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Introduction
Aryloxyphenoxypropionic acid-type herbicide is one of the best kinds of herbicides. It is non-toxic to crops, has

a long expiration date, and degrades easily in the soil [1, 2]. Actually, two isomers (R- and S-isomer) exist in
aryloxyphenoxypropionic acid-type herbicide [3], and the R-type herbicide has proved to be much more effective
than the S-type one [4]. Therefore, the production of enantiomerically pure R-type herbicides is more promising.
At present, the enantiomerically pure aryloxyphenoxypropionic acid-type herbicides (R-isomer) such as
fenoxaprop-P-ethyl, clodinafop-propargyl, propaquizafop, and metamifop, etc. [5, 6] are mainly synthesized from
(R)-2-(4-hydroxyphenoxy)propionic acid (HPOPA). As a key intermediate, HPOPA has been in increasing
demand in the herbicide industry and HPOPA production has drawn more attention in recent years [7].

As one of the most common biocatalysts, entomopathogenic fungus Beauveria bassiana has multiple
applications, especially in the hydroxylation of saturated and aromatic carbon atoms, Baeyer-Villiger/sulfide
oxidation, keto-alcohol/alkene redox reaction, heteroatom dealkylation and epoxide, ester hydrolysis and
glucosidation [8-12]. In our earlier study, a wild-type B. bassiana ZJB16001 [7, 13] capable of hydroxylating (R)-2-
phenoxypropionic acid (POPA) at C-4 site into HPOPA, was obtained from environmental samples and the
derivative strain B. bassiana CCN-A7 was obtained after multi-round mutagenesis. The HPOPA titer of
B. bassiana CCN-A7 was 9.6 g/l after agitated fermentation for 7 d in 30-ml medium containing 20 g/l POPA. To
improve the HPOPA production of B. bassiana CCN-A7, the optimization of the nutrition components and
culture conditions was performed in this work. In recent years, static cultivation methods were successfully
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applied in the production of various biochemicals, as for example, ganoderic acid biosynthesis by Ganoderma
lucidum, cordycepin production by Cordyceps militaris, and bacterial nanocellulose production [14-16]. Herein,
we attempted to investigate the effect of agitation speeds on HPOPA production by B. bassiana CCN-A7, and
found that static cultivation was a more suitable fermentation mode for HPOPA production compared with the
traditional agitated cultivation.

In many organisms, reactive oxygen species (ROS) are highly reactive molecules mainly including superoxide
radicals (O2−), hydrogen peroxide (H2O2), and hydroxyl radicals (HO−), all of which function in regulating various
physiological processes [12, 17-19]. There has been increasing evidence that oxidative stress could cause the post-
translational modification of enzymes and thus change enzymes activity rapidly and reversibly. As reported, in
glycolysis pathway, the key enzyme glyceraldehyde-3-phosphate dehydrogenase (GAPDH) could be inactivated
after exposure to various oxidant [20]. Therefore, it is expected that the targeted metabolites biosynthesis capacity
of microbial species could be significantly enhanced when a reasonable ROS treatment is designed [21]. In this
study, the influences of induced ROS on HPOPA production of B. bassiana CCN-A7 were investigated using an
ROS generator (external H2O2). The external H2O2 was added into the fermentation medium of B. bassiana CCN-
A7 and its concentration in the medium was optimized to improve HPOPA production. It is a novel strategy to
enhance HPOPA biosynthesis via ROS induction.

In order to rapidly develop a practically feasible bioprocess, the comprehensive and systematical optimization
of nutritional components and culture conditions is necessary [22]. Generally, medium optimization with the
one-factor-at-a-time method is very laborious and time-consuming work, and the determination of suitable
conditions is often not well guaranteed [23, 24]. The Plackett-Burman (PB) design is usually used as a preliminary
optimization technique and provides unbiased estimation of all the variables by running only a few experiments
[25]. Response Surface Method (RSM) is a collective statistical technique based on experiment designing, model
building, evaluating the effects of factors, and finding the optimum conditions. RSM has become more popular
than the conventional methods, mainly because the interaction among several variables can also be evaluated by
mathematical modeling, when little information about the process is available [26-28]. In RSM, the most
frequently used design of experiments (DOE) is Central Composite Design (CCD), in which slope-rotatability
can be easily achieved. When it is difficult to extend the design region beyond the defined variable bounds, a face-
centered CCD can be chosen [29].

The purpose of this work was to improve HPOPA production with B. bassiana CCN-A7 through optimization
of the culture conditions under static cultivation and ROS induction. The effects of significant variables (medium
components including H2O2 supplement) on HPOPA production were investigated through PB design and CCD.
As a result, HPOPA production was improved significantly.

Materials and Methods
Chemicals

The HPOPA standard was purchased from J&K Chemical Ltd. (China). POPA was synthesized by Weifang
Rainbow Chemical Co., Ltd. (China).

Strain and Medium
B. bassiana CCN-A7, a derivative of B. bassiana ZJB16001 [7, 13] was used for HPOPA production in this study.
Potato dextrose agar medium (PDA) was composed of 200 g/l potato, 20 g/l glucose, and 20 g/l agar. Potato

dextrose broth medium (PDB) was similar to PDA, except that agar was absent.
The initial fermentation medium was composed of 20 g/l glucose, 5 g/l yeast extract, 5 g/l (NH4)2SO4, 0.5 g/l

MgSO4·7H2O, 0.05 g/l MnSO4·H2O, 1.5 g/l KH2PO4, 3.6 g/l K2HPO4·3H2O, 1 ml/l microelement solution (2 g/l
FeSO4·7H2O, 100 mg/l ZnSO4·4H2O, 300 mg/l H3BO3, 200 mg/l CoCl2·6H2O, 10 mg/l CuCl2·2H2O, 20 mg/l
NiCl2·6H2O, 30 mg/l Na2MoO4·2H2O), and 20 g/l POPA, pH 6.8.

Cultivation of B. bassiana CCN-A7 for HPOPA Production
The B. bassiana CCN-A7 was grown on PDA plates at 28oC for 7 d. A single colony was inoculated into a shake

flask containing 30 ml PDB and grown at 28oC, 200 rpm for 3 d. Then, 1 ml seed broth of B. bassiana CCN-A7 was
incubated into 30 ml autoclaved fermentation medium and cultured at 28oC for 7 d. In the case of H2O2 addition, at
the cultivation time of 3 d, H2O2 was supplemented into the fermentation broth and the cultivation lasted for
another 4 d.

HPOPA, POPA and Biomass Measurements
HPOPA and POPA concentrations were measured through HPLC analysis as described previously [30]. In

order to measure the dry cell weight (DCW), fermentation broth was centrifuged at 12,000 g for 5 min. The
obtained biomass was washed twice with distilled water, and was dried at 65°C until constant weight. All
measurements were carried out at least in triplicate.

Agitated Cultivation and Static Cultivation for HPOPA Production
To compare the effect of agitated cultivation and static cultivation on HPOPA production, different agitation

speeds 50 rpm, and 150 rpm were tested including static cultivation (0 rpm). The other culture conditions were the
same as those mentioned above.
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Effect of H2O2 Supplementation on HPOPA Production
To investigate the effect of H2O2 supplementation on HPOPA production, 300 μl of H2O2 was added into the

fermentation broth at cultivation time of 3 d and the cultivation lasted for another 4 d under static condition at
28°C.

Selection of Carbon and Nitrogen Sources for HPOPA Production
Effect of different carbon sources on HPOPA production. In the fermentation medium, glucose was

substituted with seven different carbon sources viz., fructose, lactose, maltose, sorbitol, soluble starch, glycerin,
and sucrose. All carbon sources were used at 20 g/l and their effects on HPOPA production were singularly
evaluated.

Effect of different nitrogen sources on HPOPA production. To study the effect of different nitrogen sources
on HPOPA production, the organic nitrogen source yeast extract in the initial fermentation medium was replaced
with the same concentration of beef extract, peptone, maize flour, peanut powder, and silkworm pupa meal,
respectively. The inorganic nitrogen source ammonium sulfate was replaced with sodium nitrate, ammonium
chloride, urea, ammonium acetate, sodium nitrite, ammonium formate, and ammonium dihydrogen phosphate,
respectively. All nitrogen sources were used at 5 g/l and their effects on HPOPA production were singularly
evaluated. 

PB Design and Analysis
To screen the significant factors, 9 variables including peptone, glucose, (NH4)2SO4, MnSO4·H2O, MgSO4·7H2O,

K2HPO4·3H2O, KH2PO4, microelement solution, and H2O2 were selected and tested in a PB design experiment,
which was conducted with a 9-factor-12-runs (Table S1). Each run was performed in triplicate. For statistical
modeling, the first-order polynomial linear model as shown in Eq. (1) was employed.

(1)

where Y is the predicted response HPOPA titer (g/l), β0 is the model intercept, βn is the linear coefficient, and xn is
the coded level of the independent variable. The model for Eq. (1) was implemented using software Design Expert
version 10.0.4 (Stat-Ease, USA). Significance level was set as p-value < 0.05. The significant independent variables
were selected for further optimization based on CCD.

Determination of the Center Point of Each Significant Variable for CCD
The most significant independent variables glucose, peptone, and H2O2 identified by PB experiment were

selected for further optimization in CCD. To select the center point of each variable, glucose concentration was
changed from 10 to 50 g/l, and peptone concentration was changed from 4 to 8 g/l, respectively. The effects of
different concentrations of glucose (10-50 g/l) and peptone (4-8 g/l) as well as different amounts of H2O2
supplement (0-400 μl/30 ml medium) on HPOPA titer were examined, respectively. To select the optimal
inoculum size and fermentation temperature for the following CCD experiment, the effects of different inoculum
sizes varying from 3.3 to 16.7% and temperatures in the range of 24-32oC on HPOPA titer were tested, respectively.

Central Composite Design and Analysis
A design of the experimental method using CCD packaged in Design Expert version 10.0.4 (Stat-Ease) was

applied to improve the production of HPOPA. The most significant independent variables (glucose, peptone, and
H2O2) identified by PB experiment were selected for further optimization. Each factor was assessed at five levels as
shown in Table S2. The CCD-based experiment included 20 runs comprising 8 (23) factorial points, 6 axial points,
and 6 replicates at the center points. The dependent response was HPOPA production. The results were analyzed
using analysis of variance (ANOVA) through evaluation of the F-values and p-values and a significant model for
HPOPA production was then established. The quality of the fit of the polynomial model was expressed by the
determination coefficient R2. The objective function was to maximize the HPOPA production by optimizing the
concentration/amount of glucose, peptone, and H2O2. The mathematical relationships between the response and
the independent variables were described by a quadratic polynomial equation as given in Eq. (2):

(2)

where Y refers to the predicted responses, xi and xj are independent variables, β0 is the offset term, βi, βii, and βij are
the linear, quadratic, and interactive coefficients, respectively, and k is the number of factors.

Results and Discussion
The Effect of Different Agitation Speeds on HPOPA Production

The effect of different agitation speeds including 0, 50, and 150 rpm on cell growth and HPOPA production was
investigated and the results were displayed in Fig. 1. It was found that the highest biomass was detected when the
agitation speed was 0 rpm, that is, static cultivation (p = 0.0001). Furthermore, the highest HPOPA titer was also
obtained under static condition (p = 0.0029). This indicated that, compared with agitated cultivation, static
cultivation was more suitable for HPOPA production by B. bassiana CCN-A7. Different from the growth pattern
in agitated culture, the cells grew adherently and the mycelia formed a layer till they completely covered the
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surface of the medium in static culture. Therefore, the oxygen availability in the overlay fluid above the attached
cells was relatively higher than that in the liquid submerged fermentation, which might be the cause for enhanced
HPOPA biosynthesis. In addition, static culture could also avoid the damage to the hyphae caused by shear stress
in agitated culture. Therefore, static cultivation was applied in the following experiments.

Effect of H2O2 Supplementation on HPOPA Production
As shown in Fig. 2, compared with the control (without H2O2 addition), H2O2 supplementation (300 μl) resulted

in 1.23-fold higher HPOPA titer (p = 0.0390). This indicated that H2O2 supplement improved the HPOPA
production by B. bassiana CCN-A7. It was speculated that the enzyme responsible for the synthesis of HPOPA
may be a type of peroxidase [31], the activity of which is dependent on the presence of H2O2. This is the first report
on the effect of H2O2 on enhancement of HPOPA biosynthesis. Therefore, ROS induction can be a novel strategy
for improving HPOPA production. Furthermore, this finding provided some important references for
investigating the mechanism of HPOPA synthesis by B. bassiana. 

Selection of Suitable Carbon and Nitrogen Sources for HPOPA Production
Among the different carbon sources tested, the utilization of fructose and glucose leads to the maximum

biomass and HPOPA titer, respectively (Fig. 3A). Maltose and sorbitol also supported a comparable level of
HPOPA production. While HPOPA production was lower in the case of lactose and glycerin, probably due to the
fact that lactose and glycerin were not efficiently used by B. bassiana CCN-A7 for HPOPA production. It should be
noted that, although fructose, sorbitol, and glucose supported a comparable level of cell growth, the maximum
HPOPA production (9.60 ± 1.20 g/l) was achieved when glucose was used (p = 0.0179, glucose vs. maltose),
followed in sequence by maltose, sorbitol, fructose, sucrose, soluble starch, glycerin, and lactose with regard to the
product titer from high to low. Therefore, glucose was selected for further optimization studies. 

As shown in Fig. 3B, among the various organic nitrogen sources, beef extract and urea could not well support
the growth of B. bassiana CCN-A7. By contrast, peptone caused the highest biomass (9.45 ± 1.72 g/l) (p = 0.0425,
peptone vs. yeast extract) and HPOPA titer (10.40 ± 1.20 g/l) (p = 0.0056, peptone vs. yeast extract), which was
followed from high to low by that of yeast extract, silkworm pupa meal, beef extract, peanut powder, and maize
flour. Peptone was thus regarded to be the optimum nitrogen source for HPOPA production and was used in the
following studies. 

Fig. 1. Effect of different agitation speeds on cell growth and HPOPA production. ***Extremely significant (the
p-value < 0.001). The P-values were calculated between the relatively high levels and the level of the control (150 rpm).

Fig. 2. Effect of H2O2 addition on cell growth and HPOPA production. *Significant (the p-value < 0.05). The
p-values were calculated between the relatively high levels and the level of the control (0 μl H2O2 addition).
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Fig. 3C showed that, among the various inorganic nitrogen sources, urea, sodium nitrite, and ammonium
formate did not support the HPOPA production by B. bassiana CCN-A7; ammonium formate and ammonium
sulfate led to the highest biomass (8.11 ± 1.39 g/l) and HPOPA production (9.60 ± 1.20 g/l), respectively. The
HPOPA production reached the highest level when ammonium sulfate was used (p = 0.0452, ammonium sulfate
vs. ammonium chloride), followed from high to low by ammonium chloride, ammonium dihydrogen phosphate,
ammonium acetate, urea, sodium nitrite, and ammonium formate. Ammonium sulfate was thus recommended to
be the most suitable inorganic nitrogen source for HPOPA production and was used in the following studies. 

PB Design and Analysis for HPOPA Production
The results of the fermentation medium optimization under the PB design for HPOPA production were shown

in Table S1. After fitting a first order polynomial model, the coefficient of determination (R2) was 0.9888 (Table 1),
which indicated a good fit. As shown in Table 1, three factors including glucose (p = 0.0178), peptone (p = 0.0196),
and H2O2 (p = 0.0189) were found to have significant effects on HPOPA production. Therefore, they were selected
for the following CCD-based optimization experiments.

Determination of the Center Point of Each Significant Variable
Prior to the CCD experiments, the center point of each significant variable identified by PB design and the

optimum inoculum size and fermentation temperature were determined. From Figs. 4A-4B we can see that, the
optimal concentrations of glucose and peptone for HPOPA production were 40 g/l (p = 0.0004) and 7 g/l (p =
0.0350), respectively. The optimal volume of H2O2 supplement was 300 μl/30 ml medium (p = 0.0390) (Fig. 4C).
Higher H2O2 (400 μl) supplement was toxic to cell growth, and resulted in a decreased HPOPA production. The
similar phenomenon was observed in other studies [32, 33]. The reason might be that some materials/energy were
redistributed to eliminate the negative effects under ROS stress [34]. According to a previous report, under
environmental stress, the cells could synthesize some antioxidant enzymes to clear the excessive ROS to maintain
a stable level [35, 36].

Fig. 3. Effect of different carbon and nitrogen sources on cell growth and HPOPA production. (A) Carbon
sources (the control was glucose); (B) Organic nitrogen sources (the control was yeast extract); (C) Inorganic nitrogen sources
(the control was ammonium sulfate). ***Extremely significant (the p-value < 0.001); **Highly significant (the p-value < 0.01);
*Significant (the p-value < 0.05). The P-values were calculated between the relatively high levels and the level of the control in
each experiment.

Table 1. ANOVA for 12-run Plackett-Burman design.

Source Degrees of freedom 
(DF)

Sum of squares 
(SS)

Mean square 
(MSE) F value p-value

Prob > F Significant

Model 9 283.66 31.52 19.56 0.0496 *
Peptone 1 79.77 79.77 49.51 0.0196 *
Glucose 1 88.13 88.13 54.70 0.0178 *
(NH4)2SO4 1 0.087 0.087 0.054 0.8381
MnSO4·H2O 1 21.49 21.49 13.34 0.0675
MgSO4·7H2O 1 10.38 10.38 6.44 0.1265
K2HPO4·3H2O 1 2.133 × 10-3 2.133 × 10-3 1.324 × 10-3 0.9743
KH2PO4 1 0.012 0.012 7.468 × 10-3 0.9390
Microelement solution 1 0.78 0.78 0.48 0.5585
H2O2 1 83.00 83.00 51.52 0.0189 *
Residual 2 3.22 1.61
Total 11 286.88
R-squared 0.9888

Values of “Prob. > F” less than 0.05 indicate that model terms are significant (*).
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As for the fermentation conditions, the highest HPOPA titers (14.14 ± 0.63 g/l and 9.60 ± 1.20 g/l) were obtained
when the inoculum size was 13.3% (Fig. 4D) and at 28oC (Fig. 4E), respectively. Therefore, the optimum inoculum
size and fermentation temperature were 13.3% (p = 0.0044) and 28oC (p = 0.0022), respectively, which were
adopted in the following CCD experiment. The optimum concentrations of glucose/peptone and H2O2
supplement volume were 40 g/l, 7 g/l, and 300 μl/30 ml, respectively, which were used as the center points of CCD
runs. 

Fig. 4. Effect of different conditions on cell growth and HPOPA production. (A) Glucose concentration (the
control was 20 g/l); (B) Peptone concentration (the control was 5 g/l); (C) H2O2 addition amount (the control was 0 μl); (D)
Inoculum size (the control was 3.3%); (E) Fermentation temperature (the control was 24oC). ***Extremely significant (the p-
value < 0.001); **Highly significant (the p-value < 0.01); *Significant (the p-value < 0.05). The p-values were calculated between
the relatively high levels and the level of the control in each experiment.

Table 2. ANOVA for CCD.

Source DF SS MSE F value p-value
Prob. > F Significant

Model 9 17.21 1.91 38.17 < 0.0001 ***
x1 (glucose) 1 0.37 0.37 7.39 0.0216 *
x2 (peptone) 1 0.89 0.89 17.71 0.0018 **
x3 (H2O2) 1 0.42 0.42 8.48 0.0155 *
x1x2 1 5.000 × 10-3 5.000 × 10-3 0.100 0.7586
x1x3 1 1.250 × 10-3 1.250 × 10-3 0.025 0.8776
x2x3 1 2.450 × 10-3 2.450 × 10-3 0.049 0.8295
x1

2 1 10.63 10.63 212.16 < 0.0001 ***
x2

2 1 4.67 4.67 93.11 < 0.0001 ***
x3

2 1 2.88 2.88 57.47 < 0.0001 ***
Residual 10 0.50 0.050
Lack of fit 5 0.36 0.073 2.66 0.1533 Not significant
Pure error 5 0.14 0.027
Cor total 19 17.71
Std. Dev. 0.22
Mean 17.87
C.V. % 1.25
PRESS 2.96
R-squared 0.9717
Adj R-squared 0.9463
Pred R-squared 0.8329
Adeq precision 17.098

Values of “Prob. > F” less than 0.001, 0.01, and 0.05 indicate that model terms are extremely significant (***), highly significant
(**), and significant (*), respectively.
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Central Composite Design and Analysis for HPOPA Production
Experimental HPOPA production based on CCD was shown in Table S3. The parameters for estimation of the

model and model fitting through fitting the experimental data using RSREG procedure with the ridge max option
were shown in Table 2. A significant model (p < 0.0001) with non-significant lack of fit (p = 0.15) and a desirable R2

value of 0.9717 was developed. There are no interactions among these three variables. The analysis results also
indicated that the model (Eq. 3) was adequate to fit the experimental data. The optimized level of each factor was
38.81 g/l of glucose, 7.28 g/l of peptone, 1.08 ml/100 ml of H2O2 and the predicted maximum HPOPA production
was 19.21 g/l. 

                                                                          (3)

The overall effects were illustrated in Fig. 5, in which, two factors were plotted as the independent variables and
HPOPA titer was the dependent variable with the third variable constant at its optimum value. The response
surface plots were in good consistency with the maximum HPOPA titer at the optimum condition. All the factors
including glucose, peptone, and H2O2 exhibited a clear quadratic effect, which was in good agreement with the
extremely significant effects (p < 0.0001) of quadratic terms as shown in Table 2. According to the p-values, the
interaction effects between any two variables among glucose, peptone and H2O2 were not significant (p > 0.05),
while the linear effects of glucose and H2O2 were significant (p < 0.05) and the linear effect of peptone was highly
significant (p < 0.01). Noticeably, the quadratic effect of each variable was extremely significant (p < 0.001).

Optimum Conditions and Validation
As a result, the optimal concentrations of glucose and peptone were 38.81 g/l and 7.28 g/l, respectively; and the

optimal H2O2 supplement volume was 1.08 ml/100 ml. The predicted results were validated by experiments in
triplicates. Meanwhile, the fermentation course was investigated, during which the parameters including POPA,
HPOPA, glucose, and biomass at certain time intervals were measured. As shown in Figs. 6A-6B, the initial time of
HPOPA production in optimal medium began earlier than that in the original medium and the entire
fermentation time was shortened to 6 d from 7 d. In addition, with the optimal medium, glucose consumption
started at 0.5 d, earlier than that of the original medium and glucose was exhausted at 5 d, later than the control.

HPOPA g l⁄( ) 14.42 0.49x1 5.78x2 4.88x3 1.75 10 3– x1x2 2.63 10 3– x1x3 0.036x2x3 6.07 10 3– x1
2

×–+×–×–+ + +–=

0.40x2
2 2.79x3

2
––

Fig. 5. Response surface and contour plot exhibiting overall effects of multiple variables on HPOPA
production. (A) Glucose and peptone (H2O2: 1 ml/100 ml); (B) Glucose and H2O2 (peptone: 7.0 g/l); (C) Peptone and H2O2

(glucose: 40 g/l).
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Furthermore, at the end of the fermentation process, a higher HPOPA titer of 19.53 ± 0.29 g/l was obtained,
representing a good agreement with the predicted value of 19.21 g/l.

In summary, static cultivation and ROS induction were adopted for improvement of HPOPA production by
B. bassiana CCN-A7. In fermentation optimization, glucose, peptone, and ammonium sulfate were selected as the
optimized carbon source, organic nitrogen source, and inorganic nitrogen source, respectively. Furthermore, it
was found that the effects of glucose, peptone, and H2O2 were significant for HPOPA production through PB
design. Subsequently, the concentrations/amounts of glucose, peptone, and H2O2 were optimized for improved
HPOPA production based on CCD. As a result, a suitable level for each factor was determined: 38.81 g/l glucose,
7.28 g/l peptone, and 1.08 ml/100 ml H2O2. Under the optimized conditions, HPOPA titer was greatly improved
from 9.60 g/l to 19.53 g/l, which was 2.03-fold higher compared with that of the initial fermentation medium. It
should be highlighted that static cultivation was found to be more suitable for HPOPA production by B. bassiana
CCN-A7 and ROS induction can improve HPOPA biosynthesis. These results obtained in this work may provide
some new strategies to further improve HPOPA production.

Conflict of Interest
The authors have no financial conflicts of interest to declare.

References
1. Kleschick WA. 1985. Process for making optically active esters of phenoxyphenoxypropionic acids or pyridyloxyphenoxypropionic

acids. US 4532328, July 14, 1983.
2. Pews GR, Jackson LA, Carson CM. 1989. Herbicidal fluorophenoxyphenoxyalkanoic acids and derivatives thereof. EP 302203, Feb.

08, 1989.
3. Saito J, Yasui K, Shiokawa K, Kamochi A, Aya M, Kaji S. 1984. Herbicide-substituted phenoxypropionic-acid esters. EP 120393, Oct.

03, 1984.
4. Moyne J. 1991. Process for the preparation and purification of D-hydroxyphenoxypropionic acid. US 4981998, July 20, 1989.
5. Siegel W, Sauter H, Schaefer G, Schgal W, Satte H, Schaft G, et al. 1994. The preparation of mixtures of (R)- and (S)-2-(4-

alkanoylphenoxy)- or (R)- and (S)-2-(4-aroylphenoxy)propionic esters. US 5801272, Sep. 01, 1998.
6. Wu CL, Liu KL, Ma DL. 2015. Technical improvement for synthesizing R-(+)-2-(4-hydroxyphenoxy)-propionic acid. Guangzhou

Chem. Ind. 43: 92-94.
7. Zhou H-Y, Li Y-Z, Jiang R, Hu H-F, Wang Y-S, Liu Z-Q, et al. 2019. A high-throughput screening method for improved R-2-(4-

hydroxyphenoxy)propionic acid biosynthesis. Bioprocess Biosyst. Eng. 42: 1573-1582.
8. Dingler C, Ladner W, Krei GA, Cooper B, Hauer B. 1996. Preparation of (R)-2-(4-hydroxyphenoxy) propionic acid by

biotransformation. Pest. Sci. 46: 33-35.
9. Protiva J, Schwarz V, Martinkova J, Syhora K. 1968. Steroid derivatives LV. microbial transformation of steroid compounds of the

pregnane type substituted in position 16 and 17. Folia Microbiol. 13: 146-52.
10. Martinez CA, Rupashinghe SG. 2013. Cytochrome P450 bioreactors in the pharmaceutical industry: challenges and opportunities.

Curr. Top. Med. Chem. 13: 1470-1490.
11. Grogan GJ, Holland HL. 2000. The biocatalytic reactions of Beauveria spp. J. Mol. Catal. B: Enzym. 9: 1-32.
12. Huszcza E, Dmochowska-Gladysz J, Bartmanska A. 2005. Transformations of steroids by Beauveria bassiana. Z. Naturforsch., C:

Biosci. 60: 103-108.
13. Hu HF, Zhou HY, Wang MX, Wang YS, Xue YP, Zheng YG. 2019. A rapid throughput assay for screening (R)-2-(4-

hydroxyphenoxy)propionic acid producing microbes. J. Microbiol. Methods 158: 44-51.
14. Xu YN, Xia XX, Zhong JJ. 2014. Induction of ganoderic acid biosynthesis by Mn2+ in static liquid cultivation of Ganoderma Lucidum.

Biotechnol. Bioeng. 111: 2358-2365.
15. Tang J, Qian Z, Wu H. 2018. Enhancing cordycepin production in liquid static cultivation of Cordyceps militaris by adding vegetable

oils as the secondary carbon source. Bioresour. Technol. 268: 60-67.
16. Rodrigues AC, Fontao AI, Coelho A, Leal M, Soares da Silva FAG, Wan Y, et al. 2019. Response surface statistical optimization of

bacterial nanocellulose fermentation in static culture using a low-cost medium. N. Biotechnol. 49: 19-27.
17. Zhou GW, Li JN, Chen YS, Zhao BL, Cao YJ, Duan XF, et al. 2009. Determination of reactive oxygen species generated in laccase

catalyzed oxidation of wood fibers from Chinese fir (Cunninghamia lanceolata) by electron spin resonance spectrometry. Bioresour.
Technol. 100: 505-508.

Fig. 6. Fermentation curve of B. bassiana CCN-A7 with original fermentation medium (A) and optimized
fermentation medium (B).



1260 Hu et al.

J. Microbiol. Biotechnol.

18. Qian G, Xu Z. 2007. Effect of polysaccharide extracted from Glaciecola polaris on the protection of mouse macrophages from
oxidative injury. Bioresour. Technol. 98: 202-206.

19. Temple MD, Perrone GG, Dawes IW. 2005. Complex cellular responses to reactive oxygen species. Trends Cell Biol. 15: 319-326.
20. Ralser M, Wamelink MM, Kowald A, Gerisch B, Heeren G, Struys EA, et al. 2007. Dynamic rerouting of the carbohydrate flux is key

to counteracting oxidative stress. J. Biol. 6: 10.
21. Rao YM, Sureshkumar GK. 2001. Improvement in bioreactor productivities using free radicals: HOCl-induced overproduction of

xanthan gum from Xanthomonas campestris and its mechanism. Biotechnol. Bioeng. 72: 62-68.
22. MooYoung, Robinson CW, Advances in Biotechnology, vol. 2. 1985, pp. 1005-1044. New York: Pergamon Press. 
23. Xu CP, Kim SW, Hwang HJ, Choi JW, Yun JW. 2003. Optimization of submerged culture conditions for mycelial growth and exo-

biopolymer production by Paecilomyces tenuipes C240. Process Biochem. 38: 1025-1030.
24. Survase SA, Saudagar PS, Singhal RS. 2006. Production of scleroglucan from Sclerotium rolfsii MTCC 2156. Bioresour. Technol. 97:

989-993.
25. Ma L, Wang L, Tang J, Yang ZG. 2016. Optimization of arsenic extraction in rice samples by Plackett-Burman design and response

surface methodology. Food Chem. 204: 283-288.
26. Asadi N, Zilouei H. 2017. Optimization of organosolv pretreatment of rice straw for enhanced biohydrogen production using

Enterobacter aerogenes. Bioresour. Technol. 227: 335-344.
27. Shahbazmohammadi H, Omidinia E. 2017. Medium optimization for improved production of dihydrolipohyl dehydrogenase from

Bacillus sphaericus PAD-91 in Escherichia coli. Mol. Biotechol. 59: 260-270.
28. Zhou H-Y, Wu W-J, Niu K, Xu Y-Y, Liu Z-Q, Zheng Y-G. 2019. Enhanced L-methionine production by genetically engineered

Escherichia coli through fermentation optimization. 3 Biotech. 9: 96.
29. Tsapatsaris S, Kotzekidou P. 2004. Application of central composite design and response surface methodology to the fermentation of

olive juice by Lactobacillus plantarum and Debaryomyces hansenii. Int. J. Food Microbiol. 95: 157-168.
30. Hu H-F, Zhou H-Y, Cheng G-P, Xue Y-P, Wang Y-S, Zheng Y-G. 2019. Improvement of R-2-(4-hydroxyphenoxy) propionic acid

biosynthesis of Beauveria bassiana by combined mutagenesis. Biotechnol. Appl. Biochem. 67: 343-353.
31. Kinne M, Ullrich R, Hammel KE, Scheibner K, Hofrichter M. 2008. Regioselective preparation of (R)-2-(4-hydroxyphenoxy)propionic

acid with a fungal peroxygenase. Bioorg. Med. Chem. Lett. 49: 3085-3087.
32. Hu F, Huang J, Xu Y, Gian X, Zhong J-J. 2006. Responses of defense signals, biosynthetic gene transcription and taxoid biosynthesis to

elicitation by a novel synthetic jasmonate in cell cultures of Taxus chinensis. Biotechnol. Bioeng. 94: 1064-1071.
33. Wei ZH, Bai LQ, Deng ZX, Zhong JJ. 2011. Enhanced production of validamycin A by H2O2-induced reactive oxygen species in

fermentation of Streptomyces hygroscopicus 5008. Bioresour. Technol. 102: 1783-1787.
34. Dowds BCA. 1994. The oxidative stress-response in Bacillus subtilis. FEMS Microbiol. Lett. 124: 255-263.
35. Mongkolsuk S, Helmann JD. 2002. Regulation of inducible peroxide stress responses. Mol. Microbiol. 45: 9-15.
36. Hahn JS, Oh SY, Roe JH. 2000. Regulation of the furA and catC operon, encoding a ferric uptake regulator homologue and catalase-

peroxidase, respectively, in Streptomyces coelicolor A3(2). J. Bacteriol. 182: 3767-3774.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


