
ABSTRACT: The biosynthetic pathway of two bicyclic FA,
12:17,13:17-diepoxy-9(Z)-octadecenoic acid (DEOA) and 7-hy-
droxy-12:17,13:17-diepoxy-9(Z)-octadecenoic acid (hDEOA),
by Clavibacter sp. ALA2 was investigated. When cultivated with
linoleic acid as a substrate, the strain produced 12,13,17-trihy-
droxy-9(Z)-octadecenoic acid (THOA), DEOA, and hDEOA as
well as other FA. To clarify the synthetic route to these bicyclic
FA, the strain was cultivated with purified THOA as a starting
substrate. THOA was consumed almost completely by the strain
with sequential generation of DEOA and hDEOA. Moreover,
the strain produced hDEOA when cultivated with purified
DEOA. Therefore, it was confirmed that THOA was a precursor
of these bicyclic FA and that hDEOA was generated from
DEOA. Based on our previously reported result that linoleic
acid is first converted to 12,13-dihydroxy-9(Z)-octadecenoic
acid (DHOA) and the present results, the overall biosynthetic
pathway for the diepoxy bicyclic FA from linoleic acid was pos-
tulated as: linoleic acid → DHOA → THOA → DEOA →
hDEOA.
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Hydroxy unsaturated FA are important industrial materials
because the hydroxy groups give a FA special characteristics
such as high viscosity and chemical reactivity. Owing to these
special physical and chemical properties, hydroxy FA are
used in a variety of products including resins, waxes, nylons,
plastics, corrosion inhibitors, cosmetics, and coatings (1). Be-
sides the special physicochemical properties, several hydroxy
FA are known to have physiological properties such as anti-
fungal activity (2–5). Currently, the only industrial source of
hydroxy FA is castor oil and its derivatives. 

Microbial production of hydroxy FA has received much
recent attention, and there are now many reports dealing with
production of hydroxy FA by microbial systems (6–14). Pre-
viously, Hou et al. (15,16) reported the production of a trihy-

droxy FA, 12,13,17-trihydroxy-9(Z)-octadecenoic acid (THOA)
from linoleic acid by a new bacterial isolate, Clavibacter sp.
ALA2. THOA also showed growth-inhibitory activity against
plant pathogenic fungi (5). In addition to THOA, strain ALA2
also produces a variety of unique FA including tetrahydrofu-
ranyl cyclic and diepoxy bicyclic FA (17,18). 

These unusual FA are of interest because they have unique
chemical structures and because they are expected to have
some biological functions. To clarify the biological functions
and to develop an industrial production process for these FA,
it is important to understand their biosynthetic pathways. In
this paper, the biosynthetic routes to the diepoxy bicyclic FA
12:17,13:17-diepoxy-9(Z)-octadecenoic acid (DEOA) and 7-
hydroxy-12:17,13:17-diepoxy-9(Z)-octadecenoic acid (hDEOA)
are examined. Here we report that THOA is a precursor for
DEOA and hDEOA. A possible biosynthetic pathway for the
diepoxy bicyclic FA from linoleic acid is discussed. 

MATERIALS AND METHODS

Bacterial strain and chemicals. Clavibacter sp. ALA2 was
used throughout the study (15,16). The strain was cultivated
aerobically in a medium containing 0.5% dextrose, 1% tryp-
tone, 1.5% yeast extract, 0.5% K2HPO4, 0.05% MgSO4·
7H2O, 0.001% FeSO4, 0.0014% ZnSO4·7H2O, 0.0008%
MnSO4, and 0.001% nicotinic acid (pH 6.8) at 30°C. Linoleic
acid and palmitic acid were purchased from Sigma (St. Louis,
MO). Diazomethane was prepared by degradation of N-
methyl-N-nitroso-p-toluenesulfonamide (Sigma) with potas-
sium hydroxide. All other chemicals were of highest purity
unless otherwise stated. 

Purification of THOA and DEOA. Strain ALA2 was aero-
bically cultivated in 50 mL of the medium described above
for 1 d at 30°C, and then 125 µL (100 mg) of linoleic acid was
added to the culture. The culture was incubated for an addi-
tional 3 d. After incubation, 2 mL of 6 N HCl was added to
the culture, and the lipids were extracted with 50 mL of eth-
ylacetate, and then with 50 mL of diethyl ether by using a sep-
aration funnel. The lipid extracts were combined, and the sol-
vent was evaporated to obtain a crude lipid extract (typically
0.2–0.3 g from 50-mL culture). 

The crude lipid extract (approximately 2 g) was suspended
in 30 mL of n-hexane and applied on a column (2.5 cm i.d. ×
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35 cm height) packed with silica gel 60 (70–230 mesh; EM
Science, Gibbstown, NJ). After washing the column with 800
mL of n-hexane/ethyl acetate (9:1 vol/vol), DEOA was eluted
with 400 mL n-hexane/ethyl acetate (8:2 vol/vol). The col-
umn was further washed with 800 mL n-hexane/ethyl acetate
(2:8 vol/vol) and then eluted with 400 mL ethyl acetate to re-
cover THOA (approximately 75% purity by GC). 

When necessary (e.g., to obtain a highly pure lipid sample
for establishing standard lines for quantification by GC), the
DEOA and THOA fractions were further purified by Silica
Gel 60 F254 preparative TLC (EM Science) using toluene/1,4-
dioxane (95:5 vol/vol) and toluene/1,4-dioxane (7:3 vol/vol),
respectively.

Microbial conversion of FA. Strain ALA2 was cultivated
in 50 mL of the medium at 30°C for 2 d. A 125-µL (100 mg)
aliquot of linoleic acid, purified THOA (approximately 75%
purity) or purified DEOA (approximately 90%) was added to
the culture, and incubation continued. An extended cultiva-
tion time of 2 d and the use of only a limited amount of sub-
strate were designed to produce better biotransformation. In-
termittently, a portion (0.5 mL) of the mixture was withdrawn
into a microcentrifuge tube. A 20-µL volume of 6 N HCl and
0.1 mL of 10 mg/mL palmitic acid in ethyl acetate (internal
standard) were added. The lipids were extracted twice with
0.5 mL of ethyl acetate, dried under nitrogen gas, and con-
verted into methyl esters using diazomethane.

The FAME were analyzed with a gas chromatograph
(Model 5890; Hewlett-Packard, Palo Alto, CA) equipped
with a capillary column (SPB-1, 15-m × 0.32 mm, 0.25 µm
film thickness; Supelco, Bellefonte, PA). Helium was used as
carrier gas at 1 mL/min. The initial temperature of the col-
umn was 160°C, which was heated at a rate of 5°C/min to
210°C, and then kept at 210°C for 30 min. Detection was
done by an FID with hydrogen, helium (make-up gas), and
air at 27, 29 and 445 mL/min, respectively. 

The amounts of linoleic acid, THOA, and DEOA were cal-
culated from the peak area relative to that of palmitic acid (in-
ternal standard) using standard lines drawn using known
amounts of the authentic FA. Linear relationships were found
between peak area ratio and weight area ratio for these three
FA. We were not able to make a standard line for hDEOA,
however, owing to the difficulty in obtaining a pure authentic
sample (the amount of hDEOA in the crude lipid extract was
very small). As a compromise, the quantification of hDEOA
was done using the standard line for DEOA, although it may
differ from the true amount.

RESULTS AND DISCUSSION

Figure 1 shows typical gas chromatograms of FA composi-
tion during the conversion reaction of linoleic acid by strain
ALA2. At 48 h, linoleic acid was completely consumed, and
several new peaks of THOA, DEOA, and hDEOA appeared.
Further incubation (at 96 h) resulted in consumption of
THOA, decrease of DEOA, and increase of hDEOA. A time
course of the changes in the amount of the FA is shown in

Figure 2A. From 2 mg/mL of linoleic acid, 1.15 mg/mL of
THOA and 0.17 mg/mL of DEOA were formed at 48 h; there-
after, THOA and DEOA gradually decreased to 0.1 and 0.06
mg/mL, respectively, generating hDEOA to 0.23 mg/mL at
96 h.

From Figures 1 and 2A, one can speculate that DEOA was
derived from THOA via biocatalytic conversion. However,
because of the many small peaks of other FA, the results were
not conclusive to confirm this speculation. To make sure of
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FIG. 1. Gas chromatographic analyses of FA composition during the
conversion of linoleic acid. The chromatograms of the lipid extracts at
6, 48, and 96 h after the addition of linoleic acid are shown. DEOA,
12:17,13:17-diepoxy-9(Z)-octadecenoic acid; hDEOA, 7-hydroxy-
12:17,13:17-diepoxy-9(Z)-octadecenoic acid; THOA, 12,13,17-trihy-
droxy-9(Z)-octadecenoic acid.

FIG. 2. Time-course change in FA during the bioconversion of linoleic
acid (A) and THOA (B) as substrates. Symbols: (●●), THOA; (●), DEOA;
(■■), linoleic acid, (■), hDEOA. For abbreviations see Figure 1.



the formation pathway of diepoxy bicyclic FA, we performed
the conversion reaction using purified THOA as the starting
substrate. Figure 3 presents gas chromatograms recorded during
the reaction with THOA as the substrate. As expected, THOA
was consumed completely in 24 h, and DEOA was generated as
a major product. Afterward, the peak of DEOA decreased, and
the peak of hDEOA appeared. The quantitative analyses of the
FA during the reaction (Fig. 2B) also illustrate the rapid con-
sumption of THOA with formation of DEOA in 6–24 h, and the
subsequent generation of hDEOA. By starting from 2 mg/mL
of THOA, 0.23 mg/mL of DEOA and 0.26 mg/mL of hDEOA
were formed in 72 h. The yields of DEOA and hDEOA from
THOA were approximately 12 and 13%, respectively. These
yield values are reasonable considering the yields of DEOA and
hDEOA from THOA in Figure 2A (from 48 to 96 h). Further-
more, when cultivated with purified DEOA, the strain produced
hDEOA (Fig. 4). These results, strongly suggested that THOA
was a precursor of DEOA and that hDEOA was formed from
DEOA by hydroxylation at C7. 

Gardner et al. (18) found 12,13-dihydroxy-9-octadecenoic
acid (DHOA) in the crude lipid extract of strain ALA2 culti-
vated with linoleic acid. Therefore, it is likely that linoleic

acid is first converted to DHOA, and then into THOA by fur-
ther hydroxylation at C17. Based on this consideration and
the present results, the overall biosynthetic pathway of the
diepoxy bicyclic FA from linoleic acid is postulated to be as
shown in Scheme 1. First, linoleic acid is hydroxylated at C12
and C13 (either sequentially or simultaneously) to DHOA,
which is further converted into THOA. THOA is then trans-
formed to DEOA, then into hDEOA by another hydroxyla-
tion at C7.

A notable reaction step in the postulated pathway would be
the formation of the bicyclic ring (i.e., formation of DEOA
from THOA). Since the bicyclic moiety of DEOA is an intra-
molecular ketal structure, THOA itself is not likely the direct
precursor for DEOA. In other words, THOA might be first con-
verted into another intermediate, and then into DEOA. A rea-
sonable candidate for such an intermediate for DEOA might be
a ketone-diol, possibly 12,13-dihydroxy-17-keto-9-octade-
cenoic acid, of which the keto group at C17 reacts with the vic-
inal diol group at C12 and C13 to form the bicyclic ring. We
tried to detect this ketone-diol, which we expected would elute
faster than THOA on GC, if present. However, no such com-
pound was detected during the conversion of THOA (Fig. 3),
suggesting that the keto-diol might be converted into the ring
too quickly to be accumulated as an intermediate. 
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FIG. 3. GC analyses of FA composition during the conversion of THOA.
Chromatograms of the lipid extracts at 0, 24, and 72 h after the addition
of THOA are shown. For abbreviations see Figure 1.

FIG. 4. GC analyses of FA composition during the conversion of DEOA.
Chromatograms of the lipid extracts at 0, 24, and 48 h after the addition
of DEOA are shown. For abbreviations see Figure 1.
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