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Abstract
The conventional process for converting starch to glucose is energy-intensive. To lower 
the cost of this process, a novel strain of Paenibacillus phyllosphaerae CS-148 was iso-
lated and identified, which could directly hydrolyze raw starch into glucose and accumu-
late glucose in the fermentation broth. The effects of different organic and inorganic nitro-
gen sources, the culture temperature, the initial pH, and the agitation speed on the yield 
of glucose were optimized through the one-factor-at-a-time method. Nine factors were 
screened by Plackett–Burman design, and three factors (raw corncob starch, yeast extract 
and (NH4)2SO4) had significant effects on glucose yield. Three significant factors were fur-
ther optimized using Box-Behnken design. Under the optimized fermentation conditions 
(raw corncob starch 40.4 g/L, yeast extract 4.27 g/L, (NH4)2SO4 4.39 g/L, KH2PO4 2 g/L, 
MgSO4`7H2O 2 g/L, FeSO4`7H2O 0.02 g/L, NaCl 2 g/L, KCl 0.5 g/L, inoculums volume 
4%, temperature 35 °C, agitation rate 150 rpm, and initial pH 7.0), the maximum glucose 
yield reached 17.32 ± 0.46 g/L, which is 1.33-fold compared to that by initial fermentation 
conditions. The maximum conversion rate and glucose productivity were 0.43 ± 0.01 g 
glucose/g raw corn starch and 0.22 ± 0.01 g/(L·h), respectively. These results implied that 
P. phyllosphaerae CS-148 could be used in the food industry or fermentation industry at a 
low cost.
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Introduction

Starch is the most important storage polysaccharide in plants, its hydrolysis products, such 
as glucose, maltose, and other syrups are utilized extensively in the food, pharmaceutical, 
and fermentation industries [1]. However, starch granules show some resistance to chemi-
cals and enzymes hydrolysis because of their polycrystalline structure [2]. Therefore, the 
conventional enzymatic saccharification of starch entails three steps: gelatinization, lique-
faction, and saccharification [3]. Starch slurry is first gelatinized at about 100 °C to destroy 
the crystalline structure; then, the gelatinized starch is liquefied at about 95 °C by thermo-
philic α-amylases. Subsequently, the liquefied solution is hydrolyzed using glucoamylases 
at 50–60 °C to produce glucose syrup [4, 5]. This is a high-energy process, resulting in 
high production costs. Therefore, researchers are exploring various techniques to reduce 
energy consumption and production costs. Among them, the direct hydrolysis of starch 
using raw starch digesting α-amylase (RSDA) or microorganisms may be a good choice.

RSDA can directly hydrolyze raw starch granules into glucose without gelatinization 
[6]. It can simplify the conventional starch hydrolysis process and lower energy consump-
tion [7]. Thus, it has garnered significant attention in recent years. Many researchers have 
reported that RSDA could be produced by various strains, such as Penicillium oxalicum 
[8], Bacillus licheniformis [9], Aspergillus fumigatus [2], and Aspergillus niger [10]. Many 
tesearches have been conducted into improving the activity of RSDA, such as screening 
new strains, optimizing the fermentation conditions, mutation breeding, and molecular 
cloning [8, 11–14]. However, the production of RSDA activity is still relatively low, and 
the fermentation and purification of RSDA also further increase the cost of enzyme appli-
cation. Thus, more research effort must be made.

In this paper, a novel Paenibacillus phyllosphaerae CS-148 strain was screened, which 
can directly hydrolyze raw starch into glucose, however, the glucose was not consumed 
by the microorganism. Next, fermentation conditions were optimized. To the best of the 
authors’ knowledge, this is the first time reported a microorganism which can directly 
hydrolyze raw starch and accumulate glucose in fermentation broth. The purpose of this 
study was to determine a novel technique to reduce the energy consumption and cost of 
starch processing.

Materials and Methods

Isolation and Identification of Microorganisms

Soil samples were collected from different flour mills in Huaian City, China. Soil samples 
(1 g) were mixed with 9-mL sterile water and the suspensions were serially diluted, the 
supernatants (0.2 mL) with appropriate dilutions were then spread onto raw starch agar 
plates, which containing (g/L): corn starch 20, (NH4)2SO4 2，K2HPO4 1, MgSO4`7H2O 
0.5, NaCl 1, KCl 0.5, FeSO4`7H2O 0.01, and agar 15.The pH of the medium was natural 
(~7.2). Corn starch was sterilized using dry heat sterilization at 110 °C for 3 h, and added 
to sterile nutrient agar at 50–60 °C. After incubation at 32 °C for 3–5 days, the strains 
that can hydrolyze raw starch were screened for the formation of clearing zones around 
the colonies, and these screened strains were further confirmed by liquid culture. The liq-
uid medium was the same as the raw starch agar medium without agar. Fermentation was 
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performed in a 250-mL Erlenmeyer flask containing 50 mL of liquid medium. The culti-
vation was maintained at 32 °C for 4 days with shaking at 150 rpm, where the inoculum 
volume was 4%. After centrifugation at 10,000 rpm for 5 min, the concentration of glucose 
in fermentation broths was detected using a Biosensor Analyzer.

The strain that could produce the highest concentration of glucose in the fermentation 
broth was named CS-148. The physiological and biochemical characteristics of CS-148 
were investigated using previously described approaches [15, 16]. The genomic DNA of 
CS-148 was extracted using a TIANGEN Bacterial Genomic Extraction Kit, and the partial 
16S rDNA was amplified using the PCR master mix kit (Sangon Biotech Shanghai, China). 
The PCR primers were 27F (5’-AGA​GTT​TGA​TCC​TGG​CTC​AG-3’) and 1492R (5’-GGT​
TAC​CTT​GTT​ACG​ACT​T-3’). The amplified 16S rDNA fragment was sent to Sangon Bio-
tech Shanghai for sequencing. Further the obtained partial 16S rRNA sequence was used 
for homologous comparison using BLAST at the NCBI website to identify the strain. The 
phylogenetic tree was constructed by the neighbor-joining method of MEGA XI, using the 
maximum composite likelihood method to compute the evolutionary distances.

Optimization of Culture Conditions

The different fermentation parameters, including organic nitrogen sources (peptone, tryp-
tone, yeast extract, beef extract, and corn steep liquor, with the pH adjusted to 7), inorganic 
nitrogen sources (NH4Cl, (NH4)2SO4, NaNO3, NH4NO3, with the pH adjusted to 7), cul-
tural temperature (26, 29, 32, 35 and 38 °C), initial pH (5,6,7,8, and 9) and agitation speed 
(100, 150, 200, and 250 rpm) were initially screened using the one-factor-at-a-time(OFAT) 
method to investigate the effect of the glucose yield, while the concentrations of other 
ingredients were the same as the raw starch agar medium, such as corn starch, K2HPO4, 
MgSO4`7H2O, NaCl, KCl, and FeSO4`7H2O.

Screening of Fermentation Parameters

Plackett–Burman design (PBD) can identify significant factors from various parame-
ters using few experimental runs [17]. The effects of nine factors on glucose production 
were screened by PBD: the inoculum amount, along with the concentration of raw corn 

Table 1   Factors and levels of the 
Plackett–Burman design

Symbol code Factors Levels

−1 +1

X1 Raw corn starch (g/L) 20 40
X2 Yeast extract (g/L) 2 4
X3 (NH4)2SO4 (g/L) 2 4
X4 K2HPO4 (g/L) 1 2
X5 MgSO4`7H2O (g/L) 1 2
X6 FeSO4`7H2O (g/L) 0.01 0.02
X7 NaCl (g/L) 1 2
X8 KCl (g/L) 0.5 1
X9 Inoculum amount (%) 2 4
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starch, yeast extract, (NH4)2SO4, KH2PO4, MgSO4`7H2O, NaCl, KCl, and FeSO4`7H2O. 
Each factor was set at two levels, coded by (+1) and (−1), as shown in Table 1.

Optimization by Box–Behnken design (BBD)

According to the results of PBD, three significant factors (raw corncob starch concentra-
tion, yeast extract concentration, and ammonium sulfate concentration) were screened 
from the nine factors and were further optimized using BBD. The coded forms of the 
significant parameters and their actual values are shown in Table 2. A total of 17 runs 
were performed. The correlation relationship between the variables and response was 
fitted by a second-order polynomial model, and can be expressed as follows:

where Y is the predicted response (glucose yield); β0 is the model constant-coefficient; X1, 
X2, and X3 are the concentration of raw corn starch, yeast extract and (NH4)2SO4 (g/L), 
respectively. β1, β2, and β3 are linear coefficients, β11, β22, and β33 are the quadratic coef-
ficients, β12, β13, and β23 are the interaction coefficients.

Quantitative Determination of Glucose and Fermentation Parameters

The concentration of glucose was assayed following the method proposed by Zhao 
[18] using a Biosensor Analyzer (SBA-40E, Biology Institute of Shandong Academy 
of Sciences, China). The samples were centrifuged at 10,000 rpm for 5 min, and 25 
μL of supernatant was injected into the Biosensor Analyzer to measure the glucose 
concentration.

The glucose yield was defined as the concentration of glucose in the fermentation 
broths. The conversion rate of raw starch was calculated as the ratio of produced glu-
cose (g) to total mass of the raw corn starch (g). Glucose productivity was calculated 
as the ratio of glucose concentration (g/L) in the fermentation broth to the fermentation 
time (h).
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Table 2   Factors and their design 
levels used in BBD

Symbol code Factors Levels

−1 0 +1

X1 Raw corn starch (g/L) 30 40 50
X2 Yeast extract (g/L) 2 4 6
X3 (NH4)2SO4 (g/L) 2 4 6
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Statistical Analysis

The data was analyzed by one-way ANOVA, and the differences of the means (n=3) were 
determined using Tukey’s test (p < 0.05). The PBD and BBD experiments were designed 
and analyzed in the Design Expert (v. 8.0.6) software (State-Ease Inc. Minneapolis, USA).

Scanning Electron Microscopy of Starch Granules

The fermentation broth was centrifuged at 4000 rpm for 5 min, and the precipitates of 
hydrolysis starch granules were dried via lyophilization. Then, starch granules were 
gold-sputtered and observed using an S-3400N scanning electron microscope (SEM) 
(Hitachi Limited, Tokyo, Japan) under vacuum conditions using a 10 kV accelerating 
voltage [19].

Fig. 1   Colony morphology of P. phyllosphaerae CS-148 on the raw starch plate (a) and slide staining with 
crystal violet (b)

Table 3   Morphological and 
biochemical characteristics of P. 
phyllosphaerae CS-148

+ positive reaction, − negative reaction

Characterization Results Utilization of: Results

Shape Rode Glucose −
Gram staining Variable Sucrose +
Sporulation + Galactose −
H2S production − Fructose −

Maltose +
Mannose −
Xylose −
Glycerol +
Citrate −
Inositol +
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Results and Discussion

Isolation and Identification of Microorganisms

The strains from the soil were screened on the raw starch plate, eight colonies were 
screened out by observing the zone of clearance due to the hydrolysis of raw starch. Then, 
the strains were further screened using a liquid culture. Among them, the CS-148 fermen-
tation broth produced the highest concentration of glucose; therefore, it was subjected to 
the experiment. The colony morphology of this strain on the raw starch plate is shown 
in Fig. 1, and the morphological and biochemical characteristics of CS-148 are shown in 
Table 3. It can be seen that the colonies of CS-148 were round, smooth, convex, transpar-
ent, sticky, and formed transparent zones on raw starch agar plates. Furthermore, CS-148 
cells were rod-shaped, and Gram staining was variable. Rivas et al. [16] also reported simi-
lar results regarding the strain of P. phyllosphaerae PALXIL04T. Many members of Pae-
nibacillus are known to be Gram variable [20–23], which may be caused by differences 
in the chemical and structural characteristics of the bacterial cell walls of those strains. 
The gram-positive bacteria had a thick, relatively impermeable wall, and Gram-negative 
bacteria had a thin peptidoglycan layer plus lipid–protein bilayer wall. Therefore, they have 
intermediate structure cell walls with variable staining characteristics [24]. Furthermore, as 
shown in Table 3, strain CS-148 could utilize sucrose, maltose, glycerol, and inositol, but 
could not utilize glucose, fructose, galactose, mannose, xylose, and citrate. The 16S rDNA 
sequence of the strain was submitted in the NCBI GenBank (GenBank accession num-
ber: OQ608826) and compared with the data contained therein, which revealed that the 
screened strain was phylogenetically related to Paenibacillus phyllosphaerae. As shown 
in Fig. 2, the strain CS-148 and P. phyllosphaerae strain SM26 were grouped together in 
one branch and had the highest sequence similarity. Thus, the strain was named as P. phyl-
losphaerae CS-148.

Fig. 2   Phylogenetic analysis of P. phyllosphaerae CS-148 based on 16S rRNA sequences. The numbers at 
the nodes refer to the bootstrap values (%) 1000 times. Lactobacillus delbrueckii subsp. lactis DSM 20072 
was used as an outgroup. The representative strains were collected from NCBI
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Effects of Different Culture Parameters on the Yield of Glucose

The effects of different organic and inorganic nitrogen sources, cultural temperature, initial 
pH, and agitation speed on the yield of glucose were examined, and the results are pre-
sented in Fig. 3.

As shown in Fig. 3, different cultural conditions have varied effects on the yield of glu-
cose by P. phyllosphaerae CS-148. Fig.  3a shows that there were significant differences 

Fig. 3   Effects of organic nitrogen sources (a), inorganic nitrogen sources (b), cultural temperature (c), ini-
tial pH (d) and agitation speed (e) on the glucose yield. Lowercase letters indicate significant differences (p 
< 0.05 in Tukey’s tests)
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(p<0.05) in glucose yields among different organic nitrogen sources. Yeast extract and 
tryptone could be good organic nitrogen sources for P. phyllosphaerae CS-148 fermen-
tation. However, when yeast extract was used as the organic nitrogen source, fermenta-
tion could achieve higher glucose yields (13.03 ± 0.76 g/L) at lower costs. Therefore, the 
best organic nitrogen source was determined as yeast extract. The high glucose production 
compared with other organic nitrogen sources is possibly due to significant bio-accessible 
nutrients for P. phyllosphaerae CS-148 in yeast extract, such as amino acids, nucleic acids, 
structural proteins, and vitamins. Many researchers have reported that the optimal organic 
nitrogen source was yeast extract for Paenibacillus spp. [25, 26]. As shown Fig. 3b, the 
glucose yields using (NH4)2SO4 are significantly higher than those using the other three 
inorganic nitrogen sources. (NH4)2SO4 is considered to be a suitable inorganic nitrogen 
sources, while (NH4)2SO4 is a good industrial nitrogen source because of its low cost. It is 
widely known that environmental variables, such as temperature, pH, and agitation speed, 
have significant effects on cell growth and metabolite synthesis. The effects of temperature 
on the yield of glucose by P. phyllosphaerae CS-148 can be seen in Fig.  3c, where the 
maximum yield of glucose was obtained at 35 °C, at 13.40 ± 0.53 g/L. These results are 
consistent with a study by Priest [23], which claimed that the optimum growth temperature 
is generally at 28–40 °C for the genus of Paenibacillus. According to Fig. 3d, the yield of 
glucose increased with increases in pH from 5 to 7, and significantly decreased with an 
increase in pH from 7 to 9. The highest yield of glucose was at pH 7, reaching 13.37 ± 0.67 
g/L. Similarly, previous reports have suggested that the optimum pH of Paenibacillus spp. 
is 7 [23]. The pH has a significant impact on cellular metabolism, because different pH val-
ues can change the membrane charge, membrane permeability, and ionization of nutrients 
[27]. When the pH value is higher and lower than the optimal pH, the yields of glucose 
were significantly decreased. Furthermore, shaking is an important parameter that allows 
submerged fermentation to overcome mass transfer resistances [28]. Fig. 3e illustrates the 
effect of agitation speed on the glucose yield. When the agitation speed was increased from 
100 to 150 rpm, the glucose yield significantly increased from 11.20 ± 0.56 g/L to 13.17± 
0.47 g/L. It was also found that there is no significant difference in the glucose yield of fer-
mentation between the agitation speed of 150 and 200 rpm. Hence, the agitation speed of 
150 rpm was selected as the optimal agitation speed for fermentation. When the agitation 

Table 4   Results of PBD for glucose yield

Run X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 Response

1 −1 −1 −1 1 −1 1 1 −1 1 1 1 12.35
2 −1 1 1 −1 1 1 1 −1 −1 −1 1 15.19
3 1 1 −1 1 1 1 −1 −1 −1 1 −1 16.86
4 1 −1 −1 −1 1 −1 1 1 −1 1 1 13.69
5 1 1 1 −1 −1 −1 1 −1 1 1 −1 17.76
6 −1 1 1 1 −1 −1 −1 1 −1 1 1 14.76
7 1 −1 1 1 −1 1 1 1 −1 −1 −1 15.11
8 1 1 −1 −1 −1 1 −1 1 1 −1 1 16.25
9 1 −1 1 1 1 −1 −1 −1 1 −1 1 15.11
10 −1 −1 1 −1 1 1 −1 1 1 1 −1 13.03
11 −1 1 −1 1 1 −1 1 1 1 −1 −1 14.22
12 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 −1 11.18
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speed further increased to 200 rpm, the yield of glucose decreased to 12.03 ± 0.83 g/L. 
This might be caused by shear damage to the cells at high agitation speeds [29].

Screening of Significant Parameters Using PBD

The levels of nine factors for the PBD were selected according to previous experiments, 
and the experimental results for the PBD are listed in Table 4 and Table 5.

Based on the analysis of PBD (Table 5), the model had a low p-value (0.0245), indicat-
ing its statistical significance. The R2 value of the equation was 0.9945, and the predicted 
R2 of 0.8020 is in agreement with the adjusted R2 of 0.9697, with a difference of less than 
0.2. These results confirmed that the design was a good fit for the model, and the model 
could be used to predict the effects of the factors on glucose yield by P. phyllosphaerae 
CS-148. The predictive model is represented as follows: The yield of glucose (g/L) = 
14.63+1.17X1+1.21X2+0.53X3+0.11X4+0.057X5+0.17X6+0.09X7-0.12X8+0.16X9.

As shown in Table  4, three factors, namely raw corn starch, yeast extract, and 
(NH4)2SO4, were found to be the significant parameters affecting glucose yield , their 
p-values were less than 0.05.

Determining the Optimum Levels of Significant Factors Using BBD

The combined effect of three important factors for glucose yield was further studied by 
BBD, and the design matrix with responses is listed in Table 6. Analysis of the variance of 
BBD is shown in Table 7.

According to Table 7, this regression model was found to be significant, and the lack 
of fit was not significant, which indicated that the model was well-fitted and can be 
used to predict the effects of the variables on glucose yield. The value of the determina-
tion coefficient was 0.9867, which further confirmed that the model is satisfactory. The 

Table 5   The analysis of variance for PBD

Source Sum of squares DF Mean square F-value p-value

Model 38.64 9 4.29 40.18 0.0245
Raw corn starch 16.45 1 16.45 153.98 0.0064
Yeast extract 17.65 1 17.65 165.18 0.006
(NH4)2SO4 3.42 1 3.42 31.98 0.0299
K2HPO4 0.143 1 0.143 1.34 0.3668
MgSO4`7H2O 0.039 1 0.039 0.365 0.6072
FeSO4`7H2O 0.3557 1 0.3557 3.33 0.2096
NaCl 0.106 1 0.106 0.996 0.4235
KCl 0.1592 1 0.1592 1.49 0.3467
Inoculum amount 0.313 1 0.313 2.93 0.2291
Residual 0.2137 2 0.1069
Cor total 38.85 11
R2 0.9945
Adjusted R2 0.9697
Predicted R2 0.8020
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model terms X2 (yeast extract, p=0.0013), X3 (ammonium sulfate, p=0.0053), X1
2 (raw 

corn starch, p<0.0001), X2
2 (p<0.0001), and X3

2 (p=0.0001) were found to be signifi-
cant model terms for the yield of glucose. The quadratic response surface model was fit-
ted to the following equations: The yield of glucose (g/L)=17.71+0.145*X1+0.46*X2
+0.355*X3−0.13*X1*X2+0.04*X1*X3+0.03*X2*X3−1.66*X1

2−1.69*X2
2−0.936*X3

2.

Table 6   Box–Behnken matrix 
design and the measured 
responses

Run X1 X2 X3 Response

1 −1 1 0 15.08
2 1 1 0 14.72
3 0 0 0 17.8
4 0 0 0 17.44
5 0 1 −1 15.08
6 1 0 1 15.84
7 −1 0 1 15.08
8 0 1 1 15.88
9 0 −1 1 15.04
10 0 0 0 17.72
11 0 0 0 17.84
12 −1 0 −1 14.48
13 1 0 −1 15.08
14 0 0 0 17.76
15 0 −1 −1 14.36
16 1 −1 0 13.92
17 −1 −1 0 13.76

Table 7   Analysis of variance of 
BBD

R2=0.9867, adjusted R2=0.9696, predicted R2=0.8307, Adeq preci-
sion=21.067

Source Sum of squares DF Mean square F-value p-value

Model 33.1 9 3.68 57.76 < 0.0001
X1 0.1682 1 0.1682 2.64 0.1481
X2 1.69 1 1.69 26.59 0.0013
X3 1.01 1 1.01 15.84 0.0053
X1 X2 0.0676 1 0.0676 1.06 0.3371
X1 X3 0.0064 1 0.0064 0.1005 0.7605
X2 X3 0.0036 1 0.0036 0.0565 0.8189
X1

2 11.55 1 11.55 181.36 < 0.0001
X2

2 11.97 1 11.97 187.99 < 0.0001
X3

2 3.69 1 3.69 57.94 0.0001
Residual 0.4457 7 0.0637
Lack of fit 0.3452 3 0.1151 4.58 0.0878
Pure error 0.1005 4 0.0251
Cor total 33.54 16
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The interactions between the two factors are shown in 3D curves and contour plots 
(Fig. 4). Fig. 4a shows the interactive effect of raw corncob starch and yeast extract on 
glucose yield by keeping ammonium sulfate at the center point. The yield of glucose 
increased as the concentration of raw corncob starch increased from 30 to 40.4 g/L, 
and yeast extract from 2 to 4.27 g/L. However, the circular contour lines suggested 
that the interaction between raw corn starch and yeast extract was weak, which is also 
consistent with the results in Table 7. In other interactions, the relative effect of raw 
corncob starch and (NH4)2SO4, yeast extract, and (NH4)2SO4 were also studied and are 
shown in Fig. 4b, c, the results were similar to the interaction between raw corn starch 
and yeast extract. All of the 3D response surface graphs exhibited a convex shape, and 
the maximum glucose yield could be well-defined. From the quadratic response sur-
face model, the optimized parameters were raw corncob starch 40.0 g/L, yeast extract 
4.3 g/L, and (NH4)2SO4 4.4 g/L; furthermore, the theoretical yield of glucose was 
17.78 g/L.

Fig. 4   Response surface plot as interactive effect of (a) Raw corncob starch (X1) and Yeast extract (X2), (b) 
Raw corncob starch (X1) and (NH4)2SO4 (X3), (c) Yeast extract (X2) and (NH4)2SO4 (X3)
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Verification Test and SEM of Starch Granules

The validation experiments were carried out three times in a 250-mL Erlenmeyer flask 
containing 50 mL of the culture under the optimized fermentation conditions (raw 
corncob starch 40.0 g/L, yeast extract 4.3 g/L, (NH4)2SO4 4.4 g/L, K2HPO4 2 g/L, 
MgSO4`7H2O 2 g/L, FeSO4`7H2O 0.02 g/L, NaCl 2 g/L, KCl 0.5 g/L, inoculum vol-
ume 4%, temperature 35 °C, agitation rate 150 rpm, and initial pH 7.0). The glucose 
yields, conversion rates and glucose productivities were analyzed every 24 h. As shown 
in Fig.  5, after 24 h of fermentation, a low concentration of glucose was observed, 
which was 3.80 ± 0.25g/L, and the conversion rate was 0.10 ± 0.01 g glucose/g raw 
corn starch. However, the glucose productivity was relatively high, at 0.16 ± 0.01 g/
(L·h). The highest yield of glucose, 17.32 ± 0.46 g/L, was obtained at 96 h of fermenta-
tion, which decreased subsequently. The change in the conversion rate was the same as 
in the glucose yield; its highest value was 0.43 ± 0.01 g glucose/g raw corn starch. This 
relatively low conversion rate was due to some raw starch not being hydrolyzed into glu-
cose. Another reason is that some raw starch may be hydrolyzed into oligosaccharides, 
which cannot be detected by the Biosensor Analyzer. The glucose productivity generally 
increased with fermentation time, the maximum value was recorded at 72 h, at 0.22 ± 
0.01 g/(L·h). However, when the yield of glucose reached its maximum, the glucose 
productivity decreased to 0.18 ± 0.01 g/(L·h). The results show that the experimental 
values were closely related to the predicted values, proving that the model is adequate.

Fig. 5   Effect of fermentation duration on the glucose yield, conversion rate, glucose productivity, and the 
SEM of starch granules
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In addition, the surface of raw and hydrolyzed corncob starch granules was observed by 
SEM. The surface morphological changes are shown in Fig. 5, where it can be seen that the 
surface of the raw starch granules was smooth, while the surface of starch granules became 
pitted after 24 h of fermentation, and many large holes appeared after 48 h. As the fermen-
tation duration increased, larger cavities formed in the starch granules and, then, the gran-
ules cracked and ruptured. These results further confirmed that the strain of P. phyllosphaerae 
CS-148 can directly hydrolyze raw starch and accumulate glucose.

Conclusion

In this study, a novel P. phyllosphaerae CS-148 strain was isolated and identified, which could 
directly hydrolyze raw starch into glucose. However the glucose in the fermentation broth 
was not consumed by the microorganism. Then, the effects of the fermentation conditions 
on the glucose yields by P. phyllosphaerae CS-148 were investigated. The effects of different 
organic and inorganic nitrogen sources, the cultural temperature, the initial pH, the agitation 
speed, and the fermentation duration on the yield of glucose were optimized using the OFAT 
method. The screening results of PBD showed that the raw corncob starch, yeast extract, and 
(NH4)2SO4 concentration significantly affected the glucose yields. Thus, the optimum concen-
trations of the selected variables were calculated using the Box-Behnken design. The maxi-
mum glucose yield reached 17.32 ± 0.46 g/L under the optimized fermentation conditions, 
which is 1.33-fold that by initial fermentation conditions. The maximum conversion rate and 
glucose productivity were 0.43 ± 0.01 g glucose/g raw corn starch and 0.22 ± 0.01 g/(L·h), 
respectively. These results suggest that P. phyllosphaerae CS-148 has great potential for appli-
cations in the food industry or fermentation industry. However, more research effort should 
focus on improving the conversion rate of raw starch and understanding the starch hydrolysis 
mechanism for industrial application.
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