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Viridenepoxydiol, a New Pentasubstituted Oxiranyldecene
Produced by Trichoderma viride
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A new pentasubstituted oxiranyldecene, named viridenepoxydiol, has been isolated (0.9 mg/L) from
the culture filtrate of a strain of Trichoderma viride showing in vitro and in vivo antagonistic activity
against Sclerotium rolfsii, which is the causal agent of crown and stem rot of artichoke. Viridenepoxydiol
was characterized as 3,5,9-trimethyl-2-oxiranyl-dec-8-ene-2,5-diol (3) using spectroscopic methods.
It showed inhibitor effect on mycelial growth of S. rolfsii and its minimum inhibitory concentration
(over 90% inhibition) was found to be 396 ug/mL. This is the first time that viridenepoxydiol was

reported.
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biocontrol
INTRODUCTION conditions.Trichodermaviride was isolated from forest soil collected

A fal . . hina for funai suitabl in Sardinia and deposited at the collection of the Dipartimento di
S part of a long-running project searching for fungi suitable - p;q07ine gelle Piante, Universita degli Studi di Sassari, Italy, as IPVS

for biological control of soil-borne plant pathogens, we found 1817 sjant cultures on PDA of the fungus were stored in a refrigerator
a strain ofTrichodermaviride that showed in vitro and in vivo gt 4°C. This strain was grown on a Czapek medium under conditions
antagonistic activity towar&clerotium rolfsii, the causal agent  as previously reported (6).

of crown and stem rot artichoke, which has a great economic  General Experimental Procedures.Optical rotations were mea-
importance on artichoke in Sardinid, ). Trichodermastrains sured in CHG solution on a Jasco (Tokyo, Japan) P-1010 digital
produce a considerable number of metabolites that exhibit polarimeter; elemental analyses were perfomed on a Fison (Manchester,
antibiotic activity and are probably involved in the biocontrol U.K.) instrument EA 1108 Elemental Analyzer; infrared (IR) spectra
processg, 4). This strain off. viride has previously been shown  were recorded neat on a Perkin-Elmer (Norwalk, CT) Spectrum One
to produce bioactive metabolites such as isoharziandibje ( FT-IR spectrometer and UV spectra were taken insCM solution on
mycelial growth ofS. rolfsii In continuation of this work, we ~ H and**C NMR spectra were recorded at 400 or 600 MHz and at 150

have examined in more detail the other metabolites produced®’ 7> MHz, respectively, in CDGJ on Bruker (Kalsruhe, Germany)
by this strain. spectrometers of the Istituo di Chimica Biomolecolare del CNR,

hi he chemical and bioloical ch ... Pozzuoli, Italy. The same solvent was used as internal standard. Carbon
This paper reports the chemical and biological characterization multiplicities were determined by DEPT spectrui).(DEPT, COSY-

of a new metabolite, named viridenepoxydiol, produced in liquid 45 HsQC, HMBC, and NOESY experimen® (vere performed using
cultures by the above. viride strain. This is the first time that standard Bruker microprogramsl An e|ectrospray MS (ES|) Spectrum

viridenepoxydiol has been reported. was recorded on a Perkin-Elmer (Norwalk, CT) APl 100 LC-MS; a
probe voltage of 5300 V and a declustering potential of 50 V were
MATERIALS AND METHODS used. A HR ESI MS spectrum was recorded on Micromass Q-Tof Micro
(Waters, Milford, MA). Analytical and preparative TLC were performed

Fungal Strains, Culture Medium, and Growth Conditions. on Kieselgel 60, 54, 0.25 and 0.5 mm, respectively (Merck, Darmstadt,

Sclerotium rolfsiiwas originally isolated from infected artichoke plants Germany) or on Stratocrom KC-18,¢5 0.25 mm (Whatman, Clifton,
(Cynara scolymus) in Sardinia (ltaly) and was maintained on potato Ny) reversed phase plates; spots were visualized with UV (254 or 366
dextrose agar (PDA) in 9-cm-diameter Petri dishes under ambient nm) and/or spraying with 10% 430, in MeOH and then with 5%

phosphomolybdic acid in EtOH, followed by heating at £@for 10

*To whom correspondence should be addressed. Pher29 081 min. Column chromatography was performed on Kieselgel 60, 6-063
2539178, Fax:+39 081 2539186. E-mail: evidente@unina.it. 0.20 mm (Merck).

T Universita di Napoli Federico II. . e . .

* Universita di Sassari. Extraction and Purification of T. viride Metabolites. The culture

§ Istituto di Chimica Biomolecolare del CNR. filtrates (10 L) were acidified to pH 5.0 with 2 N HCI and extracted

10.1021/jf060713m CCC: $33.50 © 2006 American Chemical Society
Published on Web 08/09/2006



Viridenepoxydiol from Trichoderma viride

Table 1. 'H and 13C NMR Spectroscopic Data of Viridenepoxydiol
(@

C o¢ HS J (Hz) HMBC
1 26.0(q) 1.26 (s) 1.86, 1.62
2 81.3(s) 1.88, 1.86, 1.69, 1.56, 1.26, 1.07
3 44.2 (d) 1.62 (m) 1.86, 1.56, 1.26, 1.07
4 24.5(t) 1.86 (m) 1.62,1.49,1.17
1.56 (m)
5 749 (s) 2.05, 1.86, 1.62, 1.56, 1.17
6 40.4 () 2.05 (m) 5.14,2.05, 1.86, 1.56, 1.17
1.49 (t) 8.3,7.0
7 22.7 (1) 2.05 (m) 1.49
8 1245(d) 5.14(brt) 7.0,16 205,169,162, 1.49
9 131.8(s) 2.05,1.69, 1.62
109 25.7(q) 1.69 (br s) 5.14,1.62
1 54.3 (d) 1.86 (m) 1.88,1.69, 1.62, 1.07
2' 40.3 (1) 1.88 (m) 1.86, 1.62, 1.26
1.69 (m)
3 14.5(q) 1.07 (d) (6.8) 1.86, 1.62
4 25.0(q) 1.17 (s)
54 17.7(q) 1.62 (brs) 5.14,1.69
OH 147brs

2The chemical shifts are in & values (ppm) from TMS. 22D 1H,!H (COSY) and
2D 8C,'H (HSQC) NMR experiments delineated the correlations of all protons
and the corresponding carbons. ¢ Multiplicities determined by DEPT spectrum.
4These assignments could be exchanged.

exhaustively with ethyl acetate. The organic extracts were combined,

dried with NaSQy, and evaporated under reduced pressure aC40
give a red brown oily residue (1.4 g). This residue was highly active
in inhibiting the mycelial growth o8. rolfsii. The ethyl acetate extract
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Figure 1. Structures of 6-n-pentyl-2H-pyran-2-one (1), viridepyronone (2),

and viridenepoxydiol (3), the antifungal pentasubstituted oxiranyldecene

produced by Trichoderma viride.

Four milliliters of the medium was added in a 6-cm-diameter Petri dish.
The final concentrations ranged from 50 to 3&mL. The experiment
was carried out as previously reported (6).

Data Analysis. Bioassay experiments on antifungal effects and
minimum inhibitory concentration of viridenepoxydiol were analyzed

was then submitted to bioassay-guided fractionation by silica gel column by STATGRAPHICS PLUS software. Means for each experiment were

chromatography eluted with a gradient of petroleum etle¢iyl acetate
(20:1 — 0:100) and ethyl acetatamethanol (10:1— 0:100). The
collected fractions (15 mL each) were combined into 12 groups (T
T12) on the basis of their silica gel TLC profiles. All fractions were
assayed for their antifungal activity agaistrolfsii. The fractions 7;
Ts, and T, were found the most active agair$t rolfsii.

Purification of fractions T (70 mg), Ts (130 mg), and ¥ (65 mg)
by preparative silica gel TLC afforded three known compounds:
isoharziandione (6 mg/L), 6-pentg-pyrone (1, 11 mg/L), and
viridepyronone (2, 0.8 mg/L), respectively (B). The fraction T

contained another metabolite (20 mg), showing moderate activity against

S. rolfsii. The latter was purified by two successive steps of preparative
silica gel TLC and analytical reversed-phase TLC eluted by GHCI
PrOH (30:1) and MeCN—KD (60:40), yielding 9 mg of viridenep-
oxydiol (3,0.9 mg/L), as a homogeneous oil resistant to crystallization

compared by using Duncan’s multiple range test(j0.05).

RESULTS AND DISCUSSION

Extraction and Purification of Viridenepoxydiol. The
culture filtrate ofT. viride was extracted exhaustively with ethyl
acetate, yielding a brown oily residue (1.4 g) that completely
inhibited the mycelial growth of. rolfsii. The crude extract
was fractionated by using a combination of column chroma-
tography and TLC. The obtained fractions {1T1,) were tested
for their antifungal activity againss. rolfsii. The fractions 7,

Ts, and T, caused total inhibition of mycelial growth & rolfsii
The residue left from groupswas further purified by TLC to
yield isoharziandione) while 6-n-pentyl-2H-pyran-2-onel(

[R-0.58 and 0.31, by silica gel and reversed-phase TLC, eluent systemsFigure 1) and viridepyronone2 Figure 1) were isolated from

CHCl,—MeOH (95:1) and MeCN—ED (60:40), respectively].

Spectroscopic Data of Viridenepoxydiol (3)Colorless ail. [of%

—5.0 (c 0.2). Found: C, 70.57; H, 11.21; O, 18.92;56,50;
requirement: C, 70.27; H, 11.01; O, 18.72. UM (log €): 192 (3.96)
nM. IR vmax 3436, 1454, 1376 cn. 'H and'3C NMR, seeTable 1.
HR ESI-MS m/z 295 [M + K]*, 279.1924 [M+ Na]* (calcd for
CisH260sNa, 279.1936), 263 [M- K — MeOH]*, 257 [M + H]*, 239
[M + H — H,0]*, 222 [M+ H — H,0 — OH]*, 205 [M+ H — H,0
— 2 x OH]".

Fungitoxicity Tests. Crude extracts, chromatographic fractions, and
pure compound were tested for antifungal activity agastolfsii.
PDA plates (90 mm) were centrally inoculated with a 6-mm-diameter
agar plug of fungus, taken from the growing margin of a 3-day colony
on PDA. The assay was performed by applying 20 of the
chromatographic fractions and viridenepoxydiol solutions (25 and 5
uglul, respectively) directly to the inoculum surface. All the bioassays
included controls with solvent. Inhibition percentage was evaluated 3
days after treatment at 25C. Each experiment was repeated twice
and contained three replicates each time. Minimum inhibitory concen-
tration (over 90% inhibition) of viridenepoxydiol was determined. For

the fraction groups 9 and T;, respectively §). Moreover,
fraction T; contained another metabolite (20 mg), showing
antifungal activity, that was further purified by two successive
TLC steps, yielding 9 mg (0.9 mg/L) of a new metabolite, named
viridenepoxydiol (3Figure 1), as a homogeneous oil resistant
to crystallization.

Structural Elucidation of Viridenepoxydiol 3. Compound
3 had a molecular weight of 256, corresponding to a molecular
formula of GsH2gOs, consistent with two unsaturations, as
deduced from the values of 279.1924 recorded for the peak of
its sodium cluster [MH- Na]* in the HR ESI mass spectrum
and from its elemental analysis. Absorption bands typical of
hydroxy, olefinic, and methyl groups were observed in the IR
spectrum (8), while the UV spectrum showed the typical
absorption of a trisubstituted olefinic group (9).

In fact, a preliminary*H NMR spectrum (Table 1) showed
a broad signal of hydroxy groups atl.47, that of an olefinic
proton appearing as a broad tripletéab.14 (H-8), and those

this purpose, the compound (20 mg) was dissolved in acetone (285 0f five methyl groups and some complex systems in the aliphatic

ulL), serially diluted in the same solvent, and added to PDA at@a38

region ofd 2.1—-1.0 (9). Two of these methyl groupsdai..69
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Table 2. 2D 'H-NOE (NOESY) Spectroscopic Data Obtained for Viridenepoxydiol (3)

considered effects considered effects
5.14 (H-8) 2.05 (H,-7 and/or H-6A), 1.69 (Me-10), 1.49 (H-6B) 1.62 (H-3) 1.26 (Me-1), 1.07 (Me-3')
2.05 (Ho-7 and/or H-6A) 5.14 (H-8), 1.49 (H-6B), 1.17 (Me-4") 1.56 (H-4B) 1.17 (Me-4"), 1.07 (Me-3)
1.88 (H-2'A) 1.26 (Me-1), 1.07 (Me-3') 1.49 (H-6B) 5.14 (H-8), 2.05 (Hy-7 and/or H-6A), 1.17 (Me-4")
1.86 (H-4A and/or H-1') 1.17 (Me-4'), 1.26 (Me-1) 1.07 (Me-3") 1.26 (Me-1) 1.88 (H-2'), 1.86 (H-1'), 1.62 (H-3), 1.07 (Me-3')
1.69 (Me-10) 5.14 (H-8), 1.62 (Me-5) 1.17 (Me-4") 2.05 (H2-7 and/or H-6A), 1.86 (H-4A), 1.56 (H-4B), 1.49 (H-6B)
1.69 (H-2') 1.07 (Me-3") 1.07 (Me-3") 1.88 (H-2'A), 186 (H-4A andfor H-1'), 1.69 (H-2'B),

1.62 (H-3) 1.56 (H-4B), 1.26 (Me-1)
1.62 (Me-5") 1.69 (Me-10)

and 1.62 (Me-10 and Me'Bbeing long-range coupled into the by MS spectra. In particular, the HMBC spectrum showed the
COSY spectrum?) with the olefinic proton (H-8) were bonded  significant couplings between the protons of the Me-1, Me-3
to the double bond. H-8 also coupled in the same spectrum withand Me-4'with the carbons C-2, C-3, and C:Z-1, C-2, and
the proton of the adjacent methylene group, appearing as aC-1, and C-4, C-5, and C-6, respectively. The HR ESI-MS
complex system ab 2.05 (HC-7), while the proton signal of  spectrum, in addition to the sodium cluster fiMNa]" at m/z
another methylene (€-6) overlapped those of J8-7 and 279.1924, also showed that formed with the potassium{M
correlated with the geminal one present as a triplet=(8.3 K]* and the pseudomolecular [M H]* ions atm/z 295 and
and 7.0 Hz) at 1.49. The other two methyl groups appearing 257, respectively. Some typical fragmentation peaks, which were
as singlets ad 1.26 and 1.17 (Me-1 and M&Y4were probably generated from the potassium clustered iom\NK] * by a loss
linked to two hydroxylated quaternary carbons (C-2 and C-5, of MeOH, or alternatively from the pseudomolecular ion {v
respectively). The remaining methyl group, resonating as a H]* by successive losses of,@ and two OH residues, were
doublet (J= 6.8 Hz) ato 1.07 (Me-3'), was coupled in the observed am/z263 and 239, 222, and 205, respectivedy. (
COSY spectrum with a proton (H-3) appearing as a multiplet ~ Knowing the absolute configuration of natural products has
ato 1.62 in part overlapped from the signal of Me-bhis latter become crucial because it provides essential information for both
proton (H-3) coupled in the same spectrum with both the protons total synthesis and molecular mode action of bioactive metabo-
of another methylene group ¢B8-4) resonating both as mul- lites. The absolute configuration of natural compounds have,
tiplets ato 1.86 and 1.56, respectively. Finally, the COSY in some cases, been determined by X-ray analysis or synthetic
spectrum also showed the presence of another methylene groupvork. Unfortunately, viridenepoxydiol is an oil resistant to
(H2C-2') whose protons resonating as multiplet® .88 and crystallization and is laborious to synthesize because of its
1.69 were coupled to each other and to a multipled 4186 numerous chiral centers. NOE-based methods in combination
attributed to a proton (H*Lbonded to a secondary carbon. The with molecular mechanics calculations have been proposed for
latter, considering also the typical chemical shift of the configuration assignment of flexible molecules, particularly for
corresponding carbon (4,0), probably belonged to a mono- macrocyclic compounds, as macrolides and other compounds.
substituted oxiran ring, which was the end tail of the compound. However, even with new NOE-based techniques it is still very
The couplings observed in the COSY spectrum were confirmed difficult to assign the stereochemical configuration of highly
by the results of a series of double-resonance decouplingflexible carbon chains because the presence of multiple con-
experiments. In particular, these spectra confirmed the couplingsformers, in which minor populations often make disproportion-
between the protons of the methine (CH-and methylene ately large contributions to NOE intensity, occasionally leads
(CHx-2") groups of the oxiran ring as well as those between to contradictory distance constraints. This is the case of
H-3 with both CH-3' and CH-4, and finally between the viridenepoxydiol for which the NOESY effectsTéble 2)
olefinic proton (H-8) and the protons of the adjacent methylene recorded between the protons of different moieties can only
group (CH-7) and between the latter and the protons of the strongly support the structure assigne@®itin fact, particularly
CHy-6. Obviously, the same experiment confirmed that all significant are the effects observed between' ldfid Me-1 and
methylene protons are themselves coupled. These structurabetween the latter and Mé-Furthermore, the two new methods
features were confirmed by the analysis of tH€ NMR developed for the stereochemical determination of acyclic and
spectrum (Table 1) of3 which showed the presence of small organic compounds, respectively, based on carporton
quaternary and secondary olefinic carbong 481.8 and 124.5  spin-coupling constantd.{) and residual dipolar coupling42)
(C-9 and C-8) that of the two vinyl methyl groups @t25.7 were inapplicable foB. In fact, the first method requires the
and 17.7 (Me-10 and Me while the two methyl groups  presence of stereogenic adjacent methine carbons substituted
bonded to quaternary oxygenated carbons and the secondaryith a methyl or a hydroxy (alkoxy) group in the analyzed
methyl group resonated at26.0, 25.0, and 14.5 (Me-1, Me-  compound, while the latter one is still restricted only to water-
4', and Me-3) (9, 10. The four methylene and the two methine soluble compounds. Unfortunately, viridenepoxydiol contains
groups, assigned on the basis of the correlation observed in thetwo stereogenic suitable functionalized methines (C-3 ang) C-1
HSQC spectrum9), were present ab 40.4, 40.3, 24.5, and  but alternate with two chiral quaternary carbons, and it is not
22.7 (C-6, C-2 C-4, and C-7) and ab 54.3 and 44.2 (C‘1 soluble in water.
and C-3). The correlations observed in the HSQC spectrum Some decene derivatives are reported as components of spice
further confirmed the assigments of the proton spectrum. Finally, flavors (13) and as metabolites of insectg) and fungi 15),
the two quaternary hydroxylated carbons resonated &t.3 while the oxiran group is present as a structural feature important
and 74.9 (C-2 and C-59( 10). On these bases, all the protons for the activity in several classes of bioactive fungal metabolites
and the corresponding carbons chemical shifts were assignedsuch as sesquiterpene eremophilarié€y, (trichothecenes, ver-
(Table 1), and viridenepoxydiol was formulated as 3,5,9- rucarins, and cytochalasinsq—19), and sphaeropsidonej.
trimethyl-2-oxiranyl-dec-8-ene-2,5-diol (3). The oxiranyldecenes have only been reported as synthetic
The structure of8 was supported by th#H,13C long-range compoundsZ1). Therefore, viridenepoxydiol is the first example
correlations observed in the HMBC spectruhakle 1) (7) and of naturally occurring oxiranyldecene. To our knowledge,
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cyclonerodiol, a sesquiterpenoid produced by different fungi,
includingGiberella,Fusarium,Trichoderma, andrichothecium
species but lacking antifungal activit?), is the microbial
metabolite closest to viridenepoxydiol.

Fungitoxicity Tests. Antifungal bioassay indicated that
viridenepoxydiol was effective in inhibiting the growth &
rolfsii by 100% at the concentration tested #§/mL). The
results of the MIC test showed that the concentration of
viridenepoxydiol was correlatek{ = 0.98) with the inhibition
percentage of mycelial growth &. rolfsiiin PDA plates. The
relationship equation between the concentration of viridenep-
oxydiol (x) and inhibition percentage of mycelial growth ®f
rolfsii (y) wasy = 40.51— 0.35x+ 0.0012% The minimum
concentration of viridenepoxydiol for inhibition &. rolfsiiwas
396 ug/mL.

The isolation of viridenepoxydiol provides new information
on the production in vitro of antibiotic metabolites Byicho-
derma viride commonly employed for developing suitable

strategies of biological control against several plant pathogens (

such aLColletotrichum capsigiSclerotinia sclerotiorumPyth-
ium aphanidermatuntf-usarium oxysporurfi sp. lycopersici,
Alternaria brassicola,A. alternata,Phomopsisvexans,Mac-
rophomina phaseolinaand Rhizoctonia solanisolated from
chili (Capsicumspp.), cauliflower (Brassica oleracea), tomato
(Lycopersicon esculentyirand eggplant (Solanum melonggna
plants (23).

T. viride synthesizes bioactive metabolites belonging to
different classes of natural compounds such as thg@@an-

2-ones, tetracyclic diterpenes, and oxiranyldecenes. The biologi-

cal activities of secondary metabolites containing tHe@ran-

2-one moiety are well-documented, and they have been reported (14)

to be produced by fungi belonging to several gen@k28).
The oxiran group also plays an important role in the biological
activity of different natural compound&&—20), so its presence
could be essential to the antifungal activity of viridenepoxydiol.

Future investigations should be addressed to clarify the role

of bioactive metabolites produced by this strairTobiride in

the biocontrol process, and the nature of interactions between

them or with enzymes.
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