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An allene oxide and 12-oxophytodienoic acid are key
intermediates in jasmonic acid biosynthesis by
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Abstract Fungi can produce jasmonic acid (JA) and its iso-
leucine conjugate in large quantities, but little is known
about the biosynthesis. Plants form JA from 18:3n-3 by 13$-
lipoxygenase (LOX), allene oxide synthase, and allene oxide
cyclase. Shaking cultures of Fusarium oxysporumf. sp. tulipae
released over 200 mg of jasmonates per liter. Nitrogen pow-
der of the mycelia expressed 10R-dioxygenase-epoxy alcohol
synthase activities, which was confirmed by comparison with
the recombinant enzyme. The 13SLOX of F. oxysporum could
not be detected in the cell-free preparations. Incubatlon of
mycelia in phosphate buffer with [17,17,18,18,18-"H,]18:3n-3
led to biosynthesis of a [ *H;] 12 0x0-13-hydroxy-9Z,15Z-octa-
decadienoic acid (a—ketol), [ H5]12-oxo-10 15Z-phytodienoic
acid (12-OPDA), and [ H;]13-keto- and [ H;]13$hydroxyocta-
decatrienoic acids. The a-ketol consisted of 90% of the 13R
stereoisomer, suggesting its formation by nonenzymatic hy-
drolysis of an allene oxide with 13§ configuration. Labeled
and unlabeled 12-OPDA were observed following incubation
with 0.1 mM [ H;]18:31-3 in a ratio from 0.4:1 up to 47:1 by
mycelia of liquid cultures of different ages, whereas 10 times
hlgher concentration of [ H5]13S—hydroperoxyoctadecatr1e-
noic acid was required to detect biosynthesis of [ H;]12-
OPDA. The allene oxide is likely formed by a cytochrome
P450 or catalase-related hydroperoxidase.lfi We conclude
that F. oxysporum, like plants, forms jasmonates with an al-
lene oxide and 12-OPDA as intermediates.—Oliw, E. H.,
and M. Hamberg. An allene oxide and 12-oxophytodienoic
acid are key intermediates in jasmonic acid biosynthesis by
Fusarium oxysporum. J. Lipid Res. 2017. 58: 1670-1680.
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Fusarium oxysporum is a plant pathogenic fungus, which
infects the root tips and causes wilt disease (1, 2). I. oxyspo-
rum can infect virtually all plants except grasses. A special
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form [ forma specialis (f. sp.)] of F. oxysporum is so designated
from its capacity to infect a specific host. F oxysporum £. sp.
cubenseis one of most infamous strains, as it causes Panama
disease of banana, a constant threat to this commodity (3).

The methyl ester of (—)-jasmonic acid [(—)-JA] was iso-
lated and structurally characterized by Demole in 1962 (4).
The (+)-7-isojasmonic acid [(+)-JA], which is the bio-
logically relevant form of JA, was conclusively identified
more than two decades later in lemon (5) and in media
from two fungi, Lasiodiplodia theobromae (6) and Fusarium
Jujikoroi (7).

The plant biosynthesis of JA has been investigated in de-
tail. Many of the enzymes have been crystallized, and the
biological importance of jasmonates as growth hormones
and physiological regulators is well-documented (8-14).
The 13$lipoxygenase (LOX) of plants oxidizes 18:3n-3
to 13Shydroperoxy-9Z,11E,15 Zoctadecatrienoic acid [13$
hydroperoxyoctadecatrienoic acid (HPOTrE) ], which is
dehydrated by allene oxide synthase (AOS) to an allene
oxide, which in turn is converted by allene oxide cyclase
(AOC) to 12-0x0-10,15Zphytodienoic acid (12-OPDA) in
plastids. The 12-OPDA is reduced and subject to B-oxidation
with formation of (+)-JA in the peroxisomes and then con-
jugated with Ile (Fig. 1).
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The fungal biosynthesis of (+)-JA is intriguing in many
aspects. First, fungi can form remarkably large amounts of
(+)-JA in the laboratory, as discussed below. Second, in
spite of the large production of (+)-JA, the mechanism of
the fungal biosynthesis is not firmly established. Third, (+)-
JA produced by fungi can augment plant disease (15, 16);
yet many plants form jasmonates as defense reactions to
fungal infections (11, 12). Fourth, the initial steps of (+)-JA
biosynthesis in plants occur in plastids, which are absent
in fungi.

L. theobromaeand members of the Fusariumfamily remain
prototypes for studies of (+)-JA biosynthesis. L. theobromae
(strain 2334) can routinely produce 300-500 mg (+)-JA per
liter of growth medium and occasionally much more (17—
19). In the fields, L. theobromae causes excessive growth of
tropical fruit trees, possibly due to (+)-JA secretion (15,
18). Several subspecies of F. oxysporum, which infect garden
stock, cabbage, and tulips, are also known to produce (+)-
JA, 9,10-dihydro-JA, and their conjugates with isoleucine
(15, 20). The most prominent biosynthesis occurs in still
cultures of F. oxysporumf. sp. tulipae (Fot). Fot can produce
milligram amounts of jasmonates per liter and induce gum
disease in tulips (15, 16).

The mechanism of (+)-JA biosynthesis by L. theobromae
was investigated by Tsukada, Takahashi, and Nabeta (21),
who found that L. theobromae produced [2H4] (—)-JA follow-
ing feeding with [9,10,12,13,14,15-2H6]18:3n—3 (21). Traces
of labeled 12-OPDA were detected (21); however, addi-
tional compounds indicative of the plant pathway [135
HPOTrE and 12-oxo-13-hydroxy-9Z,15Zoctadecadienoic
acid (o-ketol) ] were not observed. The fungal biosynthesis
of jasmonates from 18:37-3 therefore remains an enigma.

Dioxygenases (DOXs) of Cig fatty acids, which belong to
the cyclooxygenase gene family, and LOXs have been in-
vestigated by genome analysis of F. oxysporum and recombi-
nant protein expression (22-25). The genome codes for
two LOXs and three DOX-cytochrome P450 (CYP) fusion
proteins (Fig. 2). The LOXs contain either catalytic man-
ganese (Fo-MnLOX) or catalytic iron (FoxLOX). Both
enzymes oxidize 18:27n-6 and 18:37-3 to 13Shydroperoxy
metabolites, and Fo-MnLOX also forms 11-hydroperoxy
metabolites (22, 26). These LOXs could be candidates for
the first fungal enzyme in a plant pathway to jasmonates
(26). The 95DOX-AOS oxidizes 18:2n-6 to 9SHPODE
and the 9SAOS transforms this hydroperoxide to an al-
lene oxide (Fig. 2), but it does not transform 13-HPOTTE
(24, 27). This 9SAOS is therefore not involved in fungal
biosynthesis of (+)-JA. This also applies to 9R-DOX, which
does not form 13-hydroperoxy Cig fatty acids (23). The
10R-DOX-epoxy alcohol synthase (EAS) of F. oxysporum
has, so far, only been characterized as a recombinant ho-
molog to 10R-DOX-EAS of the rice blast fungus, Magna-
porthe oryzae, but only with respect to oxidation of 18:2n-6
(25). Expression of 10RDOX-EAS in mycelia of I oxysporum
has not been reported, but expressed sequence tags have
been found.

The present investigation had three goals. The first goal
was to optimize the growth conditions of F. oxysporum with
respect to biosynthesis of jasmonates, and we chose to
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Fig. 1. Overview of the plant pathway to jasmonates. The first
steps to 12-OPDA are catalyzed in plastid. The 12-OPDA is then
transferred to peroxisome for further transformations to (+)-JA.
The end product, (+)-JA-Ile, has potent biological effects.

investigate Fot (15). The second goal was to determine the
transformation of unsaturated Cig fatty acids by nitrogen
powder of these mycelia. This led us to investigate the oxi-
dation of 18:3n-3 and 18:17-9 by recombinant 10 RDOX-EAS
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of F. oxysporum. The third goal was to detect possible inter-
mediates in jasmonate biosynthesis, which could be formed
by the intact mycelium.

MATERIALS AND METHODS

Materials

Cartridges, silicic acid, and Cig silica (SepPak) were from Wa-
ters. Fatty acids were dissolved in ethanol and stored in stock so-
lutions (50-100 mM) at —20°C. The 18:2n-6 (99%) was from
Sigma. The 18:11n-9 (99%), 18:3%-3 (99%), [C15118:2n-6 (98%),
[17,17,18,18,18—2H5]18:3n—3, (+)-JA, 12-OPDA, and oa-ketol were
from Larodan (Stockholm, Sweden). When required, fatty acids
were purified by SiOy chromatography (SepPak) and eluted
with 30 ml diethyl ether/hexane/acetic acid, 5/95/0.2, in one
step. The [PCig] 10S/R-hydroperoxy-8£,12 Zoctadecadienoic acid
(HPODE) was prepared by photo oxidation of [PC1]18:20-6
(24). The [*H,]13SHPOTYE was prepared with soybean LOX-1
(Sigma) and 13RHPOTYE with 13RMnLOX. The (—)-JA, RNaseA,
potato dextrose broth (PDB), and ampicillin were from Sigma.
Czapec-Dox broth (CDB) was prepared with reagents from
Sigma and VWR [per liter: saccharose ( 30 g), NaNO; (3 g),
K,HPO, (1 g),KClI (0.5 g), MgSO,-7H,0 (0.5 g), and FeSO - 7H,O
(0.01 g) 1. JA-Ile was synthesized as described (28). The Ile conju-
gate of 18:3n-3 was prepared as earlier described (29) and puri-
fied by reversed phase (RP)-HPLC using a solvent system of
methanol-water-acetic acid (85:15:0.01,v/v/v). Fot (NRRL 26954)
was from ARS Culture Collection (Peoria, IL), imported with
due permission (Jordbruksverket), and stored on potato dex-
trose agar (PDA) plates at +4°C. The fungus was recultivated for
7-10 days at room temperature (PDA plates). The 10RDOX-EAS
of I oxysporum (EGU86021; FOXB_03425) was expressed in
Escherichia coli BL21 Star cells (Invitrogen), as described (25).

N-( [5-2H2,7-2H] (—)-jasmonoyl)-(S)-isoleucine O-methyloxime
{ [2H3] (—)-JA-Ile-MO} was prepared as follows. N-[ (—)-jasmonoyl]-
(S)-isoleucine (95 mg), prepared as described in (28), was added
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to 2HQO (10 ml) and stirred with 300 mg of KyCO; at 23°C
for 46 h. A solution of 30 mM O-methyl-hydroxylamine hy-
drochloride in methanol was added, and the mixture was
kept at 23°C for 18 h. Extraction with ethyl acetate gave a resi-
due that was subjected to RP-HPLC using a 250 x 10 mm col-
umn of Nucleosil 100-7 C,4 eluted with methanol/water/acetic
acid (60:40:0.015, v/v/v) at a flow rate of 4 ml/min. This
afforded pure [ZHg](—)-JA-Ile-MO (68 mg) as a white solid.
An aliquot was treated with diazomethane and analyzed by
GC-MS. Two peaks (ratio, 6:1), due to the MO syn-anti iso-
mers, appeared. The mass spectrum of the major isomer showed
the following prominent ions [deuterium isotope shifts relative
to the corresponding unlabeled derivative (30) are given in pa-
renthesis]: m/z 338 (+3), 307 (+2), 270 (+3), 183 (+3), 150 and
151 (+2 and +3, respectively), and 86 (+0). The isotopic com-
position was 93.07% ([*H;]), 4.85% (*Hs), 1.30% (*H,), and
0.78% (*Hy).

Fungal cultures

In initial experiments, 50-100 ml CDB or PDB in 250-500 ml
flasks were inoculated from PDA plates (0.5-1 cm®) and grown
under various conditions [dark or light, 22°C or 28°C, with or
without moderate shaking (100 rpm)]. These incubations were
terminated after 18-21 days.

In subsequent studies, PDB was inoculated with growth me-
dium (2.5-50 ml PDB) from a growing culture and incubated at
28°C (100 rpm) in the dark (shaking incubator SI-300R; Jeio
Tech). After 4-5 days, the culture was colored deep red due to
bikaverin, and they were harvested after 10-15 days. The red-
dish mycelia were collected by filtration, washed with saline,
frozen in liquid Ny, and ground to a fine powder in a mortar
with liquid Ny. The powder was stored at —80°C. An aliquot was
added to 0.1 M KHPO, buffer (pH 7.4)/2 mM EDTA/0.04%
Tween-20 and homogenized with a Potter-Elvehjem glass ho-
mogenizer with Teflon pestle (10 passes) and then incubated
with fatty acids.

The growth media were centrifuged (3,100 g) and the super-
natant was then assayed for jasmonates. An aliquot (7-10 ml) was
extracted on a cartridge of Cg silica (SepPak/Cg), washed with
water (2 ml), and lipids were eluted with ethyl acetate (4 ml)
(31). The organic extract was evaporated under a stream of Ny,
dissolved in ethanol (1 ml), and 1-10 wl were then analyzed for
JA-conjugates by LC-MS/MS. For detection of JA, the organic ex-
tract of 10 ml medium was evaporated to dryness and purified by
semi-preparative RP-HPLC (65% methanol) with subsequent
analysis of the evaporated polar fractions by RP-HPLC-MS/MS
(60% methanol).

For studies of oxidation of fatty acid by mycelia and release of
intermediates in JA biosynthesis in small scale, 2.5 ml of the
I oxysporumliquid culture was centrifuged (3,100 g; 20 min, +4°C)
and the supernatant was discarded. The mycelia were suspended
in 2.5 ml 0.1 NaBO; buffer (pH 8.2) or 2.5 ml 0.1 M KHPO, buffer
(pH 7.4)/2 mM EDTA/0.04% Tween-20 in 15 ml tubes at
22°C. The 18:37-3 (2.3 mM) and 30, 100, 300, or 2,300 pM
[17,17,18,18,18-2H5] 18:37-3 were added in some experiments,
and 100 pM N-[97,127,15 Z-octadecatrienoyl]-Sisoleucine (18:3n-
3-Ile) or 100 uM 13SHPOTYE-Ile in other experiments. The tubes
were slowly tilted for 1 h (Duomax 1030; Heidolph; 22°C). The
mycelia were then precipitated by centrifugation (3,100 g) and
the supernatant was diluted with water and extracted with Cg sil-
ica (SepPak/Cg). For large-scale experiments, we used the same
protocol with mycelia from 25 ml of the liquid culture, 25 ml of
suspension KHPO, buffer in 50 ml Falcon tubes (1 h, 22°C), and
several rounds of extraction on Cig silica (SepPak/Cyg). The ex-
tracts were reduced to dryness under a stream of Ny and dissolved
in ethanol for analysis.



Enzyme assay

The N, powder was added to 100 pM [C15118:20-6 or 100 M
other Cyy fatty acids in 0.1 M KHPO, (pH 7.4), 2 mM EDTA, and
0.04% Tween-20. After homogenization, the crude homogenate
was incubated for 30—40 min on ice. After centrifugation (17,000 g;
10 min, +4°C), we extracted the supernatant with Cyg silica, as
above.

GC- and LC-MS/MS analysis

An Agilent mass selective detector model 5977E connected to
an Agilent model 7820A gas chromatograph were used for GC-MS.
A capillary column of 5% phenylmethylsiloxane (12 m, 0.33 wm
film thickness) with helium as the carrier gas was used. The tem-
perature was raised from 80°C to 300°C at a rate or 10°C/min.
The scan and selected ion monitoring modes were used for data
acquisition. For quantitative determination of (—)-JA-Ile and
(+)-7-isojasmonoyl-(S)-isoleucine [(+)-JA-Ile] in media from cul-
tures of F. oxysporum, samples of medium were treated with 30 mM
O-methyl hydroxylamine hydrochloride in methanol and 0.5 M
sodium acetate (proportions, 1:1:10, v/v/v) at room temperature
overnight. After addition of 2.2 ng of [2H3](7)—]A—Ile—MO, the
mixture was extracted with ethyl acetate. The product was dis-
solved in CHCI;/2-propanol, 2:1 (v/v) and applied to an amino-
propyl cartridge (Supelcoclean LC-NHZ2). The CHCl;/2-propanol
cluate was discarded and the conjugates were obtained by elution
with methanol/acetic acid, 98:2 (v/v). The product was treated
with diazomethane and subjected to GC-MS using selected moni-
toring of the ions m/z 335 (unlabeled conjugates) and m/z 338
([*H,] standard). The peaks of the methyl ester/MO derivatives
of (—)-JA-lle, (+)-JA-Ile, and [2H3] (—)-JA-Ile were integrated and
the amounts of the two unlabeled conjugates were calculated
from the area ratios (following, in the case of (—)-JA-Ile, subtrac-
tion of the 0.78% of unlabeled material present in the [2H3]star1-
dard). The (+)- and (—)-JA were analyzed in an analogous way
using [ZHg] (—)-JA-MO as an internal standard (M. Hamberg, un-
published observations).

RP-HPLC with MS/MS analysis was performed with a Sur-
veyor MS pump (ThermoFisher) and an analytical or semi
preparative octadecyl silica column (5 pm; 2.0 x 150 mm,
Phenomenex; 5 pwm; 4.6 x 150 mm, Dr. Maisch). The columns
were eluted at 0.25-0.3 ml/min or 1 ml/min, respectively,
with methanol/water/acetic acid, 600:400:0.05, 650:350:0.05,
700:300:0.05, 750:250:0.05, or 800:200:0.05 (v/v/v). The efflu-
ent was subject to ESI in a linear ion trap mass spectrometer
(LTQ; ThermoFisher). The heated transfer capillary was set at
315°C, the ion isolation width at 1.5 amu (5 amu for analysis of
hydroperoxides), the collision energy at 35 (arbitrary scale),
and the tube lens at —112 V. Samples were injected manually
(Rheodyne 7510) or by an autosampler (Surveyor Autosampler
Plus; ThermoFisher).

Chiral phase (CP)-HPLC-MS/MS was performed with Repro-
sil Chiral AM (5 p; 2 x 300 mm; Dr. Maisch), which was eluted
(0.2 ml/min) with hexane/methanol/acetic acid, 95:5:0.02
(v/v/v). The eluate was mixed in-line with 2-propanol/water [3:2
(v/v); 0.15 ml/min] from a second pump (Constametric 3200,
LDC/MiltonRoy). The combined effluents were introduced by
ESI into the ion trap mass spectrometer above. Normal phase-
HPLC-MS/MS was performed in the same way and the silica
column (5 wm; 2 x 250 mm; Reprosil 100 SI, Dr. Maisch) was
eluted with 2-propanol/hexane/acetic acid, 3:97:0.05 (v/v/v).
Hydrogenation of JA-lIle was performed with Hy and catalytic
Pd/C, and hydroperoxides were reduced to alcohols with
triphenylphosphine.

RESULTS

Analysis of jasmonates in the growth medium

Cultures were inoculated from agar plates. We first ex-
amined the secretion of JA and JA-conjugates by cultures
for 3 weeks (22°C) in flasks with CDB with and without
shaking (100 rpm) and in the dark or under fluorescent
light. Cultures in CDB, which were grown with shaking
in the dark, released the largest amounts of (—)-JA-Ile
and (+)-JA-Ile, as shown in Fig. 3A. Cultures grown in
PDB in the dark (or in subdued light) at 28°C with shak-
ing (100 rpm) released the highest amounts of jasmonates
after 3 weeks (Fig. 3A). The amount of (+)- and (—)-JA was
only 0.2% of the amount of (+)-JA-Ile in this sample, which
is lower than in other strains of F. oxysporum (15, 20).
Growth in PDB with shaking at 28°C and in the dark yielded
the highest levels and these conditions were, therefore,
used routinely.

GC-MS analysis showed that the secretion of jasmonates
to the PDB was low for the first 4 days, but caught momen-
tum after about a week and reached about 4 mg 1! (+)-
JA-Ile (Fig. 3B). The yield varied between incubations (15).
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Fig. 3. Formation of JA-Ile conjugates after 3 weeks under differ-
ent conditions and two time curves. A: Different growth conditions
in CDB and a comparison with PDB. Light reduced biosynthesis
and it was augmented in shaking flasks (100 rpm). Changing from
CDB to PDB and increasing the temperature to 28°Cyielded the
largest amounts of jasmonates and this growth condition was
used routinely. B: Partial time curves for biosynthesis of (—)-JA-Ile
and (+)-JA-Ile by two different cultures in PDB, which were inoculated
from liquid cultures in PDB. Left: The biosynthesis of (+)-JA-Ile and
(—)-JA-Ile reached 4.5 and 0.25 mg 17!, respectively, after 8 days.
Right: The biosynthesis of (+)-JA-Ile and (—)-JA-Ile reached over
0.22and 0.01 g 1, respectively, after 15 days.
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Inoculation of PDB with an aliquot of a liquid culture led
to accumulation of over 0.23 g 1! (+)-JA-Ile after 15 days
(Fig. 3C). The largest amounts obtained were 0.31 g 1!
(+)-JA-Ile (almost 1 mM).

The elution of jasmonates on RP-HPLC is shown in
Fig. 4A. JA-Ile was the main product along with variable
relative amounts of 9,10-dihydro-JA-Ile. In addition,
small amounts of Ile-Val and 9,10-dihydro-JA-Val were
also detected. The MS® spectrum of JA-Ile is shown in
Fig. 4B, and dominated by the signal at m/z 130 (Ile car-
boxylate anion; compare inset in Fig. 4B). The MS® spec-
tra of 9,10-dihydro-JA-Ile, JA-Val, and 9,10-dihydro-JA-Val
showed a similar fragmentation pattern (supplemental
Fig. S1).

JA was detectable by LC-MS/MS after two rounds of RP-
HPLC purification (semi-preparative RP-HPLC, 65% metha-
nol; RP-HPLC-MS/MS, 60% methanol) (Fig. 4C). The MS*
spectrum of JA (Fig. 4D) lacked a signal at m/z 59, which is
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Fig. 4. LC-MS/MS analysis of JA-Ile, 9,10-dihydro-JA-Ile, and JA in
the growth medium. A: LC-MS/MS analysis of JA and 9,10-dihydro-
JA conjugates with Ile and Val (total ion current). The column was
eluted with methanol/water/acetic acid, 650:350:0.5 (0.25 ml/
min). Small amounts of JA-Val were also detected. B: MS” spectrum
of JA-Ile. Major fragment ions are indicated by the inset. C: LC-MS/
MS analysis of JA (partial chromatograms). Top: Total ion current.
Bottom: Single ion monitoring of m/z 165. D: MS” spectrum of JA.
Authentic (—)-JA and (+)-JA showed identical mass spectra.
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abundant in the mass spectra of JA recorded with triple
quadrupole instruments (15, 18).

Oxidation of Cig fatty acids by N, powder of mycelia

We first evaluated mycelia grown in CDB. N, powder,
prepared from nonshaking cultures under light or dark
conditions for 3weeks (22°C) did not oxidize [13C18] 18:2n-6,
whereas significant oxidation to [13C18] 10-HPODE was de-
tected in Ny, powder of mycelia from shaking dark cultures
at 100 rpm (22°C). This oxidation appeared to be further
increased in Ny powder of mycelia grown with shaking at
28°C (dark). The highest activities were noted of Ny pow-
der of mycelia, which was grown under these conditions in
PDB. The PDB medium also contained the largest amounts
of jasmonates, as discussed above (Fig. 3). We conclude
that large secretion of jasmonates occurred by mycelia,
which also oxidized 18:2n-6 to 10-HPODE. Mycelia from
these cultures in PDB were intensely dark red due to bika-
verin expression [confirmed by CHCI; extraction and UV
analysis, compare (32)].

The N, powder oxidized [°Cy5]18:27:6 to [ C,5] 10-HPODE
and [13013] 10-HODE as main products (Fig. 5A). Relatively
small amounts of [13C13]8-HPODE were also detected. In
addition, 10-HODE was formed from endogenous 18:27-6
(Fig. 5A). We expected to detect signs of 13SLOX or 9-DOX
activities in the Ny powder, but neither [13C18]9-HPODE
nor [13C18]13-HPODE could be detected.

Steric analysis of 10-HODE showed that it consisted of
the 10R stereoisomer (90%; Fig. 5B). The mass spectrum
of [13C18] 10-HODE is shown in Fig. 5C; the insert compares
the mass spectrum with that of unlabeled 10-HODE. A polar
metabolite, which was formed from [13018] 18:27n-6, was iden-
tified as [°Cg] 12(13) epoxy-10-hydroxy-8 F-octadecenoic
acid [12(13)Ep-10-HOME] by the mass spectra illustrated in
Fig. 5D; the insert compares the spectra of the [ISC 18]12(13)
Ep-10-HOME and 12(13)Ep-10-HOME.

The 18:3n-3 was oxidized in analogy with 18:2n-6 to
10-HPOTYE and 12(13)epoxy-10-hydroxy-8£,15 Z-octadeca-
dienoic acid [12(13)Ep-10-HODE], but 18:17-9 was mainly
oxidized to 8HOME (data not shown). The oxidation of
18:2n-6 was consistent with expression of 10 RDOX-EAS of
E oxysporum (25), but the transformation of 18:17-9 and
18:3%-3 by this enzyme has not been established.

Recombinant 10 R-DOX-EAS oxidized 18:17-9 to 8-H(P)
OME and to small amounts of 10-H(P) OME (supplemental
Fig. S2A). The 18:37n-3 was oxidized in analogy with 18:27-6
to 10-HPOTTE and 12(13)Ep-10-HODE (supplemental Fig.
S2B, C). In addition, 8- and 16-hydroxyoctadecatrienoic ac-
ids (HOTrEs) were also detected. Steric analysis by CP-
HPLC-MS/MS showed that the latter was racemic (data not
shown). We conclude that the transformations of C,g fatty
acids by Ny, powder of mycelia and by recombinant 10R-
DOX-EAS are strikingly similar.

Metabolism of 18:3n-3, [’H;]18:31-3, and [*H,]13SHPOTE
by mycelia in buffer

Mycelia, in 2.5 ml of suspended cultures, were harvested by
centrifugation and resuspended (2.5 ml) in 0.1 M NaBO,
(pH 8.2) or 0.1 M KHPO, (pH 7.4)/2 mM EDTA/0.02%
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Fig. 5 LC-MS/MS analysis of HPODE formed from endogenous
and [C5]18:27-6 by nitrogen powder of F axys[)omm A: Chro-
matograms from LC MS/MS analysis of HODE (top), [~ Clg] HODE
(middle), and C,s]JHPODE (bottom). The 10-HODE, [“C;4]10-
HODE, and [" Cw] 10-HPODE could be detected along with small
amounts of 8-HPODE. B: Steric analy51s of 10-HODE formed from
18:2n-6 by the Ny powder. The [ C]g] 10R/SSHODE was added, and
the 10-HODE (top) eluted at the same time as the R stereoisomer
(bottom). The elution order on this chiral column was established
w1tthR HODE formed by recombinant 10RDOX-EAS (25). C:
MS® spectrum of ['°C,5110-HODE formed by Ny powder. The insert
and the labels descrlbe the correspondmg ions in this and the unla-
beled spectrum. D: MS® spectrum of [PCyg) 12(13)Ep-10-HOME. The
insert illustrates the ions of the labeled and unlabeled compound.

Tween-20 with or without added 18:3%-3 (2.3 mM) or
[2H5] 18:3n-3 (from 30 pM to 2.3 mM).

The 2.3 mM 18:3n-3 was extensively metabolized in 1 h
to 16-HOTTE, 16-keto-97,127,13 E-octadecatrienoic acid

(KOTrE), 16-HPOTYE, and 17-KOTTE and to the w3 epox-
ide of 18:3n-3 in both buffers within 1 h. The elution of
16- and 17-HOTYE and 16-KOTTE is shown in Fig. 6A. The
16- and 17-KOTTE were separated on Reprosil-Chiral AM,
as illustrated by the ion chromatograms for 16-HOTrE
(m/z 235; A -58; loss of HCO-CHy-CHy) and 17-HOTrE
(m/z 249; A" -44; loss of HCO-CH; or COy) in Fig. 6B. R
stereoisomers of cis-trans conjugated hydroxy fatty acids
elute before § stereoisomers on columns with amylose
tris-3,5-dimethylphenylcarbamate modified silica (33). The
16 RHOTTYE thus appeared to be the main stereoisomer.
The MS spectrum of 16-KOTTE (supplemental Fig. S3)
and the MS” spectrum of 16-HPOTTE (data not shown) ap-
peared to be identical. In addition, a series of polar prod-
ucts were formed, including tentative epoxy alcohols
formed from 16-HPOTTE. Incubation with 2.3 mM 18:37%-3
overnight yielded only traces of w2 and w3 hydroxy me-
tabolites. The prominent 3 and w2 oxidations are pre-
sumably due the catalytic activities of P450foxy (34).

A minor metabolite eluted before 16-KOTTE (marked by
arrow in the chromatogram, Fig. 6A). The MS* spectrum
and the retention time of this product were both identical
to that of authentic 12-OPDA. We next examined its forma-
tion with [2H5] 18:37-3 as a substrate.

Incubation of mycelia with 300 uM [2H5] 18:3%-3 in the
KHPO, buffer yielded [*H,]10-OPDA and 12-OPDA in a
ratio of 0.4:1 (Fig. 7A), but only small amounts were formed
(about 10 and 25 ng, respectively). Incubation with 100 uM
[(H 118:3n-3 led to almost the same ratio, but it was lower
w1th 30 pM [ H5]18 3n-3 (0.1:1). Thls clearly showed that
[ ’H, 5]12-OPDA was formed from [ °H, 5118:37-3 in a concen-
tration-dependent manner. We repeated the experi-
ments with mycelia from a young culture and obtained the
[2H5] 12-OPDA and 12-OPDA in a ratio of 47:1 (peak
heights 7.56E5 and 1.6E4, respectively).

The mass spectra of 12-OPDA and [2H5]12-OPDA are
shown in Fig. 7B, C. The signal at m/z 165 in the spectrum
of 12-OPDA is due to charge-directed fragmentation by the

A B
3 16- and 17-HOTrE
£ 100, °100' ms2 16R
3 1.1E7 s 293
el ]
g 501 ms2 293 = 50 m/z 235 168
=
o] 0 o 0
L o 16-KOTIE <€ 1007 ms2
g 1 1.22EG g - 203 17
= ms. - )
g 501 591 2 m/z 249
o 0] X r e~
(o 5 10 15 & 0 5 10 15 20 25
Time (min)

Fig. 6. Oxidation of 18:37-3 by mycelia of Fot during short-time
incubation in 0.1 M NaBO; (pH 8.2). A: MS/MS analysis of prod-
ucts. Top: MS/MS analysis of HOTYE (m/z 293). Bottom: MS/MS
analysis of KOTrE (m/z 291). The insets mark the elution of the
identified products, 16- and 17-HOTYE, and 16-KOTrE, respectively.
Small amounts of 12-OPDA (marked by arrow) eluted 3 min before
16-KOTYE. B: Chiral HPLC-MS/MS analysis (m/z293 — full scan) of
16-HOTYE [m/2235 (A -58); top] and separation of 17-HOTYE [m/z
249 (A -44); bottom].
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Fig. 7. LC-MS/MS analysis of the transformation of 300 pM
[2H5]18:3n-3 by mycelium of Fot for 1 h. A: The mycelium re-
leased endogenous 12-OPDA and newly formed [*H;]112-OPDA to
the KHPO, buffer, as shown by the top and bottom chromato-
grams, respectively. B: LC-MS/MS analysis of 12-OPDA. C: LC-
MS/MS analysis of [2H5]12—OPDA. The inset in (C) shows the
formation of the fragmentation ion at m/z 165 and 170, respec-
tively, in (A, C) (35).

carboxyl group and the fragment is illustrated in the insert
in Fig. 7C (35).

The transformation of endogenous 18:37-3 and 100 puM
[*H,]18:37-3 by mycelia appeared to differ. The latter was
transformed to [QHB] 12-OPDA and also to [QHB] 13-KOTTE
and [2H5]—1abeled 8-, 10-, and 13-HOTTE (Fig. 8A). The
[2H5]11—HOTrE could not be detected, which is a major
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product of Fo-MnLOX (22). Steric analysis by CP-HPLC
showed that over 95% of [2H5]13-HOTrE coeluted with
13SHOTYE (Fig. 8B).

Products formed in a large-scale incubation of mycelia
with the KHPO, buffer were extracted and purified by
semi-preparative RP-HPLC, and 10 ul of 1 ml fractions
were analyzed by direct injection into the mass spectrome-
ter. The fraction with 12-OPDA was reduced to dryness and
then analyzed by GC-MS, which separated the cis and trans
side chain isomers of 12-OPDA (supplemental Fig. S4A).
The electron impact mass spectrum is shown in supple-
mental Fig. S4B. We conclude that 12-OPDA was identified
by both LC- and GC-MS analyses.

The a-ketol was detected when mycelia were incubated
with buffer or buffer with [2H5] 18:3n-3 (Fig. 9A). It is well-
known that the allene oxide [12(13S)epoxy-9Z,11,157
octadecatrienoic acid (12,13S-EOT)], which is formed
from 13SHPOTTYE, is hydrolyzed to the a-ketol by inver-
sion of configuration at C-13 (36). Steric analysis showed
that the fungal a-ketol consisted mainly of the 13R stereo-
isomer (90%; Fig. 9B), and thus likely originated from 13%
HPOTYE via 12,13SEOT.

The MS” spectrum of the a-ketol was noncharacteristic
with weak signals except for the trivial signals at m/z 291
(loss of water), 273 (291-18), and 247 (291-44; loss of CO,)
(supplemental Fig. S5). The MS® spectrum of the a-ketol
was more characteristic with strong signals at m/z 165 and
153 (Fig. 9B). These mass spectra were identical with those
of the authentic standard. We next purified the [2H5]-
labeled a-ketol by normal phase-HPLC. The MSs® spectrum
of [2H5]a-ketol showed signals, among other things, at m/z
158 (153+5) and 170 (165+5) (Fig. 9C). We also pre-
pared the [*Hj]Habeled a-ketol and [*H;]12-OPDA from
[2H5]1?>S-HPOTrE using AOS in acetone powder of flax-
seed (37), and their MS? and MS® spectra were identical
with the fungal metabolites.

We expected exogenous 13SHPOTTE to be transformed
to 12-OPDA. Incubation of mycelia with 100 pM [QH;,] 13§
HPOTYE for 1 h did not lead to significant amounts of
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Fig. 8. Mycelia transform endogenous and [*H;]118:3%:3 to partly
different products. A: RP-HPLC-MS analysis of products. The top
chromatogram shows that endogenous 18:37-3 is transformed to
12-OPDA, but not to significant amounts of 13-KOTrE. The middle
and bottom chromatograms show that [2H5] 18:3%-3 is transformed
to [*H;]12-OPDA and also to [*H;]13-KOTrE and [*Hj]-labeled
8-, 10-, and 13-HOTYE. B: Steric analysis by CP-HPLC-MS/MS
of [2H5]13-HOTrE (bottom) showed that over 95% co-chromato-
graphed with 13SHOTYE (top chromatogram).
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Fig. 9. Metabolism of 18:3n-3 by the mycelium of Fot. A: RP-
HPLC-MS/MS analysis of the a-ketol, 12-oxo-13 Rhydroxy-97,157
octadecadienoic acid, which is released in labeled and unlabeled
form by the mycelium after incubation with 300 uM [*H,]18:3n-3.
B: CP-HPLC-MS/MS analysis of the unlabeled a-ketol showing a
large excess of the 13R enantiomer. C: MS® spectrum of the unla-
beled a-ketol. D: MS” spectrum of the deuterated a-ketol.

[*H;]12-OPDA, but [*H;]13-KOTTE was formed. This is il-
lustrated in supplemental Fig. S6A. The ratio of signal in-
tensity of m/z 170 (possibly due to [2H5]12-OPDA) and
the signal intensity of m/z 165 (12-OPDA) was only 0.002:1
(supplemental Fig. S6B). We repeated the experiments
with 10 times higher concentration of [2H5]13S-HPOTrE.
The [*H;]13SHPOTYE (1 mM) was transformed to [*H,]12-
OPDA and the signal ratio [m/z 170/ (m/z165)] increased to
0.035:1 (supplemental Fi%. S6C). In spitf: of the low conver-
sion, we obtained the MS” spectrum of [ZH;,] 12-OPDA (sup-
plemental Fig. S6D; compare Fig. 7C). We conclude that
mycelia of Fot form 12-OPDA by the same pathway as in plants.

Metabolism of 18:3n-3-Ile by mycelia of Fot

Standards were prepared with flaxseed AOS. The 13§
HPOTTYE-Ile was obtained by oxidation with sLOX-1 and
further transformed by acetone powder of flaxseed (AOS)

to two major products, identified as N-[12-oxo-13-hydroxy-
97,15 Zoctadecadienoyl]-Sisoleucine (a-ketol-Ile; 90%) and
12-OPDA-Ile (10%) (supplemental Fig. S7A). The MS® spec-
tra of 12-OPDA-Ile and the MS® spectrum of the a-ketol-Ile
are shown in supplemental Fig. S7B, C. The spectrum of
the former was identical to the reported MS™ spectrum
of 12-OPDA-Ile (38). Small amounts of 13-HOTTrE-Ile were
also detected. In contrast, mycelia of Fot oxidized 100 uM
18:3n-3-Ile to three major products, likely formed by
the prominent subterminal w hydroxylase activities. The
12-OPDA-Ile or a-ketol-Ile could not be detected.

Mycelia of Fot did not release detectable amounts of
12-OPDA-Ile or the a-ketol-Ile conjugate. We conclude that
conjugation of (+)-JA with Ile likely occurs as a final step.

DISCUSSION

We report a prominent biosynthesis of the JA conjugate
(+)JA-le by the fungus Fot, about 0.2 g 1. This is of the
same magnitude as that reported for the biosynthesis of (+)-
JA by L. theobromae, which commonly produces 0.3-0.5 g 1
(17, 19). The prominent (+)-JA biosynthesis by Fot enabled
our main finding, the detection of two key intermediates in
plant biosynthesis of (+)-JA. The [2H5] 18:37n-3 was converted
by mycelia of Fot to [2H5] 12-OPDA and to an allene oxide-
derived o-ketol, [2H5] 12-oxo-13 R-hydroxy-97,15 Zoctadeca-
dienoic acid. In addition, 13SHOTTE and 13-KOTTE could
be detected, and [2H5]13S-HPOTrE was also converted to
12-OPDA, albeit in low yields. This suggests that the initial
steps of the fungal biosynthetic pathway to jasmonates are
analogous to those operating in plants (Fig. 10).

The first step is likely oxidation of 18:3n-3 to 13§
HPOTTE. As far as is known, the fungal DOXs of the cyclo-
oxygenase gene family do not oxidize 18:3n-3 at C-13, but
there are two possible LOX candidates (Fig. 2). These LOXs
have only been studied by recombinant expression and ex-
pressed sequence tags have not yet been detected in F. oxy-
s[)orum.2 Fo-MnLOXislikelysecreted and forms 11-HPOTTE
as a major metabolite (22). The latter could not be detected.
The 135LOX with catalytic iron is therefore the obvious
candidate (26).

We have little information on the other fungal enzymes
leading to biosynthesis of (+)-JA-Ile. AOS, AOC, 12-OPDA
reductase (OPR3), and JARI proteins of Arabidopsis thali-
ana are well-characterized (39-42). AOS can be aligned
with putative CYP of F oxysporum at the C-terminal end
with 27% identity, and OPR3 with NADPH-dependent re-
ductases with 46% identity.g We could not detect homo-
logs of AOC or JARI in the genome of F oxysporum.4 Both

?The dbEST of NCBI (https://www.ncbi.nlm.nih.gov).

*BLAST analysis at NCBI showed that AOS (GenBank AAF00225)
and 12-OPDA reductase (OPR3; GenBank OAP09565) of A. thaliana
could be aligned with putative CYP (27% identity; 24% query
cover) and with a putative NADPH-dependent dehydrogenase (45%
identity; 97% query cover) of F. oxyporum Fo47.

*BLAST analysis at NCBI showed no significant homology between
proteins of F. oxysporum and AOC (GenBank CAC83764) and JAR1
(GenBank OAP073631) of A. thaliana.
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the parallel formations of 13SHOTYE, 13-KOTrE, and a 13 R-config-
ured a-ketol. The nature of the enzyme activities needed for allene
oxide formation and cyclization is unknown.

plant enzymes lack catalytic metals. The active site of JAR1
relies on an adaptable three-dimensional scaffold (8) and
the crystal structure of AOC indicates an active site inside
a barrel cavity (10). It seems likely that fungal AOC and
acyl amino acid synthase could be examples of parallel
evolution of active sites.

a-Ketols are formed by nonenzymatic hydrolysis of al-
lene oxides taking place with predominant inversion of
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configuration (43). The a-ketol of the present work was
mainly 13R, suggesting its formation from 12,13SEOT.
The latter is likely formed from 13SHPOTYE by a 13§
AOS. AOSs belong to two families of heme proteins, CYP
of plants and fungi and catalases of corals and cyanobacte-
ria (36, 44, 45). Fungal AOSs have so far only been de-
tected in DOX-CYP fusion proteins, e.g., 8, 85, 9R-, and
95DOX-AOS and not in fungal catalases (24, 46-48). In
contrast to plant CYP74, which contains a characteristic
insertion sequence of seven to nine amino acids in the Cys
pocket, the fungal AOSs of DOX-AOS enzymes do not
share common characteristic sequences (9, 47, 49). It will
be a challenging task to identify the putative 13S-AOS. The
efficient synthesis of jasmonates in fungi suggests a tight
coupling between the AOS and cyclase activities and even
the possibility that they may reside in the same protein
(compare Ref. 50).

The 12-OPDA is formed in plants by AOS and AOC in
plastids. The location of the fungal AOS and AOC is un-
known. Eukaryotic CYP enzymes are typically mem-
brane-bound and found in the endoplasmic reticulum.
B-Oxidation in fungi only occurs in peroxisomes (51).
In analogy with plants, 12-OPDA could be transferred to
peroxisomes where the ring double bond could be re-
duced and the side chain shortened by B-oxidation.

We expected N, powder of mycelia to oxidize 18:3n-3
to 13S-HPOTYE, but this was not detected with certainty.
This may explain why the fungal biosynthesis of JA has
been enigmatic. Biosynthesis of (+)-JA-Ile in shaking
cultures in PDB was associated with prominent expres-
sion of 10 R-DOX-EAS and bikaverin, which colored the
mycelium dark red. Bikaverin biosynthesis in Fusarium
and JA biosynthesis by L. theobromae start when glucose
and/or nitrogen have been partly consumed and can be
optimized in different ways (17, 18). It is not unlikely
that the biosynthesis of jasmonates by Fot also can be
optimized.

How can the enzymes in the fungal cascade to (+)-JA-
Ile be identified? The classical method to purify enzymes
from cell-free preparations does not appear to be feasi-
ble due to undetectable enzyme activities. This is in striking
similarity to the undetectable prostaglandin biosynthesis
by subcellular fractions of the coral, Plexaura homomalla
(52). This enigma was solved by recombinant expression
of the coral cyclooxygenase (52). The 13S-LOX of F oxy-
sporum has also been expressed (26) and we detected
biosynthesis of 13SHOTrE by the mycelium. The en-
zymes further down the biosynthetic pathway to (+)-JA-Ile
are unknown. It is possible that comparison of mRNA
expression under growth conditions with little and
augmented JA biosynthesis might generate hypotheses
for subsequent recombinant enzyme expression and
analysis.

Access to strains of L. theobromae with a high capacity to
form (+)-JA is restricted by environmental and commer-
cial considerations. In contrast, Fot is generally available
for future studies from the ARS culture collection. Our
study raises many questions, which could be investigated
in mycelia of Fot, e.g., the effect of gene deletion of 13$LOX,



the subcellular location of the biosynthesis of 12-OPDA,
the reduction of the ring double bond, and conditions for
optimal biosynthesis of (+)-JA-Ile in liquid cultures.

CONCLUSIONS

We have identified 12-OPDA as an intermediate, which

was formed from 18:37-3 and 13SHPOTYE, in the biosyn-
thesis of jasmonates in F. oxysporum. An a-ketol was also de-
tected, which provides evidence for an allene oxide serving

as

the immediate precursor of 12-OPDA. It seems likely

that further conversions of 12-OPDA take place as estab-
lished for higher plants, i.e., by reduction of the ring dou-
ble bond, B-oxidation, and conjugation with Ile B
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