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The metabolism of cyclohexanes by Rodococcus sp. EC1 was investigated using a sequential tracking
method of degradation intermediate. Evidence for the formation of cyclohexanol, cyclohexaone, 2-
cyclohexen-1-one, and phenol was presented. EC1 metabolized cyclohexane to phenol by aromatization
of 2-cyclohexen-1-one, and furthermore gamma-butyrolactone as an intermediate of 2-cyclohexen-
1-one was formed. Aromatization by EC1 was confirmed using tetrahydrofuran. Tetrahydrofuran was
metabolized through aromatization reaction, involving furan and 2,3-dihydrofuran as key intermediates.
EC1 can degrade cyclohexane and tetrahydrofuran in aromatization via desaturation.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Cyclohexane, a cyclic alkane, originating from petroleum prod-
ucts, is more recalcitrant than even n-alkanes or monoaromatic
hydrocarbons [1]. Even though two bacterial strain of Pseudomonas
spp. were reported by Klerk and van der Linden [2] as the first
microorganisms which have capability of degradation of cyclohex-
ane, the bacteria could not utilize cyclohexane as a sole carbon and
energy source. Nocardia sp. was the first microorganism identified
as utilizing cyclohexane as a sole carbon and energy source [3].

Two different degradation pathways of cyclic alkanes were
known; a lactone formation and an aromatization. In the lactone
formation, a well-defined pathway, first cyclohexane was oxidized
to cyclohexanol and cyclohexanol is dehydrogenated to cyclohex-
anone from which epsilon-caprolactone is produced [4]. It is known
as Baeyer-Villager oxidation reaction, which is then oxygenated by
the action of monooxygenase, called Baeyer-Villiger monooxyge-
nase. Epsilon-caprolactone is further oxidized to adipic acid, and
ultimately to CO; [5]. Generally, aromatization plays an important
role in the biosynthesis of aromatic amino acids and lignin and
estrogen. Although the involvement of aromatization in biodegra-
dation is uncommon, in limited number of studies, biodegradation
of cyclic alkanes have been reported by aromatization in aero-
bic bacteria [6]. Kaneda [7] also reported that Corynebacterium
cyclohexanicum degraded cyclohexanecarboxylic acid through the
aromatization.
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In this study, the biotransformation of cyclohexane by the
pure culture of Rhodococcus sp. EC1, which is capable of the co-
metabolism of multiple organic contaminants was investigated
[8]. The primary metabolites formed during biotransformation of
cyclohexane in batch tests were identified using a sequential track-
ing method of degradation intermediate, and its biodegradation
pathways were proposed. In addition, main degradation pathway
of cyclohexane, aromatization, was confirmed using tetrahydrofu-
ran. The identities of the metabolites were elucidated using gas
chromatography-mass spectrometry (GC/MS).

2. Materials and methods
2.1. Bacterial growth conditions

Rhodococcus sp. EC1 (AY878707) was isolated from oil-
contaminated soil in our previous study [8]. This bacterium
was precultured in a 1.2-L serum bottle containing 50 mL of
Bushnell-Hass (BH) medium (0.409 g/L MgS0,4-7H,0, 0.0265 g/L
CaCly-2H,0, 1g/L KH,POy4, 1g/L NH4NO3, 6g/L NayHPO4-12H,0,
and 0.0833g/L FeCl3-6H,0) and 50 L trace elements (17 g/L
FeCl3, 0.6g/L CaCl,, 0.2g/L ZnSO4, 0.2g/L CuSO4-7H,0, 0.2g/L
MnSOy4, 0.8 g/L CoCl,, 0.1 g/L H3BOs3, and 0.3 g/L NaMoO4-2H;0).
After the serum bottle was sealed using a butyl rubber and
aluminum cap, 0.1 mL cyclohexane (99%; Duksan Pure Chem-
ical Co., Ansan, Korea) was injected using a 1-mL syringe,
and the culture was incubated at 30°C with shaking at
180 rpm.

For measurement of growth on cyclohexane by EC1, 0.5 mL of
precultured EC1 was inoculated in a 1.2-L serum bottle containing
50 mL of BH medium with 30 wL cyclohexane (5.52 mM) under the
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conditions described above. Cell concentrations were determined
by measuring the absorption at 600 nm (ODgggnm, Agilent 8453,
Agilent, USA).

2.2. Examination of cyclohexane degradation pathway using a
sequential tracking method of degradative intermediates

The following experiments were conducted to characterize the
cyclohexane biodegradation pathway using EC1. Initially, 50 mL
of precultured EC1, grown in BH medium supplemented with
cyclohexane, was centrifuged (8900g, 10min) with the super-
natant discarded and the collected cells resuspended with 50 mL
of distilled water to wash the cells. After washing twice, the
cells were resuspended in 20 mL of BH medium. Two milliliters
of the newly suspended cell culture was inoculated into each
of ten sets of 10-mL serum bottles; the bottle was sealed with
butyl rubber and an aluminum cap; 1L of cyclohexane was
injected into the bottles and then cultivated at 30°C and 180 rpm.
During the tests, all the bottles were horizontally positioned to
avoid the contact between the top of bottle and culture solu-
tion. The intermediates by EC1 were extracted by solid-phase
microextraction (SPME, Supelco, Bellefonte, PA, USA) installed with
carboxenTM/polydimethyl siloxane (CAR/PDMS, Supelco, Belle-
fonte, PA, USA) fiber in each bottle. The fiber was exposed in the
headspace of test bottles and then the bottle was heated in the heat
block at 75 °C for 10-15 min for adsorption of evaporated interme-
diates onto the fiber. The adsorbed intermediates were analyzed
using GC/MS (HP6890 series plus, Agilent, Palo Alto, CA, USA) with a
DB-5 column (30 m x 0.32 mm x 0.25 pm, J&W Scientific, CA, USA)
and model 5973 Network Mass Selective Detector (Agilent, Palo
Alto, CA, USA). For desorption of the intermediates from the fiber,
SPME was put in the injector for 5 min. The initial oven tempera-
ture was 40 °C for 1 min, which was increased to 280 °Cat 10 °C/min
and held for 2 min. The injector and detector temperatures were
270°Cand 280°C, respectively. Helium was used as the carrier gas.
The Wiley 275 and Nist 98 libraries proposed for the GC/MS sys-
tem were used for homology searches of the mass spectra of the
intermediates.

Cyclohexanone (1 pL) was added to 2 mL of precultured EC1, as
a sole carbon source, as the intermediate had been identified in the
1st step of the degradation process and then cultivated at 30°C and
180 rpm. All the other steps (2nd to 4th) followed were the same as
the 1st step for extraction and analysis. The intermediates at each
step were cyclohexanone, 2-cyclohexen-1-one, and tetrahydrofu-
ran (THF), in that order, which were used as sole carbon sources in
the next step. Therefore, the degradative pathway of cyclohexane
due to EC1 was verified through a sequential qualitative analysis
method. For all experiments, control tests without the inoculation
of EC1 were simultaneously carried out.

3. Results and discussion
3.1. Degradation of cyclohexane by EC1

Our previous study [8] revealed that EC1 has the ability to
degrade various kinds of hydrocarbons including cyclohexane. As
shown in Fig. 1, EC1 reached the exponential growth phase in the
presence of cyclohexane as a sole carbon source after lag periods
of 30 h. The accumulation of metabolites after cell growth reached
stationary phase was analyzed by GC/MS and any intermediates
was not detected (data not shown). It was shown that cyclohexane
was converted to cell components and degraded to CO5.

The intermediates were analyzed to propose the degradation
pathway by EC1. After 6-h cultivation, the intermediates derived
from the biotransformation of cyclohexane were analyzed by
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Fig. 1. Cell growth of EC1 in the presence of cyclohexane as a sole carbon and energy
source.

mass spectra by GC/MS (Fig. 2) and confirmed by their retention
time of reference compounds. During cyclohexane degradation
experiments, transiently cyclohexanol appeared followed by cyclo-
hexanone (Fig. 2a). When cyclohexanone as a sole carbon source
was incubated with EC1, 2-cyclohexen-1-one was accumulated
(Fig. 2b). When cyclohexanone was supplied into the EC1 culture
both as a sole carbon substrate, 2-cyclohexen-1-one and phenol
were detected (Fig. 2c). THF were used as a sole carbon for EC1,
furan and tetrahydrofuran-2-ol were formed as the intermediate
of THF (Fig. 2d). Based on our best knowledge, this study is the first
to report the formation of THF intermediates during cyclohexane
degradation.

3.2. Degradation pathway of cyclohexane and metabolites

On the basis of the results shown in Fig. 2, the biodegrada-
tion pathways of cyclohexane by EC1 were proposed (Fig. 3).
Cyclohexane was oxidized primary to cyclohexanol and then fur-
ther dehydrogenated to cyclohexanone. In previous studies [4],
[9], ring cleavage via lactone formation has been considered as a
main removal mechanism of cyclohexane; cyclohexanone is further
cleaved to adipic acid via 2-oxepanone formation. In this study, the
formation of 2-cyclohexen-1-one showed that desaturation reac-
tion occurred. Desaturation has been observed in the reactions
catalyzed by cytochrome P450 [10] or dioxygenase extracted from
P. sp. strain 9816-4 incubated with naphthalene and from P. putida
F1 with toluene [11]. However, most of common pathway of P450-
mediated metabolisms, including hydroxylation, epoxidation, and
dealkylation, are known. In addition, the detection of phenol con-
firmed that the aromatization of cyclohexane by EC1 was one
of main biodegradation mechanisms, although biodegradation of
cyclic hydrocarbon by aromatase is rare [7]. The well-known key
intermediate resulting from the metabolism of phenol is catechol
[12]. Thus, phenol would be further degraded to catechol.

As shown in Fig. 2b, when EC1 was incubated with 2-
cyclohexen-1-one, gamma-butyrolactone as well as phenol was
detected. Though tetrahydrofuran was not directly detected as a
metabolite of cyclohexane, degradation pathway of THF was inves-
tigated to confirm the aromazation as main removal mechanism
of aromatic hydrocarbons by EC1since gamma-butyrolactone was
generally considered as an intermediate of THF [13]. Therefore,
further degradation test was performed with THF, and 2,3-
dihydrofuran and furan were detected as intermediates (Fig. 2c).
Based on the results in Fig. 2b and c, it is considered that
EC1 has the ability to degrade cyclohexane and THF using
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Fig.2. The schematic diagrams of the GC/MS chromatograms using the sequential tracking method. Detection of the metabolites from cyclohexane, (a) Cyclohexanol (retention
time (RT), 5.9 min; m/z fragments (F;), 44.1, 57.1, 67, 82) and cyclohexanone (RT 6.06 min; m/z (Fs), 39.2, 42.2, 55, 69, 83, 98), (b) 2-cyclohexen-1-one (RT 6.707 min; m/z Fs,
39.1, 47.2, 55.1, 68.1, 81, 96), (c) Gamma-butyrolactone (RT 6.232 min; m/z Fs, 36.1, 42.2, 56.1, 69.1, 77.2, 86.1) and phenol (RT 7.322 min; m/z: 39.2, 47.1, 55.2, 66.1, 77.1,
85.1, 94.1), (d) Furthermore, 2,3-dihydrofuran (RT 2.19 min; m/z Fs, 38.9, 41.2, 43.2, 50.2, 53.1, 55.1, 66.1, 70.2) and furan (RT 1.887 min; m/z Fs, 37.2, 39.2, 42.1, 44.1, 48.1,

50.2,53.1,58.2,66.1,68.1).



396 T.Yi et al. / Journal of Hazardous Materials 191 (2011) 393-396

A
Lactone formation |
(Donoghue et al., 1976) !

OH 0
|
Aromatization
> > —> —
1 2 3 4

(@]
O —» 3 OQO
o]

OH

5

(o) o} (6]
Rearrangement C ; < 7 - i ; Ring cleavage
9 / Aromat|zatlgn \ / > —3
7 9

8

Fig. 3. Proposed cyclohexane degradation pathways by Rhodococcus sp. EC1; (1) cyclohexane (2) cyclohexanol (3) cyclohexanone (4) 2-cyclohexen-1-one (5) phenol (6)

gamma-butyrolactone (7) tetrahydrofuran (8) 2, 3-hydrofuran (9) furan.

the aromatization; THF to furan via 2,3-hydrofuran and lac-
tone formation, ring-cleavage of THF via tetrahydrofuran-2-ol and
gamma-butyrolactione [13]. Previously aromatization of cyclic
alkanes has been reported in limited number of studies; by aer-
obic bacteria [7], by denitrifying bacteria [6], and by animal liver
cells [14].

4. Conclusions

Aromatization as a cyclohexane degradation pathway by EC1
proposed in this research is different from lactone formation,
known as a main degradation pathway of cyclohexane. It was
shown that microorganisms have various degradation mechanisms
for cyclic alkanes such as cyclohexane. This research increases
the deep understanding and provides the answer for fundamental
questions related to various degradation mechanisms of cyclohex-
ane. For further study, it is required to study the enzymes and their
activity related to each degradation pathway of cyclohexane.
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