).

Finally, from the results presented in this report, almost
every epoxyalkane can be formed by alkene-grown bacteria
when an appropriate combination of bacterium and alkene is
used.
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