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Introduction

Entomopathogenic fungi are widely used as biocon-
trol agents against many insect pests like lepidopteran 
larvae (Wraight et al. 2010; Fite et al. 2020; Gielen et al. 
2022), thrips (Ugine et al. 2005; Bara and Laing 2020) 
and aphids (Castillo Lopez et al. 2014; Mantzoukas et al. 
2022). In 1879, Metchnikoff used Metarhizium to con-
trol Anisoplia austriaca, a pest of cereal crops (Pu and 
Li 1996), demonstrating that entomopathogenic fungi 
could be used against white grubs. Subsequently, many 
studies have focused on the biological characteristics, 
production, and application of entomopathogenic fungi 
(mainly Metarhizium and Beauveria) against white 
grubs (Erler and Ates 2015; Kim et al. 2020). The use 
of Beauveria to control grubs on peanut (Nong et al. 
2011), sugarcane (Visalakshi et al. 2015; Nozipho 2016), 
maize (Tamayo-Sánchez et al. 2022) and potato (Soni 
et al. 2018) has achieved remarkable results. There-

fore, as an environmentally friendly fungal insecticide, 
Beauveria has a broad application potential and signifi-
cant commercial value as a biological pest control agent 
for white grubs.

Beauveria majiangensis (Ascomycota: Cordycipita
ceae) was first isolated from the larva of Holotrichia scro
biculata on a blueberry farm in Guizhou, China (Chen 
et al. 2018). The fungus shows a high level of infectivity 
and virulence toward the larvae of three species of bee-
tle: H. scrobiculata, Holotrichia parallela, and Oxycetonia 
bealiae (Liu et al. 2020). However, not all members are 
suitable for mycoinsecticide formulations for controlling 
scarab beetles (Wang et al. 2022). Although B. majian
gensis has shown potential as a biological control agent 
and host specificity, further investigations are needed 
to determine the optimum culture conditions and to 
identify a suitable growth medium for the commercial-
scale production of stable B. majiangensis spore powder 
for the large-scale control of underground pests.
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A b s t r a c t

The entomopathogenic fungus Beauveria majiangensis strain MJ1015, recently isolated from white grubs on a blueberry farm in Guizhou, 
China, could be used as a biocontrol agent. As a first step toward determining the effect of different solid culture media, temperature, and 
pH on colony growth rate and sporulation, we evaluated the optimum solid medium for mycelial growth and conidia production on a com-
mercial scale. Subsequently, we also used single-factor analysis and response surface optimization to optimize the composition of the solid 
culture medium. On potato dextrose agar (PDA) medium, MJ1015 grew fastest and produced the highest spore yield at 29°C and pH 5. 
The best solid medium for the growth and sporulation of strain MJ1015 comprised 64.70 g/l of rice, 13.00 g/l of wheat, 0.30 g/l of NaNO3, 
0.36 g/l of K2HPO4 · 3H2O, and 1.00 g/l of CaCO3. Rice, NaNO3, and K2HPO4 · 3H2O were the main influencing factors. The predicted value 
of cultured spores using the optimal medium was 4.56 × 1010 conidia/l. The validation test results showed that the average growth rate of 
strain MJ1015 on the optimal medium was 85% and 96% faster than that on Sabouraud dextrose agar with yeast extracts medium (SDAY) 
and PDA, respectively. Sporulation was 43.90 times and 9.65 times of that produced on SDAY and PDA, respectively. Our findings provide 
a theoretical basis for the commercial production of B. majiangensis to control white grubs.
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Liquid fermentation, solid fermentation, and liquid-
solid two-phase fermentation systems are used for the 
large-scale production of biopathogenic fungi. Earlier 
studies (Ibrahim and Low 1993; Ovruski et al. 2003; 
Feng et al. 2004) have suggested that fungi could be 
economically and efficiently mass-produced on differ-
ent solid substrates, such as sorghum, rice, rice straw, 
wheat, wheat bran or Italian millet (Sikura and Primak 
1970; Ibrahim and Low 1993; Machado et al. 2010; 
Kankale et al. 2017; Hassan et al. 2020; Yu et al. 2020), 
to produce stable and easily preserved conidia (Pandey 
1994; Soccol et al. 2017). Therefore, the solid fermenta-
tion method became the medium of choice in the mass 
production of Beauveria. A strain’s growth rate and 
sporulation yield differ on different culture substrates 
(de Farias et al. 2010; Bhadauria et al. 2012; Ibrahim 
et al. 2015; Song et al. 2019). Similarly, the sporulation 
yield of different strains on the same solid medium also 
differs (Goffré et al. 2018; Song et al. 2019). Optimiza-
tion studies are therefore needed to establish the opti-
mal production conditions by different strains.

In this study, the biological characteristics of B. maji
angensis strain MJ1015 were studied, and colony growth 
and conidial production on different solid media were 
assessed to provide a theoretical basis for expanding 
this research into other fields and for the large-scale 
industrial production of this strain.

Experimental

Materials and Methods

Test strain. B. majiangensis strain MJ1015 was iso-
lated from the larva of H. scrobiculata on a blueberry 
farm in Guizhou, China (Chen et al. 2018), and is stored 
in the Species Preservation Room at Guizhou Institute 
of Biology (preservation number CGMCC No. 15090).

Preparation of spore suspension. Aerial conidia 
of MJ1015 were obtained from a stock culture grow-
ing on a potato dextrose agar (PDA) plate by suspend-
ing them in sterile water containing 0.05% Tween-80. 
The number of conidia in the suspension was counted 
using a hemocytometer (Yue Cheng Trading Co., Ltd., 
China) and then diluted to 1.0 × 1010 conidia/l with 
0.05% Tween 80 for use in subsequent experiments.

Inoculation and cultivation of strain MJ1015. 
Media plates were inoculated in the center with 1 µl of 
spore suspension using a pipette and then incubated 
in the dark in a climate chamber with 90 ± 5% relative 
humidity for 14 days. The colony growth rate and spore 
production were measured.

Effect of different media on colony growth rate 
and sporulation. To assess the effects of different media 
on colony growth rate and sporulation, four different 

media were inoculated with MJ1015 spore suspension: 
Sabouraud dextrose agar with yeast extract (SDAY), 
which comprised 10 g/l of tryptone, 40 g/l of dex-
trose, 20 g/l of agar, 10 g/l of yeast extract, and, with 
a pH 6.0 ± 0.1; PDA medium; ⅟₄ Sabouraud dextrose 
agar with yeast extract (⅟₄SDAY, 2.5 g/l of tryptone, 
10 g/l of dextrose, 20 g/l of agar, 5 g/l of yeast extract); 
and base medium (CZM), which comprised 30 g/l 
of dextrose, 2 g/l NaNO3, 0.5 g/l MgSO4·7H2O, 1 g/l  
K2HPO4, 0.5 g/l KCl, 0.001 g/l FeSO4 · 7H2O, 20 g/l of 
agar. The inoculated plates were cultivated in a climate 
chamber at 26.5 ± 1°C, with at least three replications 
of each treatment. 

Effect of different temperatures on colony growth 
rate and sporulation. To assess the effects of different 
temperatures on colony growth rate and sporulation, 
plates of PDA medium were inoculated with spore sus-
pension and then incubated in the climate chamber at 
20 ± 1°C, 23 ± 1°C, 26 ± 1°C, 29 ± 1°C, or 30 ± 1°C, with 
at least three replications of each temperature treatment.

Effect of pH on colony growth rate and sporu‑
lation. To assess the effects of different pH values on 
colony growth rate and sporulation, plates of PDA 
medium were prepared with pH values adjusted to pH 
4, 5, 6, 7, 9, 11, or 13 with 0.1 mol/l HCl or 0.1 mol/l 
NaOH under sterile conditions. The PDA plates were 
inoculated with spore suspension and cultured at 29°C, 
with at least three replications of each pH value.

Solid medium single‑factor screening. Carbon 
source. To assess the effects of media with different car-
bon sources on colony growth rate and sporulation, the 
40 g/l of glucose in SDAY medium was replaced with 
40 g/l of sucrose, fructose, brown sugar, corn meal, corn 
cob meal, wheat bran, wheat meal, rice stalk meal, bran, 
rice meal, potato meal, or sweet potato meal, or with 
a mixture of rice and wheat (1 : 1 mass ratio). The plates 
were inoculated with spore suspension and cultured 
at 29°C. SDAY was used as a control. Each medium 
treatment comprised at least three replications, and 
three solid medium plates were used for each biolo- 
gical replicate experiment.

Proportion of rice and wheat. To assess the effects 
of media with different proportions of rice and wheat 
as the carbon source on colony growth rate and spor-
ulation, the 40 g/l of glucose in SDAY medium were 
replaced with rice and wheat mass ratios of 1 : 1, 2 : 1, 
3 : 1, 5 : 1, 7 : 1, 9 : 1, 1 : 2, 1 : 3, 1 : 5, 1 : 7, or 1 : 9. Plates of 
yeast extract plus tryptone, rice or wheat as the carbon 
source and SDAY were used as control groups. The 
culture conditions and the number of replicates were 
the same as those used in the carbon source screening 
experiment.

Nitrogen source. To assess the effects of different 
nitrogen sources on colony growth rate and sporula-
tion, plates of medium were prepared with a 2 : 1 ratio of 
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rice and wheat as the carbon source and 20 g/l of yeast 
extract, yeast paste, peanut powder, cottonseed pow-
der, silkworm pupal powder, soybean powder, or fish 
meal, or 1 g/l of ammonium sulfate, sodium nitrate, or 
urea. Plates of SDAY and rice: wheat ratio of 2 : 1 as the 
carbon source without the nitrogen source was used as 
control groups. The culture conditions and the number 
of replicates were the same as those used in the carbon 
source screening experiment.

Inorganic salt. To assess the effects of different inor-
ganic salts on colony growth rate and sporulation, agar 
plates were prepared with rice: wheat ratio of 2 : 1 and 
NaNO3 as the carbon and nitrogen source, respectively. 
To this medium, 1 g/l of KH2PO4, K2HPO4 · 3H2O, 
NaH2PO4, KNO3, MgSO4 · 7H2O, CaSO4 · 2H2O, ZnSO4, 
FeSO4, MgCl2 · 6H2O, KCl, CaCl2, NaCl, or CaCO3 were 
added. Medium without the addition of an inorganic 
salt acted as the control group. The culture conditions 
and the number of replicates were the same as those 
used in the carbon source screening experiment.

Plackett‑Burman design. Based on the results 
of the single-factor screening experiments, we used 
a Plackett-Burman design (N = 12) to assess five factors: 
two carbon sources, a nitrogen source, and two inor-
ganic salts. Three dummy variables were used to esti-
mate the error. For each factor, two levels were assessed: 
high (+1) and low (−1) (Table I). The high level was 
1.25  times that of the low level. Colony growth rate 

and sporulation measurements were taken as response 
value  Y. The design code and the coding values are 
shown in Table I. The culture conditions and the num-
ber of replicates were the same as those used in the 
carbon source screening experiment.

Steepest ascent path. Based on the main factors 
promoting sporulation identified by the Plackett- 
Burman method, the steepest ascent method was 
designed using rice, NaNO3, and K2HPO4 · 3H2O. The 
step size and the direction of each significant factor 
were determined by the coefficient of sporulation 
regression equation of the Plackett-Burman design 
model. The culture conditions and the number of rep-
licates were the same as those used in the carbon source 
screening experiment.

Response surface optimization experiment. Based 
on our analysis of the significance factors and levels 
obtained using the Plackett-Burman test and steepest 
ascent method, we performed a response surface analy-
sis experiment comprising three factors and five levels 
on a solid medium, which was designed using a central 
combination experimental design. The design is shown 
in Table II. The culture conditions and the number of 
replicates were the same as those used in the carbon 
source screening experiment.

Statistical analysis. Colony growth rate (mm/d) 
and sporulation (conidia/l) data are presented as means 
± the standard error (SE) and were statistically analyzed 
by performing a one-way analysis of variance (ANOVA) 
or Welch’s ANOVA using SPSS 21.0. SigmaPlot 14 soft-
ware was used to plot the experimental results. Cal-
culation of growth rate – colony growth diameter was 
measured with vernier caliper crossovers after 14 days 
of culture and recorded:

Calculation of spore number – the sterilized hole 
punch of 1 cm2 was used to take bacteria cakes from 
the center of the colony ⅟₂ distance from the edge, 
and three bacteria cakes were taken from each treat-
ment. The cakes were placed in 20 ml sterile water con-
taining 0.05% Tween-80 and fully oscillated and mixed 
on the vortex oscillator to make spore suspension. 

X1 Rice (g/l) 27 33.75

X2 Wheat (g/l) 13 16.25

X3 Virtual 1 −1  1

X4 NaNO3 (g/l) 1  1.25

X5 CaCO3 (g/l) 1  1.25

X6 Virtual 2 −1  1

X7 K2HPO4 · 3H2O (g/l) 1  1.25

X8 Virtual 3 −1  1

Table I
Range of different factors investigated

with Plackett-Burman design.

Symbol Variables
Low (−1) High (+1)

Experimental value

A Rice (g/l) 58.4489 60.75 64.125 67.50 69.8011
B NaNO3 (g/l)  0.1755 0.23  0.31  0.39  0.44459
C K2HPO4 · 3H2O (g/l)  0.2389 0.29  0.365  0.44  0.49119

Table II
Factors and levels of response surface central composite design.

Symbol Variables
Code level

−1.6828 −1 0 1.68181

Colony growth rate (       ) =                        Colony growth diameter (mm)
culture time (d)

mm
d
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The spore concentration was measured with the blood 
cell counting plate and the number of spores (spores/l) 
was calculated:

where N is the total number of spores in the 5 squares 
in the middle.

Results

Effect of different media on colony growth rate 
and sporulation. The colony growth rate of strain 
MJ1015 on PDA was significantly faster (3.37 mm/d; 
Fig. 1a), and sporulation was significantly higher 
(7.73 × 1010 conidia/l; Fig. 1b) than on the other three 
media. Although there was no significant difference in 

Spore number
l

                         =      × 25 × 10 × 106 × dilution ratioN
5

Fig. 1. Effect of different culture conditions on colony growth rate and sporulation. Effect of different media (a–b), temperatures (c–d), 
and pH values (e–f) on colony growth rate and sporulation of Beauveria majiangensis strain MJ1015. Values shown are means ± the 

standard error. Different lowercase letters indicate significant differences between values (p < 0.05).
PDA – potato dextrose agar medium, CZM – base medium, SDAY – Sabouraud dextrose agar with yeast extract medium, ¼ SDAY – ¼ Sabouraud 

dextrose agar with yeast extract medium.
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the colony growth rate on SDAY and ⅟₄ SDAY, sporula-
tion was significantly higher on SDAY than on ⅟₄ SDAY. 
The colony growth rate on CZM was significantly 
slower (2.84 mm/d), and sporulation was significantly 
lower (4.80 × 109 conidia/l) than on the other media.

Effect of different temperatures on colony growth 
rate and sporulation. Colony growth and sporulation 
were observed under all the different temperature treat-
ments (i.e., from 20°C to 30°C; Fig. 1c). The growth rate 
increased with increasing temperature up to 29°C. The 
optimal temperature for mycelial growth was 29°C and 
spore production was significantly higher than at 23°C, 
26°C, or 30°C, but was not significantly different from 
that at 20°C (Fig. 1d). Moreover, the lowest level of 
sporulation occurred at 30°C, and the growth rate was 
significantly lower than at 26°C or 29°C.

Effects of different pH on colony growth rate and 
sporulation. Colony growth and sporulation were 
observed under all the different pH treatments (i.e., 
from pH 4 to 13; Fig. 1e and 1f). However, the optimal 
pH for mycelial growth (3.23 mm/d) and sporulation 
(1.32 × 109 conidia/l) was pH 5.

Effect of different carbon sources on colony 
growth rate and sporulation. When we replaced the 
40 g/l of dextrose in the SDAY medium with one of 
13  different carbon sources, the colony growth rate 
of strain MJ1015 was either not significantly different 
or was better than that on SDAY (Fig. 2a and 2b). It 
appears that the growth rate on a 1:1 ratio of rice and 
wheat (3.26 ± 0.03 mm/d) was not significantly differ-
ent from that of corncob, bran flour, wheat, rice straw 
powder, chaff, rice, and potato. Moreover, a 1 : 1 ratio 
of rice and wheat was the optimal carbon source for 
promoting sporulation ((4.11 ± 0.22) × 109 conidia/l), 
significantly higher than that produced on media with 
other carbon sources. 

Effect of different proportions of rice and wheat 
on colony growth rate and sporulation. To determine 
the optimal proportion of rice and wheat in the medium 
for colony growth and sporulation, we assessed 11 dif-
ferent rice: wheat ratios (Fig. 2c and 2d). A significantly 
higher growth rate (3.02 ± 0.03 mm/d) and greater spor-
ulation ((1.66 ± 0.02) × 1010 conidia/l) were achieved on 
medium with rice: wheat ratio of 2 : 1 compared with 
the other treatments.

Effect of different nitrogen sources on colony 
growth rate and sporulation. When we replaced 
the yeast extract powder and tryptone in the SDAY 
medium with one of 11 different nitrogen sources, the 
colony growth rate of strain MJ1015 was significantly 
better than that on SDAY (Fig. 2e and 2f). When strain 
MJ1015 was grown on media containing NaNO3, the 
mycelial growth rate (3.81 ± 0.04 mm/d) was signifi-
cantly faster, and sporulation was significantly higher 
((25.83 ± 0.80) × 109 conidia/l) than on other media, 

suggesting that NaNO3 was the optimal nitrogen source 
for the growth and sporulation of strain MJ1015.

Effect of inorganic salts on colony growth rate and 
sporulation. When strain MJ1015 was grown on media 
containing rice: wheat ratio of 2 : 1, NaNO3, and either 
0.10% K2HPO4 · 3H2O or CaCO3, the average mycelial 
growth rate (4.34 ± 0.03 mm/d or 4.12 ± 0.04 mm/d, 
respectively) was significantly higher than that on other 
media (Fig. 2g and 2h). In addition, significantly higher 
sporulation (41.01 ± 1.56) × 109 conidia/l) was achieved 
on media containing CaCO3 than on other media.

Plackett‑Burman design. Based on the test results 
shown in Table III, multiple regression equation fitting 
and ANOVA of sporulation by MJ1015 colonies were 
performed using Design-Expert 12 software (Table IV). 
The regression equation for colony sporulation was: 

Y(ln (sporulation)) = 22.64 + 0.7365 × X1 + 0.0313 × X2 –
 – 0.4789 × X4 + 0.0448 × X5 – 0.4468 × X7

Regression analysis showed that the Plackett-
Burman model (Table IV) was highly significant 
(p < 0.01), indicating that the model could be used to 
analyze significant factors of B. majiangensis MJ1015 
sporulation. The results of the regression analysis 
(Table IV) showed that rice was positively correlated 
with sporulation (p < 0.01), increasing its content 
promoted the sporulation of strain MJ1015, whereas 
NaNO3 and K2HPO4 · 3H2O were negatively correlated 
with sporulation (p < 0.05). Increasing the NaNO3 and 
K2HPO4 · 3H2O content of solid media could inhibit 
sporulation. However, the other factors were not sig-
nificant (Table  IV). Because the added reagents did 
not affect the colony growth rate in our laboratory, the 
colony growth rate was not analyzed here or in sub-
sequent experiments. 

Steepest ascent path. Steepest ascent tests of rice, 
NaNO3, and K2HPO4 · 3H2O were carried out with spor-
ulation as the main factor from Plackett-Burman result. 
Based on the coefficient of the sporulation regression 
equation of the Plackett-Burman design model, the 
step size and direction of each significant factor were 
determined, as shown in Table V. Colony spore pro-
duction peaked at the “origin + 10Δ” factor level and 
then decreased. The response interval of the maximum 
value was around factor level 10, which was selected as 
the center point.

Response surface optimization experiment. 
According to the Plackett-Burman test results and 
steepest ascent path, a three-factor and five-level 
response surface analysis was conducted on rice, 
NaNO3 and K2HPO4 · 3H2O using a central combination 
design. The central combination design and its levels 
are shown in Table II, and the experimental results are 
shown in Table VI. 
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Fig. 2 a–f. Solid medium single-factor screening. Effect of different carbon sources (a–b), proportions of rice and wheat (c–d), nitrogen 
sources (e–f), and inorganic salts (g–h) on colony growth rate and sporulation of Beauveria majiangensis strain MJ1015. Values shown 

are means ± the standard error. Different lowercase letters indicate a significant difference between values (p < 0.05).
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Multiple regression equation fitting and ANOVA 
with Table VI test data using Design-Expert 12 software 
yielded the regression equation:

Y(Sporulation (conidia/l)) = (4.508 + 0.246 × A – 0.303 × B –
 – 0.093 × C – 0.045 × AB – 0.130 × AC –
 – 0.020 × BC – 0.769 × A² – 0.964 × B² –
 – 0.700 × C²) × 1010

The regression equation results (Table VII) revealed 
that the regression model has relevance (p < 0.0001) 

and that the model has a high goodness of fit value 
(R2 = 0.9348), indicating that the model is a good reflec-
tion of the relationship between the investigated fac-
tors and response values. The colony spore yield lack 
of fit was not significant (p = 0.6030), indicating that 
the model did not lose fit; that is, the modified model 
could be used for the theoretical prediction of solid 
spore yield optimization of strain MJ1015. According 
to the response surface diagrams showing the effects 
of rice (A), NaNO3 (B), and K2HPO4 · 3H2O (C), on 
sporulation (Fig. 3), A, B, and C have maximum values.

 1 1 1 −1 1 1 1 −1 −1 22.370 ± 1.833
 2 −1 1 1 −1 1 1 1 −1 2.860 ± 0.282
 3 1 −1 1 1 −1 1 1 1 4.267 ± 0.466
 4 −1 1 −1 1 1 −1 1 1 0.923 ± 0.117
 5 −1 −1 1 −1 1 1 −1 1 9.043 ± 1.283
 6 −1 −1 −1 1 −1 1 1 −1 1.487 ± 0.289
 7 1 −1 −1 −1 1 −1 1 1 33.453 ± 3.836
 8 1 1 −1 −1 −1 1 −1 1 30.840 ± 2.155
 9 1 1 1 −1 −1 −1 1 −1 11.113 ± 0.934
10 −1 1 1 1 −1 −1 −1 1 5.773 ± 0.636
11 1 −1 1 1 1 −1 −1 −1 6.950 ± 0.865
12 −1 −1 −1 −1 −1 −1 −1 −1 5.650 ± 1.211
13 0 0 0 0 0 0 0 0 10.628 ± 1.353
14 0 0 0 0 0 0 0 0 13.027 ± 1.477
15 0 0 0 0 0 0 0 0 19.129 ± 1.886

Table III
Plackett-Burman design and response values.

Order
Variable code Y

Sporulation (conidia/l)
1 × 109X1 X2 X3 X4 X5 X6 X7 X8

Fig. 2 g–h. Solid medium single-factor screening. Effect of different carbon sources (a–b), proportions of rice and wheat (c–d), 
nitrogen sources (e–f), and inorganic salts (g–h) on colony growth rate and sporulation of Beauveria majiangensis strain MJ1015. 

Values shown are means ± the standard error. Different lowercase letters indicate a significant difference between values (p < 0.05).
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Fig. 3 (a–d). Response surface diagrams showing the effects of rice and NaNO3 (contour (a) and 3D plots (b)),
rice and K2HPO4 · 3H2O (contour (c) and 3D plots (d)), NaNO3 and K2HPO4 · 3H2O (contour (e)

and 3D plots (f)) on the sporulation of Beauveria majiangensis strain MJ1015.

In summary, based on changes in sporulation with 
nutrient composition, combined with response surface 
optimization experiments, Design-Expert 12 software 
was used to analyze spore production as the primary 
response value and indicated that the optimal medium 
conditions for MJ1015 sporulation were 64.70 g/l of rice, 

0.30 g/l of NaNO3, and 0.36 g/l of K2HPO4 · 3H2O. The 
spore yield of strain MJ1015 when grown on the opti-
mal medium, was predicted to be 4.56 × 1010 conidia/l. 

Validation test. The average growth rate of strain 
MJ1015 on the optimized solid phase medium was 
(4.46 ± 0.04) mm/d, 85% and 96% faster than that on 
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Model  5 11.69 2.34 7.84 0.0060**
X1 0.7365 1 6.51 6.51 21.81 0.0016**
X2 0.0313 1 0.0117 0.0117 0.0393 0.8477
X4 −0.4789 1 2.75 2.75 9.22 0.0162*
X5 0.0448 1 0.0241 0.0241 0.0807 0.7836
X7 −0.4468 1 2.40 2.40 8.03 0.0220*
Residual  8 2.39 0.2985
Cor total  14 15.30

Table IV
Results of regression analysis of Plackett-Burman design.

* – indicates significant (p < 0.05), ** – indicates very significant (p < 0.001)

Source Factor df
Sporulation (Y)

Sum of squares Mean square F-value p-value

Fig. 3 e–f. Response surface diagrams showing the effects of rice and NaNO3 (contour (a) and 3D plots (b)),
rice and K2HPO4 · 3H2O (contour (c) and 3D plots (d)), NaNO3 and K2HPO4 · 3H2O (contour (e)

and 3D plots (f)) on the sporulation of Beauveria majiangensis strain MJ1015.

SDAY and PDA, respectively. Furthermore, the sporu-
lation of strain MJ1015 ((4.54 ± 0.16) × 1010 conidia/l) 
was 43.90 times and 9.65 times that on SDAY and PDA, 
respectively.

Discussion

Entomopathogenic fungi have been reported to tol-
erate a wide range of temperatures (i.e., 0 ~ 40°C), with 
most entomopathogenic fungi showing optimal growth 
and sporulation at approximately 20 ~ 30°C (Ibrahim 
and Low 1993; Vega and Kaya 2012; Tumuhaise et al. 
2018). This study showed that a temperature of 29°C 
is most conducive for B. majiangensis MJ1015 colony 

growth and sporulation. Our study supports previous 
reports that growth rates depend on the fungal isolate 
(genotype) and temperature. The colony growth rate 
and the number of spores produced by a fungus are 
not necessarily related (Safavi et al. 2007; Rangel et al. 
2008; Campos-Esquivel et al. 2022), which was also 
confirmed by our study. Colonies that grew the fast-
est did not necessarily produce the most spores. The 
number of conidia produced when grown at 20°C did 
not differ significantly from that produced at 29°C 
even though the colony growth rate at 20°C was sig-
nificantly slower than at 29°C. This may indicate that 
MJ1015 performed asexual reproduction to produce 
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offspring when grown under the harsher environment 
of the 20°C climate chamber. This finding should help 
to guide the production of MJ1015 and its use in the 
field. Previous reports have shown that different Beau
veria species have different pH tolerance ranges, such 
as 5–6 (Sanzhimitupova 1980), 6–8 (Galani 1988), as 
well as 10 and above (Shimazu and Sato 1996). An 
acidic pH (i.e., pH 5) was more suitable for the growth 
and sporulation of strain MJ1015, unlike Beauveria 
bassiana, which shows optimal growth and spore in 
media with a pH of 6 to 8 (Karthikeyan et al. 2008). 
However, the optimum pH for maximal growth of 
three other B. bassiana stains (i.e., BbR1, BbR2, Bbr3) 
was found to be 6 to 7 (Dhar et al. 2016). A  prefer-
ence for an acidic environment might reflect that 
B. majia gensis strain MJ1015 was isolated from blue-
berry grubs and that the biological characteristics of 
Beauveria isolated from different geographical sources 
and hosts are different.

Although entomopathogenic fungi can grow and 
sporulate on different media, the utilization rate of dif-
ferent media depends on the fungal species (Lin et al. 
1988; Aregger 1992). Bhadauria et al. (2012) used the 
mass ratio method to evaluate 15 different grains as 
a  solid medium for the mass production of B. bas
siana, with fungal dry weights of 0.38 and 0.56 g/100 g 
obtained on wheat and rice. Ibrahim et al. (2015) 
used the same method to show that the dry weight of 
B. bassiana per 100 g of substrate varied greatly, with 
20.7, 5.0, and 1.3 g/100 g recorded when grown on bur-
ghul, rice, or wheat, respectively. After 14 days of cul-
ture, Pham et al. (2010) observed that B. bassiana KK5 

 1 −1 −1 −1 1.95 + 0.108
 2  1 −1 −1 2.75 + 0.085
 3 −1  1 −1 1.60 + 0.070
 4 1  1 −1 2.34 + 0.098
 5 −1 −1 1 1.75 + 0.060
 6  1 −1 1 2.16 + 0.117
 7 −1  1 1 1.45 + 0.062
 8  1  1 1 1.55 + 0.076
 9 −1.6818  0 0 2.13 + 0.061
10  1.6818  0 0 2.91 + 0.077
11  0 −1.6818 0 2.70 + 0.102
12  0  1.6818 0 1.23 + 0.038
13  0  0 −1.6818 2.58 + 0.076
14  0  0 1.6818 2.85 + 0.059
15  0  0 0 4.90 + 0.077
16  0  0 0 4.88 + 0.088
17  0  0 0 4.67 + 0.119
18  0  0 0 4.25 + 0.110
19  0  0 0 4.57 + 0.085
20  0  0 0 3.70 + 0.082

Table VI
Response surface central composite design

and corresponding results.

Run
Coded variable level Y

Sporulation (conidia/l)
1 × 109A B C

Step lengthΔ  1 0.125 0.125 3.375 0.125 0.125     n.d.
Origin  0 0.000 0.000 30.375 1.125 1.125 10.627 ± 0.342
Origin + 1Δ  1 0.125 0.125 33.750 1.044 1.049  9.043 ± 0.532
Origin + 2Δ  2 0.250 0.250 37.125 0.962 0.973  5.273 ± 0.136
Origin + 3Δ  3 0.375 0.375 40.500 0.881 0.898  4.837 ± 0.229
Origin + 4Δ  4 0.500 0.500 43.875 0.800 0.822  1.880 ± 0.218
Origin + 5Δ  5 0.625 0.625 47.250 0.719 0.746  0.730 ± 0.063
Origin + 6Δ  6 0.750 0.750 50.625 0.637 0.670  0.620 ± 0.008
Origin + 7Δ  7 0.875 0.875 54.000 0.556 0.594 29.487 ± 0.546
Origin + 8Δ  8 1.000 1.000 57.375 0.475 0.518 28.773 ± 0.540
Origin + 9Δ  9 1.125 1.125 60.750 0.393 0.443 35.627 ± 1.806
Origin + 10Δ 10 1.250 1.250 64.125 0.312 0.367 47.587 ± 4.056
Origin + 11Δ 11 1.375 1.375 67.500 0.231 0.291  9.917 ± 0.451
Origin + 12Δ 12 1.500 1.500 70.875 0.150 0.215  2.420 ± 0.079
Origin + 13Δ 13 1.625 1.625 74.250 0.068 0.139  3.967 ± 0.138

Table V
Experimental design and results of steepest ascent path.

Level
of factor

Factor coded value Factor actual value Sporulation
(conidia/l) 1 × 109Rice NaNO3 K2HPO4 · 3H2O Rice NaNO3 K2HPO4 · 3H2O

conidial production was greatest when steamed rice 
was used as a substrate (2.69 g conidia/100 g substrate), 
followed by brown rice (1.43 g conidia/100 g substrate). 
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New medium 4.46 ± 0.04 4.54 ± 0.16
SDAY 2.41 ± 0.03 0.10 ± 0.02
PDA 2.28 ± 0.03 0.47 ± 0.04

Table VIII
Response surface optimization results validation.

SDAY – Sabouraud dextrose agar with yeast extract medium,
PDA – potato dextrose agar medium

Medium Colony growth
(mm/d)

Sporulation (conidia/l)
1 × 1010

Model 9 2.668 × 1021 2.965 × 1020 15.93 < 0.0001 significant
ARice 1 8.275 × 1019 8.275 × 1019  4.450 0.0612 
BNaNO3 1 1.256 × 1020 1.256 × 1020  6.750 0.0266 
CK2HPO4 · 3H2O 1 1.180 × 1019 1.180 × 1019  0.6336 0.4445 
AB 1 1.650 × 1018 1.650 × 1018  0.0886 0.7720 
AC 1 1.343 × 1019 1.343 ×1019  0.7126 0.4155 
BC 1 3.335 × 1017 3.335 × 1017  0.0179 0.8962 
A2 1 8.529 × 1020 8.529 × 1020 45.810 < 0.0001 
B2 1 1.339 × 1021 1.339 × 1021 71.900 < 0.0001 
C2 1 7.069 × 1020 7.069 × 1018 37.970 0.0001 
Residual 10 1.862 × 1020 1.862 × 1019

Lack of fit 5 8.170 × 1019 1.634 × 1019  0.7821 0.6030 not significant
Pure error 5 1.045 × 1020 2.089 × 1019   
Cor Total 19 2.855 × 1021

R2  0.9348
Adjusted R2  0.8761

Table VII
ANOVA for response surface quadratic polynomial model.

Source
df

Sporulation (Y)

Sum of squares Mean square Fvalue p-value

However, rice husks were not found to be suitable for 
producing B. bassiana KK5 conidia. Some researchers 
use a method of spore counting to compare the effect of 
different media on the growth or sporulation of strains. 
According to Feng et al. (2000), conidial production of 
Verticillium lecanii on cooked rice and rice bran solid 
medium was 1.5 × 109 and 1.4 × 109 conidia/g, respec-
tively, which was significantly higher than that on rice 
husks or a mixture of rice and rice bran under the same 
culture conditions. In addition, wheat bran and rice 
bran in the proportion of 3 : 1 supported maximum 
conidiospores yields for strain BbR2 (1.9 × 107 conidia/
ml) and stain BbR1(1.66 × 107 conidia/ml) and signifi-
cantly superior over other strains (Dhar et al. 2016). 
However, there were some differences in our study, the 
best growth rate and sporulation were achieved when 
strain MJ1015 was grown on a medium comprising 
a mixture of rice and wheat, NaNO3, K2HPO4 · 3H2O, 
and CaCO3. Our results confirm the findings of 
earlier studies (Ibrahim and Low 1993; Feng et al. 2004; 

Bhadauria et al. 2012), showing that the fungal species 
may cause differences in carbon and nitrogen source 
utilization among strains.

In our study, rice and wheat impart essential factors 
favoring fungal growth and conidial yields. A possible 
explanation for higher levels of conidial production 
on rice and wheat than on other substrates could be 
the carbon to nitrogen ratio of these substrates. A high 
carbon-to-nitrogen ratio could promote conidiation 
under nitrogen starvation (Gao et al. 2007; Safavi et al. 
2007; Uzma and Gurvinder 2009; Pham et al. 2010; 
Goffré et al. 2018; Song et al. 2019; Hassan et al. 2020). 
However, further investigations are needed to analyze 
the carbon: nitrogen ratios of the substrates used in this 
study to verify this idea. 

Culture conditions also affect the conidial produc-
tion of fungi, and, therefore, culture parameters, such as 
water, temperature, and light, also need to be optimized 
(Rodríguez-Gómez et al. 2009; Pham et al. 2010; Rizal 
et al. 2022). In addition, the influence of the medium 
on the infectivity of the strain should also be consid-
ered when selecting a medium (Rodríguez-Gómez et al. 
2009; Garza-López et al. 2012; Doolotkeldieva et al. 
2019) to ensure that applications of B. majiangensis as 
a pest control agent in the field are practical.

In conclusion, we have taken a first step toward 
identifying the culture conditions needed for a future 
commercial-scale and the optimal solid-state fermen-
tation medium operation to produce B. majiangen
sis conidia to control white grubs. It to pave the way 
towards commercialization of strain MJ1015.
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