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a b s t r a c t

Phoma exigua var. exigua, a fungal pathogen isolated from Cirsium arvense and Sonchus arvensis, proposed
as a biocontrol agent of this noxious perennial weeds, produces in liquid and solid cultures different
phytotoxic metabolites with potential herbicidal activity. The phytotoxic cytochalasins B, F, Z2, and Z3
and deoxaphomin were previously identified together with p-hydroxybenzaldehyde. Using spectroscopic
methods, four new cytochalasins, termed phomachalasins AeD, were isolated and characterized as three
new closely related 26-oxa[16] and one new [15]cytochalasans. They belong to a new subgroup of
cytochalasans bearing a 1,2,3,4,6,7-hexasubstituted bicycle[3.2.0]heptene joined to the macrocyclic ring.
None of the four new metabolites showed phytotoxic or antimicrobial activity. The lack of both phyto-
toxic and antimicrobial activities showed by all phomachalasins AeD was probably due to the strong
modification of both functionalities and conformational freedom of the macrocyclic ring caused by its
junction with the bulky and quite rigid new bicycle, namely bicycle[3.2.0]heptene.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Perennial weeds give rise to widespread problems in crop pro-
duction. They are especially harmful in agricultural systems with
reduced herbicide usage due to the ineffectiveness of mechanical
weed control. Typical weed species include the Asteraceae Cirsium
arvense (L.) Scop. and Sonchus arvensis (L.), commonly called Can-
ada thistle and perennial sowthistle, respectively. The few herbi-
cides recommended for chemical control of these perennials in
non-organic cropping systems have low selectivity. Microbial
phytotoxins or their synthetic analogues may be used to develop
new agrochemicals against such weeds. Several pathogens, namely
Stagonospora cirsii J.J. Davis, Ascochyta sonchi (Sacc.) Grove and re-
lated pathogens, were found to be common on both host plants,
and to produce phytotoxic metabolites. Phyllosticta cirsii Desm. and
Phomopsis cirsii Grove, belonging to well-known genera for toxin
production, were also proposed for biocontrol of C. arvense, while
Alternaria sonchi was recently proposed as a mycoherbicide for the
x: þ39 081 2539186; e-mail

All rights reserved.
control of S. arvensis. Several new phytotoxins, belonging to dif-
ferent groups of natural compounds, were isolated as potential
herbicides from these fungi. These comprise the nine stagonolides
and modiolide A isolated from S. cirsii,1,2 ascosonchine isolated
from Ascochyta sonchi,3 phyllostictines AeD,4 phyllostoxin and
phyllostin isolated from Phyllosticta cirsii,5 3-nitropropanoic acid
isolated from Phomopsis cirsii6 and alternethanoxins A and B iso-
lated from Alternaria sonchi.7

Several fungi were previously isolated from diseased leaves of
C. arvense L. and S. arvensis L. and preliminarily identified as Asco-
chyta sonchi (Sacc.) Grove according to the Ascochytamanual.8 Other
taxonomic studies reclassified A. sonchi as a component of the
complex species Phoma exigua Desm. var. exigua but thistles were
not mentioned as hosts.9,10 Their potential for the biological control
of such perennial weeds, which widely occur through temperate
regionsof theworld,11,12was evaluated.13,14Mostof the above strains
produced ascosonchine, whereas strains C-177 and S-9 grown in
liquid and solid cultures, though virulent to weeds, did not produce
the above metabolite, but produced different toxic metabolites
identified as cytochalasins B, F, Z2, and Z3 and deoxaphomin, and p-
hydroxybenzaldehyde. When assayed on leaves of both C. arvense
and S. arvensis, p-hydroxybenzaldehyde was inactive, whereas
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deoxaphomindemonstrated the highest level of toxicity on leaves of
S. arvensis. Cytochalasin Z2 appeared to be the least toxic cytocha-
lasan on both plants according to the lack of the secondary hydroxyl
group on C-7. Production of cytochalasins by P. exigua var. exigua
strains isolated from C. arvense and S. arvensis was discussed in re-
lation with chemotaxonomy and biocontrol potential of the
fungus.15

This paper describes the isolation, structural elucidation, and
biological characterization of four new cytochalasins produced
both in liquid and solid culture by P. exigua var. exigua (strain
C-177), termed phomachalasins AeD (1e4). Their structures were
determined by the extensive use of NMR and MS techniques.

2. Results and discussion

The solid culture of Phoma exigua var. exigua (800 g) was ex-
haustively extracted and the highly phytotoxic organic extract was
purified by a combination of CC and TLC (see Experimental section).
In addition to the already reported cytochalasins B (5) and F, deox-
aphomin, and p-hydroxybenzaldehyde, we obtained four metabo-
lites, one as crystalline and three as amorphous solids (25.1, 3.1, and
3.3 mg/kg, respectively), which we called phomachalasins AeC
(1e3, Fig.1). Purificationof theorganic extract obtained froma liquid
culture of the same fungus, together with p-hydroxybenzaldehyde
and cytochalasin B, yielded a further amount of phomachalasin B
(1.2 mg/L) and an amorphous solid metabolite named phomacha-
lasin D (4, 0.8 mg/L). Preliminary 1H and 13C spectra, compared to
those of cytochalasin B recorded in the same solvent,16,17 indicated
that the structures of all metabolites are closely related, and con-
stitute four novel cytochalasins belonging to a new subgroup of
cytochalasans. Indeed, 1, 3, and 4, compared to cytochalasin B,16,17

showed both unaltered benzyl and perhydroisoindolyl residues,
which are joined to a similar macrocyclic ring. The same relation
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Fig. 1. Structures of phoma
exists between phomachalasin B (2) and deoxaphomin,18 a deoxa
[13]cytochalasan closely related to 5. Furthermore, the 1H and 13C
NMR spectra of all four novel cytochalasins present signals origi-
nating froma carbonyl group at C-20 as in cytochalasinA,16 and from
a 6,7-dihydroxy-4-methoxy-bicyclo[3.2.0]hept-2-ene-1-carboxylic
acid amide, with different stereochemistry at its chiral centres as
detailed below, inserted between the C-20 and the C-23 (C-21 in
cytochalasin A) of the macrocyclic ring.

Phomachalasin A (1) is the main metabolite, obtained as
a crystalline compound. Unfortunately the crystals as well as the
others obtained from slow evaporation of pure and mixed solvents,
appeared unsuitable for X-ray analysis. As inferred from HRESIMS
spectra, phomachalasin A has the molecular formula C38H46N2O9,
consistent with 17� of unsaturation. 13 of them are due to the
benzyl and perhydroisoindolyl residues and macrocyclic ring as in
cytochalasin A. The remaining four were due to the 1,2,3,4,6,7-
hexasubstituted bicycloheptene moiety. The IR spectrum showed
bands attributable to hydroxyl, amide, carbonyl, olefinic, and aro-
matic groups.19 The UV spectrum exhibited, with respect to cyto-
chalasin B, a maximum absorption typical of an extended
conjugated a,b-unsaturated lactone group.20 The 1H NMR spectrum
(Table 1), compared with those of cytochalasins A and B recorded in
the same conditions, overlap, except for the proton signals (H-23
and H-24) of the double bond a,b-located with respect to the lac-
tone of the macrocyclic ring. As inferred from the typical coupling
value21 it assumes a cis-instead of a trans-configuration. Further
significant differences were due to the signal systems of four sec-
ondary carbons, three of which are oxygenated, whose methine
protons couplings appeared in the COSY spectrum.22 In fact, the
proton H-27 resonating at d 5.13 as a doublet (J¼8.3 Hz) coupled
with H-28 resonating at d 3.77 as a double doublet (J¼8.3 and
4.5 Hz). The latter coupled with H-29, which is another double
doublet (J¼4.7 and 4.5 Hz) observed at d 4.29, and coupled in turn
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Table 1
1H NMR data of phomachalasins AeD (1e4)a,b

Compound 1 2 3 4

Position dH dH dH dH

3 3.18e3.16m 3.37e3.34m 3.36e3.33m 3.33e3.31m
4 2.19 dd (J¼4.6, 4.2 Hz) 2.38 dd (J¼4.1, 4.0 Hz) 2.79 dd (J¼4.0, 3.8 Hz) 2.70 dd (J¼4.2, 3.6 Hz)
5 2.83e2.87m 3.10e2.95m 3.07e3.01m 3.53e3.48m
7 3.74 d (J¼12.1 Hz) 4.00 d (J¼11.3 Hz) 3.79 d (J¼11.6 Hz) 3.79 d (J¼10.9 Hz)
8 2.58 dd (J¼12.1, 9.4 Hz) 3.19 dd (J¼11.3, 9.8 Hz) 2.81 dd (J¼11.6, 9.5 Hz) 3.36 dd (J¼10.9, 9.8 Hz)
10 2.92 dd (J¼13.4, 10.7 Hz)

2.77e2.71m
2.87 dd (J¼13.4, 4.1 Hz)
2.80 dd (J¼13.4, 10.4 Hz)

3.16 dd (J¼13.5, 11.1 Hz)
2.90 dd (J¼13.5, 2.9 Hz)

2.91 dd (J¼13.6, 3.5 Hz)
2.67 dd (J¼13.6, 9.4 Hz)

11 1.09 d (J¼6.6 Hz) 1.12 d (J¼6.7 Hz) 0.88 d (J¼6.6 Hz) 1.18 d (J¼6.6 Hz)
12 5.43s

5.15s
5.45s
5.20s

5.53s
5.23s

5.42s
5.21s

13 5.54 dd (J¼15.3, 9.4 Hz) 5.72 dd (J¼15.2, 9.8 Hz) 5.72 dd (J¼15.2, 9.5 Hz) 5.79 dd (J¼15.1, 9.8 Hz)
14 5.45 ddd (J¼15.3, 10.4, 3.9 Hz) 5.50 ddd (J¼15.2, 11.0, 3.6 Hz) 5.48 ddd (J¼15.2, 10.6, 3.3 Hz) 5.29 ddd (J¼15.1, 12.1, 4.3 Hz)
15 2.13 br dd (J¼12.9, 3.9 Hz)

1.79e1.70m
2.12e1.96m
1.72 ddd (J¼14.6, 14.6, 11.0 Hz)

2.18 br d (J¼14.9, 3.3 Hz)
1.79 ddd (J¼14.9, 14.9, 10.6 Hz)

1.97e1.90m
1.70e1.66m

16 1.57e1.52m 1.28e1.22m 1.54e1.50m 1.14e1.11m
17 1.57e1.52m

1.30e1.25m
1.03e0.87 (2H)m 1.43e1.38m

0.84e0.81m
1.14e1.11m
0.71e0.66m

18 1.79e1.70 (2H)m 1.33e1.28m
1.23e1.21m

1.67e1.62m
1.54e1.50m

1.70e1.66m
1.32e1.25m

19 2.77e2.71m
2.44e2.42m

2.12e1.96m
1.95e1.92m

2.47e2.43m
2.23e2.20m

2.11e2.07m
2.05e2.00m

23 7.27 d (J¼8.4 Hz) 7.32 d (J¼8.4 Hz) 7.41 d (J¼8.5 Hz) 7.35 d (J¼8.3 Hz)
24 6.85 d (J¼8.4 Hz) 6.84 d (J¼8.4 Hz) 6.84 d (J¼8.5 Hz) 6.90 d (J¼8.3 Hz)
27 5.13 d (J¼8.3 Hz) 5.58 d (J¼6.7 Hz) 5.62 d (J¼4.1 Hz) 5.29 d (J¼5.8 Hz)
28 3.77 dd (J¼8.3, 4.5 Hz) 3.50 dd (J¼6.7, 2.9 Hz) 4.01 br d (J¼4.1 Hz) 2.85 d (J¼5.8 Hz)
29 4.29 dd (J¼4.7, 4.5 Hz) 4.26 dd (J¼10.0, 2.9 Hz) 4.59 br d (J¼7.5 Hz) 3.98 d (J¼10.1 Hz)
30 4.97 d (J¼4.7 Hz) 4.36 d (J¼10.0 Hz) 3.89 d (J¼7.5 Hz) 4.56 d (J¼10.1 Hz)
Me-16 0.92 d (J¼6.6 Hz) 0.83 d (J¼6.8 Hz) 1.23 d (J¼6.6 Hz) 0.68 d (J¼6.5 Hz)
20 ,60 7.10 d (J¼7.3 Hz) 7.19 d (J¼7.3 Hz) 7.21 d (J¼7.5 Hz) 7.16 d (J¼7.4 Hz)
30 ,50 7.28 d (J¼7.3 Hz) 7.33 d (J¼7.3 Hz) 7.31 d (J¼7.5 Hz) 7.36 d (J¼7.4 Hz)
40 7.23 dd (J¼7.3, 7.3 Hz) 7.27 dd (J¼7.3, 7.3 Hz) 7.25 dd (J¼7.5, 7.5 Hz) 7.28 ddd (J¼7.4, 7.4 Hz)
NH 5.51s 5.61s 5.67s 5.54s
NH2 6.41 br s 6.41 br s 6.41 br s 5.17 br s
OMe 3.61s 3.73s 3.45s 3.64s

a The chemical shifts are in d values (ppm) from TMS.
b 2D 1H, 1H (COSY) 13C, 1H (HSQC) NMR experiments delineated the correlations of all the protons and the corresponding carbons.
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with H-30, a doublet (J¼4.7 Hz) at d 4.97. Both carbons C-29 and C-
30 bear a hydroxy group while a methoxy group, appearing as
a singlet at d 3.61, was located on carbon C-27 on the basis of the
coupling between OMe and H-27 observed in the NOESY spec-
trum22 of 1 (Table 4). H-28 was bonded to one of the headbridge
carbons (C-28) of the junction between the cyclobutane and
cyclopentene rings of the 1,2,3,4,6,7-hexasubstituted bicyclo-
heptene moiety, with the other (C-31) bearing a carbamide group.
The primary amide also generated a typical band in the IR spec-
trum, and in the 1H NMR spectrum appeared as a very broad singlet
at d 6.41.21 These identifications were corroborated by the signal
pattern observed in the 13C NMR spectrum (Table 2) that differed
from those of the cytochalasins A and B16,17 only in the signals of the
1,2,3,4,6,7-hexasubstituted bicyloheptene moiety, which were at-
tributed on the basis of the couplings observed in the HSQC and
HMBC spectra22 of 1. The corresponding amidic carbonyl, the three
oxygenated secondary carbons, and the secondary and quaternary
carbons appeared at d 170.5, 85.2, 80.2 and 71.9, 46.7, and 57.5 (C-
32, C-27, C-29 and C-30, C-28, and C-31), respectively, while the two
quaternary olefinic carbons (C-22 and C-21) and themethoxy group
resonated at the typical chemical shift values of d 155.8, 131.5, and
d 58.9, respectively.23 These findings allowed assignment of all the
protons and the corresponding carbons, whose chemical shifts are
reported in Tables 1 and 2, respectively.

Furthermore, phomachalasin A corresponds to structure 1,
a new 26-oxa[16]cytochalasan. This structure was supported by
several couplings identified in the HMBC spectrum (Table 3). We
also observed significant couplings between the macrocyclic ring
and the 1,2,3,4,6,7-hexasubstituted bicycloheptene moiety, and
those involving the different fragments of the latter. We detected
the coupling between H-28 and C-20, between both H-24 and H-30
with C-21, both H-23 and H-24 with C-22, H-30 with C-23, H-28
with C-27, both H-27 and H-30 with C-28, H-30 with C-29, both H-
23 and H-28 with C-30, and finally both H-27 and H-29 with C-32.
The structure was further confirmed by the sodium clusters ob-
served in the HRESIMS spectrum for the toxin itself and its dimmer
at m/z 697.3099 [MþNa]þ and 1371 [2MþNa]þ, respectively. The
relative stereochemistry of the chiral carbons in the perhy-
droinsoindolyl residues and macrocyclic ring are assigned by
comparing the 1H NMR data of 1 with those of cytochalasin B, and
was confirmed by the couplings observed in the NOESY spectrum
(Table 4) for these moieties. The couplings observed in the 1H NMR
and NOESY spectra also allowed the assignment of the relative
stereochemistry with respect to the chiral carbons of the
1,2,3,4,6,7-hexasubstituted bicycloheptene moiety, which is
reported in the structural formulas of 1. On these findings both H-
27 and H-28 and H-29 and H-30 appeared to be cis while H-28 and
H-29 appeared to be trans.

The other three phomachalasins BeD (2e4) appear to be very
closely related to phomachalasin A. Phomachalasin B (2), obtained
from solid and liquid culture, has a molecular formula C38H46N2O8,
as inferred from HRESIMS spectra again consistent with the same
17� of unsaturation as in 1, which are in agreement with the IR
bands, UV absorption, and 1H and 13C NMR investigations. There-
fore, 2 differed from 1 in the absence of an oxygen atom. 1H and 13C
NMR spectra (Tables 1 and 2) indicated that this difference is due to
the lack of the lactone functionalities closing the macrocyclic ring
that assumes a carbocyclic nature as in deoxaphomin. Indeed, this
carbonyl group (C-25) appeared significantly downfield shifted (Dd
36.5) at d 206.5 as previously observed comparing deoxaphomin to



Table 2
13C NMR data of phomachalasins AeD (1e4)a,b

Compound 1 2 3 4

Position dC mc dC mc dC mc dC mc

1 170.5s 173.0s 171.2s 169.5s
3 54.1d 54.4d 54.6d 53.3d
4 48.9d 49.3d 49.3 ds 49.4 ds
5 32.5d 32.6d 32.0 d 32.2d
6 148.4s 148.2s 148.2s 148.5
7 67.1d 69.4d 66.5d 69.31
8 50.1d 49.4d 50.5 d 48.2d
9 83.3s 62.116 84.1s 84.6s
10 43.0t 44.5t 43.1ts 44.5t
11 15.3q 14.4q 15.7q 14.4q
12 113.7t 114.7t 113.8t 106.1t
13 126.0d 126.2d 125.4d 127.2d
14 137.9d 138.5 d 138.7d 136.5d
15 40.4t 41.8t 40.4t 41.4t
16 31.0d 32.4d 31.6d 31.6d
17 31.8t 36.3t 32.5t 31.9t
18 20.5t 23.2t 22.0t 23.1t
19 39.9t 42.3t 39.6t 37.7t
20 204.3s 203.7s 206.6s 204.5s
21 131.5s 130.3s 133.7s 129.9s
22 155.8s 156.0s 155.2s 156.6s
23 128.9d 129.1d 129.0d 129.2d
24 115.4d 115.6d 115.1d 115.9d
25 170.0s 206.5s 170.9s 169.5s
27 85.2d 82.9d 75.0d 76.1d
28 46.7d 54.7d 59.5d 60.3d
29 80.2d 80.5d 70.5 79.5d
30 71.9d 73.9d 80.0d 73.9 d
31 57.5s 57.3s 58.0s 56.5s
32 170.5s 173.0s 171.2 169.5s
Me-16 20.3q 22.5q 19.6q 20.4q
10 137.8s 137.4s 137.6s 136.8s
20 ,60 129.0d 129.4d 129.1d 129.1 d
30 ,50 127.6d 129.0d 128.0d 130.1 d
40 127.0d 127.2d 127.2 127.3 d
OMe 58.9q 58.9q 58.3q 58.8q

a The chemical shifts are in d values (ppm) from TMS.
b 2D 1H, 1H (COSY, TOCSY) 13C, 1H (HSQC) NMR experiments delineated the

correlations of all the protons and the corresponding carbons.
c Multiplicities determined by the DEPT spectrum.
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cytochalasin B.17,18 On the basis of the couplings observed in the
COSY and HSQC spectra the proton and corresponding carbon
chemical shifts were assigned (Tables 1 and 2) and the structure 2
of a novel [15]cytochalasan was attributed to phomachalasin B.
Such a structure was supported by the couplings observed in the
HMBC spectrum (Table 3), and in particular, by that observed be-
tween NH and C-25. The structure was further confirmed by the
potassium and sodium clusters observed in the HRESIMS spectrum
at m/z 697 [MþK]þ and 681.3150 [MþNa]þ, respectively. The rela-
tive stereochemistry of the chiral carbons in the 1,2,3,4,6,7-hex-
asubstituted bicycloheptene was identical to that of 1 as derived on
the basis of the couplings observed in the 1H NMR and NOESY
spectra of phomachalasin B.

Phomachalasins C and D (3 and 4), obtained, respectively, from
solid and liquid culture, both have the same molecular formula
(C38H46N2O9), as deduced from the HRESIMS spectrum, and con-
sistent with the same 17� of unsaturation found in 1. On comparing
the 1H and 13C NMR spectra of phomachalasins C and D with those
of 1, we noticed that the two compounds differed from pho-
machalasin A in the relative stereochemistry of chiral carbons of
the 1,2,3,4,6,7-hexasubstitute bicycloheptene moiety. On the basis
of the coupling observed in the 1H NMR and NOESY spectra com-
pared to 1, we observed in 3 an inverted cis-stereochemistry be-
tween H-28 and H-29, and in 4 an inverted trans-stereochemistry
between H-29 and H-30. The couplings observed in the COSY and
HSQC spectra allowed the assignment to all the protons and cor-
responding carbons (Tables 1 and 2), and structures 3 and 4 to
phomachalasins C and D, two novel 26-oxa[16]cytochalasans, that
are diastereomers of phomachalasin A. These structures were
confirmed by several couplings observed in the HSQC and NOESY
spectra (Tables 3 and 4) as reported above for 1 and 2. Further
support was obtained from their HRESIMS spectra, which showed
for both cytochalasins the sodium cluster [MþNa]þ atm/z 697.3103
and 697.3098, respectively.

When tested at the concentration 2 mg/mL on leaf segments of
three different plant species, none of the metabolites showed any
phytotoxic activity. Nor did compounds 1e4 possess antimicrobial
activity when tested at 100 mg/disk.

The lack of phytotoxic and antimicrobial activity shown by all
phomachalasins AeD is probably due to the strong modification of
both the functionalities and conformational freedom of the mac-
rocyclic ring induced by the junction of the latter with the bulky
and quite rigid 1,2,3,4,6,7-hexasubstituted bicycle[3.2.0]heptene, as
also observed upon inspection of a Drieding model. This result
came as no surprise since both functionalities and conformational
freedom of the macrocyclic ring appeared to be, in previously
structureeactivity relationship studies carried out among the cy-
tochalasin group,15,24e28 important structural features to impart
both phytotoxic and antimicrobial activity.

3. Conclusion

Although the four phomachalasins belong to the well-known
family of cytochalasins, fungal metabolites also known for their
original chemical and interesting biological activities,24e26,29,30

they are the first four fungal metabolites belonging to a new sub-
groups of cytochalasans. The main structural novelty is the
1,2,3,4,6,7-hexasubstituted bicycloheptene with different stereo-
chemistry at its chiral carbons, inserted between the C-20 and C-23
of the macrocyclic ring. However, phomachalasins AeD lose bi-
ological activity compared to well-known cytochalasins such as
cytochalasin B and deoxaphomin.28

4. Experimental section

4.1. General

Optical rotations were measured in CHCl3 solution on a Jasco P-
1010 digital polarimeter; IR spectra were recorded as a glassy film
on a PerkineElmer Spectrum One FT-IR spectrometer and UV
spectra were taken in MeCN solution on a PerkineElmer Lambda
25 UV/vis spectrophotometer. 1H and 13C NMR spectra were
recorded at 600 and at 150 MHz, respectively, in CDCl3 on Bruker
spectrometer. The solvent was used as internal standard. Carbon
multiplicities were determined by DEPT spectra.22 DEPT, COSY-45,
HSQC, HMBC, and NOESY experiments22 were performed using
Bruker microprograms. ESI and HRESI MS spectra were recorded
on Waters Micromass Q-TOF Micro and Agilent 1100 coupled to
a JOEL AccuTOF (JMS-T100LC) spectrometer. Analytical and pre-
parative TLC were performed on silica gel (Merck, Kieselgel 60
F254, 0.25 and 0.50 mm, respectively) or reverse phase (Whatman,
KC18 F254, 0.20 mm) plates; the spots were visualized by exposure
to UV light and/or by spraying first with 10% H2SO4 in methanol
and then with 5% phosphomolybdic acid in ethanol, followed by
heating at 110 �C for 10 min. CC: silica gel (Merck, Kieselgel 60,
0.063e0.200 mm). Solvent systems: (A) CHCl3ei-PrOH (98:2); (B)
EtOAcen-hexane (6:4); (C) petroleum ethereMe2CO; (65:35) (D)
EtOHeH20 (6:4).

4.2. Fungus

Fungus was isolated from necrotic lesions on leaves of C.
arvense and S. arvensis. They were collected in St. Petersburg and



Table 3
HMBC data of phomachalasins AeD (1e4)

C
1 2 3 4

HMBC HMBC HMBC HMBC

1 H-7, H-8, NH H-8, NH H-8 H-8
3 H-4, H-8, H2-10, NH H-10, H-100, NH H-10, H-100 , NH H-4, H-10, H-100 , NH
4 H-5, H3-11 H3-11, NH H-10, H-100 , H3-11, NH H3-11, NH
5 H-3, H2-12 H-4, H3-11, H-12, H-120 H-3, H3-11 H3-11, H-12, H-120

6 H-4, H-7, H-8, H2-12,H3-11 H-4, H-7, H3-11, H-12, H-120 H-4, H-7, H3-11, H-12, H-120 H-4, H-7, H3-11, H-12
7 H-8, H2-12 H-8, H-12, H-120 H-8, H-12, H-120

8 H-7, H-13 H-3, H-5, H-14, NH H-7, H-13, H-14 H-13
9 H-4, H-7, H-8, NH H-3, NH H-4, H-8, H H-8, NH, H-4
10 H-4 H-4, H-5, H-30 ,50 H-3, H-4, H-5, H-20 ,60

11
12 H-7 H-7 H-7, H-7
13 H-7, H-8, H-15, H-150 H-8, H-15, H-150 H-7, H-8, H-15, H-150 H-8, H-15, H-150

14 H-8, H2-12, H-13, H-15, H-150 H-8, H-150 H-8, H-15, H-150 H-8, H-15, H-150

15 H-6, Me-16 H-13, Me-16 Me-16
16 H-15, H-150, Me-16 H-15, H-150, H-18, Me-16 H-13, H-14, H-15, H-150 , H-17, H-170 H-15, H-150 , H-17, Me-16
17 H-19, H-190 H-19, Me-16 H-19, H-190 , Me-16 H-18
18 H-17, H-170, H-19, H-190 H-19, H-190 H-17, H-170 , H-19, H-190

19 H2-18 H-18, H-180

20 H-19, H-190, H2-18,
H-28

H-19, H-190,H-18, H-180 , H-28 H-27, H-28,

21 H-24, H-30 H-24 H-24, H-29, H-30
22 H-23, H-24 H-23, H-24 H-23, H-24 H-23, H-24
23 H-30 H-30 H-24 H-24, H-30
24 H-23 H-23 H-23
25 NH
27 H-28 H-28 H-28, H-29
28 H-27, H-30 H-27 H-27, H-29
29 H-30 H-30 H-28, H-30 H-30
30 H-23, H-28 H-23, H-28, H-29 H-28, H-29
31
32 H-27, H-29 H-28 H-28
10 H2-10, H-30 ,50 3, H-10, H-100 , H-30 ,50 H-10, H-100 , H-30 ,50 H-10, H-10, H-30 ,50

20 ,60 H2-10 H-30 ,50, H-40 H-10, H-100 , H-30 ,50 , H-40 H-10, H-100 , H-30 ,50 , H-40

30 ,50 H-10, H-100 H-10, H-100 ,
40 H-20 ,60, H-30 ,50 H-20 ,60 H-20 ,60

Me-16 H-17, H-170

OMe
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Northern Osetia (Russia), and Oslo (Norway), and identified as
Ascochyta sonchi (Sacc.) Grove according to Mel’nik,8 subsequently
renamed Phoma exigua Desm. var. exigua.9 Fungal strains were
maintained on agar slants (PDA) at 5 �C and deposited in the col-
lection of the All-Russian Institute of Plant Protection (St. Peters-
burg, Russia) with the internal number C-177. For conidial
production, the strains was grown on malt extract agar (Difco,
Table 4
2D 1H NOE (NOESY) data obtained for phomachalasins AeD (1e4)

1 2 3

Considered Effects Considered Effects Con

H-3 H-4, H3-11, H-20 ,60 H-4 H-8, H3-11 H-3
H-4 H3-11 H-5 H3-11 H-4
H3-11 H-4, H-3 H-7 H-8, H-12, H-120 , H-13 H-5
H-10 H-20 ,60 H-8 H-4, H3-11 H-7
H-100 H-20 ,60 H-10 H-4, H3-11 H-1
H-12 H3-11 H-100 H-4, H3-11 H-1
H-120 H3-11 H-12 H-7 H-1
H-13 H-150 H-120 H3-11 H-1
H-14 H-8, H-15, Me-16 H-13 H-7, H-8, H-150 H-1
H-15 Me-16 H-14 H-15, H-150 , H-16 H-1
H-19 H2-18 H-15 H-16, Me-16 H-2
H-190 H-17 H-150 Me-16 H-2
H-27 H2-18, H-190 , OMe, H-28 H-23 H-28, H-29, H-30 H-2
H-29 H-15, H-23, H-30, H-24 H-18 H-2
NH2 H-19, H-15, H-150 H-27 H-28 H-3
OMe H-27 H-28 H-29, H-30 H-2

H-29 H-30 NH
H-30 H-28, H-15
NH H-3, H-5, H-4, H-15
Detroit, USA), or oatmeal agar31 at 24�2 �C, first for 4 days in the
dark and then for 10 days under alternate near-UV light (14 h light/
day) and dark. Under these conditions fungal colonies sporulated
abundantly. The conidia were rinsed from the agar slants by adding
sterile water (containing 0.01% Tween-20). Spore suspensions
were then filtered through cheesecloth and the conidial concen-
trations were adjusted to 1�107 conidia/mL. Measurements,
4

sidered Effects Considered Effects

H-4, H3-11 H-3 H3-11
H3-11 H-5 H3-11
H3-11 H-10 H3-11
H-8 H-100 H3-11

0 H-100 H3-11 H-3, H-5, H-10, H-100

00 H-10, H3-11 H-12 H-7
20 H3-11 H-120 H3-11
3 H-7, H-150 H-13 H-15
4 H-8, H-15, H-17 H-14 H-8
5 H150 , H-16, Me-16 Me-16 H-15, H-150

3 H-28, H-29, H-30 H-27 H-19, H-190 , H-28
7 H-28 H-28 H-19, H-30
8 H-17, H-170 , H-18, H-190 , H-29 H-30 H-19, H-28
9 H-180 , H-28, H-30 H-20 ,60 H-3, H-10, H-100 , NH
0 H-19, H-29
0 ,60 H-3, H-10, H-100 , H3-11, NH

H-3, H-10
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description of fungal colonies, and the NaOH spot test were made
using the Phoma manual.9

4.3. Production, extraction, and purification of
phomochalasins AeD (1e4)

Roux bottles (2 L) containing 300 mL of a modified M-1 D me-
dium32 consisted of Ca(NO3)2, 1.2 mM; KNO3, 0.79 mM; KCl,
0.87 mM; MgSO4, 3.0 mM; NaH2PO4, 0.14 mM; sucrose, 87.6 mM;
ammonium tartrate, 27.1 mM; FeCl3, 7.4 mM;MnSO4, 30 mM; ZnSO4,
8.7 mM; H3BO3, 22 mM; and KI, 4.5 mM, (pH was adjusted to 5.5 with
0.1 M HCl) were inoculated with 0.3 mL of a conidial suspension of
the strain C-177 (approximately 107 conidia/mL). After 4 weeks’
incubation under static conditions at 25 �C in the dark, cultures
were filtered and then the liquid phase extracted with EtOAc
(3�500 mL). The organic extracts were combined, dried (Na2SO4),
filtered, and evaporated under reduced pressure to give an oily
residue (101.0 mg).

Strains C-177 was also grown on autoclaved millet in ten 1000-
mL Erlenmeyer flasks (millet 100 g, water 60 mL) for 14 days in the
dark. Fungal metabolites were extracted from dry mycelium
according to a slightly modified protocol of Evidente et al.25 The
dried material (800 g) was extracted with the acetoneewater
mixture (1:1, 2 L). After evaporation of acetone, NaCl (300 g/L) was
added to the aqueous residue, and the latter was extracted with
EtOAc (3�500 mL). The organic extracts were combined, dried
(Na2SO4), and evaporated under reduced pressure yielding 1.43 g of
a brown oily residue, which proved to be highly phytotoxic when
assayed on detached thistle leaves as described below. This organic
extract was fractionated by column chromatography (eluent A),
yielding 10 groups of homogeneous fractions. The residue of the
second fraction (103.6 mg) was further fractionated by column
chromatography (eluent B) yielding seven groups of homogeneous
fractions. The residue of the fourth fraction (33.0 mg) was purified
by preparative TLC (eluent C) yielding five homogeneous fractions.
The most polar of these (17.4 mg) was further purified by pre-
parative TLC (eluent A) to give a pure metabolite as a crystalline
solid named phomachalasin A (1, Rf 0.14, mg 11.6, 14.5 mg/kg). The
residues of the third (329.8 mg) and fourth (244.0 mg) fraction
groups of the initial columnwere crystallized separately twice from
EtOAcen-hexane (1:5 v/v), giving white needles of cytochalasin B
(5, 220 and 200 mg, respectively, 525 mg/kg). The mother liquors
(77.5 and 22.7 mg, respectively) of cytochalasin B crystallization
were combined and fractionated by column chromatography (el-
uent B), yielding eight groups of homogeneous fractions. The resi-
due of the third fraction (4.9 mg) was further purified by
preparative TLC (eluent B) yielding a pure metabolite as an amor-
phous solid named phomachalasin C (3, Rf 0.41, 2.6 mg, 3.3 mg/kg).
The residue of the fifth fraction (32.5 mg) of the same column
chromatography was fractionated by preparative TLC (eluent C)
yielding three groups of fractions. The least polar of these fractions
(4.6 mg) was further purified by preparative TLC (eluent B) yielding
cytochalasin F as an amorphous solid.15 The most polar fraction
(9.6 mg) of the last TLC was finally purified by preparative TLC
(eluent A), yielding a further amount of phomachalasin A (1) as an
amorphous solid (4.5 mg, for a total of 20.1 mg, 25.1 mg/kg). The
sixth fraction (8.6 mg) of the last column chromatography was
purified by preparative TLC (eluent C) yielding two pure com-
pounds as an amorphous solid: deoxaphomin15 and a pure me-
tabolite as an amorphous solid named phomachalasin B (2, Rf 0.16,
2.5 mg, 3.1 mg/kg).

The organic extracts (100 mg) obtained from P. exigua var. exigua
liquid culture (1 L of M1-D) was fractionated by column chroma-
tography (eluent A), yielding nine groups of homogeneous frac-
tions. The residue of the second fraction (13.6 mg) was further
purified by preparative TLC (eluent B) yielding three pure
compounds as an amorphous solid: p-hydroxybenzaldehyde (Rf
0.62, 1.0 mg), cytochalasin B (Rf 0.25, 2.2 mg), and another metab-
olite identified as phomachalasin B (2, Rf 0.18, 1.2 mg). The third
fraction (12.3 mg) of the first column was purified by preparative
TLC (eluent A) yielding six homogeneous fractions. The most
abundant of them (5.2 mg) was finally purified by preparative TLC
on reversed phase (eluent D) yielding a pure compound as an
amorphous solid named phomachalasin D (4, Rf 0.52, 0.8 mg).

4.3.1. Phomachalasin A (1). Compound 1: [a]D25 �13 (c 0.1); nmax
3383, 1705,1615, 1516, 1455 cm�1; lmax (3) 282 (891), 276 (1055),
226 (sh); 1H and 13C NMR spectra: see Tables 1 and 2;m/z (ESI) 1371
(2MNaþ); HRMS (ESI): MNaþ, found 697.3099, C38H46N2NaO9 re-
quires 697.3101.

4.3.2. Phomachalasin B (2). Compound 2: [a]D25 �73 (c 0.1); nmax
3379, 1704, 1696, 1613, 1572, 1514, 1456 cm�1; lmax (3) 282 (823),
275 (932), 225 (sh); 1H and 13C NMR spectra: see Tables 1 and 2;m/
z (ESI) 697 (MKþ); HRMS (ESI): MNaþ, found 681.3150,
C38H46N2NaO8 requires 681.3153.

4.3.3. Phomachalasin C (3). Compound 3: [a]D25 þ33 (c 0.2); nmax
3352, 1708, 1618, 1517, 1456 cm�1; lmax (3) 282 (1118), 276 (1325)
226 (sh); 1H and 13C NMR spectra: see Tables 1 and 2; m/z HRMS
(ESI): MNaþ, found 697.3103, C38H46N2NaO9 requires 697.3101.

4.3.4. Phomachalasin D (4). Compound 4: nmax 3348, 1710, 1620,
1522, 1458 cm�1; lmax (3) 282 (118), 276 (1325) 226 (sh); 1H and 13C
NMR spectra: see Tables 1 and 2; m/z HRMS (ESI): MNaþ, found
697.3098, C38H46N2NaO9 requires 697.3101.

4.4. Phytotoxic activity

Culture filtrates, organic extracts, their chromatographic frac-
tions, and pure phomachalasins AeD (1e4) were assayed on leaves
of C. arvense, Lycopersicon esculentum and Elytrigia repens by
puncture assay. The pure toxins and the fractions were first dis-
solved in a small amount of ethanol and then diluted to the desired
concentration with distilled water (the final ethanol concentration
was 5%). Droplets (10 mL) of the assay solutions were applied to
punctured detached leaf segments or disks, that were then kept in
moistened chambers under continuous light. Symptom appearance
was observed 3 days after droplet application. Phomachalasins 1e4
were tested at concentrations of around 3�10�3 M (2 mg/mL).

4.5. Antimicrobial activity

The antifungal activity of compounds 1e4 was tested up to
100 mg/disk on Candida tropicalis, whereas the antibiotic activity
was assayed on Bacillus subtilis as previously described.3 Briefly,
methanolic solutions of the testing compounds were adsorbed on
6 mm concentration disks. After solvent evaporation, disks were
laid on potato-dextrose agar (PDA) and sprayed with a mycelium
suspension of C. tropicalis. Antifungal activity was evaluated after
24 h by the fungal growth inhibition halo. Antibiotic activity was
tested using the same method but PDA plates containing the disks
adsorbed with the substances were inoculated with a suspension of
B. subtilis.
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