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Abstract: The fungus Aspergillus (A.) terreus has dominated the biological production of the
“blockbuster” drugs known as statins. The statins are a class of drugs that inhibit HMG-CoA reductase
and lead to lower cholesterol production. The statins were initially discovered in fungi and for many
years fungi were the sole source for the statins. At present, novel chemically synthesised statins are
produced as inspired by the naturally occurring statin molecules. The isolation of the natural statins,
compactin, mevastatin and lovastatin from A. terreus represents one of the great achievements of
industrial microbiology. Here we review the discovery of statins, along with strategies that have
been applied to scale up their production by A. terreus strains. The strategies encompass many
of the techniques available in industrial microbiology and include the optimization of media and
fermentation conditions, the improvement of strains through classical mutagenesis, induced genetic
manipulation and the use of statistical design.
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1. Introduction

Statins are polyketide compounds that are produced by some fungi during their secondary
metabolism [1]. The statins act as competitive inhibitors, specifically inhibiting HMG-CoA reductase,
a rate limiting step of cholesterol biosynthesis. Statins block the conversion of HMG-CoA to mevalonic
acid in the mevalonate pathway [1-3]. In this metabolic pathway, mevalonate is converted into a
number of hydrophobic molecules, sterol isoprenoids and nonsterol isoprenoids [4]. The statins reduce
total cholesterol level in serum, especially the low-density lipoprotein levels and are therefore used to
treat hypercholesterolemia [5,6].

The statins are the largest selling class of drugs throughout the world. Sales for statins in 2005
were $25 billion [6,7]. In addition to the ability to reduce the risk of cardiovascular morbidity and
mortality, statins can also prevent and reduce the development of peripheral vascular disease [8].
Statins not only reduce the LDL-cholesterol levels but also protect against atherosclerotic plaque
growth via their antithrombotic and anti-inflammatory effects [9-11]. Statins may further be used in
cases of hypertension, osteoporotic fractures, ventricular arrhythmia and prevention of Alzheimer’s
disease and Parkinson’s disease [12-15].

2. Discovery of Statins

The Japanese microbiologist Dr. Akira Endo pioneered the discovery of statins from the filamentous
fungi Penicillium (P.) citrinum and later from A. terreus in the 1970s. Among the statins, mevastatin was
the first to be investigated as a fungal secondary metabolite, later followed by lovastatin (monacolin K
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or mevinolin) [16,17]. In 1976, Sankyo and Merck & Co commenced collaborative research on
statins. Lovastatin was the first statin approved by United States Food and Drug Administration
as a hypercholesterolemic drug in August 1987 [18,19]. Many fungi such as Monascus (M.) ruber [20],
M. purpureus [21,22], M. pilosus, A. terreus [23,24], A. flavipes [25], A. fischeri, A. flavus, A. umbrosus,
A. parasiticus, Accremonium chrysogenum, P. funiculosum, Trichoderma (T.) viridae and T. longibrachiatum [26]
have been reported to produce lovastatin. Lovastatin is the statin of overwhelming interest because it
can be produced naturally and its levels can be scaled up using cheap raw materials, reducing the cost
of its production in comparison to chemically synthesized statins. According to data from IMS Health,
over 10 billion tablets have been distributed and more than 100 million prescriptions have been written
worldwide for lovastatin during the years 1988 to 2003. Lovastatin has been marketed for over 20 years
with more than 27 million patient-years of therapy [27].

Statins are divided into three different classes depending upon whether their synthesis is natural,
semi-synthetic or totally synthetic [19]. Natural statins are produced by direct fermentation of fungi
and include lovastatin and pravastatin. Semisynthetic statins include simvastatin that is produced by
direct alkylation of lovastatin. The methylbutyrate side chain is converted into a dimethylbutyrate
moiety [5,28]. Synthetic statins are different in structure from natural statins, but there is similarity
to natural statins in the HMG CoA-like inhibitory moiety. Chemically synthesized statins include
atorvastatin, rosuvastatin, fluvastatin and cerivastatin [2,19].

Lovastatin and simvastatin are inactive until the uppermost ring is opened by liver enzymes,
or by treatment with ethanolic NaOH. Atorvastatin, on the other hand, is produced in active form,
with the ring opened (see Figure 1 for examples of the structure of statins). Activated statins have
been shown to inhibit the growth of numerous fungi, including Saccharomyces cerevisiae, Candida spp.,
Aspergillus spp. and Cryptococcus spp. through inhibition of HMG-CoA reductase which depletes
ergosterol [29-33]. Ergosterol is the fungal equivalent of cholesterol. Both ergosterol and cholesterol
are essential for cell viability and preservation of membrane fluidity and both are products of a very
similar pathway.
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Figure 1. Structure of a natural, semi-synthetic and totally synthetic statin.

Statins have potential as antifungals; however, they are unlikely to compete with azoles and
drugs that can efficiently and selectively target ergosterol and its biosynthesis in invasive fungal
infections. The maximum plasma concentration of the drug is 10-40 ng/mL that can be achieved in
clinical trials [34]. Several studies reported the higher MIC values of statins against fungal species
ranging from 4 pug/mL to a value greater than 256 ug/mL. The MIC values for the growth inhibition
of A. fumigatus was found to be 58 ug/mL (10 uM) and 0.4 pg/mL (1 pM) in case of atorvastatin
and simvastatin, respectively [32]. Lovastatin and simvastatin have the ability to inhibit growth of
Aspergillus spp. but at concentrations which are toxic to human cells [30,35]. At clinically achievable
concentrations, the statins show no effect on the in vitro activities of azoles and amphotericin B against
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the Aspergillus spp. [30]. The antifungal activity of fluconazole was studied in combination with
lovastatin against Candida (C.) albicans. Higher values of MICs were observed with lovastatin in
comparison to fluconazole. However, the MIC for fluconazole further decreased when amount of
lovastatin was increased in synergy against C. albicans [36]. Synergistic antifungal effects of statins and
azoles were studied against Saccharomyces cerevisine ATCC 32051 and C. utilis Pri_p. Statins increased
the activity of azoles at their sub-inhibitory concentrations (SICs) against the yeast strains. Thus the
co-administration of these antifungals can increase the potency and reduce the required doses of azoles
for fungal treatments, especially in cases of refractory infections [37].

It is also noteworthy that ring-opened forms of lovastatin and simvastatin inhibit the growth
of A. terreus [30], though the production of lovastatin does not pose a problem to A. terreus since
it is released outside the cell as the active beta hydroxyl form, possibly as a defense mechanism
during a secondary metabolism [38]. Bioassays have been performed for the qualitative screening of
lovastatin producers. As lovastatin has the ability to act as an antifungal agent, yeast growth inhibition
bioassays [39] and agar well diffusion bioassays using Neurospora crassa MTCC-790 as a test strain have
been studied [40]. Crude extracts from fungal isolates are loaded into the agar wells and ethyl acetate
is used as a control. Strains showing a clear zone of inhibition are selected [39,40].

The active form of lovastatin is converted into the inactive lactone form by the solvent extraction of
fermentation media which is less lipophilic compared to the hydroxyl form [41,42]. Lovastatin also has
the ability to transform further into methyl ester if methanol is used as a solvent [43,44]. That creates a
problem in screening for a high level production since bioassays become more complicated due to the
existence of different chemical forms. Thus, there is reliance upon more laborious chemical screening
to determine levels of lovastatin in cultures, extracts and fractions [39,45].

3. Exploitation of A. terreus for Statin Production

Filamentous fungi have the ability to produce secondary metabolites with complex chemical
structures. The discovery of new bioactive secondary metabolites and their upscale production is
always an aim of both pharmaceutical and agrochemical industries. Fungi are well-established sources
for such substances and are exploited to produce a large number of valuable compounds.

A. terreus is a filamentous ascomycota, a soil fungus that was originally discovered as a potent
producer of lovastatin in 1979. This is the only fungal isolate that has been utilized and commercialized
to produce lovastatin [46,47]. Biosynthesis of lovastatin depends not only on composition of culture
media like carbon and nitrogen sources, but also on the strain used and culture conditions [48].

Lovastatin production by A. terreus can be increased significantly by controlling the culture
conditions. Lovastatin production by A. terreus is favored by sub-optimal growth conditions [49].
There are also several other environmental factors that influence the production of lovastatin, such as
agitation, temperature, pH and moisture content. Agitation interacts with the culturing environments,
which in turn affects product formation [45,50,51]. More agitation results in the decrease of dissolved
oxygen and increases the shear stress during shake flask fermentation. Low supplementation of
dissolved O, (DO) inhibit the product formation [49,51]. An optimum size of inoculum can increase
the levels of lovastatin. Large- and small-sized inocula have been reported to reduce the levels of
lovastatin [52]. Different sizes of inocula with spore counts ranging from 107 to 108 spores/mL were
studied. A spore count of 5 x 107 spores/mL was found to be optimum for the maximum production
of lovastatin. Low and high levels of spore count decreased the lovastatin production. A further
increase in inoculum size did not increase the amount of lovastatin [52]. High moisture content also
decreases the level of lovastatin production due to decreased oxygen availability caused by excessive
replacement of air by water, while low levels of moisture content result in failure to reduce metabolic
heat during the fermentation process [53]. Optimisation of the pH can positively affect the production
of lovastatin during fermentation. The levels of lovastatin were increased at pH range of 7-8.5 but
a further increase in pH reduced the productivity [54-56]. Last but not the least, temperature is
considered as the most important factor influencing the productivity involving the activation and
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induction of the enzyme required for lovastatin biosynthesis [49]. Different temperatures ranging from
25 to 30 °C were studied. The maximum production of lovastatin was achieved at 30 °C which was
found to be the optimum temperature [54]. Cultivation at optimum temperature results in high yields
of lovastatin [54,57,58].

3.1. Effect of Nutrients on Production of Statins

A. terreus has been reported to produce lovastatin in submerged (SmF) batch and fed-batch
fermentation along with the solid state fermentation (SSF). A summary of yields and conditions for
production of statins in SSF and SmF are shown in Tables 1 and 2 respectively.

Table 1. Solid state fermentation (SSF) of A. terreus species using raw substrates.

A. terreus Strain Solid Substrate Yield References
MTCC 279 Green peas, Millet, Ragi 389.34 mg/gds [59]
ATCC 74135 Rice straw 0.261 mg/g [60]
4 Wheat bran 9.7mg/g [61]
20 Oat bran 9.5mg/g [61]
PM3 Wheat bran 125 mg/g [62]
UV 1718 Wheat bran 3.723mg/g [52]
* Lactose, Soybean meal 1995 mg/g [63]
ATCC 20542 Rice powder, Glucose 29mg/g [64]

gds, g of dry support; * name not given.

Table 2. Carbon and nitrogen sources in submerged fermentation (SmF) of A. terreus species.

A. terreus Strain Carbon Source Nitrogen Source Yield (mg/L) References
ATCC 20542 Lactose, Glycerol Yeast extract 161.8 [46]
Z15-7 Glycerol Corn meal, Sodium nitrate 916.7 [57]
MUCL 38669 Lactose, Glucose Peptonized milk, Yeast extract 212.5 [65]
LA414 Soluble starch Yeast extract 952.7 [66]
LA414 Soluble starch Sodium glutamate 523.9 [67]
LA414 Glycerol Yeast extract 937.5 [68]
ATCC 20542 Lactose Soybean meal 140 [69]
NRRL 255 Glucose, malt extract Milk powder, Soybean meal 920 [50]
ATCC 20542 Lactose Soybean meal 186.5 [23]
ATCC 20542 Lactose Soybean meal 80 [70]
ATCC 20542 Lactose Soybean meal 250 [51]
GD13 Lactose Soybean meal 1242 [71]
* Glucose Soybean meal 110.78 [59]
ATCC 20542 Lactose Yeast extract 83.8 [55]
* Dextrose Soy flour 100 [72]
20 Lactose Yeast extract 120 [73]
ATCC 20542 Crude glycerol Yeast extract 300 [74]

* Name not given.

Gulyamova et al. (2013) [36] reported the production of lovastatin by two strains of
Aspergillus terreus: A. terreus 4 and A. terreus 20. In both SmF and SSF, five different carbon sources
were tested, with the highest yields of lovastatin obtained using lactose as a carbon source. Wheat
bran and oat bran were optimised to be the best solid substrate for SSF [61].

Carbon and nitrogen both affect the production of lovastatin from A. ferreus. According to several
studies it has been suggested that high yields can be achieved if nitrogen is the limiting factor. A. terreus
has the ability to metabolize different kinds of organic and inorganic-defined nitrogen sources. Among
them glutamate- and histidine-supplemented media have been reported to enable increased lovastatin
production [24,48]. A. terreus ATCC 20542 was used for the biosynthesis of lovastatin in optimised
culture conditions in SmF, resulting in a three-fold increase in lovastatin levels [47]. A. terreus DRCC 122
was used for the production of lovastatin in batch and fed-batch fermentations using corn steep liquor
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and maltodextrin as nitrogen and carbon sources, respectively, increasing the levels of lovastatin [75].
Fermentation of A. terreus MIM Al and A2 strains on soybean flour and glycerol has been reported to
produce lovastatin, mevastatin, pravastatin and monacolin J. 83% of lovastatin was associated with the
mycelium and 17% was free in the culture filtrate [76].

A. terreus has also been reported to accumulate simvastatin, derived from lovastatin, as a final
product of fermentation [77]. Gulyamova et al. (2014) described the composition of statins produced by
indigenous strain of A. terreus 20 in SmF. Statins were extracted from the biomass with acetonitrile after
centrifugation and samples were dried for analysis by LC-MS-MS. Lovastatin was detected in lactone,
acidic and methyl ester forms. In addition to lovastatin, monacolin L, simvastatin and pravastatin
were also detected [77].

Nutritional parameters for increased yields of simvastatin by A. terreus have also been reported.
An increase of the carbon/nitrogen ratio led to an elevated simvastatin titre in chemically defined
media [73]. This agrees with the nitrogen limitation results described above.

3.2. Feedback Inhibition Regulation Strategy

Product inhibition as a result of fermentation is a key element to be kept in mind during industrial
scale production. The biosynthesis of lovastatin by A. terreus involves feedback inhibition. Suppressing
this mechanism can greatly enhance the production of lovastatin in fermentation media; however, the
exact process is still unknown [47,66,70].

3.3. Effect of Other Additives

Secondary metabolism is usually triggered when primary metabolism is inhibited. Various
additives have been placed into culture to improve production of lovastatin. The effects of these
additives on lovastatin yields are summarised in Table 3.

Table 3. Effect of various additives on statin production by various A. terreus strains.

A. terreus Strain Additive (Concentration) Yield (mg/L) Reference
ATCC 20542 Polyketide Antibiotics (50 mg/L) 952.7 [66]
ATCC 20542 Itaconic acid (0.5 g/L) 953.3 [47]

PM3 CMC (1%) 240 [62]
MUCL 38669 Linoleic acid (320 uM) 212.5 [65]
MUCL 38669 Butyrolactone I (100 nM) 3100 [78]
ATCC 20542 B-group vitamins (0.5-5 mg/L) Unknown [79]
ATCC 20542 Divalent metal cations (5 mM) 524 [67]

The biosynthesis of lovastatin by A. terreus is always accompanied by the production of various
kinds of intermediate metabolites, especially acids such as itaconic acid, citric acid, pyruvic acid and
acetic acid. These acids can easily accumulate in the media and reduce the pH and thereby decrease the
amount of lovastatin produced. Low pH affects the formation of enzymes required for the synthesis of
lovastatin, so to overcome this effect different kinds of additives have been used [47,80].

Addition of different kinds of polyketide antibiotics resulted in increased production of lovastatin
by inhibiting intermediary compounds [66]. Lovastatin production was further increased by 9.2%
if 0.5 g/L itaconic acid was added to fermentation medium of A. terreus ATCC 20542, resulting in
feedback inhibition of undesired metabolites [47].

Patil et al. (2011) reported the effect of carboxy methyl cellulose (CMC) on production of lovastatin
by A. terreus PM3. The presence of CMC restricted the filamentous growth and resulted in pellet
formation, stimulating lovastatin production [62]. The impact of exogenous cell signalling molecules
has also been studied. The production of lovastatin was increased 1.8-fold upon addition of linoleic
acid, the precursor of oxylipin, from A. terreus during batch fermentation. Oxylipins are linoleic
acid-derived quorum sensing signalling molecules [65]. In recent studies butyrolactone I was added in
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the bioreactor, resulting in a 2.5-fold increase in both lovastatin and its own production. Butyrolactone
Iis also a quorum-sensing molecule in A. terreus. The study suggested that butyrolactone I is a growth
phase-specific inducer for the lovastatin and an auto-stimulator on its own production [78]. The effect
of B-group vitamins on the biosynthesis of lovastatin by A. terreus ATCC 20542 was also reported.
Supplementation of fermentation media with nicotinamide, pyridoxine and calcium D-pantothenate,
separately and in mixtures increased the volumetric and specific production of lovastatin [79]. Metal
ions, including Zn%*, Fe?t, Mg2+' Ca?*, Cu?* and Mn?* can also alter the cell biochemistry if their
concentrations are too high or too low. They can affect cell growth and metabolite production. Among
the metal ions, Zn?* and Fe?* at concentration of 5 mM enabled the highest production of lovastatin,
523.9 + 14.9 mg/L and 406.0 + 7.8 mg/L respectively [67].

3.4. Mutagenesis for Strain Improvement

Wild-type A. terreus strains isolated from natural environments usually produce very low levels
of statins. Various kinds of strain improvement techniques have been applied to achieve high titres of
statins. Strain improvement not only increase the yields of desired metabolites but also removes the
unwanted co-metabolites, improves downstream processing by the alteration cellular morphology
facilitating the oxygen transfer and improving the utilization of raw sources of carbon and nitrogen [81].

Most of the methods used for the hyper-production of statins in A. terreus species include:

e  Chemical mutagenesis, involving use of mutagenic chemicals such as ethyl methanesulfonate
(EMS) and N-methyl-N"-nitro-N-nitrosoguanidine (NTG) [45,82,83] and

e  Physical mutagenesis, involving the use of radiation such as high radiation heavy ion beams and
ultraviolet radiation [57,71].

The improved yields following mutagenesis are listed in Table 4.

Table 4. Improved statin production through chemical and physical mutagenesis of A. terreus.

A. terreus Strain Mode of Mutation i}::’s;z;gz;n Y:enllgr((r)r‘:;/c}“) Fold Increase References
GD 13 uv EM 10 1424 7.5x% [71]
20452 EMS E354 60.3 4x [82]

NRRL 265 uv Uv-4 977.1 3.5x [84]
MTCC 10831 UV + EMS SPUV002 663 1.8x [83]
ATCC 20452 uv LA414 883.2 3x [85]

CA99 Heavy-ion beams Z15-7 916.7 4x [57]
AH6 uv CB4 58 1.16x [86]
20451 EMS+UV+NTG DRCC 122 2200 1.73x% [75]
DRCC 86 EMS+UV LS-3031 40 1.38x [45]

3.5. Systems Biology and Application of A. terreus Genome Knowledge

Genomic studies on Aspergillus spp. reveal that A. terreus is unique in possessing gene clusters
involved in the biosynthesis of lovastatin [87,88]. The pathway for lovastatin biosynthesis, shown in
Figure 2, involves the joining of two polyketides by a polyketide synthase system (PKS). This PKS
further comprises two domains, the lovastatin nonaketide synthase (LNKS) and lovastatin diketide
synthase (LDKS) [89-92].
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Figure 2. Pathway leading to lovastatin biosynthesis.

Systems biology approaches have allowed A. terreus MF22 to be genetically engineered to achieve
a nine-fold increase in lovastatin levels in fermentation broth [93]. Transcriptional profiles were
generated after the construction of genomic fragment microarrays from genome of respective strain.
Metabolite identification and profiling were done using HPLC-electrospray MS, quadrupole-time of
flight MS (TOF-MS) and NMR [93]. We consider that efforts involving systems biology have been very
few to date and that further genetic engineering could be performed to further increase the levels of
statin production.

3.6. Statistical Designing

Different kinds of statistical design models have been applied for the efficient and economic
production of statins by A. terreus. These designs are used as tools to select the key factors from a
multivariable system. Optimization of different parameters in a fermentation system leads to enhanced
production of desired compounds minimizing the error in that system. A one-factor-at-a-time (OFAT)
approach has been considered to be a conventional and time-consuming technique for optimization of
culture media [94,95]. Most of the methods that have been used so far include:

e  Response surface methodology (RSM)
e  Central composite design (CCD)

e  Box—Behnken design (BBD)

e  Plackett—Burman (PB)

e Taguchi design

A summary of yields after applying new methods based on models are outlined in Table 5.
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Table 5. Statistical approaches for media optimisation for production of statins by A. ferreus.

A. terreus Strain Statistical Models Statins Yield Reference
ATCC 20542 BBD Lovastatin 186.5mg/L [23]
Strain not given PB, CCD Mevastatin 170.4 mg/L [59]
ATCC 20542 PB, FD, RSM Lovastatin 100 mg/L [96]
MTCC 279 CCD Compactin 389 mg/gds [97]
MTCC 279 CCD Lovastatin 1467 mg/gds [97]
JX081272 Taguchi Design Lovastatin 255 mg/L [98]
UV 1718 RSM, CCD Lovastatin 372mg/g [52]

RSM: Response surface methodology; CCD: Central composite design; BBD: Box—Behnken design;
PB: Plackett-Burman; FD: factorial design; gds, g of dry support.

Response surface methodology includes the set of mathematical and statistical calculations useful
for experimental designing of factors required for desirable responses and optimum conditions with
the least experimental trials [95,99,100]. Central composite design results in gathering a large amount
of information with a very limited number of experimental trials [72]. Box—Behnken design is an
optimization tool for the calculation of responses at intermediate levels of an experiment [101]. Yields
of the statins can be increased by inoculating older spores. Spore age was determined using modified
Box-Behnken design. The final yields of statins increased to 52% [23]. Goswami et al. (2013) used
Taguchi design for the optimization of media during production of lovastatin by A. terreus JX081272.
Signal-to-noise ratio was used to determine the optimum levels and interaction effects [98]. Syed and
Rajasimman (2015) reported the enhanced production of mevastatin by applying Plackett-Burman
and central composite design [59]. Improved production of lovastatin was observed with an increase
of 2.6-fold under optimum conditions as compared to the media before statistical optimization [52].
Three substrates, green peas, millet and ragi, were used in mixed SSF to produce statins in A. terreus
MTCC 279. Various combinations of these substrates were designed by applying central composite
design (CCD). Mixed substrates gave an 8.10-fold increase in compactin production in comparison to
single substrate fermentation [97].

Statistical designing is an efficient approach that can significantly reduce experimental efforts that
are not only required for optimisation studies but also includes scale-up and product development
studies [102,103]. It also helps in confirmation of output response with least variability in comparison
to conventional methods that are error prone and time consuming. The only drawback regarding the
statistical approach includes lack of its knowledge and expertise among biologists and chemists to apply
it in a multivariable natural system to achieve high levels with limited number of experimental trials.

4. Conclusions

The microbial production of statins has provided an excellent therapy for hypercholesterolemia
and led to the synthesis of novel statins by chemical synthesis. The use of A. terreus to achieve these
outcomes is an excellent example of the exploitation of a microbe for useful purposes. Employing
different kinds of optimization techniques and hyperproducers not only increase the yields but also
results in economic production of these compounds.
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SSF solid state fermentation
CMC carboxymethylcellulose
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LDL
EMS
NTG

low density lipoprotein
ethyl methanesulfonate
N-Methyl-N’-nitro-N-nitrosoguanidine

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Endo, A. The origin of the statins. Int. Congress Ser. 2004, 1262, 3-8. [CrossRef]

Istvan, E. Statin inhibition of HMG-CoA reductase: A 3-dimensional view. Atheroscler. Suppl. 2003, 4, 3-8.
[CrossRef]

Bizukojc, M.; Ledakowicz, S. A macrokinetic modelling of the biosynthesis of lovastatin by Aspergillus terreus.
J. Biotechnol. 2007, 130, 422-435. [CrossRef] [PubMed]

Goldstein, J.L.; Brown, M.S. Regulation of the mevalonate pathway. Nature 1990, 343, 425-430. [CrossRef]
[PubMed]

Seenivasan, A.; Subhagar, S.; Aravindan, R.; Viruthagiri, T. Microbial production and biomedical applications
of lovastatin. Indian . Pharm. Sci. 2008, 70, 701-709. [PubMed]

Endo, A. A historical perspective on the discovery of statins. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 2010, 86,
484-493. [CrossRef] [PubMed]

Taylor, F.C.; Huffman, M.; Ebrahim, S. Statin therapy for primary prevention of cardiovascular disease.
JAMA 2013, 310, 2451-2452. [CrossRef] [PubMed]

Maron, D.J.; Lu, G.P,; Cai, N.S.; Wu, Z.G.; Li, YH.; Chen, H.; Zhu, J.Q.; Jin, X.J.; Wouters, B.C.; Zhao, ]J.
Cholesterol-lowering effect of a theaflavin-enriched green tea extract: A randomized controlled trial.
Arch. Intern. Med. 2003, 163, 1448-1453. [CrossRef] [PubMed]

Fenton, ].W.,, II; Shen, G.X. Statins as cellular antithrombotics. Pathophysiol. Haemost. Thromb. 1999, 29,
166-169. [CrossRef]

Rosenson, R.S.; Tangney, C.C. Antiatherothrombotic properties of statins: Implications for cardiovascular
event reduction. JAMA 1998, 279, 1643-1650. [CrossRef] [PubMed]

Vaughan, C.J.; Gotto, A.M.,, Jr.; Basson, C.T. The evolving role of statins in the management of atherosclerosis.
J. Am. College Cardiol. 2000, 35, 1-10. [CrossRef]

Chong, PH.; Seeger, ].D.; Franklin, C. Clinically relevant differences between the statins: Implications for
therapeutic selection. Am. . Med. 2001, 111, 390-400. [CrossRef]

De Sutter, J.; Tavernier, R.; De Buyzere, M.; Jordaens, L.; De Backer, G. Lipid lowering drugs and recurrences
of life-threatening ventricular arrhythmias in high-risk patients. J. Am. College Cardiol. 2000, 36, 766-772.
[CrossRef]

Meier, C.R.; Schlienger, R.G.; Kraenzlin, M.E.; Schlegel, B.; Jick, H. HMG-CoA reductase inhibitors and the
risk of fractures. JAMA 2000, 283, 3205-3210. [CrossRef] [PubMed]

Glorioso, N.; Troffa, C.; Filigheddu, F,; Dettori, F.; Soro, A.; Parpaglia, P.P; Collatina, S.; Pahor, M. Effect of
the HMG-CoA reductase inhibitors on blood pressure in patients with essential hypertension and primary
hypercholesterolemia. Hypertension 1999, 34, 1281-1286. [CrossRef] [PubMed]

Stossel, T.P. The discovery of statins. Cell 2008, 134, 903-905. [CrossRef] [PubMed]

Endo, A.; Kuroda, M.; Tsujita, Y. ML-236A, ML-236B, and ML-236C, new inhibitors of cholesterogensis
produced by Penicillium citrinum. |. Antibiot. 1976, 29, 1346-1348. [CrossRef] [PubMed]

Tobert, ].A. Lovastatin and beyond: The history of the HMG-CoA reductase inhibitors. Nat. Rev. Drug Discov.
2003, 2, 517-526. [CrossRef] [PubMed]

Manzoni, M.; Rollini, M. Biosynthesis and biotechnological production of statins by filamentous fungi and
application of these cholesterol-lowering drugs. Appl. Microbiol. Biotechnol. 2002, 58, 555-564. [PubMed]
Endo, A. Monacloin K, a new hypochlesterolemic agent produced by a monascus species. ]. Antibiot. 1979,
32, 853-854. [CrossRef]

Sayyad, S.A.; Panda, B.P; Javed, S.; Ali, M. Optimization of nutrient parameters for lovastatin production
by Monascus purpureus MTCC 369 under submerged fermentation using response surface methodology.
Appl. Microbiol. Biotechnol. 2006, 73, 1054-1058. [CrossRef] [PubMed]

Wang, J.-].; Lee, C.-L.; Pan, T.-M. Improvement of monacolin K, y-aminobutyric acid and citrinin production
ratio as a function of environmental conditions of Monascus purpureus NTU 601. J. Ind. Microbiol. Biotechnol.
2003, 30, 669-676. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.ics.2003.12.099
http://dx.doi.org/10.1016/S1567-5688(03)00003-5
http://dx.doi.org/10.1016/j.jbiotec.2007.05.007
http://www.ncbi.nlm.nih.gov/pubmed/17602773
http://dx.doi.org/10.1038/343425a0
http://www.ncbi.nlm.nih.gov/pubmed/1967820
http://www.ncbi.nlm.nih.gov/pubmed/21369428
http://dx.doi.org/10.2183/pjab.86.484
http://www.ncbi.nlm.nih.gov/pubmed/20467214
http://dx.doi.org/10.1001/jama.2013.281348
http://www.ncbi.nlm.nih.gov/pubmed/24276813
http://dx.doi.org/10.1001/archinte.163.12.1448
http://www.ncbi.nlm.nih.gov/pubmed/12824094
http://dx.doi.org/10.1159/000022496
http://dx.doi.org/10.1001/jama.279.20.1643
http://www.ncbi.nlm.nih.gov/pubmed/9613915
http://dx.doi.org/10.1016/S0735-1097(99)00525-2
http://dx.doi.org/10.1016/S0002-9343(01)00870-1
http://dx.doi.org/10.1016/S0735-1097(00)00787-7
http://dx.doi.org/10.1001/jama.283.24.3205
http://www.ncbi.nlm.nih.gov/pubmed/10866867
http://dx.doi.org/10.1161/01.HYP.34.6.1281
http://www.ncbi.nlm.nih.gov/pubmed/10601131
http://dx.doi.org/10.1016/j.cell.2008.09.008
http://www.ncbi.nlm.nih.gov/pubmed/18805080
http://dx.doi.org/10.7164/antibiotics.29.1346
http://www.ncbi.nlm.nih.gov/pubmed/1010803
http://dx.doi.org/10.1038/nrd1112
http://www.ncbi.nlm.nih.gov/pubmed/12815379
http://www.ncbi.nlm.nih.gov/pubmed/11956737
http://dx.doi.org/10.7164/antibiotics.32.852
http://dx.doi.org/10.1007/s00253-006-0577-1
http://www.ncbi.nlm.nih.gov/pubmed/17019609
http://dx.doi.org/10.1007/s10295-003-0097-2
http://www.ncbi.nlm.nih.gov/pubmed/14625794

J. Fungi 2016, 2, 13 10 of 13

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Porcel, E.R.; Lopez, J.L.C.; Ferrén, M.A.V,; Pérez, J.A.S,; Sanchez, J.L.G.; Chisti, Y. Effects of the sporulation
conditions on the lovastatin production by Aspergillus terreus. Bioprocess Biosyst. Eng. 2006, 29, 1-5. [CrossRef]
[PubMed]

Hajjaj, H.; Niederberger, P.; Duboc, P. Lovastatin biosynthesis by Aspergillus terreus in a chemically defined
medium. Appl. Environ. Microbiol. 2001, 67, 2596-2602. [CrossRef] [PubMed]

Valera, H.R.; Gomes, J.; Lakshmi, S.; Gururaja, R.; Suryanarayan, S.; Kumar, D. Lovastatin production by
solid state fermentation using Aspergillus flavipes. Enzyme Microb. Technol. 2005, 37, 521-526. [CrossRef]
Samiee, S.M.; Moazami, N.; Haghighi, S.; Aziz Mohseni, F.; Mirdamadi, S.; Bakhtiari, M.R. Screening of
lovastatin production by filamentous fungi. Iran. Biomed. ]. 2003, 7, 29-33.

MEVACOR™ Daily Tablets (Nonprescription lovastatin 20 mg). Available online: http:/ /www.fda.gov/
ohrms/dockets/ac/07 /briefing /2007-4331b1-02-Merck.pdf (accessed on 1 January 2016).

Barrios-Gonzélez, J.; Miranda, R.U. Biotechnological production and applications of statins. Appl. Microbiol. Biotechnol.
2009, 85, 869-883. [CrossRef] [PubMed]

Brilhante, R.S.N.; Caetano, E.P; de Oliveira, J.S.; Castelo-Branco, D.d.S.C.M.; Souza, E.R.Y.; de Alencar, L.P;
Cordeiro, R.d.A.; Bandeira, T.d.J.P.G,; Sidrim, J.].C.; Rocha, M.E.G. Simvastatin inhibits planktonic cells and
biofilms of Candida and Cryptococcus species. Braz. J. Infect. Dis. 2015, 19, 459-465. [CrossRef] [PubMed]
Qiao, J.; Kontoyiannis, D.P.;; Wan, Z.; Li, R.; Liu, W. Antifungal activity of statins against Aspergillus species.
Med. Mycol. 2007, 45, 589-593. [CrossRef] [PubMed]

Wikhe, K.; Westermeyer, C.; Macreadie, I.G. Biological consequences of statins in Candida species and
possible implications for human health. Biochem. Soc. Trans. 2007, 35, 1529-1532. [CrossRef] [PubMed]
Macreadie, 1.G.; Johnson, G.; Schlosser, T.; Macreadie, PI. Growth inhibition of Candida species and
Aspergillus fumigatus by statins. FEMS Microbiol. Lett. 2006, 262, 9-13. [CrossRef] [PubMed]

Lorenz, R.T.; Parks, L.W. Effects of lovastatin (mevinolin) on sterol levels and on activity of azoles in
Saccharomyces cerevisiae. Antimicrob. Agents Chemother. 1990, 34, 1660-1665. [CrossRef] [PubMed]

Chan, K.K.; Oza, A.M,; Siu, L.L. The statins as anticancer agents. Clin. Cancer Res. 2003, 9, 10-19. [PubMed|]
Galgoécezy, L.; Nyilasi, I; Papp, T.; Vagvolgyi, C. Are statins applicable for the prevention and treatment of
zygomyecosis? Clin. Infect. Dis. 2009, 49, 483-484. [CrossRef] [PubMed]

Song, J.L.; Lyons, C.N.; Holleman, S.; Oliver, B.G.; White, T.C. Antifungal activity of fluconazole in
combination with lovastatin and their effects on gene expression in the ergosterol and prenylation pathways
in Candida albicans. Med. Mycol. 2003, 41, 417-425. [CrossRef] [PubMed]

Cabral, M.E.; Figueroa, LI.C.; Farifia, ]J.I. Synergistic antifungal activity of statin-azole associations
as witnessed by Saccharomyces cerevisine- and Candida utilis-bioassays and ergosterol quantification.
Rev. Iberoam. Micol. 2013, 30, 31-38. [CrossRef] [PubMed]

Cabral, M.; Delgado, O.; Sampietro, D.; Catalan, C.; Figueroa, L.; Farina, J. Antifungal activity and the
potential correlation with statin-producing ability: An optimized screening applied to filamentous fungi
from las yungas subtropical rainforest. Res. J. Microbiol. 2010, 5, 833-848. [CrossRef]

Babu, R.H.; Rupa, A.; Radha, S.; Prasad, N.B.L.; Narasimha, G. Screening of lovastatin producing fungi by
yeast growth inhibition assay method. J. Pharmacy Res. 2011, 4, 2967-2968.

Upendra, R.; Khandelwal, P.; Amiri, Z.; Shwetha, L.; Ausim, M. Screening and molecular characterization of
natural fungal isolates producing lovastatin. Microb. Biochem. Technol. 2013, 5, 25-30.

Lisec, B.; Radez, L; Zilnik, L.F. Solvent extraction of lovastatin from a fermentation broth. Sep. Purif. Technol.
2012, 96, 187-193. [CrossRef]

Hajko, P.; Vesel, T.; Radez, I.; Pokorny, M. Process for the isolation of lovastatin. Google Patents
PCT /1511994 /000010, 1994.

Yang, D.-J.; Hwang, L.S. Study on the conversion of three natural statins from lactone forms to their
corresponding hydroxy acid forms and their determination in Pu-Erh tea. J. Chromatogr. A 2006, 1119,
277-284. [CrossRef] [PubMed]

Huang, Z.; Xu, Y;; Li, Y.; Wang, Y. Conversion investigation for lovastatin and its derivatives by HPLC.
J. Chromatogr. Sci. 2010, 48, 631-636. [CrossRef] [PubMed]

Kumar, M.S,; Kumar, PM.; Sarnaik, HM.; Sadhukhan, AK. A rapid technique for screening
of lovastatin-producing strains of Aspergillus terreus by agar plug and Neurospora crassa bioassay.
J. Microbiol. Methods 2000, 40, 99-104. [CrossRef]


http://dx.doi.org/10.1007/s00449-006-0048-1
http://www.ncbi.nlm.nih.gov/pubmed/16491374
http://dx.doi.org/10.1128/AEM.67.6.2596-2602.2001
http://www.ncbi.nlm.nih.gov/pubmed/11375168
http://dx.doi.org/10.1016/j.enzmictec.2005.03.009
http://www.fda.gov/ohrms/dockets/ac/07/briefing/2007-4331b1-02-Merck.pdf
http://www.fda.gov/ohrms/dockets/ac/07/briefing/2007-4331b1-02-Merck.pdf
http://dx.doi.org/10.1007/s00253-009-2239-6
http://www.ncbi.nlm.nih.gov/pubmed/19820926
http://dx.doi.org/10.1016/j.bjid.2015.06.001
http://www.ncbi.nlm.nih.gov/pubmed/26119850
http://dx.doi.org/10.1080/13693780701397673
http://www.ncbi.nlm.nih.gov/pubmed/18033614
http://dx.doi.org/10.1042/BST0351529
http://www.ncbi.nlm.nih.gov/pubmed/18031260
http://dx.doi.org/10.1111/j.1574-6968.2006.00370.x
http://www.ncbi.nlm.nih.gov/pubmed/16907733
http://dx.doi.org/10.1128/AAC.34.9.1660
http://www.ncbi.nlm.nih.gov/pubmed/2285278
http://www.ncbi.nlm.nih.gov/pubmed/12538446
http://dx.doi.org/10.1086/600825
http://www.ncbi.nlm.nih.gov/pubmed/19586402
http://dx.doi.org/10.1080/1369378031000137233
http://www.ncbi.nlm.nih.gov/pubmed/14653518
http://dx.doi.org/10.1016/j.riam.2012.09.006
http://www.ncbi.nlm.nih.gov/pubmed/23069981
http://dx.doi.org/10.3923/jm.2010.833.848
http://dx.doi.org/10.1016/j.seppur.2012.06.006
http://dx.doi.org/10.1016/j.chroma.2005.12.031
http://www.ncbi.nlm.nih.gov/pubmed/16388814
http://dx.doi.org/10.1093/chromsci/48.8.631
http://www.ncbi.nlm.nih.gov/pubmed/20819291
http://dx.doi.org/10.1016/S0167-7012(99)00135-9

J. Fungi 2016, 2, 13 11 0f 13

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Bizukojc, M.; Pecyna, M. Lovastatin and (+)-geodin formation by Aspergillus terreus ATCC 20542 in a batch
culture with the simultaneous use of lactose and glycerol as carbon sources. Eng. Life Sci. 2011, 11, 272-282.
[CrossRef]

Lai, L.-S.T.; Hung, C.-S.; Lo, C.-C. Effects of lactose and glucose on production of itaconic acid and lovastatin
by Aspergillus terreus ATCC 20542. . Biosci. Bioeng. 2007, 104, 9-13. [CrossRef] [PubMed]

Casas Lopez, ].L.; Sanchez Pérez, ].A.; Fernandez Sevilla, ].M.; Acién Ferndandez, F.G.; Molina Grima, E.;
Chisti, Y. Production of lovastatin by Aspergillus terreus: Effects of the C:N ratio and the principal nutrients
on growth and metabolite production. Enzym. Microb. Technol. 2003, 33, 270-277. [CrossRef]

Lai, L.-S.T.; Tsai, T.-H.; Wang, T.C.; Cheng, T.-Y. The influence of culturing environments on lovastatin
production by Aspergillus terreus in submerged cultures. Enzym. Microb. Technol. 2005, 36, 737-748. [CrossRef]
Gupta, K; Mishra, PK,; Srivastava, P. A correlative evaluation of morphology and rheology of
Aspergillus terreus during lovastatin fermentation. Biotechnol. Bioprocess Eng. 2007, 12, 140-146. [CrossRef]
Casas Lopez, J.L.; Sdnchez Pérez, ].A.; Fernadndez Sevilla, ].M.; Rodriguez Porcel, E.M.; Chisti, Y. Pellet
morphology, culture rheology and lovastatin production in cultures of Aspergillus terreus. J. Biotechnol. 2005,
116, 61-77. [CrossRef] [PubMed]

Pansuriya, R.C.; Singhal, R.S. Response surface methodology for optimization of production of lovastatin by
solid state fermentation. Braz. J. Microbiol. 2010, 41, 164-172. [CrossRef] [PubMed]

Kavitha, V,; Janani, B.; Angayarkanni, J. Optimization of process parameters for lovastatin production from
red gram bran by solid state fermentation. Int. J. Sci. Res. 2012, 3, 1413-1418.

Osman, M.E; Khattab, O.H.; Zaghlol, G.M.; El-Hameed, R.M.A. Optimization of some physical and chemical
factors for lovastatin productivity by local strain of Aspergillus terreus. Aust. ]. Basic Appl. Sci. 2011, 5,
718-732.

Pawlak, M.; Bizukojc, M. Feeding profile is not the sole factor influencing lovastatin production by
Aspergillus terreus ATCC20542 in a continuous fed-batch stirred tank bioreactor. Biochem. Eng. ]. 2013,
81, 80-89. [CrossRef]

Bizukojc, M.; Pawlak, M.; Boruta, T.; Gonciarz, J. Effect of pH on biosynthesis of lovastatin and other
secondary metabolites by Aspergillus terreus ATCC 20542. ]. Biotechnol. 2012, 162, 253-261. [CrossRef]
[PubMed]

Li, S.-W,; Li, M,; Song, H.-P,; Feng, J.-L.; Tai, X.-S. Induction of a high-yield lovastatin mutant of
Aspergillus terreus by 12c®* heavy-ion beam irradiation and the influence of culture conditions on lovastatin
production under submerged fermentation. Appl. Biochem. Biotechnol. 2011, 165, 913-925. [CrossRef]
[PubMed]

Panda, B.P; Javed, S.; Ali, M. Optimization of fermentation parameters for higher lovastatin production in
red mold rice through co-culture of monascus purpureus and monascus ruber. Food Bioprocess Technol. 2010,
3, 373-378. [CrossRef]

Syed, M.B.; Rajasimman, M. Fermentative production and optimization of mevastatin in submerged
fermentation using Aspergillus terreus. Biotechnol. Rep. 2015, 6, 124-128. [CrossRef]

Faseleh Jahromi, M.; Liang, ].B.; Ho, Y.W.; Mohamad, R.; Goh, Y.M.; Shokryazdan, P. Lovastatin production
by Aspergillus terreus using agro-biomass as substrate in solid state fermentation. J. Biomed. Biotechnol. 2012,
2012, 196264. [CrossRef] [PubMed]

Gulyamova, T.; Ruzieva, D.; Masmetova, S.; Sattarova, R.; Lobanova, K.; Abdulmyanova, L.; Rasulova, G.
Lovastatin production by Aspergillus terreus in solid state and submerged fermentations. Int. . Eng.
Sci. Technol. 2013, 5, 19-24. [CrossRef]

Patil, R.H.; Krishnan, P.; Maheshwari, V.L. Production of lovastatin by wild strains of Aspergillus terreus.
Natl. Prod. Commun. 2011, 6, 183-186. [PubMed]

Bafios, J.G.; Tomasini, A.; Szakdcs, G.; Barrios-Gonzalez, J. High lovastatin production by Aspergillus terreus
in solid-state fermentation on polyurethane foam: An artificial inert support. J. Biosci. Bioeng. 2009, 108,
105-110. [CrossRef] [PubMed]

Wei, P-1; Xu, Z.n,; Cen, P-l. Lovastatin production by Aspergillus terreus in solid-state fermentation.
J. Zhejiang Univ. Sci. A 2007, 8, 1521-1526. [CrossRef]

Sorrentino, E; Roy, I.; Keshavarz, T. Impact of linoleic acid supplementation on lovastatin production in
Aspergillus terreus cultures. Appl. Microbiol. Biotechnol. 2010, 88, 65-73. [CrossRef] [PubMed]


http://dx.doi.org/10.1002/elsc.201000179
http://dx.doi.org/10.1263/jbb.104.9
http://www.ncbi.nlm.nih.gov/pubmed/17697977
http://dx.doi.org/10.1016/S0141-0229(03)00130-3
http://dx.doi.org/10.1016/j.enzmictec.2004.12.021
http://dx.doi.org/10.1007/BF03028640
http://dx.doi.org/10.1016/j.jbiotec.2004.10.005
http://www.ncbi.nlm.nih.gov/pubmed/15652430
http://dx.doi.org/10.1590/S1517-83822010000100024
http://www.ncbi.nlm.nih.gov/pubmed/24031477
http://dx.doi.org/10.1016/j.bej.2013.10.009
http://dx.doi.org/10.1016/j.jbiotec.2012.09.007
http://www.ncbi.nlm.nih.gov/pubmed/22995742
http://dx.doi.org/10.1007/s12010-011-9308-x
http://www.ncbi.nlm.nih.gov/pubmed/21710210
http://dx.doi.org/10.1007/s11947-008-0072-z
http://dx.doi.org/10.1016/j.btre.2015.04.002
http://dx.doi.org/10.1155/2012/196264
http://www.ncbi.nlm.nih.gov/pubmed/23118499
http://dx.doi.org/10.4314/ijest.v5i3.2
http://www.ncbi.nlm.nih.gov/pubmed/21425670
http://dx.doi.org/10.1016/j.jbiosc.2009.03.006
http://www.ncbi.nlm.nih.gov/pubmed/19619855
http://dx.doi.org/10.1631/jzus.2007.A1521
http://dx.doi.org/10.1007/s00253-010-2722-0
http://www.ncbi.nlm.nih.gov/pubmed/20571794

J. Fungi 2016, 2, 13 12 0f 13

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Jia, Z.; Zhang, X.; Zhao, Y.; Cao, X. Enhancement of lovastatin production by supplementing polyketide
antibiotics to the submerged culture of Aspergillus terreus. Appl. Biochem. Biotechnol. 2010, 160, 2014-2025.
[CrossRef] [PubMed]

Jia, Z.; Zhang, X.; Zhao, Y.; Cao, X. Effects of divalent metal cations on lovastatin biosynthesis from
Aspergillus terreus in chemically defined medium. World J. Microbiol. Biotechnol. 2009, 25, 1235-1241.
[CrossRef]

Jia, Z.; Zhang, X.; Cao, X. Effects of carbon sources on fungal morphology and lovastatin biosynthesis by
submerged cultivation of Aspergillus terreus. Asia-Pacific |. Chem. Eng. 2009, 4, 672—677. [CrossRef]

Porcel, EM.R.; Lopez, J.L.C.; Pérez, J.A.S.; Chisti, Y. Lovastatin production by Aspergillus terreus in a
two-staged feeding operation. J. Chem. Technol. Biotechnol. 2008, 83, 1236—1243. [CrossRef]

Casas Lopez, ].L.; Sanchez Pérez, ].A.; Fernandez Sevilla, ]. M.; Acién Fernandez, F.G.; Molina Grima, E.;
Chisti, Y. Fermentation optimization for the production of lovastatin by Aspergillus terreus: Use of response
surface methodology. J. Chem. Technol. Biotechnol. 2004, 79, 1119-1126. [CrossRef]

Kaur, H.; Kaur, A.; Saini, H.; Chadha, B. Screening and selection of lovastatin hyper-producing mutants of
Aspergillus terreus using cyclic mutagenesis. Acta Microbiol. Immunol. Hung. 2009, 56, 169-180. [CrossRef]
[PubMed]

Luthra, U.; Singh, N.; Tripathi, A.; Vora, S.; Bhosle, V. Media optimization for lovastatin production by
statistical approach using Aspergillus terreus by submerged fermentation. J. Med. Sci. Clin. Res. 2015, 3,
4520-4528.

Nasmetova, S.; Ruzieva, D.; Rasulova, G.; Sattarova, R.; Gulyamova, T. Effect of the principal nutrients on
simvastatin production by wild strain Aspergillus terreus 20 in submerged fermentation. Int. ]. Curr. Microbiol.
App. Sci 2015, 4, 894-898.

Abd Rahim, M.H.; Hasan, H.; Montoya, A.; Abbas, A. Lovastatin and (+)-geodin production by
Aspergillus terreus from crude glycerol. Eng. Life Sci. 2015, 15, 220-228. [CrossRef]

Kumar, M.S; Jana, S.K; Senthil, V.; Shashanka, V.; Kumar, S5.V.; Sadhukhan, A.K. Repeated fed-batch process
for improving lovastatin production. Process Biochem. 2000, 36, 363-368. [CrossRef]

Manzoni, M.; Rollini, M.; Bergomi, S.; Cavazzoni, V. Production and purification of statins from
Aspergillus terreus strains. Biotechnol. Tech. 1998, 12, 529-532. [CrossRef]

Gulyamova, T.; Nasmetova, S.; Ruzieva, D.; Ziyavitdinov, J.; Sattarova, R.; Rasulova, G. Composition of
statins produced by indigenous strain of Aspergillus terreus. Int. |. Eng. Sci. Technol. 2014, 6, 71-76. [CrossRef]
Raina, S.; De Vizio, D.; Palonen, E.K.; Odell, M.; Brandt, A.M.; Soini, ].T.; Keshavarz, T. Is quorum sensing
involved in lovastatin production in the filamentous fungus Aspergillus terreus? Process Biochem. 2012, 47,
843-852. [CrossRef]

Bizukojc, M.; Pawlowska, B.; Ledakowicz, S. Supplementation of the cultivation media with b-group vitamins
enhances lovastatin biosynthesis by Aspergillus terreus. ]. Biotechnol. 2007, 127, 258-268. [CrossRef] [PubMed]
Bonnarme, P.; Gillet, B.; Sepulchre, A.M.; Role, C.; Beloeil, J.C.; Ducrocq, C. Itaconate biosynthesis in
Aspergillus terreus. |. Bacteriol. 1995, 177, 3573-3578. [PubMed]

Barrios-Gonzalez, ].; Fernandez, F.; Tomasini, A. Microbial secondary metabolites production and strain
improvement. Indian J. Biotechnol. 2003, 2, 322-333.

Vilches Ferrén, M.A.; Casas Lépez, J.L.; Sinchez Pérez, ].A.; Ferndndez Sevilla, ].M.; Chisti, Y. Rapid screening
of Aspergillus terreus mutants for overproduction of lovastatin. World J. Microbiol. Biotechnol. 2005, 21, 123-125.
[CrossRef]

Sreedevi, K.; VenkateswaraRao, ].; Lakshmi, N.; Fareedullah, M.d. Strain improvement of Aspergillus terreus
for the enhanced production of lovastatin, a HMG-COA reductase inhibitor. J. Microbiol. Biotech 2011, 1,
96-100.

Mukhtar, H.; Jjaz, S.S.; Ikram-ul-Haq. Upstream and downstream processing of lovastatin by
Aspergillus terreus. Cell Biochem. Biophys. 2014, 70, 309-320. [CrossRef] [PubMed]

Jia, Z.; Zhang, X.; Cao, X,; Liu, J.; Qin, B. Production of lovastatin by a self-resistant mutant of
Aspergillus terreus. Ann. Microbiol. 2011, 61, 615-621. [CrossRef]

Vinci, V.A.; Hoerner, T.D.; Coffman, A.D.; Schimmel, T.G.; Dabora, R.L.; Kirpekar, A.C.; Ruby, C.L.;
Stieber, R.W. Mutants of a lovastatin-hyperproducing Aspergillus terreus deficient in the production of
sulochrin. J. Ind. Microbiol. 1991, 8, 113-119. [CrossRef]


http://dx.doi.org/10.1007/s12010-009-8762-1
http://www.ncbi.nlm.nih.gov/pubmed/19728167
http://dx.doi.org/10.1007/s11274-009-0007-5
http://dx.doi.org/10.1002/apj.316
http://dx.doi.org/10.1002/jctb.1932
http://dx.doi.org/10.1002/jctb.1100
http://dx.doi.org/10.1556/AMicr.56.2009.2.5
http://www.ncbi.nlm.nih.gov/pubmed/19621768
http://dx.doi.org/10.1002/elsc.201400140
http://dx.doi.org/10.1016/S0032-9592(00)00222-3
http://dx.doi.org/10.1023/A:1008851430560
http://dx.doi.org/10.4314/ijest.v6i1.8
http://dx.doi.org/10.1016/j.procbio.2012.02.021
http://dx.doi.org/10.1016/j.jbiotec.2006.06.017
http://www.ncbi.nlm.nih.gov/pubmed/16887228
http://www.ncbi.nlm.nih.gov/pubmed/7768868
http://dx.doi.org/10.1007/s11274-004-3045-z
http://dx.doi.org/10.1007/s12013-014-9914-7
http://www.ncbi.nlm.nih.gov/pubmed/24671671
http://dx.doi.org/10.1007/s13213-010-0180-7
http://dx.doi.org/10.1007/BF01578762

J. Fungi 2016, 2, 13 13 of 13

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

Huang, X.; Li, H.M. Cloning and bioinformatic analysis of lovastatin biosynthesis regulatory gene lovE.
Chin. Med. |. 2009, 122, 1800-1805. [PubMed]

Barrios-Gonzélez, J.; Bafios, ].G.; Covarrubias, A.A.; Garay-Arroyo, A. Lovastatin biosynthetic genes
of Aspergillus terreus are expressed differentially in solid-state and in liquid submerged fermentation.
Appl. Microbiol. Biotechnol. 2008, 79, 179-186. [CrossRef] [PubMed]

Campbell, C.D.; Vederas, J.C. Biosynthesis of lovastatin and related metabolites formed by fungal iterative
PKS enzymes. Biopolymers 2010, 93, 755-763. [CrossRef] [PubMed]

Kennedy, J.; Auclair, K.; Kendrew, S.G.; Park, C.; Vederas, J.C.; Richard Hutchinson, C. Modulation
of polyketide synthase activity by accessory proteins during lovastatin biosynthesis. Science 1999, 284,
1368-1372. [CrossRef] [PubMed]

Hendrickson, L.; Ray Davis, C.; Roach, C.; Kim Nguyen, D.; Aldrich, T.; McAda, P.C.; Reeves, C.D.
Lovastatin biosynthesis in Aspergillus terreus: Characterization of blocked mutants, enzyme activities and a
multifunctional polyketide synthase gene. Chem. Biol. 1999, 6, 429-439. [CrossRef]

Hutchinson, C.R.; Kennedy, J.; Park, C.; Kendrew, S.; Auclair, K.; Vederas, J. Aspects of the biosynthesis
of non-aromatic fungal polyketides by iterative polyketide synthases. Antonie van Leeuwenhoek 2000, 78,
287-295. [CrossRef] [PubMed]

Askenazi, M.; Driggers, EM.; Holtzman, D.A.; Norman, T.C.; Iverson, S.; Zimmer, D.P,; Boers, M.-E.;
Blomquist, P.R.; Martinez, E.J.; Monreal, A.W.; et al. Integrating transcriptional and metabolite profiles to
direct the engineering of lovastatin-producing fungal strains. Nat. Biotech. 2003, 21, 150-156. [CrossRef]
[PubMed]

Pasma, S.A.; Daik, R.; Maskat, M.Y.; Hassan, O. Application of box-behnken design in optimization of
glucose production from oil palm empty fruit bunch cellulose. Int. J. Polymer Sci. 2013, 2013, 8. [CrossRef]
Rahman, S.H.A.; Choudhury, ].P.; Ahmad, A.L.; Kamaruddin, A.H. Optimization studies on acid hydrolysis
of oil palm empty fruit bunch fiber for production of xylose. Bioresour. Technol. 2007, 98, 554-559. [CrossRef]
[PubMed]

Lai, L.-S.T.; Pan, C.-C.; Tzeng, B.-K. The influence of medium design on lovastatin production and pellet
formation with a high-producing mutant of Aspergillus terreus in submerged cultures. Process Biochem. 2003,
38, 1317-1326. [CrossRef]

Syed, M.B.; Rajendran, A.; Seraman, S.; Thangavelu, V. Valorization of agricultural residues for compactin
production by Aspergillus terreus MTCC 279 in mixed substrate solid state fermentation. Waste Biomass Valoriz.
2013, 5, 715-724. [CrossRef]

Goswami, S.; Bhunia, B.; Mandal, T. Optimization of media components for lovastatin production from
Aspergillus terreus (JX081272) using Taguchi methodology. ]. Bioprocess Eng. Biorefinery 2013, 2, 46-53.
[CrossRef]

Dong, C.H.; Xie, X.Q.; Wang, X.L.; Zhan, Y.; Yao, Y.J. Application of box-behnken design in optimisation
for polysaccharides extraction from cultured mycelium of Cordyceps sinensis. Food Bioprod. Process. 2009, 87,
139-144. [CrossRef]

Vohra, A.; Satyanarayana, T. Statistical optimization of the medium components by response surface
methodology to enhance phytase production by Pichia anomala. Process Biochem. 2002, 37, 999-1004.
[CrossRef]

Muthukumar, M.; Mohan, D.; Rajendran, M. Optimization of mix proportions of mineral aggregates using
box behnken design of experiments. Cement Concr. Compos. 2003, 25, 751-758. [CrossRef]

Oh, S.; Rheem, S.; Sim, J.; Kim, S.; Baek, Y. Optimizing conditions for the growth of Lactobacillus casei YIT 9018
in tryptone-yeast extract-glucose medium by using response surface methodology. Appl. Environ. Microbiol.
1995, 61, 3809-3814. [PubMed]

Gomes, A.M.P,; Malcata, FX. Development of probiotic cheese manufactured from goat milk: Response
surface analysis via technological manipulation. J. Dairy Sci. 1998, 81, 1492-1507. [CrossRef]

@ © 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC-BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://www.ncbi.nlm.nih.gov/pubmed/19781329
http://dx.doi.org/10.1007/s00253-008-1409-2
http://www.ncbi.nlm.nih.gov/pubmed/18414850
http://dx.doi.org/10.1002/bip.21428
http://www.ncbi.nlm.nih.gov/pubmed/20577995
http://dx.doi.org/10.1126/science.284.5418.1368
http://www.ncbi.nlm.nih.gov/pubmed/10334994
http://dx.doi.org/10.1016/S1074-5521(99)80061-1
http://dx.doi.org/10.1023/A:1010294330190
http://www.ncbi.nlm.nih.gov/pubmed/11386351
http://dx.doi.org/10.1038/nbt781
http://www.ncbi.nlm.nih.gov/pubmed/12536215
http://dx.doi.org/10.1155/2013/104502
http://dx.doi.org/10.1016/j.biortech.2006.02.016
http://www.ncbi.nlm.nih.gov/pubmed/16647852
http://dx.doi.org/10.1016/S0032-9592(02)00330-8
http://dx.doi.org/10.1007/s12649-013-9276-1
http://dx.doi.org/10.1166/jbeb.2013.1038
http://dx.doi.org/10.1016/j.fbp.2008.06.004
http://dx.doi.org/10.1016/S0032-9592(01)00308-9
http://dx.doi.org/10.1016/S0958-9465(02)00116-6
http://www.ncbi.nlm.nih.gov/pubmed/8526490
http://dx.doi.org/10.3168/jds.S0022-0302(98)75715-7
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	
	
	
	
	
	
	
	
	

	

