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After 8 h of incubation 100% of germination was reached in the control. Instead only 80% was
observed in the presence of the compounds 1 and 2. Diterpenoids did not produce morphological
changes in the germ tube (data not shown). Also, a slight but significant protection to infection of
tomato leaves by B. cinerea was observed in the presence of both diterpenoids (Figure 4).

Figure 4. Effect of compounds 1 and 2 on ability of B. cinerea to colonize tomato leaves.
The methanol solution (control) or compounds 1 or 2 at 60 ug mL™ were spread on the
surface of the leaves with a paintbrush. Five uL of a conidia suspension (10° conidia mL™)
was inoculated on the upper side of the tomato leaves and leaves were incubated at 22 °C.
After four days of incubation, the lesion area on tomato leaves was measured. Each bar
represents the mean of at least three independent experiments + standard deviation.
Different letters indicate that the means are significantly different at P < 0.05.
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2.4. Mode of action compounds 1 and 2 on B. cinerea

It has been reported that some diterpenoids interact with the fungal cytoplasmatic membrane
causing its damage and, consequently, altering its permeability [6-8]. Therefore, the effect of
diterpenoids 1 and 2 on the cytoplasmatic membrane of B. cinerea was analyzed determining the
efflux of cellular components which absorb at 260 nm from mycelium treated with compounds 1 and 2
(Figure 5). 260 nm-absorbing components represent primarily nucleotides of which uracil-containing
compounds exhibit the strongest absorbance [19].

Figure 5 shows that in the presence methanol or compound 1, a similar increase of the absorbance
at 260 nm was produced. Instead, after four or six hours of incubation, a highest increase of the
absorbance, compared with the controls, was observed when B. cinerea mycelium was incubated with
compound 2 indicating that this compound produced leakage of compounds from the mycelium.



Molecules 2009, 14 1972

Figure 5. Cellular leakage of 260-nm-absorbing materials. Compounds 1 or 2 or methanol
were added to cells washed with sodium phosphate buffer (5 mM, pH 7.0) and incubated at
22 °C. At the specified times extracellular fractions were collected. Control with methanol
(), Compound 1 (A) or compound 2 (7)) at 60 pg mL™". Each point represents the mean of
two independent experiments =+ standard deviation.
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Additionally, the effect of the compounds 1 and 2 on B. cinerea cytoplasmatic membrane was
analyzed using Sytox Green staining (Figure 6).

Figure 6. Effect of the diterpenoids on the B. cinerea cytoplasmatic membrane. Positive
control, ethanol 70% (v/v) (A). B. cinerea in the presence of 8% (v/v) methanol (negative
control) at 1 h (B), 4 h (C) and 6 h (D) of incubation; B. cinerea in the presence of
60 ng mL™" salvic acid at 1 h (E), 4 h (F) and 6 h (G) of incubation; B. cinerea in the
presence of 60 pg mL™" acetylsalvic acid at 1 h (H), 4 h (I) and 6 h (J) of incubation. These
figures are representatives of five independent experiments.
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Figure 6. Cont.

Ethanol was used as a positive control, because it causes dehydration of cellular membranes. When
hyphae were treated with this compound, fluorescent nuclei were observed indicating alteration of the
membrane (Figure 6A). In negative control, 8% methanol was used; in this case nuclei exhibited no
fluorescence (Figures 6B-5D). When B. cinerea germinating conidia were treated with the diterpenoid
1, after 1, 4 and 6 h of incubation, nuclei fluorescence was not observed which is an indication that
membrane permeabilization to SYTOX Green did not occur (Figures 6E-6G). On the other hand,
compound 2 produced alteration of the plasmatic membrane of B. cinerea after 4 or 6 h of incubation
(Figures 6H-6J). These results were in accord with 260-nm absorbance assay.

Alternatively, it has been reported that some diterpenoids inhibit the respiratory chain in bacteria
[10]. For this reason, the effect of the diterpenoids 1 and 2 on the oxygen consumption of germinating
conidia of this fungus was also analyzed (Figure 7). KCN, an inhibitor of the respiratory chain, and
CCCP, an uncoupler of the oxidative phosphorylation, were used as controls.

In the presence of KCN, oxygen consumption decreased to 40%. KCN did not inhibit completely
the oxygen consumption of B. cinerea conidia because this fungus contains a constitutive alternative
oxidase [20]. The uncoupling compound increased oxygen consumption up to 150%. Finally,
compounds 1 and 2 did not affect oxygen consumption at 160 pg ml™'. Similar results were obtained at
lowest concentration of these compounds.

From the results obtained on the mode of action of compounds 1 and 2 can be concluded that these
compounds exerted their effect by a different mechanism of action. Compound 1 did not affect
cytoplasmic membrane or respiratory chain. Instead compound 2 altered the cytoplasmic membrane
producing leakage of 260-nm absorbing compounds,
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Figure 7. Effect of salvic acid and acetylsalvic acid on oxygen consumption of B. cinerea
conidia. 10 pg mL™" CCCP and 650 pg mL™" KCN were used as control. Diterpenoids were
added to conidia suspension dissolved in methanol at 160 pg mL™. After eight min of
incubation, the percentages of inhibition in the presence of the compounds relative to the
basal oxygen consumption were calculated. Each bar represents the average of at least
three independent experiments + standard deviation.
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3. Conclusions

Diterpenoids salvic acid, acetylsalvic acid and propanoylsalvic acid presented higher antifungal
activity against B. cinerea than butanoylsalvic acid. Diterpenoid isopentanoylsalvic acid did not show
antifungal activity. Therefore, shortest side-chain diterpenoids were more effective than the derivatives
with longer chains in the inhibition of B. cinerea mycelial growth. Salvic acid and acetylsalvic acid
exerted their effect by a different mechanism of action. Salvic acid did not alter cytoplasmic membrane
or respiratory chain inhibition. Instead, acetylsalvic acid affected the cytoplasmic membrane producing
leakage of 260-nm absorbing compounds.

4. Experimental

4.1. General

The melting points (uncorrected) were determined on a Kofler hot-stage apparatus. IR spectra were
recorded with a Bruker IFS 66v spectrophotometer. NMR spectra were acquired using a Bruker
Avance RW- 400 spectrometer operating at 400.13 MHz (1h). Measurements were carried out at a
probe temperature of 300k, using CDCl; containing tetramethylsilane (TMS) as an internal standard.
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4.2. Chemicals

Malt extract was obtained from Cramer Co., Ltd. (Santiago, Chile). Yeast extract and DABCO (1,4-
diazabicyclo[2. 2. 2]octane) were obtained from Sigma Chemical Co. (St. Louis, MO, USA). Agar was
obtained from Difco laboratories (Detroit, MI, USA). Sytox Green was obtained from Molecular
Probes (Eugene, OR, USA). Organic solvents and salts were obtained from Merck Quimica Chilena
(Santiago, Chile).

4.3. Isolation of the natural diterpenoids salvic acid (1) and acetylsalvic acid (2) from E. salvia

Salvic acid (compound 1) and acetylsalvic acid (compound 2) were isolated from the resinous
exudates of E. salvia leaves [11]. Voucher specimens (N° SGO-108833) were deposited in the
Herbarium of the Museo Nacional de Historia Natural, Santiago, Chile. Whole leaves of fresh E. salvia
were extracted by inmersion in dicloromethane for 15 s. The extract was separated by column
cromathografic (silica gel) employing mixture of hexane-ethyl acetate, as has been described by Urzua [11].

4.4. General procedure for the preparation of 7o-acyloxy-8(17)-labden-15-oic acids 3-5

A mixture of compound 1 (100 mg, 3.1 x 10° nmol), the appropriate acyl chloride (0.35 ml,
2.9 x 10° nmol) and 4-dimethylaminopyridine (DMAP) (100 mg, 8.2 x 10° nmol) in dichloromethane
(20 ml) was stirred at room temperature for 72 h. The solution was washed with a 5% HCI and
distilled water, then it was dried with anhydrous sodium sulfate and rotary evaporated. The crude
product was purified by preparative thin-layer chromatography TLC, silicagel Fys4 (Merck Quimica
Chilena, Santiago, Chile) and the purity was analyzed by TLC. The compound structure was
determined by H' NMR spectroscopy. With this procedure the following 7a-acyloxy derivatives were
prepared: 7a-propanoyloxy-8(17)-labden-15-oic acid (Figure 1, compound 3), colorless oil, 90 mg,
75% yield; 7a-butanoyloxy-8(17)-labden-15-oic acid (Figure 1, compound 4), colorless oil, 89 mg,
73% yield and 7a-isopentanoyloxy-8(17)-labden-15-oic acid (Figure 1, compound 5), colorless oil,
78 mg, 62% yield.

4.5. Fungal Isolate and Culture Condition

In this study, the strain G29 of B. cinerea was used. This strain was originally isolated from a
naturally infected grape (Vitis vinifera) [21] and was maintained on malt-yeast extract agar slants (2%
(w/v) malt extract, 0.2% (w/v) yeast extract and 1.5% (w/v) agar) at 4 °C. The fungus was grown in
the dark on malt-yeast extract agar medium [2% (w/v) malt extract, 0.2% (w/v) yeast extract and 1.5%
(w/v) agar) or soft agar (2% (w/v) malt extract, 0.2% (w/v) yeast extract and 0.6 % (w/v) agar]. In the
mechanism of action analysis, liquid minimum medium (KH,PO4 (1 g L), K;HPO,4 (0.5 g L),
MgSO4 x 7TH,0 (0.5 g L™, KC1 (0.5 g L), FeSO4 x 7H,0 (0.01 g L) pH 6.5, 25 mol L' ammonium
tartrate as a nitrogen source, and 1% (w/v) glucose as carbon source were used.
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4.6. Effect of the compounds on the mycelial growth of B. cinerea in solid media

The fungitoxicity of diterpenoids and the commercial fungicide iprodione was assessed using the
radial growth test on malt-yeast extract agar [22]. Diterpenoids and iprodione were dissolved in
methanol and added at different final concentrations. The final methanol concentration was identical in
control and treatment assays. Mycelial growth diameters were measured daily. After 72 hours of
incubation the inhibition percentages relative to the control with methanol were calculated. Results
were expressed as effective concentration (EDsg) (the concentration that reduced mycelial growth by
50%) determined by regressing the inhibition of radial growth values (percent control) against the
values of compounds concentration. Each experiment was done at least in triplicate.

4.7. Effect on the ability of B. cinerea to colonize tomato leaves.

Detached tomato (Lycopersicon esculentum cv. Roma) leaves were disinfected with 10% sodium
hypochlorite, washed three times with sterile deionized water, and placed in Petri dishes containing
water agar (1.5% w/v agar). The methanol solution or compounds 1 or 2 at 60 ug mL™ were spread on
the surface of the leaves with a paintbrush. This procedure was repeated three times. A suspension of
conidia was made in Gamborg’s B5 medium (Duchefa BV, Haarlem, The Netherlands), supplemented
with 10 mM sucrose and adjusted to 10 mM potassium phosphate (pH 6). A 5 uL. amount of this
conidia suspension (10° conidia mL™") was inoculated on the upper side of the tomato leaves. Petri
dishes were incubated at 22 °C. After four days of incubation, the lesion area on tomato leaves was
measured.

4.8. Effect on germination of B. cinerea conidia

Conidial germination assays were carried out on microscope slides coated with soft agar medium
(2 mm thickness). Compounds 1 and 2 were added dissolved in methanol at a final concentration of
60 ug mL™'. Methanol was allowed to evaporate prior to inoculation. The slides were inoculated with
dry conidia obtained from sporulated mycelia (1 week old), placed in a humid chamber (90% relative
humidity), and incubated in the dark at 22 °C for 7 h. Conidial germination was determined directly on
the slides at intervals of 1 hour. The percentage of germination was estimated by counting the number
of germinated conidia in five microscope fields each containing approximately 40 conidia. Conidia
were judged to have germinated when the germ tube length was equal to or greater than conidial
diameter. Each experiment was done at least in triplicate.

4.9. Determination of mode of action of compounds 1 and 2
4.9.1. Determination of the effect of the diterpenoids on the membrane integrity of B. cinerea
To analyze if compounds 1 and 2 produce alteration of the permeability of B. cinerea cytoplasmic

membrane, cell leakage was determined measuring 260-nm-absorbing materials released to the
medium [19]. Fifty mL Erlenmeyer flaks containing 5 mL of minimum liquid medium with 1% (w/v)
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glucose were inoculated with a conidia suspension (1x10° conidia mL™). Cultures were incubated at
22°C and 180 rpm during two days. Micelia were washed two times with 500 pL of 5 mM sodium
phosphate buffer pH 7.0 and incubated in stationary conditions at 22°C in the presence of the
compounds 1 and 2 at 60 pg mL™ or methanol at the same concentrations as treatments. Samples were
taken at intervals and spun at 8,000 g for 5 min in microcentrifuge tubes. Absorbance at 260 nm was
determined in the supernatants. Results presented are the means of values from at least two
independent assays.

The effect on permeability of the cytoplasmatic membrane was also determined using the SYTOX
Green uptake assay [23]. B. cinerea conidia at a final concentration of 1x10° conidia mL™ were
inoculated in 24-well plates (lined with 12-mm glass coverslips) containing 1 mL of liquid minimum
medium. Cultures were incubated at 22°C for 15 h to permit the germination of the conidia. After this
time, liquid medium was removed and same medium with 70% (v/v) ethanol (positive control), 8%
(v/v) methanol (negative control), or 60 ug mL™ of compounds 1 or 2 was added to each well. The
mixtures were incubated at 22 °C for one, four and six hours in the case of diterpenoids and methanol
or for 10 min when ethanol was used. B. cinerea hyphae adhered to glass coverslips were washed three
times with liquid minimum medium and were stained with 50 nmol L™ SYTOX Green. After 10 min
of incubation, the hyphae were washed with minimum medium and glass coverslips containing hyphae
were mounted in slides. For the assembly of the samples in the slides, 15 pL of DABCO (1,4-
diazabicyclo[2.2.2]octane) was used. The fluorescence of B. cinerea hyphae stained with SYTOX
Green was observed under a confocal microscope (Carl Zeiss LSM 510) at an excitation wavelength of
488nm and an emission wavelength of 540 nm. These experiments were done at least in triplicate.

4.9.2. Determination of the effect of the diterpenoids on the oxygen consumption of B. cinerea conidia

Oxygen consumption was determined polarographically at 25 °C with a Hansatech oxygen
electrode by using germinating conidia in a total volume of 1 mL. To obtain conidia in suspension,
Murashige and Skoog’s basal medium at 4.4 g L™ (Phytotechnology Laboratories, Lenexa, KS, USA)
was added to Petri dishes containing conidia. The conidia were harvested by scraping with a sterile
spatula. To eliminate mycelium, the suspension was filtered through glass wool. The conidia
concentration was adjusted to 1x 10’ conidia mL™" with minimum liquid media, in the presence of 2 %
(w/v) glucose. Conidia were incubated for 2 hours at 22°C. The measurement of basal oxygen
consumption was carried out for 2 min in the same minimum liquid medium. After this time,
10 pg mL™" carbonyl cyanide m-chlorophenylhydrazone (CCCP), 650 pg mL"' KCN or the
diterpenoids 1 or 2, dissolved in methanol at a concentration of 160 pg mL™" were added. Oxygen
consumption was determined for eight more minutes.

4.10. Determination of log P and Volume

Log P and the volume of diterpenoids were calculated using the HyperChem (TM) program
(Hypercube, Inc., Gainesville, FL, USA).



Molecules 2009, 14 1978

4.11. Statistical analyses

All results obtained from at least three independent experiments were expressed as mean £+ SD.
Significant differences were determined using a one way analysis of variance (Genstat 5, Realease
4.1). Means were separated using the least significant difference test (P <0.05).

Acknowledgements

We thank Dr. Leonor Contreras for her contribution to the log P determination. This research was
supported by the Departamento de Investigaciones Cientificas y Tecnolégicas (DICYT) at Universidad
de Santiago de Chile, by the International Foundation for Science Grants N° F/3115-1 and C/ 2807-2
and FONDECYT N 1090723.

References and Notes

1. Elad, Y.; Evensen, K. Physiological aspects of resistance to Botrytis cinerea. Phytopathology
1995, 85, 637-643.

2. Latorre, B.A.; Flores, V.; Sara, A.M.; Roco, A. Dicarboximide-resistant strains of Botrytis cinerea
from table grapes in Chile: survey and characterization. Plant. Dis. 1994, 78, 990-994.

3. Grayer, R.J.; Kokubun, T. Plant-fungal interactions: the search for phytoalexins and other
antifungal compounds from higher plants. Phytochemistry 2001, 56, 253-263.

4. Salah, M.A.; Bedir, E.; Toyang, N.J.; Khan, I.A.; Harries, M.D.; Wedge, D.E. Antifungal
clerodane diterpenes from Macaranga monandra (L) Muell. Et Arg (Euphorbiaceae). J. Agric.
Food Chem. 2003, 51, 7607-7610.

5. Scher, J.M.; Speakman, J.B.; Zapp, J.; Becker H. Bioactivity guided isolation of antifungal
compounds from the liverwort Bazzania trilobata (L.) S.F. Gray. Phytochemistry 2004, 65, 2583-
2588.

6. Cotoras, M.; Mendoza, L; Folch, C. Characterizacion of the antifungal activity on Botrytis
cinerea of the natural diterpenoids kaurenoic acid and 3B-hidroxy-kaurenoic Acid. J. Agric. Food
Chem. 2004, 52, 2821-2826.

7. Bouchra, C.; Achouri, M.; Hassani, L.M.I.; Hmamouchi, M. Chemical composition and antifungal
activity of essential oils of seven Moroccan Labiatae against Botrytis cinerea Pers: Fr. J.
Ethnopharmacol. 2003, 89, 165-169.

8. Haraguchi, H.; Kuwata, Y.; Inada, K.; Shingu, K.; Miyahara, K.; Nagao, M.; Yagi, A. Antifungal
activity from Alpinia galanga and the competition for incorporation of unsaturated fatty acids in
cell growth. Planta Med. 1996, 62, 308-313.

9. Haraguchi, H.; Oike, S.; Muroi, H.; Kubo, 1. Mode of antibacterial action of totarol, a diterpene from
Podocarpus nagi. Planta Med. 1996, 62, 122-125.

10. Tapia, L; Torres, J.; Mendoza, L.; Urzua, A.; Ferreira, J.; Pavani, M.; Wilkens, M. Effect of 13-
epi-Sclareol on the Bacterial Respiratory Chain. Planta Med. 2004, 70, 1058-1063.



Molecules 2009, 14 1979

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Urzta, A.; Caroli, M.; Vasquez, L.; Mendoza, L.; Wilkens, M.; Tojo, E. Antimicrobial study of
the resinous exudate and of diterpenoids isolated from Eupatorium salvia (Asteraceae). J.
Ethnopharmacol. 1998, 2, 251-254.

Hoeneisen, M.; Sammes, P.; Silva, M.; Watson, W. A new diterpenic acid and other constituents
from Eupatorium salvia. Rev. Latinoamer Quim. 1979, 10, 37-40.

Calabuig, M.T.; Cortés, M.; Francisco, C.G.; Hernandez, R.; Suérez, E. Labdane diterpenes from
Cistus symphytifolius. Phytochemistry 1981, 20, 2255-2258

Arnoldi, A.; Merlini, L. Lipophilicity-antifungal activity relationships for some isoflavonoid
phytoalexins. J .Agric. Food Chem. 1990, 38, 834-838.

Yang, G.; Jiang, X.; Yang, H. Development of novel pesticides based on phytoalexins: Part 2.
Quantitative structure-activity relationships of 2-heteroaryl-4-chromanone derivatives. Pest
Manag. Sci. 2002, 58, 1063-1067.

Zou, X.J.; Jin, G.Y.; Zhang, Z.X. Synthesis, fungicidal activity, and QSAR of
pyridazinonethiadiazoles. J. Agric. Food Chem. 2002, 50, 1451-1454.

Voda, K.; Boh B.; Vrtacnik M. A quantitative structure—antifungal activity relationship study of
oxygenated aromatic essential oil compounds using data structuring and PLS regression analysis.
J. Mol. Model. 2004, 10, 76-84.

Niewiadomy, A.; Matysiak, J.; Fekner, Z.; Czeczco, R. Synthesis, antifungal activity and SAR of
N-substituted and N, N-disubstituted 2,4-dihydroxythiobenzamides. J. Pestic. Sci. 2006, 31, 14-
22.

Lunde, C.S.; Kubo, I. Effect of Polygodial on the Mitochondrial ATPase of Saccharomyces
cerevisiae. Antimicrob. Agents Chemother. 2000, 44, 1943-1953.

Tamura, H.; Mizutani, A.; Yukioka, H.; Miki, N.; Ohba, H.; Masuko, M. Effect of the
methoxyiminoacetamide fungicide, SSF129, on respiratory activity in Botrytis cinerea. Pestic.
Sci, 1999, 55, 681-686.

Muiioz, G.; Hinrichsen, P.; Brygoo Y.; Giraud, T. Genetic characterisation of Botrytis cinerea
populations in Chile. Mycol. Res. 2002, 106, 594-601.

Mendoza, L.; Araya-Maturana, R.; Cardona, W.; Delgado-Castro, T.; Garcia, C., Lagos C.;
Cotoras, M. In vitro sensitivity of Botrytis cinerea to anthraquinone and anthrahydroquinone
derivates. J. Agric. Food Chem. 2005, 53, 10080-10084.

Thevissen, K.; Terras, F.R.G.; Broekaert, W.F. Permeabilization of fungal membranes by plant
defensins inhibit fungal growth. Appl. Environ. Microbiol. 1999, 65, 5451-5458.

Sample Availability: Samples of the compounds 1 and 2 are available from the authors.

© 2009 by the authors; licensee Molecular Diversity Preservation International, Basel, Switzerland.

This article is an open-access article distributed under the terms and conditions of the Creative

Commons Attribution license (http://creativecommons.org/licenses/by/3.0/).



