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Summary. The product ion of  s iderophores by nine 
strains (six species) of  the genus Trichoderma was in- 
vestigated. Under  conditions of  iron deficiency, the cul- 
ture filtrate of  all strains contained coprogen,  coprogen 
B, and ferricrocin. In  addition, T. longibrachiatum and 
T. pseudokoningii produced siderophores of  the fusigen 
type. The yields of  s iderophores varied according to the 
strains examined f rom 270 mg/1 (strain H A  34-88) to 
2080 mg/1 (strain H A  113-84). In extracts of  the mycelia  
of  T. longibrachiatum and T. pseudokoningii no sidero- 
phores  could be detected. From the mycelia  of  the 
other strains three siderophores,  namely coprogen,  fer- 
ricrocin and a new coprogen derivative which ca rded  a 
palmitoyl  instead of  an acetyl group, were obtained.  
Palmitoylcoprogen is the first fungal s iderophore which 
is solely found in the cells and is not excreted into the 
culture broth. 
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Introduction 

Many microorganisms produce and excrete low-molec- 
ular-mass ferric-ion-chelating siderophores when 
grown under  iron stress (Neilands 1981, 1984; Winkel- 
mann  1986). In microbial  interactions in the rhizos- 
phere these compounds  play a crucial role. Plant 
growth-promot ing  activities of  beneficial  bacteria,  for 
example  pseudomonads ,  are due to the product ion of  
siderophores.  Suppression of  disease-causing fungi 
such as Fusarium oxysporum or Gaeumannomyces gram- 
inis can be achieved not only by addit ion of  pseudo-  
monads  to conductive soils but  also by adding the 
proper  s iderophores (Kloepper  et al. 1980a, b;  Nei- 
lands and Leong 1986; Schippers et al. 1987; Sneh et al. 
1984). 
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Protection of  plants against soil-borne fungal dis- 
eases can also be achieved by certain fungi. Strains of  
Trichoderma harzianum and T. hamatum have been 
used to control damping off  of  bean, tomato  and egg- 
plant  seedlings or black-root  rot o f  strawberries (Chet 
1987; Cook  and Baker 1983). Since most  Trichoderma 
species are mycoparasi tes ,  product ion of  s iderophores 
by these fungi has not so far been investigated. Since, 
for growth and survival in the rhizosphere,  the ability to 
compete  successfully for iron might play an important  
role for  these beneficial fungi, the product ion  of  sidero- 
phores  by nine Trichoderma strains, some with high an- 
tagonistic potential  towards Pythium ultimum, was in- 
vestigated. 

Materials and methods 

Orffanisms and culture conditions. Trichoderma strain HA 35-84 
was isolated from a fruiting body of a basidiomycete; strain HA 
113-84 was isolated from a soil sample collected in Ethiopia and 
HA 34-88 was selected for growth at low temperatures (_< 10 ° C). 
The following strains were obtained from CBS: T. hamatum, CBS 
691.74; T. harzianum, CBS 118.72; T. koningii, CBS 401.73; T. 
lonffibrachiatum, CBS 488.78; T. pseudokoningii, CBS 931.69; T. 
viride, CBS 815.68. All strains were maintained on YMG agar 
composed of (g/l): yeast extract 4, malt extract 10, glucose 4, and 
agar 20. For the production of siderophores, asparagine medium 
was used (Anke and Diekmann 1971). Incubations were carded 
out in 5-1 conical flasks containing 2 1 medium on a rotary shaker 
(120 rpm) at 27 ° C. 

Antimicrobial and cytotoxic activities. Antimicrobial assays were 
carded out on complex and synthetic media as described before 
(Ankc 1977). Cytotoxic activity was evaluated according to Leon- 
hardt et al. 1987). 

Measurement of the concentration of siderophores. After removal of 
the mycelia, to 1 ml culture filtrate was added 35 Ixl FeCI3 (20 rag/ 
ml); after centrifugation, the absorbance at 440 nm of the super- 
natant was measured. The absorption coefficient of coprogen B, 
the main siderophore, was used to calculate the total amount 
(Konetschny-Rapp et al. 1988a). Culture filtrates containing high 
amounts of siderophores were diluted before addition of FeCI3. 
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Isolation and characerization o f  the siderophores 

From the culture filtrate. After addition of excess ferric chloride 
and centrifugation at 3500 g, the pH was brought to 6.5 and the 
filtrate was passed through a column filled with Diaion HP 21 
(Mitsubishi) in H20. After washing with H20, the siderophores 
were eluted with acetone H20 (1:1). After evaporation of the ace- 
tone, the aqueous solution was lyophilized. Separation of ferricro- 
cin, coprogen, coprogen B, fusigen and fusigen B was achieved by 
chromatography on carboxymethyl cellulose (CM52) in ammon- 
ium acetate buffer pH 5.0: coprogen and ferricrocin were eluted 
with 0.01 M buffer, coprogen B and fusigen B with 0.1 M buffer, 
fusigen with 0.2 M buffer. The final purification steps were chro- 
matography on Sephadex LH 20 in methanol or reversed-phase 
chromatography on RP 18 in water/methanol (9:1). 

From the mycelia. Mycelia were washed with water and extracted 
with methanol for 4 h. The extracts were concentrated to dryness. 
After complexing with ferric chloride, the siderophores were iden- 
tified by TLC or electrophoresis in 0.1 M ammonium acetate buf- 
fer pH 5.0 (Diekmann and Z~ihner 1967). 

Isolation of the iron-free form of palmitoylcoprogen. The metha- 
nolic extract from the mycelia was evaporated to dryness. The oily 
residue was suspended in water and extracted twice with ethyl 
acetate. The aqueous phase contained deferri-ferricrocin and de- 
ferri-coprogen B. The combined organic phases were evaporated, 
and the oily residue was, after washing with n-heptane, dissolved 
in methanol and subjected to chromatography on Sephadex LH 
20 in methanol. Fractions containing the siderophore were de- 
tected with FeCI3 and combined. Final purification was achived 
by HPLC on Lichrogel PS 1 in 2-propanol. 

Identification of the siderophores. TLC plates coated with silica gel 
(Merck) or cellulose F (Merck) were used with the following sol- 
vent systems: L1, chloroform/methanol/H20 (70:25:4); L2, di- 
chloromethane/methanol/H20 (70: 25: 4); L3, 1-propoanol/acetic 
acid/H20 (4:1 : 1); L4, 1-butanol/1-propanol/H20 (6:3:5); L5, 1- 
butanol/acetic acid/H20 (4:1:5); L6, 1-propanol/25% ammon- 
ium hydroxide (100:24). 

Identification of 5-hydroxy-3-methyl-2-pentenoic acids, amino acids 
and plamitic acid. The removal of the iron from the siderophores 
and the hydrolysis of the desferri compounds were carried out as 
described before (Anke and Diekmann 1971). For palmitoyico- 
progen, this procedure did not work; therefore the iron-free com- 
pound was isolated and subjected to hydrolysis (6 M HC1, 20 h, 
100 ° C). The hydrolysate was extracted with ethyl acetate and the 
organic phase was concentrated and applied onto silica gel TLC 
plates. 3-Methyl-2-penteno-5-1actone was identified as described 
before (Anke 1977). Amino acids were identified by HPLC ac- 
cording to Arnoldi (1990). In order to identify the fatty acid part 
of the compound, the hydrolysate was subjected to GC/MS anal- 
ysis. Considerable amounts of palmitic acid (M + 256) were indi- 
cated; comparison of the spectrum with that of an authentic sam- 
ple confirmed this. A search for m/z= 60 (which is typical for 
fatty acids) in the GC/MS chromatogram showed that no other 
fatty acids were present in the hydrolysate in comparable 
amounts. 

Spectroscopic measurements. NMR experiments were performed 
with a Varian XL-300 spectrometer operating at 300 MHz for pro- 
ton and at 75 MHz for 13C. Palmitoylcoprogen (10 mg) was dis- 
solved in 0.75 ml CD3OD or (CD3)2SO and all spectra were run at 
25 ° C. Positive FAB spectra were performed with a Jeol MS-SX 
102 spectrometer calibrated with poly(ethyleneglycol). 

Table 1. Effect of ZnSO4 on the production of siderophores by 
three strains of the genus Trichoderma in asparagine medium after 
18 days 

ZnSO4 Siderophore production (g/l) by strain 
(~tM) 

HA 35-84 HA 113-84 HA 34-88 

0 0.106 0.090 0.041 
20 0.881 1.209 0.260 
40 1.189 1.689 0.302 
60 1.115 1.564 0.300 
80 1.150 1.663 0.268 

Table 2. Growth of nine strains of the genus Trichoderma and ex- 
cretion of siderophores into the culture broth 

Strain Incuba- Mycelia Sidero- Anta- 
tion (g/l) phores gonistic 
time (mg/g proper- 
(days) mycelia) ties 

HA 35-84 28 3.9 270 + + + 
HA 34-88 13 5.6 48 + + + 
HA 113-84 30 3.8 550 + + + 
T. hamatum 19 7.0 93 + + + 
T. harzianum 30 3.2 140 + 
T. viride 30 1.8 330 + + 
T. koningii 14 5.4 83 + + 
T. longibrachiatum 30 4.0 160 + + + 
T. pseudokoninoii 18 4.3 245 + 

Antagonistic properties were measured towards Pythium ultimum 
on agar plates 

Results and discussion 

Production o f  siderophores 

W h e n  g r o w n  u n d e r  i ron  l imi ta t ion ,  al l  s t ra ins  exc re t ed  
s i d e r o p h o r e s  in to  the  cu l tu re  m e d i u m .  A d d i t i o n  o f  
ZnSO4 d ra s t i c a l l y  i nc r ea sed  the  p r o d u c t i o n ;  the  h ighes t  
y ie lds  were  o b t a i n e d  at  40 lxM ZnSO4 (Table  1). S imi l a r  
effects  have  b e e n  r e p o r t e d  for  Azotobacter vinelandii 
a n d  o the r  b a c t e r i a  ( C h a k r a b a r t y  a n d  R o y  1964; H u y e r  
a n d  Page  1988). 

D e p e n d i n g  on  the s t ra in ,  the  p r o d u c t i o n  o f  s ide ro-  
pho res ,  the  myce l i a l  mass  a n d  the  f e r m e n t a t i o n  t ime  
v a r i e d  c ons ide r a b ly .  The  cul tures  were  ha rves t ed  when  
the  c a r b o n  source  (g lucose)  was u sed  up.  At  the  s ame  
t ime ,  the  c o n c e n t r a t i o n  o f  s i d e r o p h o r e s  in the  cu l tu re  
f i l t ra tes  h a d  r e a c h e d  its h ighes t  level .  The  resul ts  a re  
s u m m a r i z e d  in  T a b l e  2. The  myce l i a l  mass  va r i ed  over  
1.8-7.0 g / l  a n d  the  s i d e r o p h o r e  p r o d u c t i o n  r a n g e d  ove r  
270-2080 m g / l  cul ture .  The  ab i l i ty  to  ove rg row a n d  pa -  
ras i t ize  Pythium ultimum in aga r  cu l tu res  d i d  no t  corre-  
la te  wi th  the  p r o d u c t i o n  o f  s i de ropho re s .  C o m p a r e d  to 
o t h e r  fungi ,  the  y ie lds  o f  s i d e r o p h o r e s  f rom all  Tricha- 
derma spec ies  were  r a the r  high.  Botrytis cinerea, a phy-  
t o p a t h o g e n ,  was r e p o r t e d  to excre te  3 0 m g  s ide ro-  
p h o r e s / l  ( K o n e t s c h n y - R a p p  et al. 1988b). In  a survey 
o f  14 spec ies  o f  the  Aspergillus fumigatus group ,  six 
spec ies  p r o d u c e d  less t han  100 mg/1,  n o n e  p r o d u c e d  
m o r e  t h a n  1000 mg/1  ( D i e k m a n n  a n d  K r e z d o r n  1975). 
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Table 3. Composition of the siderophore mixture excreted into 
the culture broth 

Strain Sidero- Copro- Copro- Ferri- Fusi- 
phore gen gen B crocin gen 
(g/l) % % % % 

H A  35-84 1.05 < 10 >_ 90 < 10 0 
HA 34-88 0.27 _< 10 >_90 < 10 0 
H A  113-84 2.08 S 1 0  >_90 _<10 0 
T. hamatum 0.65 -< 5 _>95 < 5 0 
T. harzianum 0.45 < 5 >_95 -< 5 0 
T. viride 0.75 < 10 >_90 < 10 0 
T. koningii 0.45 -.< 5 >_95 -< 5 0 
T. longibrachiatum 0.65 _< 10 45 _< 10 45 
T. pseudokoningii 1.05 < 10 30 < 10 55 

Mycelia (from 2 1 of culture) 

washed with water 
extraction with 400 ml MeOH 
concentration 

aqueous suspension 

extraction with n-heptane, org. phase discarded 
extraction with ethyl acetate (twice) 
concentrated 

oily residue 

extracted with n-heptane, org, phase discarded 
dissolved in MaOI-I 

Isolation and characterization of the siderophores from 
the culture fltrate 

The composition of the siderophore mixture from the 
culture medium of nine different strains is given in Ta- 
ble 3. Coprogen B was the main component of all 
strains with ferricrocin and coprogen being minor com- 
ponents. T. longibrachiatum and T. pseudokoningii pro- 
duced siderophores of the fusigen type, in addition to 
ferricrocin and coprogen B. Simultanous production of 
siderophores of three different types as in these latter 
two species has not been observed before. Usually only 
one or two types can be found: Neurospora crassa pro- 
duces chelators of the ferrichrome and coprogen type, 
Gibberella fufikuroi excretes only fusigen (Winkelmann 
1986; Winkelmann and Huschka 1987) and Aspergillus 
deflectus triacetylfusigen (Anke 1977). According to 
their morphological features, T. longibrachiatum and T. 
pseudokoningii were assigned to a new section in the 
genus Trichoderma by Bissett (1984). This segregation is 
underlined by the differences in the production of side- 
rophores. 

Isolation and characterization of the siderophores from 
the mycelia 

In the dark-yellow-coloured methanolic extracts from 
T. longibrachiatum and T. pseudokoningii no sidero- 
phores could be detected. The production of yellow 
pigments by these two species is another feature used 
by Bissett (1984) to separate them from the other spe- 
cies defined by Rifai (1969). In the extracts of T. har- 
zianum, T. hamatum, T. koningii, T. viride, Trichoderma 
sp. HA 35-84, HA 113-84, and HA 34-88 coprogen B, 
ferricrocin and a new lipophilic siderophore were de- 
tected. Trichoderma sp. HA 35-84 was the best producer 
of this new compound. The isolation scheme of the new 
siderophore from strains HA 35-84 and HA 34-88 is de- 
picted in Fig. 1. Palmitoylcoprogen is the first fungal 
siderophore which is not excreted into the culture broth 
but is found solely in the cells. With the exception of 
mycobactins and nocobactins from bacteria (Snow 
1970; Ratledge and Patel 1976), all siderophores iden- 
tified so far are easily soluble in water. 

MeOH extract 

chromatography on Sephadex LH 20 
in MeOH 
detection with FeC13 

crude palmitoylcoprogen 

HPLC on Lichrogel PS 1 
in 2-propanol 

palmitoylcoprogen (yield: 26 ~ng HA 35-84) 
8 mg HA 34-88) 

Fig. 1. Isolat ion of  pa lmi toylcoprogen 

In addition to the chemical degradation which 
yielded 5-hydroxy-3-methyl-2-pentenoic acids, N-ahy - 
droxyornithine and palmitic acid, the structure of  pal- 
mitoylcoprogen was also determined by extensive 
NMR  and mass-spectroscopic investigations. The rela- 
tive molecular mass of the iron-free compound is 964, 
and weak signals for both M + H  (965) and M + N a  
(987) could be detected by positive-ion FAB mass spec- 
troscopy with glycerol as a matrix. 1H-NMR spectra of 
coprogen in the same solvents were used for compari- 
son, all comparable proton chemical shifts and multi- 
plicities (given below for palmitoylcoprogen) were in 
agreement, and the presence of acidic protons in both 
samples was confirmed by spectra run in ( C D 3 ) 2 8 0 ,  

The palmitic acid moiety was identified through proton 
couplings, outlined by two-dimensional correlation 
spectroscopy (COSY). The structure of the vinylic part 
of the molecule was confirmed by selective decoupling 
of the vinylic protons and by a two-dimensional nu- 
clear Overhauser experiment (NOESY). The identical 
1H-NMR chemical shift for H-2" in both coprogen 
which has an acetyl group on N(3") and palmitoylco- 
progen indicates that the fatty acid is positioned on 
N(3"). Chemical shifts for 13C (given below for palmi- 
toylcoprogen) could be obtained from one-dimensional 
~3C spectra combined with heteronuclear two-dimen- 
sional correlation spectroscopic experiments (HET- 
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COR) for assignment of shifts. The structure is shown 
in Fig. 2. 

Analysis of palmitoylcoprooen (C49H84013N6) 

NMR (300 MHz, CD3OD, 25 °C, 6 relative to tetra- 
methylsilane): 1H 6:6.3 (br.s, 3 H, H-9, H-9', H-9"), 
4.37 (br.m, 1 H, H-2"), 4.30 (br.m, 2 H, H-12'), 4.02 
(br.m, 2-H, H-2, H-2'), 3.71 (t, J=6.6 Hz, 4 H, H-12, H- 
12"), 3.66 (br.m, 6-H, H-6, H-6', H-6"), 2.50 (t, J=6.3 
Hz, 2-H, H-11'), 2.37 (t, J=6.4  Hz, 4 H, H-11, H-11"), 
2.24 (t, J=7.3 Hz, 2 H, H-2'"), 2.08 Or.s, 9 H, H-14, H- 
14', H-14"), 1.9-1.8 (br.m, H-4, H-4'), 1.8-1.7 (br.m, H- 
4"), 1.75-1.65 (br.m, H-5, H-5', H-5"), 1.65-1.55 (br.m, 
H-3'"), 1.32 (br.s, 24 H, H-4"' to H-15"') and 0.90 (t, 
J=6.4  Hz, 3 H, H-16'"). 13C 6: 176.6, 173.5, 170.4, 
169.6, 169.3 (s, carbonyl-C), 152.7 (s, C-10, C-10"), 
151.2 (s, C-10'), 118.5 (d C-9'), 117.9 (d, C-9, C-9"), 63.7 
(t, C-12'), 60.9 (t, C-12, C-12"), 55.7 (d, C-2, C-2'), 53.7 
(d, C-2"), 49.3 (t, C-6, C-6', C-6"), 44.8 (t, C-11, C-11"), 
40.6 (t, C-11'), 36.7 (t, C-2'"), 33.1 (t, C-14"'), 32.4 (t, 
C-4, C-4'), 32.2, 30.8, 30.7, 30.5, 30.4, 30.3 (C-4'" to C- 
13"% 29.5 (t, C-4"), 27.0 (C-3"'), 24.6 (t, C-5"), 23.7 (t, 
C-15'"), 23.5 (t, C-5, C-5'), 18.9, 18.8 (q, C-14, C-14', 
C-14") and 14.5 (q, C-t6'"). 

Ultraviolet spectrum (EtOH): 2m,x =215 nm, 
logs=4.51, very weak shoulder at 250nm, the iron 
complex has a broad maximum at 440 nm. 

The deferri compound is almost insoluble in water. 
It is easily soluble in MeOH, acetone or ethyl acetate. 

Biological properties of palmitoyleoprogen 

Unlike desferritriacetylfusigen, desferripalmitoylco- 
progen did not exhibit antibacterial, antifungal or algi- 

cidal activity, indicating that iron in the form of palmi- 
toylcoprogen is available to all organisms tested. When 
assayed according to Anke (1977) the growth of bacte- 
ria (Bacillus brevis, B. subtilis, Staphylococcus aureus, 
and Proteus vulgaris) and fungi (Paecilomyces varioti, 
Curvularia lunata, Candida albicans and Saccharomyces 
cerevisiae) was inhibited by desferritriacetylfusigen, but 
not by desferripalmitoylcoprogen (100-200 mg/1). At 
concentrations up to 50 Ixg/ml, no cytotoxic activity to- 
wards HeLa $3 or Ehrlich ascitic carcinoma cells was 
observed. Concentrations of desferripalmitoylcoprogen 
> 100 ~tg/ml caused lysis of HeLa $3 cells. Addition of 
palmitoylcoprogen to peas infected with Pythium ulti- 
mum had no effect on the pathogen, whereas the addi- 
tion of Trichoderma spp. HA 34-88, HA 113-84, HA 35- 
84, T. hamatum and T. longibrachiatum into the soil 
protected the seedlings. Thus the strains with the high- 
est and lowest production rate of siderophores as well 
as a nonproducer of palmitoylcoprogen are equally ef- 
fective in the biological control of damping-off, indicat- 
ing that the antagonistic properties of Trichoderma 
strains are not correlated to the type or the amount of 
siderophores produced. The beneficial effects of fungal 
siderophores on plants and the role of palmitoylco- 
progen in the transport of iron into fungal cells remain 
to be investigated. 

The localization and the structure of this chelator 
make it a likely candidate for the taxi model for iron 
transport (Winkelmann 1986) or as iron acceptor and 
storage compound within the cells. 
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