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Abstract-Stemphyloxm II, a new phytotoxlc compound Isolated from hqmd cultures of Stemphylzum botryosum f sp 
lycopersw has been ldentlfied as a tricychc compound derived from stemphyloxm I Production of stemphyloxms I and 
II increases by 4-6 fold m the presence of succmate, fumarate or malonate The secretlon of stemphyloxms is iron- 
regulated and both compounds act as ferric chelates The phytotoxlclty of stemphyloxm I 1s approximately 100-fold 
higher than that of stemphyloxm II The possible role of stemphyloxms m Iron acqulsltlon by S botryosum 1s discussed 

INTRODUCTION 

Stemphyhum botryosum Wallr f sp lycopewcz IS the 
causal agent of leaf spot and foliage blight disease of 
tomato Culture filtrates of this fungal pathogen have 
been reported to contam a phytotoxm, stemphyloxm I, 
capable of producing symptoms associated with this 
disease [l] Stemphyloxm I has been recently crystalhzed 
and its structure was fully determined by X&ray dlffractlon 
analysis [2] It 1s a highly functlonahzed j?-ketoaldehyde 
crans-decalone [l] and a completely novel natural prod- 
uct When stemphyloxm I was bioassayed by injection 
mto intact leaves, it exhibited a dlfferentlal phytotoxlclty 
towards vanous plants, with tomato bemg the most 
sensltlve [l] A more sensitive measure of toxin actlvlty 
was obtained by followmg the suppression of “C-labelled 
ammo acids mcorporatlon mto protems of exponentially 
growing tomato cell suspension [l] 

In further mvestlgatlons we have detected an additIona 
phytotoxm m culture filtrate which was designated stem- 
phyloxm II Stemphyloxm II reacts with Iron to yield a 
coloured product as reported for stemphyloxm I [2] In the 
present study we describe (a) the structure determmatlon 
of stemphyloxm II, (b) nutntlonal factors affectmg the 
production of stemphyloxms I and II m culture, and (c) 
comparative phytotoxlclty of stemphyloxms I and II m 
relation to their mteractlons with iron 

RESULTS AND DISCUSSION 

Structural determznatzon of stemphyloxm II 

Stemphyloxm II was obtained as an amorphous ma- 
tenal, mp 158-160”, m/z 364, [M -H20]+, CZIHslOs 
Since stemphyloxm I (1) can be easdy converted, by aad or 
base catalysis, mto stemphyloxm 11(2), the close relatlon- 
ship between the two compounds 1s self-evident The two 
major changes m the structure of stemphyloxm II are the 
disappearance of the saturated ketone (v, 1705 cm-‘, 
6216 5) and the alteration m the p-ketoaldehyde group A 

posltlve ferric chlonde test and IR absorptlons at 1665 
and 1595 cm- 1 clearly mdlcate the existence ofa lJ-dlone 
m stemphyloxm II However, in contrast to stemphyloxm 
I, the /I-ketoaldehyde of stemphyloxm II IS now a 2,3- 
dlsubstltuted group [67 16 s (1H) m II as compared to 
6580d(J=49Hz)and6770d(J=49Hz)mI] The 
foregomg changes are best explamed by an aldol type 
condensation of the active methylene at C-12 wrth the 
carbonyl at C-5 in stemphyloxm I leading to a trlcyclo 
[6 2 2 0’ ‘1 dodecane system 

Although the C-5 hydroxyl 1s /I to two CO groups, its 
ehmmatlon under the reaction condltlons 1s prevented 
due to its bridge head posltlon The proposed vlcmlty of 
the latter hydroxyl functlonahty to the C-4 hydroxyl was 
confirmed by a mlcropermdate oxldatlon with NaIO, [3], 
m which one mole of the oxldlzlng reagent was consumed 
The close proxnmty of the activated C-l 2 methylene to the 
C-5 carbonyl m the boat conformation of the cyclohexa- 
none rmg is most hkely responsible for the easy formatlon 
of the Cs-Ci2 bridge The posslblhty of the cyclohexa- 
none rmg occupymg a boat conformatlon results from a 
lower actlvatlon energy of the chair-boat equlhbnum of 
cyclohexanones as compared to cyclohexanes and from 
the multi-subsmutlon pattern of the rmg 

The ‘H and ‘%NMR spectra of stemphyloxm II 
(Tables 1 and 2) are in full agreement with the suggested 
structure In addltlon, the NMR data of stemphyloxm II 
agrees with the spectrum of betaenone A, a trlcychc 
phytotoxm recently isolated from culture filtrate of 
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Table 1 Companson of the methyl chemical shifts of stemphyloxms I and II and 
betaenones A and B 

Compound* Me-18 Me-21 C-16 Me’s 14 & 19 Me-20 

Stemphyloxm II 089c 097d 380ABquart 116s, 117s 125s 
Betaenone A 088t 0986 114d 116s, 117s 125s 
Stemphyloxm I 083t 0756 34and 387 132s, 162s 126s 

AB quart 
Betaenone B 0861 067d 115d 14Os, 157s 126s 

l ‘HNMR data for stemphyloxm I was obtamed from Barash et al [l] and for 
betaenones A and B from Ichlhara et al [4] 

Table 2 Comparative 13CNMR data of stemphyloxms I and II and be- 
taenones A and B 

Group Stemphyloxm I Betaenone B Stemphyloxm IIS Betaenone A 
- 

19 7(17)* 25 1(17) 
416 (7) 41 5 (7) 

CHz 43 9 (12) 
47 6 (9) 47 7 (9) 
66 1(16) 584(13) 

31 l(l0) 
405(l) 
43 Ot (15) 

CH 45 ot (3) 
55 0 (6) 

101 7 (12) 
1722(13) 

29 l(l0) 
403(l) 
358(15) 
46 6 (3) 
57 3 (6) 

49 9 (2) 
68 7 (8) 

C 75 9 (4) 
2072(11) 
2165(5) 

52 9 (2) 
68 7 (8) 
77 3 (4) 

2176(11) 
216 9 (5) 

2145(17) 
399Odd(7) 

52 24 dd (9) 
63 75 (16) 

31 75 (10) 
37 27 (1) 
44 52 (15) 
46 52 (3) 
57 69 (6) 

158 23 (13) 

50 09 (2) 
71 21(8) 
74 35 (4) 

20823(11) 
80 16 (5) 

112 91(12) 

27 1(17) 
400(7) 

52 6 (9) 

32 l(l0) 
37 6 (1)t 
36 2 (15)t 
52 9 (3) 
57 4 (6) 

158 l(13) 

50 8 (2) 
71 5 (8) 
74 0 (4) 

207 8 (11) 
80 6 (5) 

112 5(12) 

*Numbers m parentheses are tentatwe hne assignments based on B-values, 
substltuent effects and compansons of the chemical shifts of stemphyloxms I 
and II and betaenones A and B 

tAsslgnments may be mterchanged 
*Recorded m a Bruker 300 MHz Instrument 

Photna betae the structure of which was determmed by X- 
ray analysis [4] Comparison of the 13C NMR spectra of 
stemphyloxms I [ 11 and II with those of betaenones A and 
B [4] enabled us to partially interpret the spectra of the 4 
compounds as summarized in Table 2 The methyls 14 and 
19 of the cyclohexanone rmg are expected to be slgmfi- 
cantly affected during the cycluatlon process Indeed, the 
two methyl groups are strongly shifted upfield due to the 
disappearance of the nelghbourmg CO group m the case 
of C-19, and a change m the nature and spatial onentatlon 
of the /?-ketoaldehyde moiety m the case of C-14 
Stemphyloxm II can be obtained from stemphyloxm I by 
a ‘blo-aldol’ condensation, as dlscussed previously 

Both stemphyloxms I and II were detected m culture 
filtrates of S botryosum f sp lycoperslcr However, since 
stemphyloxm I can easdy undergo an acid or base 
catalysed transformation mto stemphyloxm II, It IS dlf- 
ficult to determine whether the latter substance 1s mdeed a 
true natural compound 

Productron of stemphyloxms I and II m culture 

Stemphyloxms productlon begms early and quickly 
becomes proportional to the growth rate of the fungus 
[2] Sucrose or glucose were found to serve as optimal 
carbon sources, and L-glutamate as an optimal nitrogen 
source for stemphyloxm secretlon The effects of various 
concentrations of either sucrose or L-glutamate on the 
formation of stemphyloxms 1s illustrated m Fig 1 When 
sucrose concentration was elevated from 0 5 to 15 % at a 
constant level of L-glutamate (1 3 %) the amount of 
stemphyloxms increased by approximately IO-fold At 
concentrations higher than 2 %. sucrose caused represslon 
of toxins production Slmllarly, when sucrose level was 
kept at 2 % and L-glutamate vaned from 0 3 to 1 5 %, 
stemphyloxms production increased about 10 times but 
dlmmlshed sharply thereafter at higher glutamate concen- 
tration Information on the effect of carbon concentration 
on toxin production by plant pathogens 1s very scanty 
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a5 1 l.5 2 2.6 3 SUCROSE (%I 
03 06 0.9 12 15 18GLUTAMATE(%: 

Fig 1 Stemphyloxms I and II formatlon as a function of sucrose and L-glutamate concentration Cultures were 
grown on the sucrose-glutamate medium as described m the Experimental m which the concentration of either 
sucrose or glutamate was varied SU, Different concentrations ofsucrose with aconstant level of L-glutamate (13 %) 
GL, Different concentrations of L-glutamate with a constant level of sucrose (2 %) Results are an average of three. 

different experiments 

The effect of sucrose or glucose concentration on toxm 
formation by Alternarza daucz [5] and Corynospora 
casucola [6] has been studied in chemnzally defined media 
In both cases toxin production was maxunal at 3 % carbon 
source and was not affected by elevating the sugar 
concentration In contrast, the repression of stemphy- 
loxms at high carbon concentrations suggests that m 
addition to serving as a source for synthesis of cellular 
materials, it may act as a metabohc regulator and hence 
have a profound effect on toxm production The sign& 
cant reduction m stemphyloxm formation at high gluta- 
mate concentration may be ascr&d to a decrease m 
carbon-nitrogen ratlo The latter 1s known to play a 
major role m the biosynthesis of secondary metabohtes m 
fungi [S, 71 

Addition of dlcarboxyhc acids, such as succmate, 
fumarate or malonate to the sucrose-glutamate medium 
at 0017 M further mcreased the accumulation of the 
secreted phytotoxms by 4-5 fold as compared to the 
control whereas the growth rate of the fungus remained 
unaffected (Fig 2) These results suggest that the pre- 
cursors for the blosynthesls of the stemphyloxms are 
closely linked to compounds derived from the tncarbo- 
xyhc acid cycle It has been previously postulated that 
proplonyl and acetyl units through their coenzyme A 
intermediates are the most likely precursors [2] 

From the various dlvalent catlons which were examined 
for an effect on toxin production, iron appeared to induce 
stemphyloxm accumulation by approxunately 5-fold 
(Fig 3A) The non effect reached an optimum at 2 mg/l , 
but decreased significantly in the presence of higher non 
concentrations (Fig 3B) In contrast to the mducmg effect 
of iron on stemphyloxm production, the presence of 
0 1 mg/l ferric ion m the medium completely repressed 
the secretion of three hydroxamate slderophores which 
have been ldentlfied m S botryosum [Manuhs, S, un- 
published results] 

Iron brndmg and phytotoxwty of stemphyloxms 

Addition of an aqueous solution of ferric ion to 
stemphyloxm I produced a stable reddish complex with a 
maximal absorption at 480 nm (Fig 4A) The absorption 
spectrum of Fe(III)-stemphyloxm II complex has a 
maximum at 510 nm Stemphyloxms I and II show high 
aRimty for ferric but not for ferrous ion The stolc- 
hlometry of Fe(III)-stemphyloxm I complex that was 

250ti 

C MALO SUCC FUMA MEVA PROP ACET 

Fig 2 Effect of mono- and drcarboxyhc acids on stemphyloxms 
productIon The cultures were grown on sucrose-glutamate 
medium (C) urlth the addltlon of each of the followmg organic 
mdsataeoncentratlon of0017 A4 malonate (MALO), succmate 
(WCC), fumarate (FUMA), mevalonate (MEVA), proplonate 

(PROP) and acetate (ACET) 
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C Fe’2 Fc?~C$~Z~+~?&~NI~C~~ 

CATIONS (2mg/l) 

Fig 3A Effects of chvalent cations on stemphyloxm productIon 
The cultures were grown on sucroseglutamate medium but 
without Iron C&Ions were added as mdlcated in the diagram 9, 
Stemphyloxm I, Cl, stemphyloxm II B Secretion of the two 
stemphyloxms as a function of non concentration Growth 

conditions as described above 

calculated from changes m the absorption spectrum at 
480 nm as a function of Fe’+ added (Fig 4A, B) 1s 1 3 An 
identical stolchlometry was obtained for Fe(IIItstem- 
phyloxm II complex 

The apparent stablhty constants (k2) for the Fe(III)- 
stemphyloxm complexes were measured and calculated 

according to Rosottl and Rosottl [8] and Meyer and 
Abdallah [9] Using EDTA as a competltlve chelator of 
Fe3 + , the stablhty constants for stemphyloxms I and II at 
pH 7 were found to be 1 7 x 10z4 and 16 x 1O24 
respectively 

The observations that the blosynthesls of stemphy- 
loxms 1s iron-regulated and that these hgands act as 
chelates ot ferrrc ion, suggest that they nught play a 
slgmiicant role in the aqmsltlon of iron by S botryosum 
Iron 1s an essential nutrient for most living cells and fernc 
ion 1s the predommant oxldatlon state prevailing in 
aerobic environment [lo] In spite of its abundance in 
nature, the avadabity of iron 1s extremely low, due to Its 
profound msolublllty [lo] Therefore, most microbes 
developed sequestering systems for ferric ion to secure Its 
utlhzatlon [ 11 J Hydroxamates have been demonstrated 
to function as siderophores in fungi [lo] Their properties 
include specdic derepresslon under condltlons of Fe3+ 
defimency and a very high affinity to femc ion 
Stemphyloxms share some properties with slderophores, 
namely, regulation by iron and preferred binding of fernc 
ion However, they differ from slderophore compounds m 
then dependence on low iron concentration for blo- 
synthesis and a dlstmctlve lower affimty for ferric ion (K, 
= 1O24 as compared to K2 = 1030-1034 of hydroxamate 
slderophores) Therefore it can be postulated that stem- 
phyloxms may act as harvesting hgands of Fe’+ m the 
presence of low iron concentration as opposed to hydro- 
xamate slderophores, whose function IS amed at extreme 
condltlons of iron deficiency The posslblhty that stem- 
phyloxms rmght be involved m membrane mediated 
transport of fernc ion as demonstrated for some hydro- 
xamate slderophores [lo] remains to be investigated 

The ability of rmcroblal pathogens to remove iron from 

loo 

I nmoles 

Fe.3 

WAVELENGTH (rim) 

Fig 4 Determination of the stolchlometry of the Fe(III)-sstemphyloxm I complex (A) Changes m the absorption 
spectrum of stemphyloxm I as a function of the amount of ferric ion added A cuvette was supphed wth 1 5 ml of an 
aqueous solution (890 nmoles) of the iron-free stemphyloxm I Successive addltlons (5 ~1) of a freshly prepared 
aqueous soWon (6 PM) of FeC13 were then made and the absorption spectrum was measured after each addition 

(B) Increase m absorption at 480 nm (derived from Fig 4A) as a function of added Fe+’ 
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hvmg cells may be a virulence factor durmg mfectlon of 
animals [12] or plants [13] For example, addmon of 
lronchelatmg agents to moculum of Glomerellu cmgulata 
stmmlated the rate of progressive lesion development on 
Cupsuzumfiutescen.9 fruit [14] Consequently, it is attract- 
ive to postulate that the phytotoxlc acttvlty of stemphy- 
loxms may be related to their ablhty to chelate Iron 
Results shown m Table 3 indicate that the phytotoxlaty of 
stemphyloxm I 1s higher than stemphyloxm II by at least 
lOO-fold m spite of the very close sunllmty m their iron- 
binding constants It 1s possible that the vanatlon m 
toxlclty between stemphyloxms I and II results from 
dlfferentlal transport rate mto plant cells It IS, however, 
quite likely that the reduced toxicity of stemphyloxm II 
may be accounted for by the structural change of the fl- 
ketoaldehyde group which has been described earlier The 
latter group has already been implicated m the blologlcal 
actlvlty of stemphyloxm I [l] 

EXPERIMENTAL 

Culturmg The culture of S botryosum f sp lycopersw used m 
this study has been previously described [l] The fungus was 
grown m l-1 Roux bottles contammg 1OOml of a defined 
sucrose-glutamate medium composed of the followmg com- 
pounds (gl- ’ of distilled water), monosodium glutamate, 9, 
sucrose, 20; MgSO, 7Hz0,O 5, KCl, 0 5, KzHP04, 0 3, FeS04, 
0 01, thiamine HCI, 0 005, pyndoxme, 0 005 The hqmd cultures 
were incubated for 16 days at 25” under continuous dlummatlon 
of4WM-z 

Bloussuy Phytotoxlclty of stemphyloxms I and II was de- 
termined by the followmg procedures (a) symptoms appearance 
after toxins inJection mto tomato leaves [l], (b) mhlbitlon of 
protem synthesis as measured by mcorporation of radloactwe 
ammo acids mto protein of exponentrally growing tomato cells 
[l], (c) growth mlnhtion of the duckweed Sprrodella ohgorrluza 
Two-week-old fronds were transferred aseptically into 100 ml 
flasks containing 25 ml of stenhzed Hoagland’s medium ennched 
with 0 5 % sucrose at pH 5 8 Fifteen fronds were placed m each 
flask Stemphyloxms were dissolved m EtOH and added to the 
medmm to gve a final volume of 0 1% EtOH The flasks were 
incubated under dlummation of fluorescent and incandescent 
light (36 W M-‘) Growth was measured by the percentage 

mcrease m frond number after 4 days, (d) mlubltlon of rootlet 
elongation Germmated tomato seeds with l-2 mm rootlets were 
selected and transferred into petn dishes (5 cm dlam ) contaunng 
2 ml of a stemphyloxm solution The minimal toxicdose required 
for mhrbition of rootlet elongation was determmed by a dllutlon 
end pomt Fifty seeds were used for each treatment 

Isolation and pur@catlon of stemphyloxms I and II The 
procedure for lsolatlon and punficatlon of the stemphyloxms was 
essentially as previously d-bed [l] The culture filtrate 
(1500ml) was separated from the mycehal mats by strammg 
through Whatman No 1 filter paper The filtrate was adjusted to 
pH 2 5 with HCI and extracted unth CHCll ( x 3) The CHCls 
extracts were taken to dryness and applied to slhca gel H (type 60) 
column as described [l] The fractions containing stemphyloxm I 
or stemphyloxm II were combined and dlled tn uacuo below 40 
The residue of each compound was dissolved m 1 ml 
MeOHCHzClz (1 1) and applied to a Sephadex LH-20 
(Pharmacla) column (2 5 x 25 cm) and eluted with the same 
solvent The fractions contammg the toxin were further purdied 
by preparative TLC, using EtOAc-EtOH (97 3) The stemphy- 
loxms were detected on the chromatograms by spraying with 
either ethanohc solution of 5 % FeC& or vamlhn-HzS04 [ 1] The 
R, values for stemphyloxm I and II were 048 and 0 30 
respectively Punty of the compounds was established as pre- 
vlously de-bed [l] 

Quantltatwe determmatlon of stemphyloxms Fifty to 250 pg of 
pure stemphyloxm I or II were dissolved m 50 yl EtOH After 
addition of 50 ~1 of 5 % ethanohc FeC13, the volume was adjusted 
to 1 ml with EtOH and the colour was read at 480nm for 
stemphyloxm I and at 530 nm for stemphyloxm II Lmeanty was 
obtained between 5&5OOpg for each of the two compounds 
Results presented were an average of at least three different 
expenments 

Spectral data Mps are uncorrected ‘HNMR spectra were 
recorded on Bruker WH-270 and Bruker WH-90 spectrometers, 
and ‘“CNMR spectra were recorded on a Bruker WH-90 
(22 63 MHz) and on a 300 MHzNMR spectrometers, all cheml- 
cal shifts are reported with respect to TMS (6 0) 

Stemphyloxm II, IR ~~~‘3cm-’ 3400, 2960, 2930, 2850, 
1665,1595,1380,1320,1215,1200,1070,1045,1025, MSm/z (rel 
mt) 364 [M - H,O]+ (0 l), 236 (18X 203 (17), 192 (24). 175 (15), 
154 (45) and 136 (lOO), lEH nm (log&) 276 (3 66), ‘HNMR 
(300 MHz, CDCls) 60 89t (3H), 097d (3H), 125s (3H), 1 16s 
(3H), 1 17s(3H), 3 80 AB quart (2H) and 7 16s (lH), 1 ‘CNMR 

Table 3 Potency and differential toxlclty of stemphyloxms I and II as 
measured by various bioassay procedures 

Mmnnal effective concentration 
(PM) 

Bioassay procedure* Stemphyloxm I Stemphyloxm II 

Symptom development on 
tomato leaves 

Inhlhtion of rootlet 
elongation 

Inlututlon of protein 
synthesis 

Growth mlnbltlon of 
Spirodella ohgorrhlza 

26 500 

65 500 

005 13 

26 275 

*Bioassay procedures as de-bed m the Experimental 
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data IS m Table gven 2 and methyls appeared at 61402, 16 54, 6 
2109,22 47 and 3145 
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