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Abstract

In this study, we aimed to increase the yield of mevastatin and lovastatin in solid state fermentation (SSF) using
three different fungi, Aspergiillus terreus MTCC 279, Penicillium citrinum MTCC 1751, and Penicillium brevi-
compactumMTCC 549. Initially, we screened various substrates for maximizing the production of mevastatin and
lovastatin, and barley powder was found to be the most suitable substrate for A. terreus. We applied response sur-
face methodology (RSM) to determine the optimal parameters for initial moisture content, temperature, and ino-
culum size. The use of RSM resulted in maximizing the production of mevastatin to 288.13 mg/gram dry substrate
(gds) and lovastatin to 329.51 mg/gds. For further studies, we used the high yielding strain of A. ferreus with
barley as a substrate. In the validation experiment, the maximum amount of mevastatin (297.98 mg/gds) and lova-
statin (340.71 mg/gds) was obtained using A. ferreus with barley as a substrate. This is the first report on the
simultaneous production of mevastatin and lovastatin using a high yielding strain in SSF.

Key words: solid state fermentation, mevastatin, Aspergillus terreus, Penicillium citrinum, Penicillium brevi-

compactum, response surface methodology

Introduction

Statins, a class of fungal secondary metabolites, have
attracted considerable attention because of their ability
to influence the de novo synthesis of endogenous chole-
sterol, which is ~66% of the cholesterol in human body
(Alberts, 1988). All statins possess a common main poly-
ketide portion, i.e., a hydroxy-hexahydro naphthalene
ring, to which different side chains are linked at C6 and
C8. Lovastatin contains a methyl butyric side chain and
a B-hydroxylactone, and the latter is present as the cor-
responding B-hydroxy acid in the pharmaceutically active
drug.

Both mevastatin and lovastatin are derived from fun-
gal sources, while pravastatin and simvastatin are chemi-
cal modifications of mevastatin and lovastatin, respecti-
vely (Chakravarti and Sahai, 2004; Alberts et al., 1980a).
Mevastatin was first isolated as an antifungal metabolite
from the fermentation broth of Penicillium brevicom-
pactumin 1976 (Endo et al., 1977). Mevastatin was then

commercially producing using Penicillium citrinum
(Endo etal., 1977; Endo et al., 1986), and its production
by solid state fermentation (SSF) was reported by Bio-
con using a large-scale solid matrix bioreactor (Surya-
narayan et al., 2001); however, there is not much readily
available information on the procedure that was followed
by Biocon. Reducing the cost of fermentation by finding
inexpensive and efficient substrates and optimization of
the mode of fermentation is of high importance. Solid
state fermentation (SSF) offers the advantage of using
inexpensive agro-industrial residues as substrates, which
also act as a support matrix and provide nutrients that
are required for the growth of fungi. SSF provides hi-
gher yields compared to conventional submerged fer-
mentation (SmF) and provides a natural habitat for fun-
gal organisms; moreover, it requires lower capital invest-
ment, generates a lower volume of polluting effluents,
and requires minimal instrumentation (Perez-Guerra
et al., 2003).
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Lovastatin is formed when extracting mevinolinic
acid from the cultivation media (Kumar et al., 2000; Bar-
rios-Gonzélez and Mejia, 2007; Bizukojc and Ledako-
wicz, 2009). Lovastatin, monacolin J, monacolin L, and
mevastatincanbeproduced from Monascus ruber (Endo,
1979), P. brevicompactum, and A. terreus (Alberts et al.,
1980b). Moreover, fermentation-derived lovastatin acts
as a precursor for simvastatin, which was obtained via
the selective enzymatic deacylation of lovastatin (Dabo-
rah et al., 1992), and is a powerful semi-synthetic statin
that is commercially available as Zocor .

In this study, we evaluate the simultaneous produc-
tion of mevastatin and lovastatin by three different
microorganisms, i.e., A. terreus, P. citrinum, and P, bre-
vicompactum, in SSF using various substrates. The si-
multaneous production of mevastatin and lovastatin,
allows reduction in space, time, and the amount of
medium used for fermentation. We further optimized it
with the best microorganism (A. ferreus) and substrate
(barley powder) using response surface methodology
(RSM), which is a powerful and an efficient mathema-
tical approach that is extensively applied for optimizing
the fermentation process (Syed et al., 2014). RSM pro-
vides information about the interaction between process
parameters as well as information that is necessary for
both design and process optimization. We optimized the
factors that have significant effects on production (initial
moisture content, incubation temperature, and inoculum
size) using a central composite design (CCD) and res-
ponse surface analysis. The effects of process parame-
ters, such as the initial moisture content, temperature
and inoculum volume, were investigated using RSM.

Materials and methods

Media components

We purchased potato dextrose agar (PDA), glucose,
malt extract, magnesium sulfate, and manganese sulfate
from Hi-Media Limited, India. All substrates for SSF were
purchased from local markets located at Chidambaram,
Tamil Nadu, India. HPLC-grade acetonitrile (ACN) and
ethanol were purchased from Rankem, New Delhi, India.
All chemicals (Hi-Media, Mumbai, India) were of analytical
grade. Mevastatin was purchased from Sigma Chemicals,
Bangalore, India, and pharmaceutical grade lovastatin (lac-
tone form) tablets containing 40 mg of lovastatin per
tablet were obtained from Merck Laboratories.
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Culture maintenance

For this study, A. terreus, P. citrinum, and P. brevi-
compactum were obtained from the Institute of Micro-
bial Technology (MTCC), Chandigarh, India. The cul-
tures were maintained on potato dextrose agar slants at
25°C for 12 days, and the slants were sub-cultured every
30 days. A spore suspension (10° spores/ml) prepared
from such slants was used to inoculate 100 ml of the ste-
rile seed medium in 250 ml flasks at 25°C, 120 rpm for
2 days in an incubator shaker. We used the potato dext-
rose broth as a seed medium for all the three cultu-
res/fungal strains that were tested.

Fermentation procedure

Fifteen different solid substrates such as besan flour,
ragi flour, millet powder, rice flour, wheat bran, black
gram powder, green gram powder, green peas powder,
yellow peas powder, white bean powder, rice bran, long
grain rice, barley powder, soya bean powder, and sago
powder were individually screened using statin-produ-
cing microorganisms such as A. terreus, P. citrinum, and
P. brevicompactum. The experiments were performed
in 250 ml Erlenmeyer flasks containing 5 g of a sub-
strate with the initial moisture content of 66% (w/w).
The contents of the flasks were mixed and autoclaved at
121°C at 15 psi for 20 min. The seed medium was ino-
culated with 10° spores/ml and incubated at 30°C for
48 h. To inoculate the production medium, we used five
percent of this preculture (glucose (5 g/100 ml), malt
extract (5 g/100 ml), magnesium sulfate (0.2 g/100 ml),
and manganese sulfate (0.1 g/100 ml)). Fermentation
was performed at 30 °C for all the three microorganisms,
i.e., A. terreus, P. brevicompactum (7 days), and P. citrr-
num (10 days), but at different incubation times (Syed
et al., 2015).

Extraction of mevastatin and lovastatin

After fermentation, to obtain the intracellular pro-
duct, the cultures were harvested and homogenized
(using a motor pestle). For the analysis, a total of 2 g of
dry substrate (dried in an oven) was used: 1 g from the
fermentate was used to extract mevastatin and 1 g was
used to extract lovastatin. We added equal volumes of
ethanol to the substrates, and the suspensions were
maintained in a rotary shaker that was incubated for 1 h
at 200 rpm at 40°C. The suspension was filtered using
a Whatman filter paper, and then through a micro filter
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(Millipore) having a pore diameter of 0.22 um. Further-
more, using HPLC, we analyzed 20 pl of the filtrates for
mevastatin and lovastatin.

HPLC analysis of mevastatin and lovastatin

Both mevastatin and lovastatin were analyzed in
a Shimadzu HPLC (LC20 AT prominence) at 238 nm in
the Luna C18 column having an ID of 250X 4.6 mm, UV
detector (SPD 20 A) and a column oven (CTO-10 AS VP)
at 45°C. The binary gradient system was used and the
samples were manually injected using the Rheodyne in-
jector of 20 pl. As the mobile phase, we used acetonitrile
and 0.1% orthophosphoric acid in a 60:40 ratio. The
eluent was pumped at a flow rate of 1.5 ml/min. For the
standard curve, various concentrations of 20, 40, 80,
100, and 120 pg of mevastatin were dissolved in aceto-
nitrile and analyzed using HPLC. The equation of the
standard curve for the various concentrations of meva-
statin (¥) versus the peak area (X) was Y=49870Xwith
R*=0.9952. Similarly, for the standard curve, various
concentrations of lovastatin dissolved in acetonitrile
were prepared and analyzed using HPLC. The equation
of the standard curve for the various concentrations of
lovastatin (Y) versus the peak area (X) was ¥V=44250X
with R = 0.993. During fermentation, lovastatin was
produced as a mixture of lactone and free B-hydroxy acid
form; therefore, the standards were prepared in both
forms. Note that the retention time of lovastatin in its
beta hydroxyacid form is 8 min.

Results

The screening of solid substrates in SSF
using A. terreus, P. citrinum, and P. brevicompactum

The selection of a substrate for the SSF process de-
pends primarily on its cost and availability and may in-
volve screening of several starchy substrates that are lo-
cally available. Compared to SmF, the availability of water
in substrates is an important factor in SSF. A lower mois-
ture content within the substrate limits the growth and
metabolism of the microorganisms. Note that barley pow-
der was found to be the best substrate (Tables 1-3).

Comparison of A. terreus, P. citrinum, and P. brevi-
compactum efficiency in mevastatin and lovastatin
production from different substrates

When barley flour was used as a substrate, A. terreus
yielded 272.16 mg/gds (grams of dry substrate) of
mevastatin and 206.8 mg/gds of lovastatin, followed by

253

Table 1. Results of various solid substrates for the production

of mevastatin and lovastatin using A. ferreus

Siviics Lo Yot
Green peas 13.3 122.28
Long grain rice 71.76 110.92
Ragi 148.32 69.92
Barley powder 206.8 272.16
Beans 19.08 75.24
Sago powder 80.6 90
Green gram 4.48 74.36
Besan flour 9.6 70.36
White bean powder 2.32 67.48
Millet 0.48 71.24
Rice bran 2.04 68.16
Yellow peas 56.68 82.24
Rice flour 30.31 81.6
Wheat bran 5.36 72.64

Table 2. Results of various solid substrates for the production

of mevastatin and lovastatin using P. citrinum

Substrates Lovastatin Mevastain
[mg/gds] [mg/gds]

Green peas 0 0
Long grain rice 2.87 74.87
Black gram 11.96 68.44
Ragi 31.92 217.05
Barley powder 8.16 75.92
Beans 10.64 71.52
Sago powder 1.96 0
Green gram 0.4 66.76
Besan flour 2.52 0
White bean powder 0 0
Millet 0 72.6
Rice bran 0 0
Yellow peas 0.44 0
Rice flour 0 70.4
Wheat bran 4.92 66.96

110.92 mg/gds of mevastatin and 71.76 mg/gds of lova-
statin for long grain rice (Table 1). Note that A. terreus
produced mevastatin in almost all the substrates that
were tested. As shown in Table 1, barley (288.13 mg/gds
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Table 3. Results of various solid substrates for the production
of mevastatin and lovastatin using P. brevicompactum

Substrates Lovastatin =~ Mevastain
[mg/gds] [mg/gds]

Green peas 0 0
Long grain rice 0 0
Black gram 0 0
Ragi 3.64 125.07
Barley powder 6.52 68.72
Beans 0 0
Sago powder 0 0
Green gram 0 0
Besan flour 0 0
White bean powder 0 0
Millet 0 67.12
Rice bran 3.64 68.6
Yellow peas 0 0
Rice flour 1.36 67.36
Wheat bran 0 0

of mevastatin and 329.51 mg/gds of lovastatin) and long
grain rice ( long grain rice is four to five times as long as
normal rice) were found to be better than other substra-
tes that were used for mevastatin and lovastatin produc-
tion. Hence, we performed further parameter optimiza-
tion for A. terreus using barley as a substrate.

Among the fungal stains that were tested, P. citri-
num resulted in the maximum mevastatin production of
217.05 mg/gds and lovastatin production of 31.92 mg/gds
when ragi flour was used as a substrate (Table 2). P. citri-
num was tested with 15 different substrates, but only
few showed a positive result for mevastatin and lovasta-
tin production, whereas other substrates afforded poor
yields. P. citrinum showed better yield for mevastatin
compared to P. brevicompactum for ragi flour. The se-
cond highest mevastatin and lovastatin production levels
were obtained for barley powder, i.e., 75.92 mg/gds and
8.16 mg/gds, respectively. Note that the maximum pro-
duction levels were obtained after 10 days of incubation.

P. brevicompactum produced mevastatin and lova-
statin in only five of the tested substrates: ragi flour,
barley powder, millet, rice bran, and rice flour. Note that
the highest amounts of mevastatin and lovastatin were
produced when P. brevicompactum was grown in a me-
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dium where ragi flour was used as a substrate (Table 3).
Furthermore, compared to A. terreus and P. citrinum,
P. brevicompactum was the weakest producer of meva-
statin and lovastatin. The above results demonstrate that
the three microorganisms that were tested have diffe-
rent incubation periods, and the maximum yield of meva-
statin and lovastatin production was achieved in 7 days
for A. terreus, 10 days for P. citrinum, and 7 days for
P. brevicompactum.

A. terreus was superior in mevastatin and lovastatin
production compared to the other two microorganisms
that were tested. P. citrinum produced more mevastatin
and lovastatin compared to P. brevicompactum. All the
three microorganisms produced higher titers of meva-
statin and lovastatin in starch-rich substrates. P. citrr-
numand P. brevicompactum produced a maximum yield
in the same substrate (ragi), whereas A. terreus produ-
ced the maximum yield in barley powder. Table 3 shows
P. brevicompactum grown on all the substrates, but the
production is negligible. In almost all the substrates,
P. citrinum growth was observed; however, poor pro-
duction of mevastatin and lovastatin was observed in
only a few of them such as green peas, sago powder,
besan flour, white bean powder, rice bran, and yellow
peas (Table 1). Note that A. ferreus is a potential pro-
ducer of lovastatin and the same A. ferreus was used for
producing mevastatin; thus, it has shown dominance
over the other two microorganisms (Syed et al., 2015).

Optimization of mevastatin and lovastatin production
using Response surface methodology

To optimize the production of mevastatin and lova-
statin using RSM, we studied the effect of various pro-
cess parameters such as initial moisture content, incuba-
tion temperature, and inoculum size. Based on initial
experimental results (3 fungal strains and 15 substra-
tes), further optimization was performed using the high
yielding stain of A. ferreus and barley powder as a sub-
strate. Note that these process parameters have con-
siderable influence on the fungal growth and secondary
metabolite production. To determine the optimum for
each significant variable, we applied a full factorial cen-
tral composite design (2°) and RSM. To identify the
optimum levels for different process parameters in-
fluencing mevastatin and lovastatin production, SSF was
performed in conical flasks containing previously opti-
mized nutrients. We studied the individual and inter-
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Table 4. Experimental range and levels of the independent variables for A.terreus

Variables Media -1.682 -1 0  +1  +1.682
(g/1]
X temperature 21.6 25 30 35 38.4
X, moisture content 1 3 11
X inoculum size 1 3 6 11

Table 5. Full factorial central composite design matrix
of three variables in coded and natural units along with the observed responses
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Runs = Temperature Iqitial Innqculum Mevastatin Lovastatin
moisture size [mg/gds] [mg/gds]
experimental | predicted | experimental | predicted
1 -1 -1 -1 227.711 228.019 312.92 286.783
2 1 -1 -1 80.84 131.336 86.24 134.503
3 -1 1 -1 83.05 123.784 8.93 84.004
4 1 1 -1 119.31 134.111 176.94 125.768
5 -1 -1 1 98.41 127.021 8.28 95.352
6 1 -1 1 87.47 90.148 145.95 106.777
7 -1 1 1 68.32 61.236 2.52 -9.842
8 1 1 1 88.27 131.373 133.59 195.627
9 -1.682 0 0 67.4 51.124 17.83 -38.383
10 1.682 0 0 73.92 28.802 0.9 6.343
11 0 -1.682 0 265.63 237.746 291.73 267.401
12 0 1.682 0 218.27 184.761 198.04 171.598
13 0 0 -1.682 246.02 203.719 270.59 260.529
14 0 0 1.682 135.58 116.487 199.01 158.300
15 0 0 0 281.8 280.991 309.75 306.767
16 0 0 0 267.22 280.991 289.27 306.767
17 0 0 0 278.24 280.991 293.62 306.767
18 0 0 0 272.08 280.991 297.26 306.767
19 0 0 0 287.94 280.991 312.48 306.767
20 0 0 0 288.13 280.991 329.51 306.767

active effects of process parameter (temperature, mois-
ture content, and inoculums size) variables by conduct-
ing the fermentation run at randomly selected and dif-
ferent levels of all three factors (Table 4). The response
was measured as mevastatin and lovastatin production
levels. Moreover, to optimize the process parameters,
20 experiments with six replicates were performed.
These conditions were tested at five coded levels, na-
mely, -1.682, -1, 0, +1 and +1.682, which are listed in
Table 4. The optimal levels of the selected variables

were obtained by solving the regression equation using
MATLAB and by analyzing the response surface and
contour plots. Table 4 lists the coded values and the
levels of the variables temperature, moisture content,
and inoculum size. Table 5 lists the experimental and
predicted values along with the CCD experimental de-
sign. A multiple regression analysis of the CCD experi-
mental design yields the following quadratic polynomial
equation for the biosynthesis for mevastatin and lova-
statin:
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Y=280.991 - 6.63657x, - 15.7525x, - 25.9340x;, +
- 85.2161x,, - 24.6559x,, - 42.7402x;,, + 26.7525xx, +
+14.9525x,x, + 9.61250x,x, 1)

Y=306.767 + 13.2972x, - 28.4822x, - 30.3930x; +
- 114.123x, - 30.8536x,, - 34.4192x,, + 48.5113x,x, +
+40.9262 x,x, + 24.3963x,%, (2)

Tables 6A and 6B list the results of the regression
analysis from the data of central composite design ex-
periments. The analysis of variance of the quadratic re-
gression model demonstrated that in Eq. (1 and 2) was
a highly significant. It is evident from the Fisher’s F-test
with a very low probability value [(P model > F) =
0.0001]. To check the significance of each coefficient,
Student’s #test and P values were used as tools, which
also indicated the interaction strength between each
independent variable. The larger the magnitude of the
t-value and the smaller the Pvalue, the more significant
was the corresponding coefficient. Tables 7A and 7B list
the analysis of variance for mevastatin and lovastatin
production by A. terreus. The linear effect of x; and the
squared effect of x,,, x,,, and x,, were found to be signi-
ficant as the P value was less than 0.05 for mevastatin
(Table 7A). Note that the squared effect of x;, and x;,
and the interactive effect of x,x, were found to be signi-
ficant as the P value was less than 0.05 for lovastatin
(Table 7B). The correctness of fit of the model based on
RSM can be verified by the coefficient of determination
(R?), which provides a measure of how much the varia-
tion in the observed response values can be explained
via experimental factors and their interactions. The clo-
ser the R* value is to 1, the stronger the model, and the
better it can predict the response. In this case, the value
of the determination coefficient (2 = 91.29%) indicated
that only 8.71% of the total variations were not explained
by the model for mevastatin. Moreover, the value of the
determination coefficient (®° = 89.23%) indicated that
only 10.77% of the total variations were not explained by
the model for lovastatin. This model resulted in six res-
ponse surface plots (3D) with their corresponding con-
tour plots (2D). The response surface plots with the
contours of the calculated model for mevastatin and lova-
statin production were generated by the Design-Expert
software and are shown in Figure 1 (A, B, and C) and Fi-
gure 2 (A, B, and C). Three-dimensional graphs were ge-
nerated from the pairwise combination of the three fac-
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tors, and elliptical contours were obtained when there
was a perfect interaction between the substrates. Figure
1 (A, B and C) shows the contour and response surface
plot of the temperature, moisture content, and inoculum
size for the mevastatin production at a fixed substrate
concentration. The elliptical contour indicated greater
interaction among the independent variables. The res-
ponse surface plot and the contour plot shown in Fi-
gure 2 (A, B, and C) show the effects of temperature,
inoculum size, and moisture content. The elliptical con-
tour indicated an interaction among the variables x,, x,,
and x, for lovastatin production at a fixed substrate con-
centration.

Effect of temperature on mevastatin
and lovastatin production levels

We performed experiments with five different tem-
perature ranges (21.6, 25, 30, 35, and 38.4°C) using
RSM. The results of the study suggested that the tem-
perature had influenced the mevastatin and lovastatin
production by A. ferreus. When the experimentation was
carried out at 30°C, any further increase in temperature
lead to a decrease in mevastatin and lovastatin produc-
tion (Tables 1 and 2).

Effect of initial moisture on mevastatin
and lovastatin production levels

We used an initial moisture content of 66% for meva-
statin and lovastatin production. The moisture content
influenced the production of mevastatin and lovastatin.
An increase in the moisture content to above optimal
levels (moisture content 4.52 ml) caused aeration pro-
blems. A decrease in the moisture content below optimal
levels led to poor growth in the fungal strain and lower
productivity. Note that the optimum moisture content
depends on the nature of microorganisms and the sub-
strate that was used.

Effect of inoculum size on mevastatin
and lovastatin production levels

The inoculum volume influenced the production levels
of mevastatin and lovastatin. First, the inoculum volume
(5 ml) was kept constant for all three microorganisms.
The inoculum volume (48-h old) used in RSM was as fol-
lows: 1, 3, 6, 9, and 11 ml. The optimal inoculum volume
was found to be 4.82 ml for A. terreus, and the 48 h seed
growth culture supported the maximum production with
mevastatin and lovastatin yield for A. ferreus.
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Term Coefficient Standarq CITOT 1 fvalue | P-value

of coefficient
Constant 280.991 15.202 18.484 0.000
A -6.637 10.086 -0.658 0.525
B -15.753 10.086 -1.562 0.149
C -25.934 10.086 -2.571 0.028
A*A -85.216 9.819 -8.679 0.000
B*B -24.656 9.819 -2.511 0.031
c*C -42.740 9.819 -4.353 0.001
A*B 26.752 13.178 2.030 0.070
A*C 14.953 13.178 1.135 0.283
B*C 9.613 13.178 0.729 0.482
R*=91.29%

Table 6B. Estimated regression coefficients for lovastatin production by A. ferreus

Term Coefficient Sg?tizggzzr t-value P-value
Constant 306.77 22.98 13.348 0.000
A 13.30 15.25 0.872 0.404
B -28.48 15.25 -1.868 0.091
C -30.39 15.25 -1.993 0.074
A*A -114.12 14.84 -7.688 0.000
B*B -30.85 14.84 -2.079 0.064
C*C -34.42 14.84 -2.319 0.043
A*B 48.51 19.92 2.435 0.035
A*C 40.93 19.92 2.054 0.067
B*C 24.40 19.92 1.225 0.249
R*=89.23%

Validation of the models

The validation experiment was carried out in a 250 ml
Erlenmeyer flask under the optimum combination of the
process parameters predicted by the polynomial model.
The optimum values predicted by the model for meva-
statin were as follows: temperature 29.23°C, moisture
content 4.52 ml, and inoculum size 4.82 ml. The maxi-
mum mevastatin production of 290.156 mg/gds was pre-
dicted by the model. In fact, we obtained mevastatin pro-
duction of 297.98 mg/gds, which is even higher than the
predicted production level, thereby validating the pro-
posed model. The optimum values predicted by the model
for lovastatin were as follows: temperature 28.04°C, moi-

sture content 2.38 ml, and inoculum size 2.68 ml. The
maximum response of 338.22 mg/gds of lovastatin pro-
duction was predicted using this model. Moreover, using
the predicted model, the lovastatin production of
340.71 mg/gds was obtained, which is also higher than
the predicted values.

Discussion

A substrate that provides all the required nutrients to
the microorganism for an enhanced yield of the product
could be considered as an ideal substrate (Pandey et al.,
2001). Glucose, a form of starch present in the tested
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Table 7A. Analysis of variance for mevastatin production by A. terreus

Source o f?ffggsm of sSqLLr;lres Sl\(;[f:; Fvalue | Pwalue Source
Regression 9 145700 145700 16189 11.65 0.000
Linear 3 13176 13176 4392 3.16 0.073
A 1 602 602 602 0.43 0.525
B 1 3389 3389 3389 2.44 0.149
C 1 9185 9185 9185 6.61 0.028
Square 3 124271 124271 41424 29.82 0.000
A*A 1 91882 104652 104652 75.32 0.000
B*B 1 6064 8761 8761 6.31 0.031
c*C 1 26325 26325 26325 18.95 0.001
Interaction 3 8253 8253 2751 1.98 0.181
A*B 1 5726 5726 5726 4.12 0.070
A*C 1 1789 1789 1789 1.29 0.283
B*C 1 739 739 739 0.53 0.482
eRerOif“al 10 13893 13893 1389
Lack-ofit 13535 13535 2707 37.81 0.001
Pure error 5 358 358 72
Total 19 159594

Table 7B. Analysis of Variance for lovastatin production by A. ferreus

Source o f?fég;de(fm of sSqlilr:res SIZIE:IZ F-alue | P-value Source
Regression 9 263008 263008 29223 9.20 0.001
Linear 3 26109 26109 8703 2.74 0.099
A 1 2415 2415 2415 0.76 0.404
B 1 11079 11079 11079 3.49 0.091
C 1 12615 12615 12615 3.97 0.074
Square 3 199912 199912 66637 20.99 0.000
A*A 1 171883 187692 187692 59.11 0.000
B*B 1 10956 13719 13719 4.32 0.064
c*C 1 17073 17073 17073 5.38 0.043
Interaction 3 36988 36988 12329 3.88 0.045
A*B 1 18827 18827 18827 5.93 0.035
A*C 1 13400 13400 13400 4.22 0.067
B*C 1 4761 4761 4761 1.50 0.249
Residual error 10 31752 31752 3175
Lack-offit 5 30636 30636 6127 27.46 0.001
Pure error 5 1116 1116 223
Total 19 294760
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substrates, was found to be an excellent supplement for
growth, possibly because of its rapid utilization by the
fungal culture. However, the production of secondary
metabolites has been found to be independent of growth
(Drew and Wallis, 1983). Glucose, which is essential for
growth, helps microorganisms to adapt to new environ-
ments. Once it is exhausted from the medium, the solid
substrate (barley powder in this case) acted as a carbon
source. SSF on inert supports is very convenient for
microorganisms to grow and may help increase the pro-
duction rate (Oojikaas et al., 2000). As described above,
glucose was used as a nutrient supplement for the fungi
to adapt to a new environment. Moreover, a solid sub-
strate such as barley powder provided support for the
microorganism to grow. Biocon produced lovastatin
using A. terreus on wheat bran SSF (Suryanarayan,
2003). Note that a novel SSF process, using a high-den-
sity polyurethane foam (PUF) as an inert support, was
developed for producing lovastatin nearly 10 years ago
(Bafios et al., 2009). A comparison of lovastatin yield of
19.95 mg/gdc, obtained using SSF with PUF, resulted in
30 times higher levels than those obtained using liquid
submerged fermentation (SmF; 0.57 mg/ml) (Bafios
et al., 2009). In this study, SSF resulted in a higher pro-
duction of statins than SmF. Previously, RSM was used
to optimize the culture medium for producing lovastatin
by M. ruber and the maximum lovastatin yield obtained
was 131 mg/l (Chang et al., 2002). The principal nu-
trients on the isolated Monascus pilosus mutant pro-
duced the highest level of lovastatin, i.e., 725 mg/l in the
peptone medium containing glucose and glycerol (Mi-
yake et al., 2006).

Higher yields of lovastatin, monacolin J, pravastatin,
and mevastatin were produced by A. ferreusstrains com-
pared to strains belonging to Monascus species (Man-
zoni and Rollini, 2002). A. terreus UV 1718 grown in
a medium optimized by RSM and supplemented with
mycological peptone produced a maximum of 3723.4
+49 ng/g DFM. The yield of lovastatin increased 2.6-fold
compared to production in un-optimized media (Pan-
suriya and Singhal, 2010). The maximum yield of lova-
statin (2.9 mg/g dry substrate) using rice as a substrate
was reported by Wei et al. (2007) and was achieved by
incubating A. terreus ATCC 20542 for 11 days at the
following optimized SSF parameters: 50-60% initial
moisture content, pH 5.5, and incubation temperature
28°C. A concentration of lovastatin of 6 mg/g was re-
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ported in the SSF of M. ruber as a result of adding soy-
bean powder, glycerol, sodium nitrate, and acetic acid
into the production medium (Xu et al., 2005). The opti-
mal values for lovastatin were as follows: temperature
28.04°C, moisture content 2.38 ml, and inoculum size
2.68 ml. In this study, we obtained a lovastatin pro-
duction of 340.71 mg/gds, which is higher than that re-
ported previously (Syed et al., 2015).

To optimize the production of mevastatin by P. citri-
num, the Plackett-Burman and central composite rota-
table design have been used (Chakravarti and Sahai,
2002a). The optimization resulted in the production of
456 mg of mevastatin. In another study, a mutant strain
of P. citrinum grown in a chemically defined medium
yielded 145 mg/1 of mevastatin. Note that the addition of
KH,PO,into the production medium did not increase the
mevastatin production, while the addition of a surfactant,
Tween 80, increased the mevastatin level to 175 mg/1
(Chakravarti and Sahai, 2002b). The optimum values for
mevastatin production obtained in this study were as
follows: temperature 29.23 °C, moisture content 4.52 ml,
and inoculum size 4.82 ml. The amount of mevastatin
produced was 297.98 mg/gds, which was higher than
that reported in the literature.

The production of mevastatin by P. brevicompactum
WA 2315 has been previously optimized using SSF
(Shaligram et al., 2009). The feeding of glycerol (20%
v/v) into the growth medium on day 3 resulted in further
improvement of mevastatin yield to 1406 ng/gds. A two-
fold higher mevastatin concentration (1200 mg/l) than
the control (without the addition of Triton X 100) has
been reported by Choi et al. (2004) at the 10" day of fer-
mentation. An increase in mevastatin (ML-236B) produc-
tion was also achieved by introducing a whole mevastatin
biosynthetic gene cluster or the regulatory gene mlcR
into the P. citrinum high-production mevastatin strain
(Baba et al., 2009). In this case, glycerol was the most
significant contributor to the mevastatin production rate.
In another study, the addition of supplements at specific
concentrations (glycerol 3.86 mg/100 ml, CuCl,-2H,0
0.102 mg/100 ml, FeSO, - 7H,0 0.036 mg/100 ml, K,HPO,
0.003 mg/100 ml and MgSO, - 7H,0 0.09 mg/100 ml) re-
sulted in a mevastatin production of 771 pg/gds (Shali-
gram et al., 2008).

The moisture content has an important role in SSF,
although fermentation with relatively no moisture to
very high initial moisture levels has been reported (Prior
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et al., 1992). However, it has been observed that high
moisture content leads to the aggregation of substrate
particles, poor aeration, and an occurrence of anaerobic
conditions, while very low moisture content restricts
fungal growth (Gervais and Molin, 2003). The optimal
values of initial moisture content were determined at
4.52 ml for mevastatin and 2.38 ml for lovastatin, which
resulted in the maximum levels of lovastatin and meva-
statin production.

Conclusions

In this study, we focused on the simultaneous pro-
duction of mevastatin and lovastatin, which act as excel-
lent platforms for an industrial scale production. The
most significant result of this study was the adoption of
easily available starchy substrates for producing meva-
statin and lovastatin using fungal strains of P. citrinum,
P. brevicompactum, and A. terreus. In the fermentative
production of mevastatin and lovastatin, ragi flour was
found to be ideal for P. citrinum, and P. brevicompactum
and barley powder proved to be the best substrate for
A. terreus. Among the three microorganisms that were
tested, the higher yielding microorganism A. terreuswas
selected for further parameter optimization using RSM.
Under optimal conditions, the maximum mevastatin
(288.13 mg/gds) and lovastatin (329.51 mg/gds) yields
were achieved for A. terreus. In the validation ex-
periment, the amount of mevastatin produced was
297.98 mg/gds and lovastatin of 340.71 mg/gds for
A. terreus.
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