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ABSTRACT 

An undescribed disubstituted dihydrofuranone, named diplofuranoxin, was 

isolated, together with the six well known metabolites sphaeropsidins A and 

C, epi-sphaeropsidone, mellein and cis- and trans-4-hydroxymelleins, from 

the fungal species Diplodia subglobosa, an emerging pathogen involved in 

the ash dieback aetiology in Europe. Currently, the disease represents the 
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main threat to European ash heritage and the wood associated industry. 

Diplofuranoxin, was characterized essentially by NMR and HRESIMS 

spectra as (3Z)-3-(2,3-dihydroxybutylidene)-5-methyldihydrofuran-2(3H)-

one. Its relative and absolute configuration was determined by joining 

NOESY NMR experiments and computational analysis of electronic circular 

dichroism spectrum. All the metabolites were screened for phytotoxic, 

antioomycetes and zootoxic activities and only sphaeropsidin A and epi-

sphaeropsidone were active in two out of three bioassays performed. In 

addition, sphaeropsidin A completely inhibited mycelium growth of 

Phytophthora cambivora, whereas the inhibition rate of epi-sphaeropsidone 

was less than 50% at the higher concentration used. Both metabolites were 

inactive in the Artemia salina assay. Results obtained in this study have 

allowed to characterize for the first time the main metabolites produced in 

vitro by D. subglobosa and to increase the knowledge on the metabolic 

profile of Botryosphaeriaceae for a correct taxonomic classification of the 

strains belonging to this family. 
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1. Introduction 

Fraxinus excelsior L. (Oleaceae), the European ash, is an ecologically and 

economically important timber species in Europe (Hinsinger et al., 2013). Since the early 

90s, severe ash dieback symptoms such as shoot, twig and branch dieback, dark-brown 

necrotic bark lesions and branch canker have been observed throughout the natural 

distribution range of the species (Przybył, 2002; Kowalski, 2006; Ogris et al., 2010). The 

disease was initially associated with the attacks of the exotic and invasive fungus 

Hymenoscyphus fraxineus (T. Kowalski) Baral, Queloz & Hosoya, but recent researches 

conducted in northern Italy and Slovenia have ascertained that besides H. fraxineus, other 

fungal pathogens belonging to the genus Diplodia are involved in the aetiology of the 

disease (Linaldeddu et al., 2020, 2022). In particular, Diplodia fraxini (Fr.: Fr.) Fr., and 

Diplodia subglobosa A.J.L. Phillips, Deidda & Linaldeddu (Botryosphaeriaceae) have 

been found to be the dominant species associated with branch canker and dieback 

symptoms, suggesting a primary role of these species in the pathogenic process 

(Linaldeddu et al., 2020). Despite these new insights into the causes of the disease, many 

aspects related to the biology of the two Diplodia species and to the mechanisms of 

pathogenesis remain to be clarified. For H. fraxineus and D. fraxini the capability to 

produce phytotoxins, some of which characterized by a selective activity towards ash has 

been ascertained, whereas no information is available for D. subglobosa (Cimmino et al., 

2017; Masi et al., 2019).  

Diplodia subglobosa is a recently described species with a restricted host range and 

a limited geographical distribution in Europe (Alves et al., 2014). It is phylogenetically 

related to Diplodia mutila (Fr.: Fr.) Fr., Diplodia africana Damm & Crous, and Diplodia 

olivarum A.J.L. Phillips, Frisullo & Lazzizera, three polyphagous species able to produce 
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in vitro a plethora of bioactive compounds including several phytotoxins (Masi et al., 

2018; Di Lecce et al., 2021). The interest in phytotoxic metabolites (PMs) produced by 

Diplodia species has increased noticeably over the past decades due to increased incidence 

of diseases caused by this group of invasive pathogens worldwide (Van Niekerk et al., 

2004; Abdollahzadeh, 2015; Cimmino et al., 2016; Smahi et al., 2017; Masi et al., 2021; 

Reveglia et al., 2021). At the same time, some PMs produced by Diplodia species have 

shown to be versatile compounds with important potential application in the 

pharmacological sector (Ingels et al., 2017; Roscetto et al., 2020).  

Therefore, given the growing expansion of ash dieback in European forests and the 

still limited information available about the PMs produced by D. subglobosa, a study was 

conducted to isolate, identify, and characterize the main secondary metabolites produced 

by this emerging pathogen. 

 

2. Results and Discussion 

Preliminary experiments were carried to extract D. subglobosa culture filtrates 

using solvent with increasing polarity (n-hexane, chloroform, ethyl ether, and ethyl 

acetate). Then the phytotoxicity of the corresponding organic extracts was tested and that 

of ethyl acetate showed the strongest toxicity. The same extract also exhibited the most 

interesting chromatographic profile, thus ethyl acetate was chosen as solvent to extract the 

fungal culture filtrates produced in relatively large amount.  

The organic extract obtained from the culture filtrates of D. subglobosa was 

purified, as detailed in the Experimental material, obtaining a new trisubstituted 

dihydrofuranone, named diplofuranoxin (1, Fig. 1).  

The preliminary 1H and 13C NMR investigation showed that the new specialized 

metabolite 1 was a disubstituted dihydrofuranone, sharing the molecular formula of 
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C9H14O4 as deduced from its HR ESIMS spectrum and consistent with three indices of 

hydrogen deficiencies.  

In addition, its IR (Nakanishi and Solomon, 1977) and UV spectra (Pretsch et al., 

2000) showed, in agreement with NMR data, the presence of a conjugated ester carbonyl 

and hydroxy groups.  

The 1H and COSY NMR (Berger and Braun, 2004) (Table 1) showed a broad 

singlet at δ 6.64, typical of an olefinic proton (H-6), which coupled with the proton (H-7) 

of the adjacent hydroxylated secondary carbon and the protons (H2-4) of the adjacent 

methylene group observed as broad doublet (J = 6.5 Hz) and a complex multiplet at δ 4.18 

and 2.43, respectively. H2-4 coupled with the proton (H-5) of the adjacent secondary 

oxygenated carbon present as a sextet (J = 6.2 Hz) at δ 4.00, which in turn coupled with 

the protons (H3-10) of the geminal methyl group resonating as a doublet (J = 6.2 Hz) at δ 

1.23. H-7 also coupled with the proton (H-8) of the adjacent hydroxylated secondary 

carbon observed as a quintet (J = 6.5 Hz) at δ 3.06 and this in turn with the protons of the 

terminal methyl group (H3-9) of the 2,3-dihydroxy-but-1-enyl side chain, observed as a 

doublet (J = 6.5 Hz) at δ 1.45. The 1H NMR spectrum also showed two broad singlets due 

to two hydroxyl groups at δ 3.33 and 2.65 (Pretsch et al., 2000).  

The 13C and DEPT spectra (Berger and Braun, 2004) (Table 1) showed the 

presence of one secondary and two tertiary sp2 carbons, three oxygenated methine, one 

methylene and two methyl sp3 carbons. The presence in the 13C NMR spectrum of a 

carbonyl (C-2) at δ 165.2 which coupled in the HMBC spectrum (Berger and Braun, 2004) 

(Table 1) with H2-4 and H-6 suggested the presence in 1 of a disubstituted 

dihydrofuranone ring. The 2,3-dihydroxy-1-butenyl residue is located at C-3 due to the 

couplings observed in the same spectrum between C-3, at δ 129.2, with H2-4, H-5, H-7, 

while those between C4 and C-5 with H3-10 allowed to locate the last methyl group at C-5 

(Breitmaier and Voelter, 1987).  
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The couplings observed in the HSQC spectrum (Berger and Braun, 2004) (Table 1) 

allowed to assign the chemical shifts to all the protonated carbons and thus the chemical 

shifts to the all protons and corresponding carbons as reported in Table 1. Thus, 

diplofuranoxin (1) was formulated as 3-(2,3-dihydroxybutylidene)-5-methyldihydrofuran-

2(3H)-one. This structure was supported from the other couplings observed in the HMBC 

spectrum (Table 1) and the data of HR ESIMS spectrum. The last spectrum showed the 

sodiated dimer [2M + Na]+ and the sodiated [M + Na]+ adduct ions at m/z 395.1690 and 

209.0795. A significant fragmentation ion, generated from the protonated molecular ion 

[M + H]+ by loss of water was observed at m/z 169.  

The relative configuration of the double bond of the side chain was assigned by the 

correlation observed in the NOESY spectrum (Berger and Braun, 2004) (Fig. 2). This 

latter in addition to the expected correlation between H-8 and H-5 with the protons of the 

germinal methyl group Me-9 and Me-10 and that between H-6 and H-7, also showed the 

significant correlation between H-6 and H2-4 wich allowed to assign a Z-configuration to 

the double bond and formulated diplofuranoxin as (3Z)-3-(2,3-dihydroxybutylidene)-5-

methyldihydrofuran-2(3H)-one (1).  

To determine the relative and absolute configuration (AC) of 1 a computational 

analysis (Autschbach, 2012) of its electronic circular dichroism (ECD) spectrum (Superchi 

et al., 2012, 2018), was undertaken. This approach has proven to be particularly reliable 

and straightforward for the AC assignment in solution of complex chiral compounds 

(Vergura et al., 2019) including natural products (Santoro et al., 2020; Vergura et al., 

2018). Accordingly, the UV and ECD spectra of 1 were recorded in MeCN in the 190–350 

nm range. The ECD spectrum of 1 (Fig. 3) displays three clearly visible and broad Cotton 

effects (CEs): a negative one at about 262 nm (Δε – 2.22) followed by a positive one at 

230 nm (Δε + 3.17) and a more intense negative band at 206 nm (Δε – 5.78). A 

computational analysis of these chiroptical data by DFT was then carried on. When both 
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relative and AC are unknown, like in the case of 1, chiroptical data for any possible 

stereoisomer should be computed and compared with the experimental data (Masi et al., 

2021; Johnson et al., 2018). In this case, the presence of three stereocenters implies the 

existence of eight possible stereoisomer (four pairs of enantiomers) for each double bond 

configuration. It follows, that the computational analysis must be performed on the 

(5S*,7S*,8S*), (5S*,7S*,8R*), (5S*,7R*,8R*), and (5S*,7R*,8S*) diastereomers for both Z 

and E. Since enantiomeric diastereomers have mirror image ECD spectra, for each 

compound it is sufficient to predict the chiroptical properties for only one enantiomer of 

the possible diastereomers. Although NMR NOESY analysis (vide supra) indicated a Z 

double bond geometry of 1 this assignment was verified by carrying out computational 

treatment also on the E diastereomer. Therefore, conformational analysis on the four 

arbitrarily chosen stereoisomers (5S,7S,8S)-1a, (5S,7S,8R)-1b, (5S,7R,8R)-1c, and 

(5S,7R,8S)-1d for both Z and E configuration (Fig. 4), was carried out at DFT/B3LYP/6-

31G(d)/IEFPCM(MeCN) level of theory taking into account solvation effects by the 

polarized continuum solvation model (IEFPCM) (Tomasi et al., 2005). The structure and 

relative population of main conformers for each stereoisomer was thus obtained. Then, 

ECD and UV spectra for each found conformer were computed at TDDFT/CAM-

B3LYP/aug-cc-pvdz/IEFPCM(MeCN) level and Boltzmann averaged over conformers 

population.  

In Figs. S1 and S2 in Supplementary Information, S.I. the computed spectra of 

each stereoisomer and of the corresponding enantiomer are compared with the 

experimental spectra for 1. As inferred from Fig. S1 and Fig. S2, the best agreement with 

experimental is provided by computed ECD spectra of Z-1a and Z-1b stereoisomers. In 

fact, the computed spectra of E diastereomers E-1a-d appears opposite in sign to the 

experimental in correspondence to the two long wavelength bands at 230 and 262 nm, 

while spectra of their enantiomers ent-E-1a-d better fit those two bands, but are opposite 
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in sign to the high energy Cotton effect at 206 nm (Fig. S2). The same behaviour is 

observed by computed ECD spectra of Z-1c,d and those of their enantiomers Z-1c,d. 

While the formers agree with the high energy band, the latters agree with the other two 

bands. Only Z-1a and Z-1b spectra fit in sign, wavelength and intensity with all the three 

main Cotton effects of the experimental (Fig. S1). This analysis allows to confirm the 

previous assignment of Z configuration of the double bond as well as the (5S) absolute 

configuration of the lactone stereocenter, but is not sufficient to allow a sure choice 

between the (5S,7S,8S)-Z-1a and (5S,7S,8R)-Z-1b stereoisomers which both fit 

experimental, even if with some small spectral differences. Therefore, spectral 

computational analysis of both these stereoisomers was carried out at a higher 

computational level. Accordingly, previously found conformers of (3Z,5S,7S,8S)-Z-1a and 

(3Z,5S,7S,8R)-Z-1b were further optimized at DFT/B3LYP/6–

311++G(d,p)/IEFPCM(MeCN) level and their UV and ECD spectra computed at 

TDDFT/CAMB3LYP/aug-cc-pvtz/IEFPCM(MeCN) level, providing, after Boltzmann 

averaging, spectra reported in Fig. 3. Spectral comparison with experimental now clearly 

indicates a better agreement of (3Z,5S,7S,8S)-Z-1a than (3Z,5S,7S,8R)-Z-1b, allowing to 

assign (3Z,5S,7S,8S) relative and absolute configuration to 1.  

The dihydrosapinofuranones are well known as phytotoxic metabolites produced 

by plant pathogenic fungi (Masi et al., 2018). Among them the most similar to 1 are 

pinofuranoxins A and B, two phytotoxins produced by Diplodia sapinea (Fr.) Fuckel a 

worldwide conifer pathogen. They differed from 1 for the stereochemistry and the 

functionalities of the 1-butenyl side chain attached to C-6 (Masi et al., 2021).  

The well known phytotoxins sphaeropsidins A and C, epi-sphaeropsidone, mellein 

and cis- and trans-4-hydroxymelleins (2–7, Fig. 1), isolated for the first time from D. 

subglobosa, were identified by comparing their physic (specific optical rotation, see S.I.) 

and spectroscopic data (1H NMR and ESI MS, see: S.I.) with those reported in literature. 
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In particular, for 2 with the data reported by Evidente et al. (1996), for 3 by Evidente et al. 

(1997), for 4 by Evidente et al. (1998) for 5, 6 and 7 by Cabras et al. (2006).  

All metabolites (1–7) obtained in this study were screened for phytotoxic, 

antioomycetes and zootoxic activities.  

Phytotoxicity was determined using the leaf puncture bioassay and evaluated on 

Phaseolus vulgaris L. leaves at concentration of 0.4 mg/mL. Sphaeropsidin A (2) and epi-

sphaeropsidone (4) were active, to different extents, in this bioassay. Specifically, 

sphaeropsidin A (2) caused necrotic lesions on the plant species tested with a lesion size of 

24.9 ± 1.6 mm2 epi-Sphaeropsidone (4) caused lesions with a lesion size of 15.8 ± 3.9 

mm2. None of the other compounds caused any visible symptoms in this bioassay.  

The antioomycete activity of the isolated compounds was evaluated towards 

Phytophthora cambivora (Petri) Buisman, the causal agent of “ink disease” on chestnut, at 

concentration of 0.2 and 0.02 mg/plug. Metalaxyl-M was used as positive control. Among 

the metabolites assayed, sphaeropsidin A (2) inhibited completely the mycelial growth of 

P. cambivora at both concentrations. epi-Sphaeropsidone (4) inhibited only partially the P. 

cambivora growth (37% at concentration of 0.2 mg/plug). No colony growth inhibition 

was observed with the other compounds at the higher concentration used.  

Additionally, the compounds 1–7 were screened for lethality in the brine shrimp 

(Artemia salina L.) larvae bioassay, which is widely used for toxicology and 

ecotoxicology studies. All metabolites were tested at concentration of 50 μg/mL, resulting 

all inactive. 

 

3. Conclusions 

The manuscript reports the structure and AC assignment of a novel trisubstituted 

dihydrofuranone from D. subglobosa named diplofuranoxin (1). The findings obtained in 

this study have allowed us to characterize for the first time the metabolic profile of D. 
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subglobosa and expand the scientific knowledge about PMs produced by 

Botryosphaeriaceae. The results confirm the broad spectrum of activities of the 

sphaeropsidin A and, to a different extent, of the epi-sphaeropsidone. In particular, the 

activity in controlling P. cambivora is of particular application interest given the broad 

spectrum of host plants and the virulence of this pathogen for which there are no effective 

management strategies. Some compounds produced by D. subglobosa are also produced 

by other Diplodia spp. and the sphaeropsidin A confirmed to be the main phytotoxic 

metabolite produced by this group of fungal pathogens. Finally, the spectrum of activities 

of the new metabolite (1) deserves more detailed investigations and in particular it is 

necessary to evaluate a potential phytotoxic activity towards ash. 

 

4. Experimental material 

4.1. General experimental procedures 

Optical rotations were measured in a MeOH solution on a Jasco P-1010 digital 

polarimeter; IR spectra were recorded as a glassy film on a Perkin-Elmer Spectrum One 

Fourier Transform Infrared (FTIR) spectrometer. UV spectra were recorded on a JASCO 

V-530 spectrophotometer in CH3CN solution, while ECD spectra were recorded at room 

temperature on a JASCO J815 spectropolarimeter, by using 0.5 mm cells and 

concentration of 6.5 × 10‒3 M for 1 in CH3CN solution; 1H and 13C NMR spectra were 

recorded at 400 and 100 MHz, respectively, in CDCl3 on a Bruker spectrometer. The same 

solvent was used as an internal standard. Carbon multiplicities were determined by DEPT 

spectra (Berger and Braun, 2004). DEPT, COSY-45, HSQC, HMBC, and NOESY 

experiments (Berger and Braun, 2004) were performed using Bruker microprograms. 

HRESI and ESI mass spectra were performed as previously described (Masi et al., 2021). 

Analytical and preparative TLC were performed on silica gel plates (Kieselgel 60, F254, 

0.25 and 0.5 mm respectively) or on reverse phase (KC18 F254, 0.20 mm) plates and the 
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compounds were visualized by exposure to UV light and/or iodine vapors and/or by 

spraying first with 10% H2SO4 in MeOH, and then with 5% phosphomolybdic acid in 

EtOH, followed by heating at 110 ◦C for 10 min. CC: silica gel (Merck, Kieselgel 60, 

0.063–0.200 mm). 

 

4.2. Fungal strain 

The Diplodia subglobosa A.J.L. Phillips, Deidda & Linaldeddu (Botryosphaeriaceae) 

strain used in this study was isolated from a symptomatic branch of European ash 

(Fraxinus excelsior L., Oleaceae), collected in Veneto region (north-eastern, Italy) 

(Linaldeddu et al., 2020). The strain was identified on the basis of morphological 

characters and analysis of internal transcribed spacer (ITS) rDNA. Fungal DNA 

extraction, PCR amplification reactions, and DNA sequencing were carried out as 

reported by Linaldeddu et al. (2020). The sequence of the ITS region has been deposited 

in GenBank (accession number: ON505148). Pure cultures were maintained on PDA 

slants under oil at 10 ◦C in the dark in the culture collection of the Dipartimento Territorio 

e Sistemi Agro-forestali, Universit`a degli Studi di Padova, Italy, as FB68. 

 

4.3. Production, extraction and purification of the metabolites 

The fungus was grown on liquid medium (Czapek amended with 2% yeast extract; 

pH 5.7). The cultures were filtered through filter paper (Whatman N.1) and the filtrates 

(22 L) exhaustively extracted with EtOAc yielding an oily brown residue (8.1 g). This 

latter was purified by silica gel column chromatography (CC), eluting with CHCl3-iso-

PrOH (9:1, v/v) and nine homogeneous (F1–F9) fractions were collected. The residue 

(600.2 mg) of the second fraction (F2) was purified by CC, eluted with petroleum 

ether/acetone (8:2, v/v), yielding six homogeneous fractions (F2.1-F2.6). The fraction F2.2 

resulted to be an homogeneous compound, which was identified as mellein (5, 15.4 mg, Rf 
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0.73). The residue (70.1 mg) of F2.4 was purified by preparative TLC developed twice, 

using petroleum ether–acetone (8:2) as solvent system yielding two white solid identified 

as (3R,4R)-(‒)-4-hydroxymellein (6) (23.4 mg, Rf 0.25) and (3R,4S)-(‒)-4-hydroxymellein 

(7) (21.0 mg, Rf 0.32). The residue (876.5 mg) of the third fraction of the first column (F3) 

was purified by CC, eluted with CH2Cl2–MeOH (95:5, v/v), yielding seven fractions 

(F3.1-F3.7). The residue (268.9 mg) of F3.3 was crystallized using EtOAc-n-hexane (1:3, 

v/v) at room temperature yielding white crystals identified as sphaeropsidin A (2, 232.8 

mg, Rf 0.61). The residue (40.6 mg) of F3.4 was further purified by preparative TLC 

eluted with CH2Cl2-iso-PrOH (95:5, v/v) yelding an amorphous solid identified as 

sphaeropsidin C (3, 31.8 mg, Rf 0.37). The residue (78.1 mg) of F5 was further purified by 

preparative through TLC CH2Cl2–MeOH (9:1, v/v) yielding and amorphous oil identified 

as epi-sphaeropsidone (4, 13.8 mg, Rf 0.59). The residue (120 mg) of F6 was further 

purified by TLC, eluted with EtOAc-n-hexane (9:1, v/v), yielding as an amorphous solid 

diplofuranoxin (1, 6.7 mg, Rf 0.34). 

 

4.3.1 Diplofuranoxin (1) 

Amorphous solid, IR νmax 3377, 1702, 1062 cm‒1; UV λmax (log ε) 198 (0.90) nm; 1H 

and 13C NMR see Table 1; HRESI MS (+): m/z 395.1690 [2M + Na]+ and 209.0795 [M + 

Na]+ (calcd for C9H14NaO4, 209.0790). 

 

4.4. Computational details 

Preliminary conformational analysis was performed by Spartan02 package 

(Spartan 02, 2002) employing MMFF94s molecular mechanics (MM) force field with 

Monte Carlo searching and fixing arbitrarily the following absolute configurations for E 

and Z diastereomers 1a-d of 1: (Z,5S,7S,8S)-Z-1a, (Z,5S,7S,8R)-Z-1b, (Z,5S,7R,8R)-Z-1c, 

and (Z,5S,7R,8S)-Z-1d for Z configuration and (E,5S,7S,8S)-E-1a, (E,5S,7S,8R)-E-1b, 
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(E,5S,7R,8R)-E-1c, and (E,5S,7R,8S)-E-1d configuration for E configuration. All possible 

conformers were searched, considering the degrees of freedom of the system, retaining 

only the structures within an energy range of 30 kcal/mol with respect to the most stable 

one. The minimum energy conformers found by MM were further fully optimized by 

using the Density Functional Theory (DFT) approach at DFT/B3LYP/6-

31G(d)/IEFPCM(MeCN) level of theory by Gaussian09 package (Frisch et al., 2009) and 

taking into account the solvent effect of CH3CN by IEFPCM implicit model (Tomasi et 

al., 2005). All conformers are real minima, no imaginary vibrational frequencies have 

been found and the free energy values have been calculated and used to get the Boltzmann 

population of conformers at 298.15 K (Belviso et al., 2019). The found geometries were 

employed as input geometries for calculation of UV and ECD spectra at the 

TDDFT/CAM-B3LYP/aug-cc-pvdz/IEFPCM(MeCN) level. Further optimization of the Z-

1a and Z-1b diastereoisomers was carried out at DFT/B3LYP/6–

311++G(d,p)/IEFPCM(MeCN) level and their UV and ECD spectra computed at 

TDDFT/CAM-B3LYP/aug-cc-pvtz/IEFPCM(MeCN) level. The theoretical UV and ECD 

spectra were obtained as average over the conformers Boltzmann populations. The ECD 

spectra were obtained by the Spec Dis v1.51 package (Bruhn et al., 2013) from calculated 

excitation energies and rotational strengths, as a sum of Gaussian functions centered at the 

wavelength of each transition, with a parameter σ (width of the band at ½ height) of 0.4 

eV. 

 

4.5. Leaf puncture assay 

Phaseolus vulgaris L. leaves were used for this assay. Each compound, dissolved 

in DMSO, was tested at 0.4 mg/mL. The assay was performed as previously reported 

(Andolfi et al., 2014). DMSO in distilled water (4%) was used as control. Each treatment 

was repeated two times. Leaves were observed daily and scored for symptoms after 5 



 

 

14 

days. The effect of the toxins on the leaves was observed up to 10 days. Lesions were 

estimated using APS Assess 2.0 software following the tutorials in the user’s manual. The 

lesion size was expressed in mm2. 

 

4.6. Antifungal assays 

All compounds (1–7) were also preliminarily tested on Phytophthora cambivora. 

The sensitivity of this species to these compounds was evaluated on CA (carrot agar 

medium) as inhibition of the mycelial radial growth. The assay was performed as 

previously reported (Masi et al., 2021). Each metabolite was tested at 0.2 and 0.02 

mg/plug. DMSO was used as negative control and Metalaxyl-M (mefenoxam; p.a. 

43.88%; Syngenta), a synthetic fungicide to which the oomycetes are sensitive, was used 

as positive control. Each treatment consisted of three replicates and the experiment was 

repeated twice. 

 

4.7. Artemia salina bioassay 

All compounds were also assayed on brine shrimp larvae (Artemia salina L.). The 

assay was performed in cell culture plates with 24 cells as previously described (Andolfi et 

al., 2014). The metabolites were tested at 50 μg/mL. DMSO was used as negative control. 

Tests were performed in quadruplicate. The percentage of larval mortality was determined 

after 36 h incubation at 27 °C in the dark. 
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Legends for Figures 

 
 

Fig. 1. Structure and assigned absolute configuration (see text) of diplofuranoxin (1) and 

that of the already known phytotoxic metabolites sphaeropsidins A and C (2 and 3), epi-

sphaeropsidone (4) mellein and cis- and trans-4- hydroxy melleins (5–7). 

 

Fig. 2. The NOE correlations observed in the NOESY spectrum of 1. 

 

Fig. 3. Comparison between experimental ECD spectrum (solid red line) of 1 with 

calculated ECD spectra [TDDFT/CAM-B3LYP/aug-cc-pvtz/IEFPCM(MeCN)] for (Z) 

stereoisomers Z-1a,b (blue dashed line) and their enantiomers ent-Z-1a,b (green dashed 

line). Panel (a) (3Z,5S,7S,8S)-Z-1a; panel (b) (3Z,5S,7S,8R)-Z-1b. Conformers population 

computed at DFT/B3LYP/6–311++G(d,p)/IEFPCM(MeCN) level. For a better spectral 

comparison computed spectra are shifted of +25 nm. (For interpretation of the references 

to colour in this figure legend, the reader is referred to the Web version of this article.) 

 

Fig. 4. Stereoisomers of 1 taken into account in ECD computations. 
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Table 1  

1H and 13C NMR data of diplofuranoxin (1)a,b. 

 
a 2D 1H, 1H (COSY) and 13C, 1H (HSQC) NMR experiments confirmed the 

correlations of all the protons and the corresponding carbons. 
b Coupling constants (J) are given in parenthesis. 
c Multiplicities were assigned with DEPT. 
d These two signals can be exchanged. 


