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Aspergillus nidulans and Penicillium chrysogenum produce specific cellular
siderophores in addition to the well-known siderophores of the culture medium.
Since this was found previously in Neurospora crassa, it is probably generally
true for filamentous ascomycetes. The cellular siderophore of A. nidulans is
ferricrocin; that of P. chrysogenum is ferrichrome. A. nidulans also contains
triacetylfusigen, a siderophore without apparent biological activity. Conidia of
both species lose siderophores at high salt concentrations and become siderophore
dependent. This has also been found in N. crassa, where lowering of the water
activity has been shown to be the causal factor. We used an assay procedure
based on this dependency to reexamine the extracellular siderophores of these
species. During rapid mycelial growth, both A. nidulans and P. chrysogenum
produced two highly active, unidentified siderophores which were later replaced
by a less active or inactive product—coprogen in the case of P. chrysogenum and
triacetylfusigen in the case of A. nidulans. N. crassa secreted coprogen only.

Fungal siderophore metabolism is varied and complex.

Microorganisms elaborate a variety of low-
molecular-weight, high-affinity chelating agents
that solubilize ferric iron in the environment and
transport it into the cell (10). These compounds
are known generically as “siderophores” (for-
merly “siderochromes”). Fungal siderophores
are typically found in high concentrations in the
filtrates of iron-deficient cultures, and it has
generally been supposed that they are extracel-
lular agents secreted in response to iron defi-
ciency. In a study carried out for an unrelated
purpose with Neurospora crassa, however, we
found that exposure of conidia to solutions of
low water activity (a,) causes them to lose a
substance that is required for their germination
(2). The substance was isolated and identified as
the cyclic peptide ferricrocin (6), a known fungal
siderophore (Fig. 1). Ferricrocin was found in
the mycelia, as well as the conidia, of N. crassa
grown on iron-sufficient media, but not in the
culture filtrate. A structurally and functionally
related compound, coprogen, had previously
been shown to be present in iron-deficient cul-
ture filtrates (8). Ferricrocin and coprogen are
equally active in promoting conidial germination
at low a,. The significance of the production of
distinct cellular and extracellular siderophores
is not yet clear.

To assess the generality of these findings, we
performed experiments with Aspergillus nidu-
lans and Penicillium chrysogenum. Extracellu-
lar siderophores had previously been identified
in both species (12). Our study showed that

specific cellular siderophores were also pro-
duced. Furthermore, as in N. crassa, the conidia
of these species lost cellular siderophores at high
salt concentrations and thereby became sider-
ophore dependent. Each species could thus be
used to assay siderophores. We used this assay
to reexamine the production of extracellular sid-
erophores by the two species. The findings re-
vealed new facts of unusual interest.

MATERIALS AND METHODS

Strains. P. chrysogenum was obtained from the
American Type Culture Collection, Rockville, Md.
(ATCC 9480). A. nidulans was obtained from the
Fungal Genetics Stock Center, Arcata, Calif. (FGSC
4, Glasgow wild type). N. crassa was wild type 74A,
also from the Fungal Genetics Stock Center.

Media. Aspergillus and Penicillium were main-
tained on slants of potato-dextrose agar (Difco Labo-
ratories, Detroit, Mich.). The same medium, with
added agar, was used in Fernbach flasks for the pro-
duction of conidia. For measuring responses to sider-
ophores with Aspergillus and Penicillium, we used
Vogel medium N (11) with the following additions per
liter of water: sucrose, 20 g; yeast extract, 5 g; casein
hydrolysate, 2.5 g; MgSO,- 7H-0, 5g; and NaCl, 194.35
g. When Neurospora was used, casein hydrolysate was
omitted and the NaCl was reduced to 103.1 g. For
isolating cellular siderophores, cultures were grown in
medium N containing 2% sucrose with no other addi-
tions. For isolating extracellular siderophores, the Fe-
deficient “Normalmedium” of Kappner et al. (7) was
used.

Measurement of growth. Mycelia were harvested
on a Biichner funnel, using Whatman no. 4 paper.
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Excess moisture was removed by pressing mycelia
between paper towels, and the mycelial pads were
dried to constant weight at 70 to 80°C.

Isolation of cellular siderophores. Three-day-
old mycelia were washed, blended in an equal weight
of water, and extracted for 1 h at 90°C. The filtrate
was cooled, adjusted to pH 5 with HCl, allowed to
stand overnight at 4°C, and filtered through Celite.
The filtrate was brought to pH 6.5 to 7 and taken to
dryness. The dried extract was taken up in a minimal
volume of water and poured into 20 volumes of cold
95% ethanol, with stirring. The precipitate was re-
moved by centrifigation and discarded. The superna-
tant was concentrated to dryness, taken up in a small
volume of water, and poured into a column (20 by 50
cm) of Amberlite XAD-2 (Rohm & Haas Co., Phila-
delphia, Pa.). The column was washed with 20 bed
volumes of water and eluted with 2 bed volumes of
1:1 acetone-water. The eluate was concentrated toa
small volume and lyophilized. It was then dissolved in
a small volume of water and layered on a column (40
by 1 cm) of Bio-Gel P-2 (50 to 100 mesh; Bio-Rad
Laboratories, Richmond, Calif.); the siderophore was
eluted with water. The eluate was dried, dissolved in
2:1:1 chloroform-benzyl alcohol-methanol, and chro-
matographed on a column (20 by 2 cm) of Silica Gel
60 (E. Merck AG, Darmstadt, Federal Republic of
Germany), using the same solvent. The siderophore
was transferred into water and lyophilized.

To obtain siderophores from conidia, conidia were
harvested from cultures on potato-dextrose agar into
0.1% Tween 80 with the aid of a large wire loop. After
filtering and washing the cells, the suspension was
saturated with chloroform and shaken for 1 to 2 h at
30°C. The conidia were removed by centrifugation,
and the aqueous phase was separated by pipette, con-
centrated, and chromatographed on Amberlite XAD-
2 as above. Subsequent steps were as described above.

Isolation of extracellular siderophores. Five-
day cultures were filtered, and excess FeCl; was added
to the filtrate to convert desferrisiderophores to the
ferric forms. Any precipitate was removed by centrif-
ugation. The supernatant was poured onto a column
of Amberlite XAD-2 (15 by 6 cm per 3 liters). The
column was washed with water and eluted with ace-
tone-water as above. The eluate was taken to dryness,
redissolved in a small volume of water, and chro-
matographed on a column (15 by 1.5 cm) of Cellex CM
(Bio-Rad). Neutral siderophores were eluted with wa-
ter, and cationic ones were eluted with pyridine-ace-
tate buffer (acetic acid-pyridine-water, 10:14:930 by
volume). The fractions were concentrated and lyoph-
ilized. An alternative procedure for neutral sidero-
phores was, after Amberlite XAD-2 chromatography,
dissolution of the eluate in 2:1:1 chloroform-benzyl
alcohol-methanol followed by chromatography on Sil-
ica Gel 60 as above.

Analytical methods. '*C nuclear magnetic reso-
nance spectroscopy was performed with the same in-
strument and procedures as were used previously (6).

F16. 1. Structures of A. nidulans and P. chryso-
genum siderophores. (a) Ferrichrome, R = H; ferri-
crocin, R = CH,OH. (b) Coprogen. (c) N,N',N”-Tri-
acetylfusigen.
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Thin-layer chromatography was ascending on silica
gel sheets (Eastman Kodak Co., Rochester, N.Y.).
Paper electrophoresis was carried out at 200 V using
pyridine-acetate buffer, pH 5.2, and Whatman 3MM
paper; runs lasted 2 to 3 h. Amino acid analyses were
performed as previously described (6).

RESULTS

A. nidulans and P. chrysogenum at low
@y It has been shown in Neurospora that conid-
ial germination is progressively inhibited as the
water activity of the medium is reduced below
a, = 098 (2). The degree of inhibition is a
function of cell density, dense conidial suspen-
sions being less inhibited than dilute ones. This
“population effect” (1, 2) has been shown to be
due to the reversible loss of a germination-essen-
tial substance from the cells; since dense suspen-
sions produce a higher concentration of the sub-
stance than dilute ones, they germinate faster.
It has been demonstrated that if a dense suspen-
sion is filtered to remove the cells and the filtrate
is reinoculated with a dilute suspension, the
latter germinates as if it were a dense suspension.
The essential factor has been identified as ferri-
crocin (6). Addition of ferricrocin or certain
other siderophores accelerates the germination
of dilute suspensions of conidia in media of low
a.. This effect is the basis for a sensitive assay
for siderophores in which, for convenience,
growth of the cultures, rather than germination
time, is measured (2, 6).

A. nidulans and P. chrysogenum were more
resistant to low a,, than N. crassa is. Whereas
in Neurospora germination of dilute suspen-
sions is strongly inhibited at a., = 0.93, the
equivalent inhibition in Aspergillus and Peni-
cillium occurred at a,. = 0.87. Nevertheless, both
of the latter species showed the characteristic
population effect, and in both species the dis-
advantage of dilute suspensions was eliminated
if an appropriate siderophore was added to the
solution. These effects are shown in Table 1.
The population effect is shown in the first two
lines of each experiment (no added siderophore).
The results of adding siderophores to a dilute
suspension then follow. Growth weights in the
table are normalized to equal numbers of conidia
in order to give an unbiased comparison be-
tween high-density and low-density cultures.
Thus, in A. nidulans experiment 1, the first line
shows growth in a 50-ml culture inoculated with
10° conidia per ml, whereas the second line
shows the same for a 50-ml culture inoculated
with 10% conidia per ml, multiplied by 10. The
same correction is applied to the subsequent
values—i.e., in each experiment, dry weights are
normalized to the number of conidia contained
in the high-conidial-count control. The result is
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to remove the bias inherent in starting the cul-
tures with unequal numbers of cells while pre-
serving the effect of cell density.

We conclude from Table 1 that, as in N.
crassa, loss of siderophores occurs at low a,. in
these species and is a major cause of the germi-
nation delay.

NaCl was used to lower a,. in all of the exper-
iments reported here. Proof that the effects de-
scribed above were caused by low a., per se and
not ion toxicity would require demonstration of
the same phenomena in the presence of a none-
lectrolyte as the a,-lowering agent. This dem-
onstration was possible with N. crassa (2), but
not with A. nidulans and P. chrysogenum, ow-
ing, we believe, to side effects—such as high
viscosity—associated with the large concentra-
tions of glycerol or glucose required to bring a,.
to the levels that are effective with the latter
species. In view of the results obtained with
Na(l], it is very likely that the same mechanism
is at work in all three species, but the argument
of this paper is independent of this assumption.
The essential fact is that A. nidulans and P.
chrysogenum could be made siderophore depen-
dent by the described treatment.

Extracellular siderophores of A. nidu-
lans and P. chrysogenum. Identification of the
major siderophores secreted by various Asper-
gillus and Penicillium species was originally
carried out by Zahner et al. (12). They found the
principal siderophores in the media of A. nidu-
lans and P. chrysogenum to be ferricrocin and
coprogen, respectively. In addition to ferricrocin,
A. nidulans produced a significant quantity of
ferrirhodin.

Our study of these species confirmed the
above finding for P. chrysogenum grown for 6
days or longer on the medium described by
Kappner et al. (7) containing asparagine as the
N source (see Materials and Methods). Under
these conditions, coprogen was the predominant
siderophore in the medium. In younger cultures,
however, the major siderophore was an uniden-
tified cationic compound which we call P-a. P-
« was far more active for P. chrysogenum in the
low-a,, test than was coprogen (Table 1). An-
other unidentified cationic siderophore in young
cultures was P-8. P-8 had almost the same bio-
logical activity as P-a. A third, less active cation,
P-y, was found in small amounts. P-a, P-8, and
P-y essentially disappeared from the media of
older cultures (Fig. 2). The identities of P-a and
P-B are under investigation.

If, instead of asparagine, glutamic acid plus
urea was used as the N source for P. chryso-
genum (7), the changes seen in Fig. 2 were
greatly delayed (data not shown). Coprogen un-
der these conditions did not appear in the
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TABLE 1. Growth responses to siderophores at low a.”
Species Expt no. ';:g inocul e Addition (conen in pg/ml) (m‘:f“’w"":t),
A. nidulans 1 3 178
2 7.6
2 Ferricrocin 0.1) 844
2 Ferrichrome (0.1) 428
2 Ferrichrysin 0.1) 46.0
2 Coprogen 0.1 24
2 3 139
2 ~1
2 Ferricrocin 0.2) 111
2 Ferricrocin (0.4) 215
2 A-a 0.2) 666
2 A-B 0.2) 630
2 P-a 0.2) 635
2 P-B 0.2) 646
3 3 197
2 45
2 Ferricrocin 0.2) 312
2 Triacetylfusigen 0.2) 48
P. chrysogenum 1 4 94.7
3 154
3 Ferricrocin (0.05) 25
3 Ferrichrysin (0.05) 22
3 Ferrichrome (0.05) 33
3 Coprogen (0.05) 124
2 4 116
3 ~1
3 Coprogen (0.2) 131
3 P-a 0.2) 2,190
3 P-B 0.2) 2,115
3 A-a 0.2) 2,106
3 A-B 0.2) 2,122
3 Triacetylfusigen 0.2) ~1

% Incubations were in 50 ml of medium N with additions as listed in the text. Incubations were for 8 days at
30°C in the case of A. nidulans and 7 days at 25 to 26°C for P. chrysogenum with shaking. Three drops (40 mg)
of Tween 80 was added to each 50 ml of medium. a,, = 0.87.

® Dry weights are normalized to the number of conidia used per 50 ml in the high-conidial-count control; see

the text for details.

culture filtrates until after 3 weeks of incubation.
This delay was correlated with slower growth in
the glutamic acid-urea medium.

In the case of A. nidulans, we were unable to
detect either ferricrocin or ferrirhodin, the re-
ported principal siderophores of the culture me-
dium (12). Instead, we found a siderophore (“X”)
whose chromatographic properties differed
markedly from those of ferricrocin and ferri-
rhodin (Table 2) and whose HI hydrolysate con-
tained ornithine, but no other amino acids. “X”
was isolated and identified as the cyclic triester
N,N',N”-triacetylfusigen, also called N,N’,N"-
triacetylfusarinine-C (3, 4, 9). The identification
was based on thin-layer chromatography and
nuclear magnetic resonance spectroscopy (Table
3).

Biological tests of N,N’,N”-triacetylfusigen
gave the surprising result that this substance
was inactive for both species used in this study,
including the one that produces it (Table 1). It
was also inactive for Neurospora. Two very ac-
tive siderophores were, however, found in the
media of young (3-day) Aspergillus cultures.
These disappeared from older cultures. The
properties of the two active compounds were
similar to those of P-a and P-8, and they were
designated A-a and A-B, respectively. These
substances are under investigation.

Cellular siderophores of A. nidulans and
P. chrysogenum. By “cellular siderophores” we
mean siderophores located in or on cells. Our
experiments with Neurospora had suggested
that conidia contain siderophores intracellularly
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and also bound to the cell surface (6). The
presence of cellular siderophores in A. nidulans
and P. chrysogenum has already been indicated
in the results displayed in Table 1. To identify
the substances, siderophores were isolated from
mycelia and conidia by the procedures described
in Materials and Methods. Identification was
made by thin-layer chromatography and amino
acid analysis of HI hydrolysates (6).

The mycelium of A. nidulans was found to
contain ferricrocin and N,N’,N”-triacetylfusigen
in the approximate ratio 1:3.5. Conidia contained
ferricrocin only. The chromatographic behavior
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F1G6. 2. Extracellular siderophores of P. chryso-
genum as a function of age of culture. Asparagine
was the N source. Siderophores were separated by
paper electrophoresis. Symbols: O, P-a; V, neutral
siderophores (essentially all coprogen after day 5);
A, unknown, biologically inactive anions; O, P-8; O,
P-y.
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of the isolated compound, compared with au-
thentic ferricrocin, is shown in Table 2. Analysis
of a 4-h HI hydrolysate showed ornithine, gly-
cine, and serine in the ratio 3.05:2:0.9.

P. chrysogenum produced ferrichrome as the
only detected cellular siderophore (Table 2).
The HI hydrolysate showed ornithine and gly-
cine in the ratio 1.08:1.

Amounts of siderophores produced. We
compared the concentrations of cellular and ex-
tracellular siderophores in order to determine
whether one class predominates. The concentra-
tions vary with age and conditions of culture,
but we need only order-of-magnitude estimates
for our purpose. Table 4 shows the concentra-
tions derived from the present study and from
the earlier one with Neurospora (6). Cellular
siderophore concentrations are given per liter of
cell water, assuming 80% water in fresh myce-
lium. Extracellular concentrations are with ref-
erence to the medium. It is evident that the two
classes of siderophores are present in compa-
rable concentrations in cultures of similar age.
Since the volume of the medium exceeded that
of the cell water by several orders of magnitude,
however, it also follows that the total production
of extracellular siderophores greatly exceeds
that of cellular siderophores.

DISCUSSION

The results described above support the gen-
eralization that ascomycetous fungi produce spe-
cific cellular siderophores that are distinct from
those secreted into the medium. The cellular
siderophores are produced in concentrations

TABLE 2. Ry values of siderophores in five solvents

Ry in solvent:*

Siderophore
1 2 3 4 5
Ferrichrome 0.55 0.30 0.07 0.31 0.19
Ferricrocin 0.55 0.25 0.04 0.39 0.20
Coprogen 0.56 0.18 0.32 0.54 0.44
Ferrirhodin 0.70 041 0.18 0.63 0.58
N,N',N”-Triacetylfusigen 0.81 0.55 0.42 0.61 0.64
From A. nidulans:
Cellular (ferricrocin) 0.56 0.24 0.03 0.40 0.19
X (triacetylfusigen) 0.83 0.55 0.42 0.61 0.66
A-a 0.16° 0.08° 0.03 0.08 0.02
A-B 0.00 0.00 0.00 0.03 0.02
From P. chrysogenum:
Cellular (ferrichrome) 0.56 0.30 0.07 0.32 0.19
Extracellular (coprogen) 0.57 0.18 0.31 0.55 0.45
P-a 0.16 0.12° 0.04 0.03 0.02
P-8 0.00 0.00 0.00 0.03 0.02

2 Thin-layer chromatography (Eastman silica gel sheets) in the following solvents: (1) chloroform-benzyl
alcohol-methanol, 2:1:1 by volume; (2) chloroform-propanol-methanol-water, 18:7:2:1 by volume; (3) butanol-
propanol-methanol, 1:1:1 by volume; (4) butanol-ethanol-water, 2:1:2 by volume; and (5) butanol-acetic acid-

water, 6:1:1 by volume.
b Streaked.
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comparable to those observed for extracellular
siderophores, but in much smaller absolute
quantities. The impression sometimes gained
from the literature that fungal siderophores are
produced only to perform a rescue operation
during times of iron starvation is clearly erro-
neous. Although the rescue function is an im-
portant one, our results show that these sub-
stances are synthesized and function under con-
ditions of adequate iron nutrition as well.

In the three species we have studied, cellular
siderophores have a role in conidial germination.
Since conidia are dormant cells that require a

TABLE 3. *C chemical shifts of N,N',N"-
triacetyldesferrifusigen and desferri-X*

Triacetyldesfer-

Carbon fusigen Desferri-X
CH;CONH— 229q 229
—CH:CH,CH.CH< 52.5d 52.5
—CH,CH,CH,CH< 29.3 tr 293
—CH.CH,CH.CH< 233 tr 23.3
—CH,CH.CH.CH< 48.1 tr 48.1
=CH— 1184d 1184
>C= 149.1 s 149.1

|
CH;—C= 244q 24.4
|

—CH,—C= 324 tr 324

—O0—CH,— 62.9 tr 62.9
|

0=C—0— 170.9° 170.9
|

O0=C—NH— 172.0° 172.1
|

O0=C—NOH— 172.0 172.1

“In CDCl; at 46°C; chemical shifts in parts per
million downfield from tetramethylsilane; s, d, tr, and
q are multiplicities (single, double, triplet, and quartet,
respectively) observed in single-frequency off-reso-
nance decoupling.
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large input of iron for germination, it is under-
standable that they are provided with a sider-
ophore that remains in the cell rather than one
that is secreted into the medium, where it might
diffuse away before performing its function. It
may be that this provisioning of conidia is the
sole reason for the production of cellular sider-
ophores. If so, there is a great waste of these
compounds in fungal cultures, since only a small
fraction of the total is found in conidia. It is an
open question whether they have a mycelial
function as well, such as transporting iron into
the mitochondria.

The findings reported in this paper with re-
spect to cellular siderophores largely parallel
those made earlier with Neurospora. This is not
the case for extracellular siderophores, however,
where we find that Aspergillus and Penicillium
depart widely from the Neurospora pattern.
Whereas Neurospora produces coprogen from
the beginning of growth, Aspergillus and Peni-
cillium secrete several siderophores, and these
change with time. The most interesting are the
o’s and B’s. These very active compounds are
produced during the phase of rapid mycelial
growth. In older cultures they are replaced by
less active (coprogen) or inactive (triacetylfusi-
gen) siderophores. Further study of these phe-
nomena, including identification of the unknown
substances, is obviously required. Similar results
have recently been described by Emery for Fu-
sarium roseum (5).

The accumulation of N,N’,N”-triacetylfusigen
by A. nidulans in large amounts is not under-
stood. It does not seem to be a sign of senescence,
since this inactive compound is also present in
growing mycelia, although not—perhaps signifi-
cantly—in conidia. Also not understood is the
discrepancy between our strain of A. nidulans
and that of Zahner et al. (12) with regard to their
secreted siderophores. The discrepancy un-
doubtedly means that one of these strains should

® May be ipterchanged. not be classified as A. nidulans. It suggests also
TABLE 4. Siderophore concentrations
Siderophqre concn
Species Medium AG*(‘;‘; cyt;}ture (mg/liter)
Cellular Extracellular
N. crassa N 2 10-15 50
5 200
Normalmedium 5 600 300
11 500
P. chrysogenum N 5 125
Normalmedium 5 160 200-300
A. nidulans N 5 125
Normalmedium 5 200-300

? Concentrations are with reference to cell water for cellular siderophores and medium for extracellular ones.
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that siderophore identity may prove to be a
useful trait in fungal taxonomy.
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