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Table 2. Selected 'H-NMR assignments for steroidal ketals 1 and 2.
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H# § (CDCly, m, J in Hz)® 5 (C¢Dg, m, J in Hz)® 8 (CDCl,, m, Jin Hz)® 8 (CDg, m, Jin Hz)®
1 7.08 (d, J = 10) 6.34 (d, J = 10) 7.08 (d, J = 10) 6.40 (d, J = 10)
2 6.22 (dd, J = 10, 2) 6.27 (dd, J = 10, 2) 6.23 (dd, J = 10, 2) 6.29 (dd, J = 10, 2)
4 6.02 (m) 6.17 (m) 6.08 (m) 6.17 (m)

5 3.69 (d, J = 12.5) 353 (d, J=12.5) 371 (d, J = 12.5) 3.72 (dd, J = 12.5, 3)

340 (d, J = 12.5) 320 (d, J = 12.5) 341 (d, J=12.5) 337 (dd, J = 12.5, 2)

19 1.20 (s) 0.66 (5) 1.21 (s) 0.67 (s)

20 2.15(dg, J=17, 2) 236(dg, /=7, 2) 2.05 g, J=17,2) 1.82 (m)

21 093(d, J=17) 0.95(d, J=17) 089 (d, J = 7) 0.94(d, J=7)

26° 1.38 (s) 1.49 (s) 1.33 (s) 1.43 (5)

27¢ 1.19 (s) 1.16 (5) 1.17 (s) 113 (s)

3200 MHz. ®500 MHz. ° Assignments may be reversed.

periments which were performed using polarization
transfer pulses of 90° and 135°, obtaining in the first case
only signals for -CH groups and in the other case positive
signals for -CH and -CH, and negative ones for -CH,
groups. Polarization transfer delays were adjusted to an
average C-H coupling of 135 Hz. The shift correlations
with polarization transfer via 1J coupling ® were carried
out adjusting fixed delays to give maximum polarization
for Jo_; = 135 Hz. The long range heteronuclear corre-
lations 7 were performed with maximum polarization for
Jeo_y = 8 Hz, leading to 2J and *J spots in the same
spectrum.

Extraction and purification. Sinularia sp. was collected in
November 1986 by dredging at — 130 m in the vicinity of
Guam. The frozen animal (ca 100 g wet) was blended in
CHCl, : acetone (1:1), the material was filtered and the
solvents were removed in vacuo to leave 250 mg of
crude extract. The extract was chromatographed over
Sephadex LH-20, eluting with increasing proportions
of CH,Cl, in hexane. Fractions eluting with
CH,Cl, : hexane (3 : 1) were combined and further frac-
tioned by Silica HPLC with 20 % EtOAc in isooctane.
Final purification of ketals 1 and 2 was achieved by C-18

Silica reversed phase HPLC (15 % aqueous methanol) to
yield 1 (15 mg, 6 %) and 2 (14 mg, 5.6 %) as viscous oils.
Ketal 1 showed the following physical and spectral fea-
tures: HRMS (EI) M™, m/z = 410.2813, calc. for
C,,H,505, 410.2822 UV (MeOH) 244 nm (& = 13,500),
IR 1660, 1615 cm™!. *H and 3C-NMR data are report-
ed in tables 1 and 2.

For ketal 2: HRMS (EI) M* m/z = 410.2815, calc. for
C,,H;505, 410.2822, UV (MeOH) 244 nm (¢ = 13,500),
IR 1660, 1615 cm ™. *H and !*C-NMR data are report-
ed in tables 1 and 2.
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Fijiensin, the first phytotoxin from M ycosphaerella fijiensis, the causative agent of Black Sigatoka disease
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Summary. Fijiensin, a novel phytotoxic metabolite, was isolated from a culture of the fungus Mycosphaerella fijiensis,
the causal agent of Black Sigatoka disease of banana. Fijiensin is phytotoxic on various banana cultivars, but not
toward non-host plants. The structure of fijiensin was determined by X-ray analysis.
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Bananas and plantains are important basic food crops on
three continents, and they are valuable export products
in many countries of Central and South America. These

plants are currently being ravaged by the Sigatoka leaf
spot disease complex. The disease complex involves three
very closely related fungal pathogens: Mycosphaerella
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musicola Leach ex Mulder, the cause of Yellow Sigatoka,
first identified in Java in 1902; M. fijiensis Morelet, the
cause of Black leaf streak, described in Fiji in 1964; and
M. fijiensis var. difformis Mulder and Stover, the cause of
Black Sigatoka discovered in Honduras in 19722, Since
there are no considerable morphological differences be-
tween M. fijiensis and M. fijiensis var. difformis, it is
debatable whether to use the term Black Sigatoka or
Black leaf streak; we prefer the former. During the last
decade more virulent forms of Black Sigatoka have ap-
peared and spread in the entirety of Latin America and
the Caribbean Basin, Africa, parts of Asia, Australia and
the Pacific Islands. The new forms are not only virulent
on their traditional hosts, they also attack plantains
which are not susceptible to Yellow Sigatoka, the previ-
ously dominant form of Sigatoka disease . Thus, Black
Sigatoka has replaced Yellow Sigatoka in range and agri-
cultural importance.

The epidemic of Black Sigatoka in Honduras in 1972~
73, and subsequently in other countries, caused enor-
mous losses in bananas and plantains. Estimated crop
losses in different countries varied between 18—-47% in
gross yield and the loss of fruit due to premature ripen-
ing* . In Central America the cost for Black Sigatoka
control accounts for 27% of the total outlay for commer-
cial banana production, while control for all other dis-
eases amounts to only 3—5% of the production cost®.
Collectively, the annual costs for fungicides and their
application amounts to 10’s of millions of US dollars.
Symptoms of the disease include elongate necrotic lesions
surrounded by zones of chlorosis, suggesting the involve-
ment of one or more phytotoxins. Recently, a prelimi-
nary report based on a test of a crude extract of the
pathogen suggested the presence of one or more host-
specific phytotoxins ’. Because of the enormous impor-
tance of this pathogen we became interested in its phyto-
toxins, which may ultimately be utilized as tools for
discovering disease resistance in tissue cultures. Herein
we report the chemical and biological properties of fi-
jiensin (1), the first phytotoxin isolated from M. fijien-
sis.

M. fijiensis was provided by Dr. Krausz, FHIA, Hon-
duras and was maintained on modified M-1-D medium
containing inositol (5g/l), thiamine (0.5g/l), biotin
(0.5 g/1) and coconut water (12 ml/1)®. M. fijiensis, when
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A computer generated perspective drawing of the final X-ray model of
fijiensin (1). No absolute configuration is implied.

grown on agar plates with a modified M-1-D/coconut
water medium, commonly produced a dark gray colony
which gradually turned pink-gray, and ultimately sec-
tored at the margins into a black mycelial type. Segrega-
tion and separate reinoculation of the pink-gray or black
mycelia gave rise to pure pink-gray and pure black
colonies. The pink-gray colonies generally yield more
fijiensin than the black colonies. The M-1-D/coconut
water medium gave superior yields of toxin and fungal
mycelium over other media tested (M-1-D with soybean
broth, with banana leaf decoction, or with coconut ex-
tract). Use of the M-1-D/coconut medium also mini-
mized the production of macromolecules, which can be a
complication when using the other media’.

For production of fungal metabolites, three plugs
(1 cm?) of agar containing the fungus were seeded into
800 ml of modified M-1-D/coconut water medium in a
2-1 Erlenmeyer flask. The inoculated medium was incu-
bated on a rotary shaker at 140 rpm for 28 days at
26 + 1°Cunder 12 h of light per day. At the termination
of the incubation period an equal volume of methanol
was added to the culture flask and it was allowed to stand
overnight at 4°C. The culture was then filtered through
eight layers of cheesecloth and the filtrate reduced to
one-third of its original volume under vacuum at 40 °C.
The remaining solution was extracted three times with
equal volumes of ethyl acetate. The combined ethyl ace-
tate extracts were washed once with water and concen-
trated to dryness under vacuum. A typical yield was
25 mg of ethyl acetate-soluble residue per liter of culture
broth.

The various fractions were tested on detached banana
leaves that were either the heart leaf or first leaf® using
a leaf puncture method '°. Test fractions were dissolved
in 10% methanol/water and applied to the nicked leaf
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surface in doses ranging from 50 to 200 pug (in a 5-pl
drop) for crude samples, and 5-20 pg for pure fijiensin.
In order to solubilize crystalline fijiensin it had to be first
dissolved in chloroform, the chloroform evaporated, and
the residue brought up in 10% methanol. Control solu-
tions were 10% methanol/water, and a 10% methanol/
water solution containing the residue from an ethyl ace-
tate extract of uninoculated culture medium. No activity
was detected in any of the controls. Treated leaves were
incubated in a moist chamber for 72 h under intermittent
light at 26 °C. Fractions were rated according to the
relative area of necrosis.

The ethyl acetate extract, when subjected to preparative
thin layer chromatography (TLC) on a 20 x 20 cm silica
gel plate using 7: 1 (v/v) chloroform/methanol as the elu-
ant, yielded five fractions which showed activity in the
leaf puncture assay. A bioactive band at R;0.80 was
subjected to a second preparative TLC on silica using 1:2
(v/v) toluene/ethyl acetate as the eluant. A band at
R; 0.42 was further purified by HPLC on a C-18 column
with 65:35 (v/v) acetonitrile/water to yield pure fijiensin.
Typically, one liter of the pink-gray culture yielded 2 mg
of fijiensin.

The high resolution mass spectrum ** of fijiensin suggest-
ed the molecular formula C,gH,sOs. The *C NMR
spectrum confirmed the presence of eighteen carbon
atoms, and showed all sixteen hydrogens were bonded
directly to carbon atoms (DEPT). The terminal trans-
propenyl side chain, the two meta aromatic protons, and
the two methoxy groups are all readily discernable in
the 'H NMR spectrum. The 'H NMR spectrum also
showed three other protons which display no proton-
proton coupling. The lack of long range proton-proton
couplings precluded a straight forward solution of the
fijiensin structure by spectroscopic methods.
Fortunately, fijiensin crystallized from a sample of the
water washed ethyl acetate extract that had been con-
centrated and allowed to slowly evaporate at 4 °C, and
we elected to examine the structure by single crystal
X-ray analysis. Preliminary X-ray photographs dis-
played triclinic symmetry, and accurate lattice con-
stants of a = 4.9146(8), b = 8.4256(11), ¢ = 19.108(3) A,
o = 86.442(12)°, B = 88.869(14)°, and 7y = 86.922(12)°
were obtained from moderate 2 6-values. Fijiensin be-
longed to space. group P1 with two molecules of
C,H, 40 forming the asymmetric unit (Z = 2). All
unique diffraction maxima with 20 < 114° were collect-
ed using an w-scan technique and graphite monochro-
mated CuKe radiation (1.54184 A). Of the 2435 reflec-
tions collected, 2103 (86%) were judged observed. The
structure was solved by direct methods and refined by
full-matrix least squares techniques with anisotropic
heavy atoms and fixed isotropic hydrogens. The final
crystallographic agreement factor is 6.53% 12,

A computer generated perspective drawing of the final
X-ray structure is shown in the figure. The absolute con-
figuration was not determined by the X-ray analysis, so
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the enantiomer shown is arbitrary. The fijiensin skeleton
has no precedent among naturally occurring compounds.
There is however, one report describing a semisynthetic
compound with the same skeleton. Merlini and cowork-
ers 13 chemically transformed, in a single step, the fungal
metabolite funicone (2) to 11-hydroxy-13,14-dihydrofi-
jlensin. This ready conversion suggests a similar bio-
genetic origin for fijiensin and funicone.

Fijiensin showed specificity towards banana versus non-
host plants at lower concentrations (5—10 pug/5 ul drop)
by causing necrotic lesions only on banana leaves. With
the exception of cucumber, which exhibits a little necro-
sis, fijiensin is not phytotoxic toward non-host plants at
20 ug (rice, sorghum, cotton, maize, barley). Fijiensin
does not exhibit a differential reaction to various culti-
vars of bananas. The crude ethyl acetate extract is also
specific towards banana at lower concentrations, but is
non-specific at higher concentrations (200 pg). This may
indicate the other phytotoxins present in the ethyl acetate
extract are also host-specific.

Fijiensin production in liquid cultures could only be de-
tected after 21-24 days of fungal growth. However,
pathogenicity tests showed development of the initial
speck stage of symptoms after 10—15 days on plants in
the field %. This finding may suggest fijiensin plays a sec-
ondary role, instead of being a primary causative factor,
in disease expression. ‘
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