
Coprogen production of Neurospora crassa was dependent on glucose, aspartate and iron contents as

well as on initial pH of the culture media. Surplus iron and acidic pH hindered the production of coprog-

en as well as the transcription of the sid1 gene (NCU07117) encoding putative L-ornithine-N5-monooxy-

genase, the first enzyme in the coprogen biosynthetic pathway. High glucose (40 g/l) and aspartate (21

g/l) concentrations were beneficial for coprogen synthesis, but neither glucose nor aspartate affected the

sid1 transcription. Moreover, efficient coprogen production was observed after glucose had been con-

sumed, which suggested that N. crassa accumulated iron even in non-growing, carbon-starving cultures.
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INTRODUCTION

Most microorganisms synthesize a variety of low-molecular-mass high-affinity Fe3+-

chelators called siderophores. The siderophore production of microbes is of great

practical significance. For example, the acquisition of iron is a key step in the infec-

tion process of many pathogen, since this metal is tightly sequestered by high-affin-

ity iron biding proteins including transferrin, lactoferrin, ferritin and hemoglobin in

mammals [4]. Hence, iron-chelating agents are considered as important virulence

attributes in some human pathogenic fungi [8]. In addition to Fe3+, siderophores can

also bind other metals, including Pb2+, Cr3+, Al3+ and the radioactive actinides [3,

10]. Siderophores are routinely used in medicine to treat iron and aluminum over-
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loads, and their potential applications are also considered in the treatment of cancer

as well as in drug delivery and targeting [16]. Siderophores may also find their appli-

cations in nuclear fuel reprocessing, the treatment of industrial waste and in the

remediation of metal contaminated sites [4].

One of the most recent and most promising potential applications of siderophores

is the production of functional foods with high siderophore contents. The hexaden-

tate desferricoprogen was taken up from the gastrointestinal tract in a rat model and

it could reduce the risk of cardiovascular diseases including artherosclerosis by com-

plexing redox active iron in humans [1, 15]. Importantly, the coprogen content of

Penicillium roqueforti-processed cheese may reach the concentration of 38 mg/kg

and, hence, may provide cheese consumers with some protection against cardiovas-

cular diseases [15].

However desferrioxamine B (Desferal®), an extracellular siderophore of

Streptomyces species, is produced industrially there is little information on the pro-

duction of siderophores especially on coprogen which unlike desferrioxamine B can

be taken up from the gastrointestinal tract. Here we summarize our results on the reg-

ulation of coprogen production by N. crassa, which may facilitate the engineering

process of large-scale siderophore production in this filamentous fungus.

MATERIALS AND METHODS

Culture conditions and analytics

Coprogen production of N. crassa wild-type strain 74A (FGSC 987) was studied in

a synthetic medium described by Huschka et al. [9] in shake cultures. Depending on

the experimental arrangements, this medium contained 10–60 g/l glucose, 5–50 g/l

aspartate, 1 g/l K2HPO4 3H2O, 1 g/l MgSO4 7H2O, 0.05 g/l CaCl2 2H2O, 0.02 g/l

ZnSO4 7H2O, 25 μg/l biotin, and the pH was set in the range of 4 to 9. Aliquots (100

ml) of this medium were inoculated with fresh mycelia scraped from one maltose

agar slant (12 cm2), and N. crassa was cultivated at 28 °C and 250 rpm for up to 10 d.

In a set of experiments, aspartate was replaced with 21 g/l Ala, Arg, Gly, Glu, His,

Leu, Lys, Met, Orn or Trp (C-source: 40 g/l glucose; pH 7.2), while in another set of

experiments glucose was replaced with 40 g/l water soluble starch or lactose (N-

source: 21 g/l aspartate; pH 7.2).

Coprogen production was also studied in a 2 l bioreactor (Biostat B-plus) in the

optimized culture medium. The bioreactor was inoculated with 200 ml N. crassa 74A

pre-cultured grown for 2 d in the same medium. Fermentations were carried out at

28 °C for 7 d with 2 l/min aeration, 200 rpm stirring and pH stabilized at 7.2.

Changes in glucose contents of the media were followed by the rate assay

described by Leary et al. [12].

Siderophore content of the fermentation broth were determined by a standardized

HPLC method. Culture samples (5 ml) were filtrated on sintered glass, the filtrates

were supplemented with 1 g/l FeCl3 and the pH was set to 6.5. The HPLC separation



of the iron-complexed siderophores was carried out by injecting samples (20 μl)

directly onto a reverse phase column (Spherisorb ODS2, 250×4.6 mm, 5 μm) and

using a gradient elution with a flow rate of 1 ml/min. The steps of the linear gradient

were: 0 min: water/acetonitrile = 94/6; 10 min: water/acetonitrile = 80/20; 15 min:

water/acetonitrile = 75/25; 16 min: acetonitrile 100%. Detector wavelengths were

435 nm and 220 nm with 580 nm as the reference. Siderophore peaks were identified

using the HPLC Calibration kit Coprogen and Fusarinines (EMC microcollections

GmbH, Tübingen, Germany), and the coprogen concentration of samples was mea-

sured by standard addition method [15]. The amounts of other siderophores were cal-

culated using absorption coefficients [11].

Response surface methodology

To determine the optimum medium composition for coprogen production, the

response surface was studied as a function of the selected key variables (aspartate

concentration and pH), using central composite design (CCD) and full-factorial

design consisting of two-factor-two-level pattern with 11 design points (nine combi-

nations with three replications of the center points). A full second-order polynomial

model obtained by a multiple regression technique for two factors using the R 2.3.1

software (The R Development Core Team; http://www.r-project.org/) was adapted to

describe the response surface [13].

Phylogenetic analyses

The Aspergillus Comparative Database (Broad Institute; http://www.broad.

mit.edu/annotation/genome/aspergillus_group/MultiHome.html) was used to collect

L-ornithine-N5-monooxygenases in Aspergillus species (A. nidulans, A. niger, A.
fumigatus, A. clavatus, A. oryzae, A. terreus, A. flavus, Neosartorya fischeri) mean-

while other putative fungal homologues were found in NCBI databases

(http://www.ncbi.nlm.nih.gov/) using protein blast (blastp algorithm) tools.

Quantification of the expression of N. crassa sid1 by RT-PCR

Total RNA was extracted from freeze-dried mycelial mats with TRISOL reagent

(Invitrogen, LOFER, Austria). RNA was DNAase treated and used in RT-PCR

mRNA quantification assays. RNA samples (7.5 μg) were run in 1% agarose gel for

quality control. Only RNA preparations with same rRNA bands intensity and no clue

of RNA degradation were applied in RT-PCR reactions. RT-PCR reactions using

QuantiTect™ SYBR®Green RT-PCR Kit (Qiagen, HILDEN, Germany) were carried

out according to the manufacturer recommendations with 400 ng of total RNA per

reaction, 2.5 mM of Mg2+ and 0.5 μM gene specific primers. The steps for the RT-
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PCR reaction were as follows: (i) reverse transcription, 50 °C, 30 min; (ii) PCR ini-

tial activation step, 95 °C, 15 min; (iii) DNA denaturation, 94 °C, 15 sec; (iv) anneal-

ing, Tm – (5–8) °C, 30 sec; (v) extension, 72 °C, 30 sec and 40 cycles. The follow-

ing oligonucleotide PCR primers were employed to amplify the transcripts of the

N. crassa homologue (NCU07117) of fungal sid1 genes encoding L-ornithine-N5-

monooxygenases: F: 5’-GATGACTCTTCCTCCGTCTC-3’ and R: 5’-TATTG-

GCTGGTGGTGGTAG-3’. To determine the homogeneity of the RT-PCR products,

the melting temperature was determined by heating up the products up to 95 °C and

decreasing the temperature of the PCR system block stepwise to 55 °C by 0.5 °C,

meanwhile the fluorescence was read at each step. The same PCR products were also

subjected to 1% agarose gel-electrophoresis in 1 × TAE buffer. All cDNA amplifica-

tion products evaluated and presented in this paper were found homogeneous by both

methods.

RESULTS AND DISCUSSION

In order to study coprogen formation of N. crassa, as a first step, we optimized its

production. According to our preliminary experiments coprogen yields depended

highly on glucose and aspartate concentrations as well as on the initial pH. Variations

of other medium components did not cause any significant changes in coprogen pro-

duction (data not shown).

High glucose concentrations were beneficial for coprogen production (Fig. 1). At

glucose concentrations higher than 40 g/l, the viscosity of the cultures increased pro-

foundly due to the high biomass production rates (hence, the cultures could not be

agitated properly by shaking) and the siderophore yields of these cultures did not

Fig. 1. Kinetics of coprogen (a) and dry cell mass (DCM; b) production of N. crassa 74A in the presence

of 10, (�), 20 (�) and 40 (�) g/l glucose. All culture media contained 5 g/l aspartate as nitrogen source

and the initial pH was adjusted to 6.5. Symbols represent mean values calculated from three independent

experiments, and S.D. values were always less than 15% of means (not shown for clarity). Glucose deple-

tion times highly depended on the initial concentrations of the carbon source and were 48, 72 and 96 h

at 10, 20 and 40 g/l starting glucose concentrations, respectively



increase significantly. Therefore, we chose 40 g/l as a starting glucose concentration

for further studies. Interestingly, coprogen production continued even after the start-

ing glucose had been consumed (Fig. 1), which suggested that N. crassa accumulat-

ed iron even in carbon-starving stationary and autolytic phase cultures. Considering

that carbon-starvation is an important signal triggering asexual sporulation in sub-

merged cultures of filamentous fungi [17], starvation-linked siderophore production

and incorporation into the biomass is reasonable. As shown by Horowitz et al. [7],

conidia of N. crassa are not able to take up siderophores during the first few hours

of germination, instead they mobilize their iron reserves, which were accumulated in

the form of ferri-siderophores during conidiogenesis [14].

The optimal aspartate concentration and initial pH were estimated by response

surface methodology. Glucose concentration, as a relevant third variable, was omit-

ted from the analysis since the optimal glucose concentration was likely above 40 g/l,

the highest concentration of this carbon source we could manage in shaken flasks.

The coded levels for initial pH and aspartate concentration as well as experimental

data for the two-factor-two-level response surface analysis are summarized in

Table 1. Three repeats were included at the center of the design, and the total num-

ber of the test runs was 11. Regression coefficients, their t values and determination

coefficient (R2) for the full second-order polynomial model of coprogen production

are presented in Table 2. The regression model for coprogen production was signifi-

cant (p < 0.01) with a satisfactory value of R2 (0.9307). The response surface sum-

marizing the effect of initial pH and aspartate concentration on coprogen production

had a maximum at initial pH 7.2 and 21 g/l starting aspartate concentration after 7 d

cultivation with a maximum coprogen production of 197.5 mg/l. The coprogen yield
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Table 1

Experimental data of the central composite and full-factorial design

Coded values

Trial pH (X1) Aspartate (X2; g/l) Coprogen (mg/l)

X1 X2

1 –1 –1 6 10 154

2 –1 1 6 50 38

3 1 –1 8 10 167

4 1 1 8 50 50

5 1.414 0 8.4 30 124

6 –1.414 0 5.6 30 68

7 0 1.414 7 58 46

8 0 –1.414 7 2 125

9 0 0 7 30 179

10 0 0 7 30 190

11 0 0 7 30 192

Coprogen production of N. crassa 74A was studied in a synthetic medium described by Huschka et al.

[9]. The initial glucose content of the medium was set to 40 g/l, and coprogen productions were mea-

sured at 7 d of cultivation.
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recorded under optimized culture conditions was 201 ± 11 mg/l (n = 5), which

matched well the predicted maximum. Under all experimental conditions tested

including the optimal-yield-medium the total concentrations of siderophores other

than coprogen never exceeded 10 mg/l in total with the predominance of dimerum

acid, a precursor and/or decomposition product of coprogen (data not shown; [6]).

These data are comparable to those obtained by Charlang et al. [2] with N. crassa,

Penicillium chrysogenum, Aspergillus nidulans. The optimized medium was used to

test coprogen production in a 2 l bioreactor. The best yields, 195 ± 11 mg/l (n = 5),

were achieved with 2 l/min aeration and 200 rpm stirring, meanwhile the pH was set

at 7.2. Efficient coprogen production was possible in media containing carbon and

nitrogen sources other than glucose and aspatate, however the parameters of optimal

conditions may change in these cases. We achieved promising results in shake flasks

with Arg (184 ± 15 mg/l; n = 3), Glu (171 ± 16 mg/l; n = 3), Orn (162 ± 16 mg/l;

n = 3) and water-soluble starch (151 ± 15 mg/l; n = 3). Coprogen yields recorded with

Ala, Gly, His, Leu, Lys, Met or Trp as N-sources or with lactose as a C-source were

considerably less likely due to the weak growing of the fungus and, therefore, are not

presented here.

L-Ornithine-N5-monooxygenase is the first enzyme in the biosynthetic pathway of

hydroxamate siderophores including coprogen [4]. The genome of N. crassa contains

only one L-ornithine-N5-monooxygenase gene (sid1, NCU07117.1), and the trans-

lated gene possessed high homology with the products of the putative orthologous

genes from Gibberella zeae (FG05371.1; OMO1; bit score: 614; expect thresholds:

5e-175, identities: 60%) and Magnaporthe grisea (MGG 04212; bit score: 559,

expect thresholds: 2e-158, identities: 55%), Chaetomium globosum (CHGG 09542;

bit score: 300; expect thresholds: 2e-80, identities: 52%). The identities with

Table 2

Regression of coefficients, t values, 

determination coefficient (R2) and F statistic of a full second-order

polynomial model for coprogen production

Terma Coefficient t value p value

b0 187.0 14.362 2.95 10–5

b1 13.0 1.628 0.1645

b2 –43.2 –5.397 0.00295

b11 –0.400 –0.035 0.97313

b12 –42.6 –4.49 0.00646

b22 –47.9 –5.05 0.00393

R2 = 0.9307

F ratio: 13.43 (DF = 5 and 5); p = 0.00636

a Y = b0 + b1X1 + b2X2 + b11X1
2 + b12X1X2 + b22X22 where Y is copro-

gen production (mg/l) and X1 and X2 are in coded factor spaces

(–1.414, 1.414).



aspergilli L-ornithine-N5-monooxygenases were also remarkably high, 50, 51, 51, 50

and 51% for the Aspergillus clavatus (sidA), A. nidulans (sidA), A. fumigatus (sidA),

A. oryzae (dffA) and Neosartorya fischeri (sid1) gene products, respectively. In order

to understand the effect of glucose, aspartate, pH as well as iron on coprogen pro-

duction the transcription of the sid1 gene of N. crassa was studied. The sid1 gene was

actively expressed in both growing and stationary growth phase cultures indepen-

dently to the presence of glucose. The transcription level of sid1 measured at 24 h,

48 h and 72 h were 18.7 ± 0.5, 18.2 ± 0.8 and 18.9 ± 0.8 cycles, respectively.

Meanwhile, the addition of surplus iron in the form of FeCl3 and acidification of cul-

ture media with HCl repressed sid1 transcription (Fig. 2). Importantly, the transcrip-

tion of sid1 was not affected by supplementation of culture media with aspartate

(Fig. 2). These data indicated that, similar to A. nidulans [4], the extracellular

siderophore production of N. crassa was responsive to changes in the Fe3+ concen-

tration and the pH of the culture media (which affect significantly the availability of

iron compounds), and these responses can be linked to changes in the transcription

of coprogen biosynthetic genes. Similar iron-dependent regulation was published

most recently for the putative Magnaporthe grisea L-ornithine N5-oxygenase gene

OMO1 with a 65-fold increase in expression in the absence of iron [5]. On the other

hand, the stimulation of coprogen yields by high glucose concentrations can be

explained not only with its effect of growth and biosynthetic processes but also with

the fast incorporation of biologically available iron into the biomass when the carbon
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Fig. 2. Effect of FeCl3 (�; Fe), acidification (�; pH) and aspartate (�; Asp) on the transcription of the

sid1 gene (Part A) and coprogen production (Part B). In Part A, symbols � stand for sid1 transcription

levels recorded in control cultures without any addition of surplus iron and aspartate and any acidifica-

tion. Culture media contained 40 g/l glucose as carbon source and 5 g/l aspartate as nitrogen source

meanwhile the starting pH was adjusted to 7.2. FeCl3 (0.1 mmol/l) and aspartate (22 g/l) supplementa-

tions as well as acidification with HCl (final pH 5.0) were all carried out at 72 h cultivation time.

Coprogen production was measured at 168 h. In Part A mean values calculated from three independent

experiments are presented, and S.D. values were always less than 12% of the means (not shown for clar-

ity). In Part B, mean ± S.D. values are shown, which were calculated from three independent experi-

ments. Statistically significant changes (P < 0.05; determined by Student’s t-test) are marked with

asterisks
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source is abundant. Aspartate seems to stimulate siderophore synthesis as a nitro-

gen/carbon source supporting growth and/or as a precursor of Orn, the first metabo-

lite in the biosynthetic pathway of hydroxamate-type siderophores [4] without – sim-

ilarly to glucose – triggering transcriptional changes.
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