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Abstract
Feruloyl esterases (FAEs) are a crucial component of the hemicellulose-degrading enzyme family that facilitates the deg-
radation of lignocellulose while releasing hydroxycinnamic acids such as ferulic acid with high added value. Currently, the 
low enzyme yield of FAEs is one of the primary factors limiting its application. Therefore, in this paper, we optimized the 
fermentation conditions for the expression of FAE BpFaeT132C−D143C with excellent thermal stability in Escherichia coli by 
experimental design. Firstly, we explored the effects of 11 factors such as medium type, isopropyl-β-d-thiogalactopyranoside 
(IPTG) concentration, and inoculum size on BpFaeT132C−D143C activity separately by the single factor design. Then, the sig-
nificance of the effects of seven factors, such as post-induction temperature, shaker rotational speed, and inoculum size on 
BpFaeT132C−D143C activity, was analyzed by Plackett–Burman design. We identified the main factors affecting the fermentation 
conditions of E. coli expressing BpFaeT132C−D143C as post-induction temperature, pre-induction period, and post-induction 
period. Finally, we used the steepest ascent path design and response surface method to optimize the levels of these three 
factors further. Under the optimal conditions, the activity of BpFaeT132C−D143C was 3.58 U/ml, which was a significant 6.6-
fold increase compared to the pre-optimization (0.47 U/ml), demonstrating the effectiveness of this optimization process. 
Moreover, BpFaeT132C−D143C activity was 1.52 U/ml in a 3-l fermenter under the abovementioned optimal conditions. It was 
determined that the expression of BpFaeT132C−D143C in E. coli was predominantly intracellular in the cytoplasm. This study 
lays the foundation for further research on BpFaeT132C−D143C in degrading agricultural waste transformation applications.
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Introduction

Feruloyl esterases (FAEs; EC 3.1.1.73), also called cin-
namate esterases, are a specific group of enzymes known 
for their ability to break ester bonds in lignocellulose, 
ferulic acid esters, oligosaccharide ferulic acid esters, and 

polysaccharide ferulic acid esters, leading to the release of 
ferulic acid (FA) and other hydroxycinnamic acids (Oliveira 
et al. 2019). FAEs can break down the ester bond of FA and 
other hydroxycinnamic acids connected to hemicellulose and 
lignin. This process disrupts the dense network structure 
of the plant cell wall, resulting in improved efficiency of 
lignocellulose degradation and releasing FA or FA dehy-
drodimers with high added value from it (Kroon et al. 1999; 
Schulz et al. 2018). FAEs play a crucial role in accelerat-
ing lignocellulose breakdown and maximizing the use of 
agricultural wastes. Thus, more studies on FAEs and their 
improvement may help achieve carbon peaking and carbon 
neutrality targets.

Currently, research on FAEs is limited, with just around 
a hundred different types researched and published. Existing 
research shows that the yield of FAEs is often low and has 
poor heat resistance, which is the key obstacle to deploy-
ing FAEs in industrial production (Oliveira et al. 2019). 
Current FAEs may be cloned, produced, and molecularly 
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changed to overcome these concerns by utilizing molecular 
biology methods. For instance, Yin et al. (2015) selected 
two amino acid positions, Ser33 and Asn92, in AuFaeA, 
for iterative saturation mutagenesis based on B-factor, ΔΔG 
values, and structural analysis. Consequently, they were able 
to produce a mutant enzyme that had much higher heat sta-
bility. Our research team cloned and expressed the FAE 
BpFae from Burkholderia pyrrocinia in Escherichia coli in 
another study (Fu et al. 2020). By optimizing the fermenta-
tion conditions for expression using single factor design, 
we achieved a final enzyme activity of 2.5 units (U)/ml, 
which is more than a 90-fold increase in enzyme production 
compared to the natural strain (Fu et al. 2020).

The FAE BpFae, originating from B. pyrrocinia, exhib-
its notable acid resistance and an optimal reaction pH of 
4.5. Additionally, they demonstrate exceptional hydroly-
sis properties and efficiency, rendering them conducive 
for synergistic utilization with xylanase in the effective 
degradation of wheat bran to produce xylooligosaccharide 
(XOS) and FA. Nevertheless, like most FAEs, BpFae dis-
plays inadequate heat resistance, as evidenced by a residual 
enzyme activity of merely 49% after a 30-min exposure 
to 50 ℃, constraining its potential applications (Fu et al. 
2022). A mutant enzyme, BpFaeT132C−D143C, was obtained 
through rational design to enhance the heat resistance of the 
enzyme. The residual enzyme activity of BpFaeT132C−D143C 
was found to be 76% after 30 min of exposure to 50 ℃, 1.5 
times higher than that of the wild-type enzyme BpFae, and 
it may have a better application prospect (the data have 
not been published). To investigate the potential utiliza-
tion of the mutant enzyme in the breakdown of agricultural 
waste to produce XOS or FA, this paper used an experi-
mental design to optimize the fermentation conditions of 
the recombinant bacterium pGEX-4T-1-BpFaeT132C−D143C, 
which is capable of producing the BpFaeT132C−D143C, in 
order to enhance its expression levels. Past research has 
consistently shown that statistical approaches successfully 
optimize microbial fermentation settings. These methods 
enable rapid and precise determine of the ideal conditions, 
improving fermentation outcomes. After undergoing opti-
mization through various methods such as single factor 
design, Plackett–Burman (PB) design, steepest ascent 
design, and the response surface methodology (RSM), the 
activity of FAE BpFae in E. coli induced by lactose was 
measured to be 7.43 U/ml (Fan et al. 2020b). Similarly, 
following a similar optimization process, the activity of 
prodigiosin synthetase in the optimal medium was found 
to be 2.4 times higher than when using the initial medium 
(You et al. 2018). Therefore, this paper will also use single 
factor design, PB design, steepest ascent design, and RSM 
to systematically optimize the fermentation conditions for 
the expression of FAE BpFaeT132C−D143C in E. coli.

Materials and methods

Materials, reagents, and media preparation

The recombinant bacterium pGEX-4T-1-BpFaeT132C−D143C 
was constructed and preserved in our laboratory. The 
antibiotic ampicillin (Amp), FA standard, ferulic acid 
methyl ester, acrylamide, and bisacrylamide (N,N-methyl 
bidentate bisacrylamide) were purchased from Beijing 
Mreda. Acetonitrile and methanol were of domestic 
chromatographic purity; all other routine reagents were 
of domestic analytical purity unless otherwise speci-
fied. Luria–Bertani (LB) medium, terrific broth (TB) 
medium, LB medium with MgCl2 (LBBM), LB medium 
with MgCl2 and extra NaCl (LBBNM), LB medium with 
MgCl2 and glycerol (LBBMG), LB medium with MgCl2, 
glycerol, and sorbitol (LBBSMG), terrific broth medium 
with glycerol and NaCl (TB-GN), super optimal broth 
(SOB), and medium for expression (MX) were prepared 
as reported previously (Chen et al. 2011; Zamani et al. 
2015; Golotin et al. 2016).

Enzyme production by fermentation

The recombinant bacterium pGEX-4T-1-BpFaeT132C−D143C 
was conserved and inoculated into an LB medium containing 
40 µg/ml Amp, with an inoculum of 0.2%. It was then cul-
tured at 37 ℃ and 200 rpm for 12 h. After that, the cultivated 
seed was added to a new LB medium containing 40 µg/ml 
Amp, at an inoculum of 0.2%, and cultured at 37 ℃ and 200 
rpm for another 4 h (the optical density at 600 nm (OD600) is 
0.6–0.8). The expression of BpFaeT132C−D143C was induced 
by adding 0.5 mmol/l isopropyl-β-d-thiogalactopyranoside 
(IPTG) at 20 ℃ and 200 rpm for 16 h.

Preparation of crude enzyme solution

The crude enzyme solution was prepared based on the 
method described by Fu et al. (2020). The fermentation 
broth was centrifuged at 4 ℃ and 10,000 rpm for 5 min 
to collect the bacterial cells. The bacteria were then resus-
pended in 50 mmol/l citric acid-sodium citrate buffer (pH 
5.5) and disrupted by ultrasonication in an ice water bath 
for 10 min with a 2-s on/3-s off program (130 W, 20 kHz). 
The suspension was harvested by centrifugation at 4 ℃ and 
10,000 rpm for 10 min. The supernatant which was the crude 
enzyme solution was collected.

FAE activity assay

FAE activity was determined using our team’s pre-estab-
lished methods (Fu et al. 2020). The procedure involved 
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mixing 20 µl of 25 mmol/l ferulic acid methyl ester solu-
tion (prepared with 50% DMSO) with 430 µl of citric acid-
sodium citrate buffer (50 mmol/l, pH 5.5) and preheating it 
at 50 ℃ for 3 min. Next, 50 µl of suitably diluted enzyme 
solution was added, and the reaction was mixed and left 
at 50 ℃ to react for 10 min. After that, 500 µl of acetoni-
trile was added to terminate the reaction, and the reaction 
was completed. The FA content produced in the system 
was detected by high-performance liquid chromatography 
(HPLC), with the buffer solution used as a blank control 
test instead of the enzyme solution. The amount of enzyme 
required to release 1 µmol of FA within 1 min under the 
above conditions was defined as one enzyme activity unit.

Experimental design to optimize enzyme 
production conditions

Single factor design

The fermentation conditions for IPTG-induced production 
of BpFaeT132C−D143C were optimized using single factor 
design (Table 1), which included the medium types, IPTG 
concentration, inoculum size, initial pH, post-induction 
temperature, shaker rotational speed, pre-induction period, 
post-induction period, medium volume, surfactant species, 
and Tween-80 concentration.

PB design

Based on the results of single factor design, a PB design 
was carried out by Minitab 17.1 software for seven factors, 
including post-induction temperature (X1), shaker rotational 
speed (X2), inoculum size (X3), IPTG concentration (X4), 
initial pH (X5), post-induction period (X6), and pre-induction 
period (X7), and each factor was selected as a high level (+ 1) 
and a low level (− 1), respectively, with the BpFaeT132C−D143C 

activity as the response value, and regression models were 
established based on the experimental data.

Steepest ascent path design

Based on the regression model obtained from the PB design, 
we screened out the factors that had significant effects on 
BpFaeT132C−D143C activity, and set the direction of change 
and step size according to the effects of these factors on 
BpFaeT132C−D143C activity and experimental experience, and 
designed the steepest ascent path to further optimize the 
conditions for the expression of BpFaeT132C−D143C.

RSM

After approaching the region of highest BpFaeT132C−D143C 
activity produced by the expression through the steepest 
ascent path design, the experimental Box-Behnken design 
(BBD; Design expert 11.0) of the response surface meth-
odology was used to optimize the three factors identified 
by the PB experiment that had the most significant effect 
on enzyme production (post-induction temperature (A), pre-
induction period (B), and post-induction period (C) were 
optimized). The centroid of each factor in the experiment 
was the level of each factor determined by the highest value 
in the steepest ascent path design.

Culture amplification using a bioreactor

The optimal fermentation conditions obtained from the 
optimization process were used to scale production in a 3-l 
fermenter. The initial pH of the fermentation medium was 
adjusted to 8.0. The recombinant BL21 (DE3) E. coli cells 
harboring a pGEX-4T-1-BpFaeT132C−D143C construct were 
inoculated in 50 ml of LB medium with 40 µg/ml Amp, and 
the flask was incubated at 37 ℃ and 180 rpm for 12 h. The 
cultivated seed was added to 1.8 l working volume at an 

Table 1   Factors and their levels 
optimized in the single factor 
design

Factor Level

Medium types LBBMG, LB, TB, SOB, MX, LBBM, TB-GN, LBBSMG, LBBNM
IPTG concentration (mmol/l) 0.025, 0.05, 0.1, 0.2, 0.4, 0.8
Inoculum size (%, v/v) 0.1, 0.2, 0.4, 0.8, 1.6, 3.2, 6.4
Initial pH 4, 5, 6, 7, 8, 9
Post-induction temperature (℃) 16, 20, 24, 28, 32
Shaker rotational speed (rpm) 140, 160, 180, 200, 220
Pre-induction period (h) 2, 4, 6, 8, 10
Post-induction period (h) 12, 18, 24, 30, 36
Medium volume (ml/250 ml) 12.5, 25, 50, 75, 100, 125
Surfactant species Control, glycerol, Tween-20, Tween-40, Tween-60, Tween-80, 

Triton X-100, Triton X-114
Tween-80 concentration (g/l) 0, 0.5, 1, 2, 4, 8
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inoculation ratio of 3.2% (v/v). The cultivation temperature 
was 37 ℃, the rotation speed of the bioreactor was 150 rpm, 
and the airflow rate was 0.75, the vessel volume per minute 
(vvm; airflow rate/operating volume) at the pre-induction 
stage. After the incubation for 3.5 h, the temperature was 
adjusted to 21 ℃, and the final concentration of IPTG was 
added to the culture medium for 48 h. The samples were 
taken at 6-h intervals, and the wet weight of the bacterial 
organisms, OD600, pH of fermentation broth, culture medium 
supernatant, and intracellular BpFaeT132C−D143C activity 
were measured.

Cellular distribution of FAEs

The distribution of BpFaeT132C−D143C produced by E. coli in 
cells was analyzed using the methods of Zhu et al. (2022) 
and Li et al. (2017). The specific steps were as follows: 
Fermentation was carried out under the optimized condi-
tions, as described above, and 50 ml of the fermentation 
broth was centrifuged at 10,000 rpm for 5 min to collect 
the centrifuged supernatant 1, which was recorded as the 
extracellular crude enzyme broth. The centrifuged bacte-
rium was resuspended in 50 mmol/l citrate buffer (pH 5.5) 
with 20 g/l sucrose, placed in an ice bath for 2 h, and then 
centrifuged at 10,000 rpm for 5 min to collect supernatant 
2. The centrifuged organisms were resuspended again in 
50 ml citrate buffer, placed in an ice bath for 30 min, and 
centrifuged at 10,000 rpm for 5 min to collect supernatant 
3. The combined supernatants of two centrifugations were 
recorded as periplasmic crude enzyme solution. The pre-
cipitated portion was resuspended again and collected as 
an extracellular crude enzyme solution. The precipitated 
part was resuspended in citrate buffer again. Ultrasonic 
waves broke the cells according to the above conditions, 
and the supernatant taken by centrifugation was recorded as 
the cytoplasmic crude enzyme solution. One percent (w/v) 
sodium dodecyl sulfate–polyacrylamide gel electrophoresis 
(SDS-PAGE) sampling buffer was added to the remaining 
cell debris and boiled in a boiling water bath for 10 min. 
The supernatant, after centrifugation, was recorded as the 
insoluble inclusion bodies.

Determination of FA

The determination of FA content was carried out by HPLC 
under the following conditions (Xu et al. 2019): the column 
was a ZORBAX Eclipse Plus C-18 column, the detector was 
an ultraviolet detector with a detection wavelength of 320 
nm, the column temperature was 20 ℃, the mobile phase was 
an isocratic mixture of methanol and 0.7% acetic acid at a 
flow rate of 0.5 ml/min, and the injection volume was 10 µl.

SDS‑PAGE

SDS-PAGE was carried out according to the method of Lae-
mmli (1970) using a 10% separating gel and a 4.5% con-
centrating gel, and the gel was stained with 0.25% Kaumas 
Brilliant Blue R-250 at the end of electrophoresis.

Statistical analysis

Statistical differences in the assessed strategies were ana-
lyzed using a one-way ANOVA (P < 0.05) with Tukey’s 
test. Assays have been conducted at least in triplicate, and 
the reported values correspond to the mean value and its 
standard deviation. Minitab 17.1 (Minitab, Inc.), SPSS 24.0 
(IBM Corp., New York, USA), OriginPro 9.1 (OriginLab, 
Northampton, MA, USA), Design-Expert 11 (Stat-Ease, 
Inc., USA), and Excel 2016 (Microsoft, USA) were used to 
analyze the data.

Results and discussion

Shake flask level optimization of FAE BpFaeT132C−D143C 
fermentation conditions

Single factor design

The composition of the medium and the content of each 
component may vary from one type to another; conse-
quently, the effect on the expression of exogenous pro-
teins in E. coli will also vary. In order to select a suitable 
medium for the expression of BpFaeT132C−D143C, the effects 
of nine standard culture media, including LBBMG, LB, 
TB, SOB, MX, LBBM, TB-GN, LBBSMG, and LBBNM, 
on the expression of the genes were compared. The results 
revealed that different media have significantly varying 
effects on the expression of BpFaeT132C−D143C, as shown 
in Fig. 1a. LB and MX were the most favorable media for 
its expression, while LBBM, LBBMG, and LBBNM were 
highly unfavorable for its expression. Comparative analysis 
revealed that media containing both Na+ and Mg+ were 
unfavorable for the expression of BpFaeT132C−D143C, which 
was verified by the fact that the expression was also defi-
cient in the LBBSMG medium. It was hypothesized that the 
simultaneous presence of Na+ and Mg+ could inhibit the 
expression of certain enzyme activities or related factors 
during the transcription or translation process of the expres-
sion system of E. coli, which could decrease the expres-
sion of BpFaeT132C−D143C. LB medium was selected as the 
base fermentation medium for subsequent optimization of 
fermentation conditions, combining the effects of LB and 
MX on BpFaeT132C−D143C activity as well as cost. It is worth 
noting that the optimal medium type for BpFaeT132C−D143C 
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Fig. 1   Effects of medium types 
(LBBMG, LB, TB, SOB, MX, 
LBBM, TB-GN, LBBSMG, and 
LBBNM) (a), IPTG concen-
trations (0.025 mmol/l, 0.05 
mmol/l, 0.1 mmol/l, 0.2 mmol/l, 
0.4 mmol/l, and 0.8 mmol/l) 
(b), inoculum size (0.1%, 0.2%, 
0.4%, 0.8%, 1.6%, 3.2%, and 
6.4%, v/v) (c), pH (4.0, 5.0, 6.0, 
7.0, 8.0, and 9.0) (d), post-
induction temperature (16 ℃, 
20 ℃, 24 ℃, 28 ℃, and 32 ℃) 
(e), shaker rotational speed and 
medium volume (140 rpm, 160 
rpm, 180 rpm, 200 rpm, and 
220 rpm, and 12.5 ml, 25 ml, 
50 ml, 75 ml, 100 ml, and 125 
ml/250 ml) (f), pre-induction 
period (2 h, 4 h, 6 h, 8 h, and 
10 h) (g), post-induction period 
(12 h, 18 h, 24 h, 30 h, and 36 
h) (h), surfactant types (control, 
glycerol, Tween-20, Tween-40, 
Tween-60, Tween-80, Triton 
X-100, and Triton X-114; the 
addition amount of each sur-
factant is 1g/l) (i), and Tween-
80 concentration (0 g/l, 0.5 g/l, 
1 g/l, 2 g/l, 4 g/l, and 8 g/l) (j) 
on BpFaeT132C−D143C activity
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expression was different from BpFae (SOB medium) (Fu 
et  al. 2020). This may be due to the expression of the 
enzyme genes also changing when they are mutated.

The pGEX-4T-1 plasmid contains a lactose manipula-
tor, and the lactose analog, IPTG, induces the expression 
of proteins corresponding to the genes downstream of the 
lactose manipulator, and it is a common and highly efficient 
inducer of exogenous protein expression (You et al. 2018; 
Xiao et al. 2023). The concentration of IPTG influences the 
efficiency of the recombinant E. coli in the expression of 
exogenous proteins. As demonstrated in Fig. 1b, with the 
increase in IPTG concentration, the enzyme activity of 
BpFaeT132C−D143C expressed by E. coli showed a tendency 
to increase and then decrease. BpFaeT132C−D143C activity 
was highest when the IPTG concentration was 0.05 mmol/l, 
which was 0.37 U/ml, and was in line with the required 
IPTG concentration of BpFae (Fu et al. 2020). Studies have 
shown that a lower IPTG concentration is not strong enough 
to induce E. coli, and the expression of exogenous proteins 
is low. A too high concentration of IPTG produces a certain 
toxicity effect on the cell, inhibiting cell growth. Further-
more, it will also result in much faster protein expression 
than folding and transit, which will create a lot of exogenous 
protein inclusions and destabilize plasmids, both of which 
will lower enzyme function (Choi et al. 2000; Duan et al. 
2013; Ko et al. 2009; Kosinski et al. 1992; Yang et al. 2017).

For the E. coli expression system, the inoculum size 
affects the biomass of E. coli at the time of induction, and 
subsequently, the expression of the target protein under 
the same pre-induction period conditions (Fu et al. 2020). 
According to the result (Fig. 1c), BpFaeT132C−D143C activity 
increased with the increase in inoculum size, and the high-
est activity of BpFaeT132C−D143C was observed at 0.38 U/ml 
when the inoculum size was 3.2%. However, no significant 
change in the activity of BpFaeT132C−D143C was observed 
when the inoculum size was further increased. A suitable 
inoculum size has been shown to reduce the bacterial growth 
hysteresis period and accumulate the right amount of bio-
mass for the production of foreign proteins (Huang et al. 
2012; Shu et al. 2016). A large inoculum size, however, may 
force the strain to develop too quickly, which might lead to a 
lack of nutrients during the enzyme-producing stage and an 
increase in toxic metabolites. This, in turn, can inhibit the 
expression of exogenous proteins or lead to cell death, which 
can decrease in the amount of expression.

The expression of cell membranes and periplasmic pro-
teins, the secretion and activity of associated enzymes dur-
ing cellular metabolism, and the stability of metabolites 
are all impacted by the pH of the environment in which 
microorganisms thrive (Choi et al. 2004). An adapted pH 
can promote the expression of associated enzymes and the 
accumulation of microbial metabolites. Although it var-
ies, the ideal pH needed for various foreign proteins in the 

E. coli expression system is typically between 4.4 and 9.2 
(Stancik et al. 2002). For this reason, the expression of 
BpFaeT132C−D143C in E. coli under the initial pH condition 
of 4–9 was explored. The results (Fig. 1d) showed that with 
the increase of pH, the activity of BpFaeT132C−D143C showed 
an initial increase followed by a decrease. The enzyme activ-
ity was highest at an initial pH of 8, reaching 0.45 U/ml, 
which differed significantly from the optimal pH conditions 
required for the expression of BpFae (pH 5.0). The results 
suggest that the mutation of the exogenous genes affects 
the growth of E. coli or the expression of the exogenous 
genes and it is also possible that the different exogenous 
proteins expressed may have different effects on the growth 
and metabolism of E. coli (Fan et al. 2020b; Fu et al. 2020).

The temperature has a significant effect on bacterial 
growth and reproduction, plasmid stability, exogenous 
protein expression, folding and translocation, and enzyme 
activity during metabolism (Gadgil et al. 2005; Zhou et al. 
2018; Liu et al. 2015). It is a critical factor that affects the 
soluble expression of exogenous proteins in E. coli. The 
results showed that with an increase in the post-induction 
temperature, the activity of BpFaeT132C−D143C first increases 
and then decreases and is highest at a post-induction temper-
ature of 24 ℃ (Fig. 1e), which is consistent with the results 
of most studies. The optimal post-induction temperature is 
between 20–25 ℃, at which the synthesis rate of the target 
protein BpFaeT132C−D143C is appropriate, and the polypeptide 
chain can be correctly folded (Krause et al. 2016; Zhou et al. 
2018). If the temperature is below this range, the normal 
metabolism of E. coli is inhibited, resulting in a low synthe-
sis rate of exogenous proteins. Although, theoretically, above 
this temperature range, such as 32 ℃, E. coli’s cell reproduc-
tion and the number of exogenous proteins produced would 
grow, the overexpressed exogenous proteins cannot be ade-
quately folded or may be harmful to cells, which, in turn, 
leads to lower enzyme activity (Choi et al. 2000; Li et al. 
2014; Su et al. 2015, 2019; Voulgaris et al. 2015; Vuillemin 
et al. 2014; Xiao et al. 2023).

The growth of E. coli is affected by the content of dis-
solved oxygen, which also plays a crucial role in exogenous 
protein expression. Studies showed that transient anaero-
biosis can alter metabolic pathways in E. coli by initiat-
ing the expression of anaerobic genes and inhibiting the 
expression of exogenous genes (Sandoval-Basurto et al. 
2005). The medium volume and shaker rotational speed are 
the two primary parameters that influence the quantity of 
dissolved oxygen in the fermentation system under shak-
ing flask culture conditions. It was found (Fig. 1f) that the 
activity of BpFaeT132C−D143C increased with an increase 
in shaker rotational speed and was the highest at 180 rpm 
and 200 rpm. Continuing to improve the rotational speed 
increases the amount of dissolved oxygen but, at the same 
time, increases the shear force on the E. coli cells, resulting 
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in abnormal cell growth and decreased BpFaeT132C−D143C 
activity (Ukkonen et al. 2013; Yang et al. 2024). Addi-
tionally, as the medium volume increased, the activity of 
BpFaeT132C−D143C decreased, indicating that the expression 
of this enzyme in E. coli requires a higher amount of dis-
solved oxygen. Contrary to BpFae, our experimental obser-
vations imply that unanticipated differences in the necessary 
conditions may occur even when highly similar enzymes are 
produced in the same expression vector. It is hypothesized 
that slight differences in the exogenous proteins may impose 
a very different burden on the expressing cells (Fan et al. 
2020b).

A proper pre-induction period is crucial for the expres-
sion of heterologous proteins in E. coli. Generally, inducers 
are added at mid to late logarithmic growth in E. coli to 
favor heterologous protein expression. As demonstrated in 
Fig. 1g, the optimal induction of BpFaeT132C−D143C occurred 
at 6 h, which is during the middle to late logarithmic stage of 
growth. Premature induction of the strain triggers untimely 
expression of BpFaeT132C−D143C, yet this approach is ham-
pered by the toxicity of IPTG towards the strain and the 
negative consequences of premature heterologous protein 
expression on cellular growth (Fan et al. 2020b; Zhou et al. 
2018). Consequently, this leads to diminished biomass 
production and plasmid instability in E. coli, ultimately 
resulting in low expression levels of BpFaeT132C−D143C. 
This is evident from the near-zero activity observed for 
BpFaeT132C−D143C when induced with IPTG at the 2-h mark. 
On the contrary, delayed induction can be attributed to the 
significant depletion of nutrients in the medium by the 
strain during the pre-induction growth phase. Specifically, 
the exhaustion of crucial nutrients like proteins, which are 
indispensable for enzyme synthesis and expression during 

induction, coupled with the possible build-up of inhibitory 
metabolites that hinder the expression of exogenous proteins 
during growth, culminates in diminished enzyme activity 
(Fan et al. 2020b).

The post-induction period is one of the crucial factors 
that affect the soluble expression of target proteins. It is 
advantageous for the expression of foreign proteins and the 
management of production costs to have an appropriate post-
induction period (Asther et al. 2002; Liu et al. 2011). The 
optimal post-induction period required for the expression of 
different target proteins varies (Sadeghian-Rizi et al. 2020). 
As illustrated in Fig. 1h, BpFaeT132C−D143C activity increased 
with the extension of the post-induction period. The enzyme 
activity peaked between 30 and 36 h after induction, which 
was slightly longer compared to the post-induction period 
required for BpFae (Fu et al. 2020). This is also most likely 
because the enzyme’s mutation would have a different effect 
on the growth and expression of the cells. Additionally, it 
has been shown that after a too long post-induction period, 
a small amount of protease is released when some cells die, 
which can degrade the target protein, causing a decrease in 
the practical expression of exogenous proteins (Zhao et al. 
2020). Therefore, it is crucial to determine the appropri-
ate post-induction period for the expression of heterologous 
proteins.

Since surfactants are amphiphilic to cell membranes, 
they can alter permeability, which can alter the mem-
brane’s capacity to transfer, transport, and absorb nutri-
ents. Surfactants can also alter membrane protein activity, 
which can change the function of microbial cell metabo-
lism (Jiang et al. 2005; Liu et al. 2004). Surfactants have 
been shown to affect enzyme production and accumulation 
of metabolites in natural microorganisms. However, fewer 

Table 2   PB design matrix for 
evaluating factors influencing 
BpFaeT132C−D143C activity

Text number X1 X2 X3 X4 X5 X6 X7 BpFaeT132C−D143C 
activity (U/ml)

1 28 180 1.6 0.025 9 8 36 0.03
2 24 200 3.2 0.05 8 6 30 1.54
3 24 200 3.2 0.05 8 6 30 1.33
4 20 180 4.8 0.075 9 4 36 0.75
5 20 180 1.6 0.025 7 4 24 0.90
6 28 180 4.8 0.025 7 4 36 0.07
7 20 220 1.6 0.025 7 8 36 0.35
8 28 180 4.8 0.075 7 8 24 0.21
9 28 220 1.6 0.075 7 4 24 0.11
10 28 220 4.8 0.025 9 8 24 0.01
11 20 180 1.6 0.075 9 8 24 0.48
12 20 220 4.8 0.025 9 4 24 0.84
13 24 200 3.2 0.05 8 6 30 1.30
14 28 220 1.6 0.075 9 4 36 0.03
15 20 220 4.8 0.075 7 8 36 0.14
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studies have been conducted on their effects on enzyme 
production in cloned expression strains (Ma et al. 2022; 
Cheng et  al. 2023). The experimental results showed 
(Fig. 1i) that different surfactant types had different effects 
on the activity of BpFaeT132C−D143C, except that Tween-
80 improved the activity of BpFaeT132C−D143C; all the 
other surfactants had an inhibitory effect on the enzyme 

activity, which may be related to the different effects of 
the different surfactants on the cell membrane (Fan et al. 
2020a). The study on the concentration of Tween-80 addi-
tion revealed that the addition of different concentrations 
of Tween-80 enhanced the activity of BpFaeT132C−D143C 
compared with that of the unadded Tween-80 group. Still 
there was no significant difference between the different 

Table 3   Levels of the variables 
and statistical analysis in PB 
design for BpFaeT132C−D143C 
activity

*P < 0.05, significant at 5% level; **P < 0.01, significant at 1% level

Code Low level (− 1) High level (+ 1) Effect (EXi) F value P value Rank Significance

Model 26.78 0.000 **
X1 20 28  − 2.006 41.78 0.001 1 **
X2 180 220  − 0.636 4.19 0.087 4
X3 1.6 4.8 0.078 0.06 0.81 7
X4 0.025 0.075  − 0.333 1.15 0.324 5
X5 7 9 0.234 0.57 0.48 6
X6 4 8  − 0.987 10.11 0.019 2 *
X7 24 36  − 0.797 6.6 0.042 3 *

R2 = 0.9728 R2
adj = 0.9364

Table 4   Experimental designs 
and the results of steepest ascent 
for BpFaeT132C−D143C activity

Text count Post-induction tem-
perature (℃)

Pre-induction 
period (h)

Post-induction 
period (h)

BpFaeT132C−D143C 
activity (U/ml)

1 26 7 34 1.23
2 24 6 30 1.37
3 22 5 26 2.69
4 20 4 22 2.72
5 18 3 18 2.59

Table 5   Experimental BBD and 
the responses of the dependent 
variables

Text number Post-induction tem-
perature (℃)

Pre-induction period 
(h)

Post-induction period 
(h)

BpFaeT132C−D143C 
activity (U/ml)

A Code A B Code B C Code C Y

1 20 0 4 0 22 0 3.52
2 20 0 3  − 1 26 1 2.97
3 20 0 3  − 1 18  − 1 2.7
4 20 0 4 0 22 0 3.09
5 22 1 4 0 26 1 2.86
6 20 0 5 1 26 1 2.09
7 18  − 1 4 0 26 1 1.62
8 18  − 1 3  − 1 22 0 2.4
9 20 0 5 1 18  − 1 1.54
10 22 1 4 0 18  − 1 3.13
11 18  − 1 4 0 18  − 1 1.91
12 18  − 1 5 1 22 0 1.54
13 22 1 5 1 22 0 1.92
14 20 0 4 0 22 0 3.15
15 22 1 3  − 1 22 0 2.95
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concentration groups, which may be attributed to the 
excellent compatibility of Tween-80 with E. coli cells 
(Fig. 1j). Based on cost consideration, the concentration 
of Tween-80 was selected as 0.5 g/l.

PB design

Based on the results of the single factor design, seven 
factors, including post-induction temperature, shaker 
rotational speed, inoculum size, IPTG concentration, ini-
tial pH, pre-induction period, and post-induction period, 
were selected for the PB experiments to assess the effects 
of these factors on the expression of BpFaeT132C−D143C in 
E. coli. As shown by the experimental results (Table 2), 
the activity of BpFaeT132C−D143C varied in the range 
of 0.01–1.54 U/ml, and there was a significant differ-
ence between the highest and the lowest activity, which 
indicated that different combinations of high and low 
levels among different factors had a large effect on 
BpFaeT132C−D143C activity. Analysis of significant differ-
ences (Table 3) showed that post-induction temperature 
(X1), pre-induction period (X6), and post-induction period 
(X7) had a substantial effect on BpFaeT132C−D143C activ-
ity. In contrast, shaker rotational speed (X2), inoculum 
size (X3), IPTG concentration (X4), and pH (X5) had no 
significant effect. For this reason, only the above three 
significant factors were further investigated in subsequent 
experiments. At the same time, shaker rotational speed 
(X2), inoculum size (X3), IPTG concentration (X4), and 
pH (X5) were set to 200 rpm, 3.2%, 0.05 mmol/l, and 8, 
respectively, according to the single factor design optimal 
results.

Steepest ascent path design

In order to determine the optimal region when optimizing 
the response surface of the three significance factors, the 
steepest ascent path design was preferred for optimiza-
tion. According to the regression analysis of the PB design 
results, the levels of the three variables, including post-
induction temperature, pre-induction period, and post-
induction period, need to be continuously reduced in the 
steepest ascent path design. As indicated by the results of 
the steepest ascent path design (Table 4), BpFaeT132C−D143C 
activity was the highest in the fourth set of experiments, 
reaching 2.72 U/ml. Therefore, the levels corresponding 
to the factors in the fourth set of experiments were used 
as the center point of the subsequent response surface 
experiments.

RSM design

Based on the results of the PB design and the steepest ascent 
path design, the experimental Box-Behnken design was used 
to design a three-level response surface analysis experiment 
with three factors (post-induction temperature, pre-induction 
period, and post-induction period), with BpFaeT132C−D143C 
activity as the response value, and the central point of the 
design was repeated three times to estimate the error. The 
results of the experiment are shown in Table 5. It can be seen 
that there are significant differences in BpFaeT132C−D143C 
activities in different experimental groups. Among them, the 
highest BpFaeT132C−D143C activity was 3.52 U/ml in number 
1, while the lowest BpFaeT132C−D143C activity was 1.54 U/
ml in numbers 9 and 12.

Table 6   Regression coefficients and their significances for BpFaeT132C−D143C activity from the results of the BDD

*P < 0.05, significant at 5% level

Source Sum of squares Degree of freedom Mean square F value P value Significant

Model 5.64 9 0.63 4.91 0.0473 *
A, post-induction temperature 1.43 1 1.43 11.22 0.0203 *
B, pre-induction period 1.92 1 1.92 15.01 0.0117 *
C, post-induction period 0.01 1 0.01 0.065 0.8095
AB 0.01 1 0.01 0.054 0.8249
AC 0.00 1 0.00 7.35E − 04 0.9794
BC 0.02 1 0.02 0.15 0.7186
A2 0.92 1 0.92 7.23 0.0434 *
B2 1.14 1 1.14 8.92 0.0306 *
C2 0.53 1 0.53 4.13 0.0978
Residual 0.64 5 0.13
Lack of fit 0.53 3 0.18 3.19 0.2477 Not significant
Pure error 0.11 2 0.06
Cor total 6.28 14

R2 = 0.8983 R2
adj = 0.7153 CV = 14.34%
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By performing multiple regression analysis on the experi-
mental data, the following regression equation was fitted:

Y =  − 69.40 + 5.2803 × A + 3.9946 × B + 0.9667 × C − 0.0
208 × AB + 0.0006 × AC + 0.0170 × BC − 0.1250 × A2 − 0.555
3 × B2 − 0.0236 × C.2

where Y is the predicted response (BpFaeT132C−D143C 
activity).

From the results of ANOVA, the pattern P < 0.05 indi-
cates that the model is significant (Table 6). The R2 of the 
quadratic regression equation is 0.8983, indicating that the 
equation is a good fit for the test with a small error (Table 6). 
Moreover, the non-significant lack-of-fit term suggests a 
strong correlation between the actual value and the pre-
dicted value, thereby indicating that the model can accu-
rately reflect and predict BpFaeT132C−D143C activity. In the 
regression equation, the P values of the primary terms A 
(post-induction temperature) and B (pre-induction period) 
are less than 0.05, indicating that the effects of these two 
factors on the expression of BpFaeT132C−D143C in E. coli 
show a significant linear relationship; the interaction terms 
are all insignificant, indicating that the interaction of these 
three factors has a negligible effect on the expression of 
BpFaeT132C−D143C in E. coli; among the secondary terms, 
terms A2 and B2 were significant (P < 0.05), indicating a 
considerable surface effect between post-induction tempera-
ture and pre-induction period and BpFaeT132C−D143C activity 
(Table 6).

According to the above regression equation to plot the 
two-by-two interaction effect between the three factors in 
three-dimensional plots, it can be seen from Fig. 2 that 
BpFaeT132C−D143C activity with the increase of post-induc-
tion temperature, pre-induction period, and post-induction 
period all showed a trend of increasing and then decreasing. 
In the optimized region, BpFaeT132C−D143C activity has its 
highest value. Design-Expert 11 was used to predict the opti-
mal value of BpFaeT132C−D143C activity under the conditions 
of A (post-induction temperature) = 21 ℃, B (pre-induction 
period) = 3.5 h, and C (post-induction period) = 22 h, under 
which the predicted value of enzyme activity was 3.46 U/ml. 
The predicted conditions were experimentally verified at the 
post-induction temperature of 21 ℃, pre-induction period 
of 3.5 h, post-induction period of 22 h, shaker speed of 200 
rpm, inoculum size of 3.2% (v/v), IPTG concentration of 
0.05 mmol/l, initial pH of 8, and Tween-80 concentration 

Fig. 2   Three-dimensional surface maps of the effects of pairwise 
interaction of various factors on BpFaeT132C−D143C activity. a Interac-
tion of post-induction temperature and pre-induction period. b Inter-
action of post-induction temperature and post-induction period. c 
Interaction of pre-induction period and post-induction period

▸
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of 0.5 g/l for the induced expression, and the results showed 
that the BpFaeT132C−D143C activity was 3.58 U/ml, which was 
close to the predicted value, and proved that the model was 
more accurate and effective. This result was 7.6 times higher 
than that before optimization (0.47 U/ml) and higher than 
the activity of the original enzyme of BpFae expressed by 
IPTG-induced production in E. coli, which provides suffi-
cient enzyme resources for the subsequent application of the 
enzyme (Fu et al. 2020).

Batch fermentation result

Based on the optimal conditions of shake flask culture, the 
recombinant bacterium was expanded in a 3-l fermenter and 
its enzyme production was studied. As depicted in Fig. 3, 
the pH of the fermentation broth was initially recorded at 
7.56 at the onset of induction, subsequently rising to 8.85 

after 18 h of induction. This increase in pH can be attrib-
uted to the consumption of nutrients, particularly the nitro-
gen source, by microorganisms, resulting in the production 
of alkaline substances. The stabilization of pH after that 
may be attributed to the microorganisms reaching a steady 
growth state in the medium (Liu et al. 2011). The amount 
of E. coli cell remained increasing during the pre-induction 
period and reached a maximum at 12–24 h of inducer addi-
tion, followed by a slight decrease. When IPTG was first 
added, BpFaeT132C−D143C activity was almost undetectable 
in the fermentation system, which indicated that the enzyme 
needed an inducer to induce its expression, which was in 
agreement with the results of most studies (Ran et al. 2016). 
Subsequently, BpFaeT132C−D143C was rapidly expressed and 
accumulated, and the highest level of 70% enzyme activ-
ity could be reached at 6 h of induction, which indicated 
that the induction of the expression of exogenous proteins 
in E. coli was very rapid after the growth state was in a 
good condition. Continuing to extend the induction time, 
the activity of BpFaeT132C−D143C increased gently, reaching 
a maximum value of 1.52 U/ml at 30 h of induction (Fig. 3). 
Then, due to the degradation of BpFaeT132C−D143C by the pro-
tease from the dead cells and the action of the shear force, its 
activity was reduced. The observed increase in extracellu-
lar BpFaeT132C−D143C activity with prolonged induction time 
can be attributed to the cells transitioning through growth 
stabilization and decay phases, as well as the shear effect of 
stirring paddles causing cell rupture and subsequent release 
of intracellular enzymes into the medium. This phenomenon 
is supported by the trend in protein concentration changes 
observed in electrophoretic graphs (Fig. 4). Compared with 
the BpFaeT132C−D143C activity in shake flask fermentation, 
the activity in the fermenter was low, which was similar to 
BpFae, which was related to the differences in cell growth 
and metabolism caused by the differences in dissolved 

Fig. 3   Time course profile of recombinant BpFaeT132C−D143C secre-
tory production in E. coli in a 3-l fermenter

Fig. 4   SDS-PAGE analysis of 
BpFaeT132C−D143C at different 
times. Lane M, low molecular 
weight standard protein mark-
ers. The time course indicated 
samples after 0 h, 6 h, 12 h, 18 
h, 24 h, 30 h, 36 h, 42 h, 48 h, 
54 h, 60 h, and 66 h, respec-
tively
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oxygen, hydraulic pressure, and shear force (Fan et  al. 
2020b). In the two fermentation devices, the fermentation 
conditions optimized for shake flasks could not be simply 
scaled up to be used in the fermenter directly, but need to 
be optimized based on the optimization of the fermentation 
conditions in shake flasks (Fan et al. 2020b; Li et al. 2007).

Distribution of FAE activity

E. coli is currently the most efficient, convenient, and 
technologically mature in terms of operation engineering 
bacteria. However, it lacks an effective secretion system. 
The expressed proteins are often stored in the cytoplasm 
and need to be released after breaking the cell, resulting in 
the target protein mixed with a large number of heterogene-
ous proteins in the cytoplasm, which makes it difficult to 
purify the target protein. However, in recent years, it has 
been found that some exogenous proteins can be secreted 
to the extracellular space or transported to the periplasmic 
space between the inner and outer double membrane struc-
tures of E. coli for some unknown reasons, which can help 
to improve the expression level of target proteins and the 
purification efficiency of target proteins (Luo et al. 2014; 
Xu et al. 2019; Zhou et al. 2018; Li et al. 2022; Wang et al. 
2022). Therefore, cellular localization of E. coli recombi-
nant bacteria producing BpFaeT132C−D143C is necessary. As 
shown in Fig. 5, the supernatant was essentially devoid of 
the target protein and the corresponding BpFaeT132C−D143C 
activity, the periplasmic space contained a small amount 
of the target protein, more than 90% of the target protein 
was present in the intracellular space, and the distribution of 
the expression of BpFaeT132C−D143C was consistent with the 

distribution of the majority of the proteins in E. coli (Li et al. 
2022; Li et al. 2017). In order to further improve the expres-
sion of BpFaeT132C−D143C and the efficiency of subsequent 
purification, we will study the replacement of signal peptides 
used in other research results that can guide the extracellular 
expression of exogenous proteins in the later stage.

Conclusion

In this study, we optimized the expression conditions of FAE 
BpFaeT132C−D143C, which has excellent heat resistance, in 
E. coli by using single factor design, PB design, steepest 
ascent path design, and RSM design. Under the optimized 
fermentation conditions, such as post-induction tempera-
ture of 21 ℃, pre-induction period of 3.5 h, post-induction 
period of 22 h, shaker rotational speed of 200 rpm, inoculum 
size of 3.2% (v/v), IPTG concentration of 0.05 mmol/l, pH 
8, and Tween-80 concentration of 0.5 g/l, the activity of 
BpFaeT132C−D143C could reach up to 3.58 U/ml, which is 7.6 
times of the pre-optimization (0.47 U/ml). This provided 
sufficient enzyme resources for the subsequent application 
of the enzyme, such as producing XOS and FA from agri-
cultural wastes.
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