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Abstract

Production of lovastatin and microbial biomass byAspergillus terreusATCC 20542 were influenced by the type of the carbon source
(lactose, glycerol, and fructose) and the nitrogen source (yeast extract, corn steep liquor, and soybean meal) used and the C:N mass ratio in
the medium. Use of a slowly metabolized carbon source (lactose) in combination with either soybean meal or yeast extract underN-limited
conditions gave the highest titers and specific productivity (∼0.1 mg g−1 h−1) of lovastatin. The maximum value of the lovastatin yield
coefficient on biomass was∼30 mg g−1 using the lactose/soybean meal and lactose/yeast extract media. The optimal initial C:N mass ratio
for attaining high productivity of lovastatin was∼40. The behavior of the fermentation was not affected by the method of inoculation
(fungal spores or hyphae) used, but the use of spores gave a more consistent inoculum in the different runs.
© 2003 Elsevier Inc. All rights reserved.
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1. Introduction

Lovastatin (C24H36O5, Mevinolin, Monacolin K, and
MevacorTM) is a potent drug for lowering blood choles-
terol. Lovastatin acts by competitively inhibiting the en-
zyme 3-hydroxy-3-methylglutaryl coenzyme A reductase
(HMG-CoA) [1,2] which catalyzes the rate limiting step
of cholesterol biosynthesis. Lovastatin is produced as a
secondary metabolite by the fungiPenicillium sp. [3],
Monascus ruber[4,5], andAspergillus terreus[1]. A. ter-
reus appears to be the most commonly used producer of
this drug[6–11]. Fermentation-derived lovastatin is also a
precursor for simvastatin, a powerful semi-synthetic statin
commercially available as ZocorTM. Simvastatin is obtained
via a selective enzymatic deacylation of lovastatin[12].

Lovastatin is generally produced by batch fermentation in
complex media.A. terreusfermentations are typically car-
ried out at∼28◦C and pHs 5.8–6.3[10]. The dissolved oxy-
gen level is controlled at≥40% of air saturation[10]. A
batch fermentation generally runs for<10 days. Fed-batch
fermentations ofA. terreushave been investigated for pro-
ducing lovastatin and are said to be superior to batch cultures
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[6,10]. At least in some cases, pelleted growth ofA. terreus
has yielded higher titers of lovastatin than obtained with fil-
amentous growth[10]. Uncontrolled filamentous growth oc-
curs when using rapidly metabolized substrates. The rapid
increase in viscosity accompanied by filamentous growth
greatly impedes oxygen transfer and this is said to explain
the low titers of lovastatin. Lovastatin productivity of wild
strains ofA. terreusis relatively low, but selected mutants
can produce lovastatin titers of≥2200 mg l−1 within 12 days
in fed-batch fermentations[10].

As with any fermentation product, the culture medium
has a significant influence on the yield of lovastatin and its
rate of production. Selection and composition optimization
of a suitable medium is therefore important for establishing
a process for producing lovastatin. Various statistical exper-
imental design strategies are widely used for optimizing fer-
mentation media[13]. Of the major culture nutrients, carbon
and nitrogen sources generally play a dominant role in fer-
mentation productivity because these nutrients are directly
linked with the formation of the biomass and the metabo-
lite. Also, the nature and concentration of the carbon source
can regulate secondary metabolism through phenomena such
as catabolic repression. Biosynthesis of lovastatin has been
found to depend on the carbon and nitrogen sources, but the
results have been inconsistent as the observed effects depend
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on strain used and culture conditions, that is, the composi-
tion and concentration of other culture medium components.
[8,9,11].

The present paper reports on the effects of the carbon and
nitrogen sources and the C:N mass ratio onA. terreusATCC
20542 fermentation for producing lovastatin. The influence
of the C:N ratio was evaluated over the range of 14:1 to
50:1. The lower value of the C:N ratio was selected to corre-
spond closely with the C:N ratio of theA. terreusbiomass.
The amount of carbon was then increased until nitrogen
became the growth limiting nutrient. The carbon sources
evaluated were glycerol, fructose and lactose. These com-
pounds contained 3, 6 and 12 mol of carbon, respectively,
per mole of the compound. The selected carbon sources are
considered not to cause catabolic repression as reported for
glucose[11]. The nitrogen sources used were yeast extract,
corn steep liquor (CSL) and soybean meal. These organic
nitrogen sources have been claimed to promote synthesis of
lovastatin[8,9,14].

2. Materials and methods

2.1. Microorganism and inoculation

The microfungus used was obtained from the Ameri-
can Type Culture Collection, asA. terreusATCC 20542.
The culture was maintained on petri dishes of PDA (potato
dextrose agar). After inoculation from the original slant,
the dishes were incubated at 28◦C for 5 days and subse-
quently stored at 5◦C. In separate experiments suspensions
of spores and the fungal hyphae were used to inoculate
the submerged fermentations. The culture media contained
(per liter): 10 g lactose, 8 g yeast extract, 1.51 g KH2PO4,
0.52 g MgSO4·7H2O, 0.40 g NaCl, 1 mg ZnSO4·H2O, 2 mg
Fe(NO3)3·9H2O, 0.04 mg biotin, and 1 ml trace element
solution. The trace element solution contained (for 1 l of
solution): 100 mg Na2B4O7·10H2O, 50 mg MnCl2·4H2O,
50 mg Na2MoO4·2H2O and 250 mg CuSO4·5H2O. The pH
of the medium was adjusted to 6.5 with NaOH (0.1N) before
sterilization.

The suspension of spores was obtained by washing the
petri dish cultures with a sterile aqueous solution of 2%
Tween® 20. The resulting suspension was centrifuged
(∼2800×g, 5 min) and the solids were resuspended in ster-
ile distilled water. The spores concentration was determined
spectrophotometrically at 360 nm.

Table 1
Media compositions used in determining the effects of C:N ratio

Initial lactose concentration (g l−1) CSL (g DW l−1) Initial C:N Added lactose (g l−1) Equivalent C:N

8 5.32 14.4:1 32 50.3:1
16 5.32 23.4:1 24 50.3:1
32 5.32 41.3:1 8 50.3:1

2.2. Culture conditions

All fermentations were carried out at 28◦C in replicated
shake flasks held on a rotary platform shaker (150 rpm).
Other details varied with the experimental run, as detailed
next.

2.2.1. C:N mass ratio
Cultures for establishing the effects of C:N ratio were

conducted in 250 ml shake flasks filled with 100 ml of the
medium. Lactose was the carbon source and nitrogen was
provided as CSL. The flasks were inoculated with 500�l of
a spore suspension which had been standardized to contain
2×108 spores ml−1. The initial spore concentration was high
enough not to affect the dimension of the biomass pellets
[15]. The culture lasted up to 10 days. The CSL used con-
tained 50% total solids, 6.7% nitrogen and 36.3% carbon,
on dry weight per volume basis.

Cultures commenced at a given initial lactose concentra-
tion and after 6 days of fermentation a further addition of lac-
tose was made. The culture continued for a total of 10 days.
The concentration of initial lactose, the subsequently added
lactose and the nitrogen source are indicated inTable 1. The
‘equivalent’ value of the C:N mass ratio was calculated us-
ing the total amount of lactose added (Table 1). In addition
to the components inTable 1, the media contained the fol-
lowing (per liter): 1 g KH2PO4, 1 g MgSO4·7H2O, 1 g NaCl,
and 1 ml trace element solution. The trace element solution
contained (for 1 l of solution): 100 mg Na2B4O7·10H2O,
50 mg MnCl2·4H2O, 50 mg Na2MoO4·2H2O, and 250 mg
CuSO4·5H2O. The pH of the medium was adjusted to 6.5
with NaOH (0.1N) before sterilization.

2.2.2. Carbon and nitrogen source screening
Cultures for screening the carbon and nitrogen sources

for effects on fermentation performance were conducted
in 100 ml shake flasks filled with 50 ml of the medium.
The flasks were inoculated with 500�l of a spore sus-
pension which had been standardized to contain about
2.26 × 108 spores ml−1. The flasks were held on a rotary
shaker and harvested on Days 3, 6 and 9 since inocu-
lation. Nine suboptimal media were used, as identified
in Table 2.

The media inTable 2 were additionally supplemented
with the following components (per liter of medium):
1.51 g KH2PO4, 0.52 g MgSO4·7H2O, 0.40 g NaCl, 2 mg
Fe(NO3)3·9H2O, 1 mg ZnSO4·H2O, 0.04 mg biotin and
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Table 2
Media compositions for screening of C- and N-sources

Experimental run C-source C-source
concentration (g l−1)

Medium
(g C l−1)

N-source N-source
concentration (g l−1)

Medium
(g N l−1)

C:N ratio

1 Lactose 20.00 8.524 Yeast extract 1.33 0.144 59.19
2 Lactose 20.00 9.663 Soybean meal 3.84 0.326 29.64
3 Lactose 20.00 8.966 CSL 2.66 0.178 50.31
4 Glycerol 20.44 8.524 Yeast extract 1.33 0.144 59.19
5 Glycerol 20.44 9.663 Soybean meal 3.84 0.326 29.64
6 Glycerol 20.44 8.966 CSL 2.66 0.178 50.31
7 Fructose 20.00 8.524 Yeast extract 1.33 0.144 59.19
8 Fructose 20.00 9.663 Soybean meal 3.84 0.326 29.64
9 Fructose 20.00 8.966 CSL 2.66 0.178 50.31

1 ml of the earlier specified trace element solution. The pH
was adjusted to 6.5 with NaOH before sterilization.

The C-sources (Table 2) did not contain any nitrogen.
The C-content (% by dry weight) of lactose, glycerol and
fructose were 39.96, 39.08 and 39.96, respectively. The C-
and N-content of CSL are noted in the previous section. The
other nitrogen sources had the composition listed inTable 3.

2.3. Analytical methods

2.3.1. Biomass
The biomass dry weight was determined by filtering a

known volume of the broth through a 0.45�m Millipore
cellulose filter and freeze drying the solids.

2.3.2. Lovastatin
Lovastatin was determined as its beta hydroxyacid, by

high performance liquid chromatography (HPLC) of the
biomass-free filtered broth[16]. Because the fungus secretes
lovastatin in the beta hydroxyacid form, the assay elimi-
nated the conversion step to the active lactone form of the
drug. Using the beta hydroxyacid permitted rapid analysis
because this form elutes earlier from a chromatography col-
umn than does the lactone form of lovastatin. Also, the beta
hydroxyacid is quite stable in solution. The filtered broth
containing the beta hydroxyacid form of lovastatin was di-
luted 10-fold with acetonitrile–water (1:1 by volume) prior
to analysis[17].

Pharmaceutical grade lovastatin (lactone form) tablets
(Nergadan® tablets; J. Uriach & Ćıa., S.A.) containing
40 mg lovastatin per tablet were used to prepare the stan-
dards for the HPLC analyses. Prior to use, the lactone form
of lovastatin was converted to the beta hydroxyacid form

Table 3
N- and C-content of yeast extract and soybean meal

Nitrogen source Nitrogen
(% of dry wt.)

Carbon
(% of dry wt.)

Yeast extract 10.80 39.36
Soybean meal 8.50 43.30

by dissolving the tablets in a mixture of 0.1N NaOH and
ethanol (1:1 by volume), heating at 50◦C for 20 min, and
neutralizing with HCl. The resulting standard stock solution
contained 400 mg lovastatin (beta hydroxyacid) per liter.
The solution was held at 5◦C until needed.

HPLC was performed on a Beckman Ultrasphere ODS
(250 mm× 4.6 mm i.d., 5�m) column. The column was
mounted in a Shimadzu model Lc10 liquid chromatograph
equipped with a Shimadzu MX-10Av diode array detector.
The eluent was a mixture of acetonitrile and 0.1% phos-
phoric acid (60:40 by volume). The eluent flow rate was
1.5 ml min−1. The detection wavelength was 238 nm. The
sample injection volume was 20�l.

2.3.3. Carbon in the culture medium
The total carbon in the biomass-free broth was determined

using an elemental analyzer (Leco CHNS-932).

3. Results and discussion

Fermentation profiles of submerged cultures inoculated
with suspensions of spores and hyphae are shown inFig. 1.
In view of the comparable results (Fig. 1) of the two meth-
ods of inoculation, subsequent fermentations used spore
suspensions for inoculation. Because the spore suspensions
could be easily quantified for spore concentrations, this
method assured a consistent and well-defined inoculum size
for the various experiments. The initial spore concentration
(2 × 108 spores ml−1) used was sufficiently high not to
influence the dimension of the biomass pellets (diameter
900–1100�m) [15].

For the three initial C:N values of 14.4, 23.4 and 41.3, the
quantity of nitrogen (i.e. CSL) in the medium was held con-
stant (Table 1) and the initial C-content were varied using
lactose. Nitrogen was the limiting nutrient in all cases. As
expected, all these cultures attained the same final biomass
concentration (7.0 ± 0.2 g l−1) after 10 days of fermenta-
tion. The lovastatin production profiles are shown inFig. 2.
Further lactose was added to cultures (seeTable 1) on Day
6 (144 h in Fig. 2) so that the final equivalent C:N ratio
was 50.3 in all cases. Addition of lactose barely affected the
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Fig. 1. Comparison of the biomass and lovastatin production profiles in fermentations inoculated with suspensions of spores and hyphae.

total biomass production (final total biomass between 6.8
and 7.2 g l−1 in all cases) because of nitrogen limitation;
however, the presence of excess carbon under nitrogen lim-
itation greatly enhanced the rate of production of lovastatin
(Fig. 2). The final lovastatin concentration was the highest
in the culture with an initial C:N value of 41.3 because more
carbon was channeled to producing lovastatin (C24H36O5)
which contains only carbon, hydrogen and oxygen. The lo-
vastatin production had not ceased at the time of termination
of fermentations. Clearly, the biomass produced at a rela-
tively high initial C:N ratio was better adapted to producing
lovastatin when supplemented with further carbon.

Production of lovastatin is generally associated with the
stationary phase of nitrogen-limited growth when excess car-
bon can be channeled into secondary metabolism. Lovas-

Fig. 2. Lovastatin production for various values of the initial C:N ratio.

tatin is synthesized via the polyketide pathway[18,19]. After
addition of lactose at 144 h of culture, a lovastatin specific
generation rate of 0.242 mg (g biomass)−1 h−1 was obtained
for the three C:N values tested.

In view of these results, lovastatin yield can be im-
proved when carbon is not limiting but growth has been
arrested by nitrogen limitation. These results are consis-
tent with the findings of Hajjaj et al.[11]. Relatively low
specific production of lovastatin (e.g. 0.034 mg g−1 h−1)
has been reported[11] in cultures growing at high specific
growth rate (e.g. 0.070 h−1) while a higher productivity
(e.g. 0.093 mg g−1 h−1) is found for lower growth rates (e.g.
0.052 h−1). Apparently, starvation (i.e. no growth because
of insufficiency of an essential nutrient) conditions tend to
favor the production of lovastatin.
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Fig. 3. Lovastatin (a), biomass (b) and residual carbon (c) concentrations profiles for culture on various carbon sources with yeast extract providing the
nitrogen.

A second set of experiments examined the effects of
various types of nitrogen and carbon sources on the pro-
duction of lovastatin and biomass. In all cases, nitrogen
was provided in growth limiting amounts as yeast extract,
CSL or soybean meal. (Nitrogen limitation assured that the
biomass concentration remained controlled at≤15 g l−1,
so that agitation and oxygen transfer were not impaired
excessively.) The C-sources were lactose, glycerol and
fructose. Figs. 3–5 show the time profiles of lovastatin
synthesis, biomass production, and residual carbon for
cultures carried out with yeast extract, CSL and soybean
meal N-sources, respectively. A comparison of the figures
(Figs. 3–5) shows that irrespective of the N-source, using
fructose as the carbon source gave the highest biomass con-

centration after 72 h of culture. Growth was much slower
when lactose was the C-source. This is reflected in the final
biomass yield coefficient (YX/N) values on nitrogen, given in
Table 4.

Table 4
Biomass yield on nitrogen (YX/N, g biomass g−1 nitrogen) for various
combinations of carbon and nitrogen sources

Carbon source Nitrogen source (biomass
yield on nitrogen (g g−1))

Yeast extract CSL Soybean meal

Lactose 23.014 20.270 25.135
Fructose 35.090 29.539 24.690
Glycerol 31.917 25.635 25.503
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Fig. 4. Lovastatin (a), biomass (b) and residual carbon (c) concentrations profiles for culture on various carbon sources with CSL providing the nitrogen.

The data on residual carbon concentration (Figs. 3–5c)
confirmed a faster consumption of fructose than lactose for
all the N-sources tested. The final attainable biomass con-
centration for a given N-source depended on the C-source
used (Figs. 3–5b). In comparison with the other N-sources,
the relatively high final biomass concentration attained with
soybean meal (Fig. 5b) was because of a high initial con-
centration of nitrogen (326 mg N l−1, Table 2).

Concerning lovastatin, generally, the carbon source that
yielded the highest concentration of biomass in N-limited
growth also yielded high titers of lovastatin (Figs. 3a
and 4a). Using soybean meal as the N-source, the final con-
centration of the biomass were quite similar for the three
C-sources (Fig. 5b). However, the C-sources that produced
slowest growth (i.e. lactose) yielded the highest final titer

of lovastatin (Fig. 5a). This suggests that the effect of N-
and C-sources are interdependent and the specific type of
the nutrient source is a relevant consideration. The combi-
nations of lactose and yeast extract (Fig. 3) and lactose and
soybean meal (Fig. 5) gave about the same specific produc-
tivity of lovastatin, at∼0.1 mg g−1 h−1. The cultures with
yeast extract, CSL, and soybean meal began with C:N ratios
of 60, 50 and 30, respectively. Thus, in the stationary phase,
the soybean meal medium (Fig. 5c) had the least concen-
tration of excess (residual) carbon when compared with the
cultures grown on yeast extract (Fig. 3c) and CSL (Fig. 4c).

As shown in Table 4, the biomass yield on nitrogen
(YX/N) depended both on the N- and the C-source. Use of
yeast extract as the N-source generally gave comparatively
high values ofYX/N, irrespective of the C-source used.
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Fig. 5. Lovastatin (a), biomass (b) and residual carbon (c) concentrations profiles for culture on various carbon sources with soybean meal providingthe
nitrogen.

However, for the combinations of C- and N-sources ex-
amined, the range ofYX/N values was relatively narrow
(Table 4, YX/N = 20.3–35.1) compared to the range for
the lovastatin yield coefficient (YL/X) on biomass (Table 5,

Table 5
Lovastatin yield coefficient on biomass (YL/X, mg lovastatin g−1 biomass)
for various combinations of carbon and nitrogen sources

Carbon source Nitrogen source (lovastatin
yield on biomass (mg g−1))

Yeast extract CSL Soybean meal

Lactose 29.196 22.657 30.419
Fructose 25.467 20.079 12.654
Glycerol 21.802 18.032 11.456

YL/X = 11.5–30.4 mg g−1). Clearly, selecting an appropri-
ate combination of C- and N-sources was more influential
on lovastatin yield than on the biomass yield.

4. Concluding remarks

The biomass and lovastatin production performance of
A. terreuscultures does not depend on whether hyphae or
spores are used for inoculation. Media compositions for
attaining high biomass and lovastatin production withA.
terreusare distinctly different. A high productivity and final
yield of lovastatin are generally obtained using a slowly
metabolized carbon source under conditions of nitrogen
limitation. The type of the nitrogen source used affects
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the productivity of lovastatin. Yeast extract and soybean
meal are the preferred nitrogen sources when compared to
CSL. Apparently, the metabolic pathways for the synthesis
of lovastatin from carbon are much slower than the path-
ways that convert carbon to biomass. Therefore, nitrogen
limitation (i.e. growth suppression) helps with synthesis of
lovastatin by diverting more carbon to its synthesis.
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