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Abstract Verticillium lecanii is an entomopathogen with
high potential in biological control of pests. We developed a
solid-state fermentation with sugarcane bagasse as carrier
absorbing liquid medium to propagate V. lecanii spores. Using
statistical experimental design, we optimized the medium
composition for spore production. We first used one-factor-at-
a-time design to identify corn flour and yeast extract as the
best carbon and nitrogen sources for the spore production of V.
lecanii. Then, we used two-level fractional factorial design to
confirm corn flour, yeast extract, and KH2PO4 as important
factors significantly affecting V. lecanii spore production.
Finally, we optimized these selected variables using a central
composite design and response surface method. The optimal
medium composition was (grams per liter): corn flour 35.79,
yeast 8.69, KH2PO4 1.63, K2HPO4 0.325, and MgSO4 0.325.
Under optimal conditions, spore production reached
1.1×1010 spores/g dried carrier, much higher than that on
wheat bran (1.7×109 spores/g initial dry matter).
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Introduction

The excessive use of chemical pesticides causes worldwide
environmental contamination and pesticide residual problems

in food and feed. Replacing chemical pesticides with
biopesticides has received increasing interests for plant pest
management. Verticillium lecanii is an entomopathogenic
fungus with a broad range of hosts including insects:
Coleoptera (Barson 1976), Orthopteta (Johnson et al. 1988;
Khachatourians 1992), Homoptera (Hall and Burges 1979;
Milner and Lutton 1986), and Lepidoptera (Gopalakrishnan
1989). It also parasites some plant disease pathogens such as
cucumber powdery mildew (Verhaar et al. 1996) and
chrysanthemum rust fungi (Whipps 1993).

For the biological control by this biopesticide, large
numbers of spores are needed. Solid-state fermentation (SSF)
and submerged fermentation (SmF) are popular systems for
fungal sporulation. SmF is usually faster and easier to control
system parameters (Tunga et al. 1998). However, volumetric
spore productivity by SmF is relatively low compared with
SSF. SSF can use relatively cheap agricultural byproducts
such as wheat bran, rice bran, and other hulls of cereals or
legumes (Feng et al. 2000; Zhu et al. 1996). However, natural
substrates in SSF have some disadvantages such as excessive
thickness of the substrate layer, low porosity, or inadequate
internal structures that disturb the aeration, heat removal, and
inefficient nutrient uptake (Hölker and Lenz 2005;
Marin-Cervantes et al. 2008). It is impossible to separate
residual solid substrate from biomass in SSF systems, and
direct estimation of growth is not attainable. Recently, SSF
using inert carriers such as ion exchange resins and
polyurethane foams was developed. Inert carriers present
high porosity, low density, relatively high water absorption,
and a satisfactory environment for fungal growth, where the
nutrients from a liquid medium are absorbed (Auria et al.
1995). The use of inert carrier allows direct biomass
determination, renewable use, cleaner extractions, good
aeration, and heat removal (Zhu et al. 1994; Marin-Cervantes
et al. 2008). Although sugarcane bagasse is not a strict inert
carrier, for most fungi, it is a carrier with high porosity, low
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density, and relatively high water absorption. Therefore, we
first explored the use of sugarcane bagasse as carrier that
absorbed liquid medium in solid-state fermentation for spore
production of V. lecanii. Liquid medium optimization was
done using statistical experimental design.

Generally, medium is optimized with the one-variable-at-a-
time method, in which all variables but one are held at a
constant level, and then the optimum level of the variables to
be tested is determined. This method is simple, but it is
laborious and time consuming if there are lots of factors to be
determined. Therefore, we used two steps statistical experi-
ments to optimize the medium of V. lecanii for spore
production with sugarcane bagasse as carrier in SSF. The
first step is to screen important variables, followed by
estimation of optimal levels of these variables. The fractional
factorial design (De Meo et al. 1985; Christen and Raimbault
1991) is well established and a widely used statistical
technique for screening of different variables. Following
the first step screening, the second step is optimizing all the
significant factors collectively by central composite design
(CCD) (Box and Wilson 1951) using response surface
methodology (RSM). Basically, this optimization process
involves three major steps: performing the statistically
designed experiments, estimating the coefficients in a
mathematical model, and predicting the response and
checking the adequacy of the model. Several researchers in
biotechnology have applied these techniques for optimiza-
tion of different parameters (Francis et al. 2003; Imandi et al.
2007; Singh and Satyanarayana 2006). Here, we report the
application of fractional factorial design and composite
design to optimize spore production of V. lecanii with
sugarcane bagasse as carrier in solid-state fermentation.

Materials and methods

Materials

Corn flour and soybean powder were purchased from localWu-
Mart supermarket (self-brand, Hangzhou, Zhejiang, China).
Yeast extract and peptone were purchased from Hangzhou
Microbiology Institute (Hangzhou, Zhejiang, China). Glucose
was from Sigma-Aldrich China (Shanghai, China).

Experiments

Microorganism and inoculum preparation

V. lecanii (CBS 102071) was purchased from CBS (Utrecht,
Netherlands). A spore suspension was obtained as follows:
V. lecanii was grown on potato dextrose agar (PDA) in Petri
dishes at 25 °C for 7 days. The spores were harvested from
the surface by pouring sterile 0.1% Tween-80 to wash off

the spores. The spore concentration was measured by
counting with a hemacytometer under microscope. The
spore suspension was used to inoculate the subsequent
fermentation immediately. V. lecanii was routinely main-
tained on PDA slants at 4 °C by regular sub-cultivation (no
longer than 3 months).

Solid-state fermentation

Wheat bran was purchased from local market and used as
substrate for comparison. Wheat bran (5 g) was mixed with
3.5 mL tap water in a 250-mL Erlenmeyer flask and
autoclaved at 121 °C for 20 min. After cooling down to room
temperature, the bran was inoculated with 0.5 mL spore
suspension (106 spores mL−1). Fermentation was carried out
at 25 °C for 6 days under relatively humidity of 97%.

Sugarcane was purchased from local market, and juice
was pressed off by a juice extractor, and sugarcane bagasse
was washed to ensure free of sugar, then dried, and cut into
4 mm pieces. Sugarcane bagasse (2 g) was mixed with
7 mL liquid medium in a 250-mL Erlenmeyer flask and
autoclaved at 121 °C for 20 min. Medium pH was adjusted
to 6.0. After cooling down to room temperature, medium
was inoculated with 0.5 mL spore suspension (106 spores
mL−1). Fermentation was done at 25 °C for 8 days under
relatively humidity of 97%.

Selection of best carbon and nitrogen sources for liquid
medium

The medium designed by Blackburn and Hayes (1966) was
used as basal medium with some minor modifications. The
basal medium contained (grams per liter of distilled water):
maltose, 10; NaNO3, 2.0; MgSO4, 0.5; KH2PO4, 0.5; and
K2HPO4, 0.65. Various simple and complex carbon (corn
flour, glucose, soluble starch) and nitrogen sources (peptone,
yeast extract, soybean powder) were used individually as
carbon and nitrogen source while other components were
kept constant. The spore production was determined after
72 h of fermentation at 25 °C under relative humidity of 97%.

Experimental design and data analysis

Two-level fractional factorial design

The important factors were screened by the fractional
factorial design (De Meo et al. 1985; Christen and
Raimbault 1991; Zhu et al. 1996). Therefore, we used
two-level fractional factorial design to identify important
variables, which allows for screening of five variables with
only eight experiments. We used FF0508 as abbreviation of
this two-level fractional factorial design, where 5 was the
number of variables, 8 was the quantity of experimental
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numbers. Each variable was represented at two levels, high
and low denoted by (1) and (−1); details are given in
Tables 1 and 2. The Statistics Package for Social Science
(SPSS) software 13.0 (SPSS, Chicago, IL, USA) was used
for analyzing the experimental data.

Central composite design

The CCD is one of RSM. After identifying components
significantly affecting the spore production, a central
composite design was adopted to optimize concentrations
of the important factors (corn flour, yeast extract, and
KH2PO4), which were selected from the two-level frac-
tional factorial design (FF0508). The full central compos-
ite design, based on three basic principles of an ideal
experimental design, primarily consists of a complete 2n

factorial design, where n is the number of test variables;
center points (n0≥1) and two axial points on the axis of
each design variable at a distance of r from the design
center. Hence, the total number of design points is
N ¼ 2n þ 2nþ n0. For statistical calculations the varia-
bles, Xi are coded as xi according to Eq. 1:

xi ¼ Xi � X0i

ΔXi
i ¼ 1; 2; 3; � � � � � � ; k ð1Þ

Where xi is dimensionless value of an independent
variable, Xi is the real value of an independent variable,
X0i is the real value of the independent variable at the center
point, and ΔXi is the step change. All independent variables
are coded to five levels (Table 3).

The second-degree polynomials (Eq. 2) are fitted with
the SPSS 13.0 (SPSS, Chicago, IL, USA) to estimate the
response of the dependent variable:

y ¼ b0 þ
Xk

i¼1

bixi þ
Xk

i;j¼1

bijxixj þ
Xk

i¼1

biix
2
1 i ¼ 1; 2; 3; � � � � � � ; k

ð2Þ
Where y is the measured response; b0 is the intercept

term; bi, bij, and bii are the measures of the effects of
variables xi, xixj, and x2i , respectively. The variable xixj
represents the first-order interaction between xi and xj (i<j).

Assessment of spore yield

The final cultural samples were ground in a mortar and then
mixed with 50 mL distilled water containing 0.1% (v/v)
Tween-80 in a laboratory blender for 2 min to extract the
spores from the substrate thoroughly. The spore suspension
was diluted appropriately to a proper density that could be
identified by microscopic counting with a hemocytometer.
Spore yield was expressed as spores per gram initial dry
matter (IDM) with wheat bran and spores per g dried carrier
(DC) with sugarcane bagasse. The results were the means
of triplicate determination of three independent samples.

Results

Selection of best carbon and nitrogen sources

The effect of various carbon and nitrogen sources on V.
lecanii spore production with sugarcane bagasse was
studied based on the basic medium with one-factor design.
For carbon selection, NaNO3 was used as the sole nitrogen
source and inorganic salts were kept constant; 20 g/L
glucose, corn flour, and soluble starch was used as carbon
source, individually. Similarly, for nitrogen selection,
maltose was used as the sole carbon source and inorganic
salts kept constant; 10 g/L peptone, yeast extract, and

Table 1 Variables screened and levels in two-level fractional factorial
design

Variable
(g/L)

Name Low level Mid level High level

X1 Corn flour 20 25 30
X2 Yeast extract 10 15 20
X3 KH2PO4 2 3.5 5
X4 K2HPO4 0.25 0.375 0.5
X5 MgSO4 0.25 0.375 0.5

Table 2 Two-level fractional factorial design matrix for screening of
important variables for spore production (FF0508)

Run
no.

Variables Spore
production
(lnY)Corn

flour
Yeast
extract

KH2PO4 K2HPO4 MgSO4

1 1 1 1 1 1 22.23480
2 1 1 −1 −1 −1 22.59766
3 1 −1 1 −1 −1 22.66580
4 1 −1 −1 1 1 22.78624
5 −1 1 1 1 −1 22.44205
6 −1 1 −1 −1 1 22.52230
7 −1 −1 1 −1 1 22.54260
8 −1 −1 −1 1 −1 22.60101

Table 3 Variables range, code values, and levels of independent
variables in CCD

Variables Name (g/L) Code values and levels

−1.682 −1 0 1 1.682

X1 Corn flour 26.5 30 35 40 43.5
X2 Yeast extract 5 7 10 13 15
X3 KH2PO4 0.65 1 1.5 2 2.35
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soybean powder was used as nitrogen source, individually.
Results are given in Table 4.

Among the various carbon sources used, V. lecanii (CBS
102071) had almost the same spore production: corn flour
(6.9×109 spores/g DC), soluble starch (6.7×109 spores/g
DC), and glucose (6.3×109 spores/g DC). Among nitrogen
sources, yeast extract (6.8×109 spores/g DC), soybean
powder (6.7×109 spores/g DC), and peptone (6.4×109/g
DC) had similar spore production.

Identification of important medium constituents using
fractional factorial design

Table 2 shows the results from the FF0508 design and the
corresponding fractional factorial experimental design matrix
for screening of important variables. The resulting effects
(EXi) of the variables on the responses, the associated F
values, and significant levels are shown in Table 5. A p value
less than 0.10 for the three variables (corn flour (X1), yeast
extract (X2), and KH2PO4 (X3)) indicated that they were
significant. The p value more than 0.10 for the two variables
(K2HPO4 (X4) and MgSO4 (X5)) indicated that they were less
significant. The increase in the concentration of corn flour,
MgSO4, and K2HPO4 had positive effects on spore
production (Table 5). An increase in the concentration of
yeast extract and KH2PO4 had negative effects on spore
production. With the help of p values, corn flour, yeast
extract, and KH2PO4 were selected for further optimization
based on their most significant effects on spore production.

The fractional factorial design was a powerful tool to rapidly
identify which medium constituents affect most significantly
the spore production of V. lecanii. However, the optimal
concentrations of medium components could not be deter-
mined. Therefore, CCD and RSM analysis were used to
further optimize the concentrations of medium components.

Optimization of the selected medium constituents using
CCD

CCD is a very useful tool to determine the optimal level of
medium constituents and their interaction. Based on the
fractional factorial design, where corn flour, yeast extract, and
KH2PO4 were identified for their significant effects on spore

production, a CCD was used for further optimization. The
concentrations of those major nutrients tested are given in
Table 3. Other nutrient concentrations were set at their center
point tested in the fractional factorial design. The CCD design
matrix and the observed production are given in Table 6.

The RSM analysis for the optimization of medium
constituents by SPSS 13.0 showed that spore production
(y) was a function of the concentration of corn flour (x1),
yeast extract (x2), and KH2PO4 (x3). The following second-
order polynomial equation was found to represent the spore
production adequately:

y ¼ 23:042þ 0:038x1 � 0:035x2 þ 0:031x3 þ 0:035x1x2

þ0:013x1x3 � 0:034x2x3 � 0:0832x1 � 0:0442x2 � 0:0912x3

ð3Þ
Where y is the response value, that is, the spore

production, and x1, x2, and x3 are the coded levels of corn
flour, yeast extract, and KH2PO4, respectively.

Table 4 Effect of various carbon and nitrogen sources on the spore
production

Carbon
sources
(g/L)

Spore production
(×109 spores/g
dried inert carrier)

Nitrogen
sources
(g/L)

Spore production
(×109 spores/g
dried inert carrier)

Glucose 6.25±0.21 Peptone 6.67±0.26
Corn flour 6.85±0.20 Yeast extract 6.75±0.14
Soluble starch 6.70±0.29 Bean powder 6.72±0.44

Table 5 Analysis of the two-level fractional factorial design (FF0508)
for screening important variables

Variables Name (g/L) F value EXi p value

X1 Corn flour 20.947 + 0.045a

X2 Yeast extract 22.954 − 0.041a

X3 KH2PO4 9.562 − 0.068a

X4 K2HPO4 0.118 + 0.764
X5 MgSO4 0.582 + 0.825

a Significant at p≤0.10

Table 6 CCD plan matrix in coded value and the observed response

Run no. X1 X2 X3 Observed value (lnY)

1 1 1 1 22.8690
2 1 1 −1 22.8267
3 1 −1 1 22.9230
4 1 −1 −1 22.7259
5 −1 1 1 22.7043
6 −1 1 −1 22.6923
7 −1 −1 1 22.8764
8 −1 −1 −1 22.7500
9 1.682 0 0 22.9049
10 −1.682 0 0 22.7896
11 0 1.682 0 22.8677
12 0 −1.682 0 23.0466
13 0 0 1.682 22.8370
14 0 0 −1.682 22.8100
15 0 0 0 23.0371
16 0 0 0 23.0381
17 0 0 0 23.0422
18 0 0 0 23.0396
19 0 0 0 23.0381
20 0 0 0 23.0382
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The regression equation was evaluated by the coefficient
of correlation (R) and the determination coefficient (R2).
Here, the value of R (0.959) indicates a high agreement
between the experimental and predicted values. The value
of determination R2 (0.92) indicates that the response model
can explain 92% of the total variations. The value of
adjusted determination coefficient (R2=0.848) was also
high enough to indicate the significance of the model.

The corresponding analysis of variance (ANOVA) is
given in Table 7. The F value is a measure of the variation
of the data about the mean. Generally, if the calculated F
value is several times greater than the tabulated F value, the
model is a good prediction of the experimental results.
Here, ANOVA analysis of the regression model indicates
that the model is highly significant. This is evidently seen
from the calculated F value (=12.810) and a very low
probability value (p>F=0.000217). The computed F value
(=12.810) is also greater than the tabulated F value (F(9, 10)

=4.94) at 0.01 level. It indicates that the second-order
polynomial is highly significant.

The regression coefficients, Student’s t test, and p values
were used as a tool to check the significance of each
coefficient, also indicating the interaction strength between
each independent variable. It can be seen from the degree of
significance (Table 8) that corn flour, yeast extract, and
KH2PO4 (p<0.05) are more significant than the other
factors. These data suggest that the concentrations of corn
flour, yeast extract, and KH2PO4 have a direct relationship
with the spore production in this medium. The interaction
of corn flour, yeast extract, and KH2PO4 are significant (p<
0.05), but interactions of corn flour × yeast extract and
yeast extract × KH2PO4 are less significant (p<0.10). The
interaction of corn flour × KH2PO4 is insignificant because
p value is more than 0.10.

The 3D response surface and the 2D contour plots of the
regression model are used to explain the effects of the
independent variables and interactive effects of independent
variables on the response. The shape of the corresponding
contour plots indicates whether the mutual interactions
between the independent variables are significant or not.
From the 3D response surface plots and the 2D
corresponding contour plots, the optimal values of the
independent variables and the corresponding response
could be predicted. The interaction between each indepen-

dent variable pair could be understood. The maximum
predicted value is indicated by the surface confined in the
smallest ellipse in the contour diagram. The spore produc-
tion for different concentrations of the variables can be
predicted from Fig. 1, corresponding to the interactive
effects of three important variables, respectively. It can be
seen from Fig. 1 that the response surface of each variable
is almost independent of the concentration of the other. The
interactions of three variables are not significant. The plots
show that optimal corn flour concentration is around 35 g/L
for yeast extract and KH2PO4 about 7 and 1.5 g/L.

Based on the fractional factorial design, a CCD was used
for further optimization. One second-order polynomial
equation was found to represent the spore production
adequately. The predicted optimum levels of corn flour,
yeast extract, and KH2PO4 were obtained by applying the
regression analysis to Eq. 3: x1=0.157, x2=−0.437, x3=
0.263, and y=23.054, which correspond to X1=35.79 g/L,
X2=8.69 g/L, X3=1.63 g/L, and Y=1.0×1010 spores/g DC.

Verification of the predicted values was conducted
according to the above optimal conditions. The practical
corresponding response was 1.1×1010 spores/g DC, much
greater than using wheat bran (1.7×109 spores/g IDM) for
spore production (Table 9). This result corroborated the
validity and the effectiveness of this model. The optimal
concentrations of medium components (grams per liter) are
made up of corn flour 35.79, yeast extract 8.69, KH2PO4

Table 7 Analysis of variance (ANOVA) and model summary for the quadratic model of the CCD experiments

Model Sources Sum of squares Degree of freedom Mean Square F value p value

1 Regression 0.279 9 0.031 12.810 0.000a

Residual 0.024 10 0.002
Total 0.303 19

R = coefficient of correlation = 0.959; R2 = coefficient of determination = 0.92; adjust R2 =0.848
a Significant at p<0.01

Table 8 Model coefficients estimated by multiples linear regression
(significance of regression coefficients)

Model Coefficient Value t value p value

Constant b0 22.894
X1 b1 0.038 2.836 0.018a

X2 b2 −0.035 −2.662 0.024a

X3 b3 0.031 2.328 0.042a

x1x2 b12 0.035 1.988 0.075b

x1x3 b13 0.013 0.726 0.485
x2x3 b23 −0.034 −1.935 0.082b

x21 b11 −0.083 −6.371 0.000a

x22 b22 −0.044 −3.372 0.007a

x23 b33 −0.091 −7.019 0.000a

a Significant (p<0.05)
b Significant (p<0.10)
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1.63, K2HPO4 0.325, and MgSO4 0.325. Under the optimal
condition, 1.0×1010 spores/g DC could be produced in
theory and 1.1×1010 spores/g DC in practical experiment.

Discussion

The effect of various carbon and nitrogen sources on V.
lecanii spore production with sugarcane bagasse as carrier
was studied based on the basic medium with one-factor
design (Table 4). Among the various carbon sources used,
V. lecanii (CBS 102071) had almost the same spore
production: corn flour (6.9×109 spores/g DC), soluble
starch (6.7×109 spores/g DC), and glucose (6.3×
109 spores/g DC), but spore production with the crude
carbon source (corn flour) was relatively cheaper compared

with other carbon sources. Among nitrogen sources, yeast
extract (6.8×109 spores/g DC), soybean powder (6.7×
109 spores/g DC), and peptone (6.4×109/g DC) had similar
spore production. Yeast extract had relatively high solubil-
ity compared with soybean powder and peptone. Thus, corn
flour and yeast extract were chosen as the sources of carbon
and nitrogen for further optimal experiments, respectively.

In order to identify important medium components, we
used fractional factorial experimental design. Corn flour
(X1), yeast extract (X2), and KH2PO4 (X3) indicated that
they were important variables (Table 5). The increase in the
concentration of corn flour had positive effects on spore
production. An increase in the concentration of yeast
extract and KH2PO4 had negative effects on spore
production. The positive effects of corn flour may be
caused by the requirement of a large quantity of substrate to

Fig. 1 Three-dimensional mesh
plot and 2D contour plot of
spore production of V. lecanii: a
the effect of corn flour (X1) and
yeast extract (X2) on spore pro-
duction (Y) with other compo-
nents set at center level; b the
effect of yeast extract (X2) and
KH2PO4 (X3) on spore produc-
tion (Y) with other components
set at center level; c the effect of
corn flour (X1) and KH2PO4

(X3) on spore production (Y)
with other components set at
center level

Table 9 Comparison of spore production of V. lecanii between wheat bran and with sugarcane bagasse as inert carrier in solid-state fermentation

Substrate Harvest time (days) Spore production (no./g dried inert carrier)

Wheat bran 6∼7 1.68×109

Sugarcane bagasse absorbed liquid medium (before optimization) 8∼11 7.05×109

Sugarcane bagasse absorbed liquid medium (after optimization) 8∼11 1.08×1010
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synthesize spores. Corn flour is a preferred substrate to
synthesize macromolecules (carbohydrates), which is relat-
ed to sporulation and germination. In addition, corn flour
has a low level of trace elements and a high carbohydrate
content, which may contribute to spore generation. High
carbon (corn flour) concentrations can lead to higher spore
production as was reported for other fungi earlier (Ooijkaas
et al. 1999). Low nitrogen (yeast extract) concentration is
more advantageous for spore production than high nitrogen
concentration. This is consistent with some other fungi
(Smith and Galbraith 1971). KH2PO4 at high concentra-
tions has a negative effect on spore production. It is
possible that the high concentration of KH2PO4 could cause
acidification of the culture, resulting in low spore produc-
tion as the Coniothyrium minitans (McQuilken et al. 1997).

The statistical optimal experiments were useful to
optimize the medium components for spore production of
V. lecanii with sugarcane bagasse as carrier in solid-state
fermentation. After three steps optimization, a high signif-
icant quadratic polynomial obtained by the central com-
posite design and RSM was very useful to determine the
optimal concentrations of constituents that have significant
effects on spore production. Under the optimal concen-
trations of medium, spore production reached 1.1×
1010 spores/g dried carrier; it is much greater than wheat
bran (1.7×109 spores/g initial dry matter). This study
demonstrates that waste sugarcane bagasse with high
porosity and water absorption can provide an ideal
environment and carrier in fungus solid-state fermentation
for spore production.
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