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Abstract

Statistical experimental designs were used to optimize conditions for recombinant Burkholderia pyrrocinia feruloyl esterase
(BpFae) production in bacteria under lactose induction. After optimization by single factor design, Plackett—-Burman design,
steepest ascent design and the response surface method, the optimal conditions for BpFae production were: 6 g/L lactose,
pH 5.5, pre-induced period 5 h, 23 °C, shaker rotational speed of 240 rpm, medium volume of 50 mL/250 mL, inoculum
size 0.2% (v/v), and a post-induced period of 32 h in a Luria—Bertani culture. The produced BpFae activity was 7.43 U/
mL, which is 2.92 times higher than that obtained under optimal conditions using IPTG as the inducer. BpFae activity was
4.82 U/mL in a 5 L fermenter under the abovementioned optimal conditions. BpFae produced a small amount of ethyl acetate
but had no effect on the synthesis of other important esters in Baijiu. The results underpin further investigations into BpFae

characterization and potential applications.
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Introduction

The efficient use of renewable lignocellulosic biomass by
biological methods has become an important research topic
because of our increasing awareness of sustainable develop-
ment (Xu et al. 2019b). The architecture of lignocellulosic
biomass is complex and heterogeneous. Thus, a key step for
effective lignocellulosic biomass use is the conversion of this
material into low molecular weight carbon sources (Phueng-
maung et al. 2019; Xu et al. 2019b). The complex lignocel-
lulosic cross-linking network structure is composed of cellu-
lose, hemicelluloses, pectin, lignins and hydroxycinnamates
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(such as ferulic acid (FA) and p-coumaric acid), and deg-
radation of this lignocellulosic biomass requires the syn-
ergistic action of a series of cellulases, hemicellulases and
accessory enzymes (Meng et al. 2019; Phuengmaung et al.
2019; Wei et al. 2019; Xu et al. 2019b). Previous work has
focused primarily on cellulases and hemicellulases, whereas
the accessory enzymes remain poorly characterized (Meng
et al. 2019). Among the various accessory enzymes, research
on feruloyl esterases (FAEs) that catalyze the hydrolysis of
an ester linkage between polysaccharides and hydroxycin-
namates has increased dramatically because of their impor-
tant role in de-esterification of covalent interactions between
cellulose, hemicelluloses, pectin, lignins and hydroxycin-
namates (Mackenzie et al. 1987; Phuengmaung et al. 2019).
After de-esterification, opportunities for other lignocellulo-
lytic enzymes to digest lignocellulosic biomass improve with
the release of oligosaccharides or FA with strong antioxidant
activity (Meng et al. 2019; Phuengmaung et al. 2019). For
example, blends of FAEs, cellulase, xylanase and glucosi-
dase were efficiently combined to hydrolyze steam-pre-
treated sugarcane bagasse (Fortes Gottschalk et al. 2010). In
addition, FAEs can be used for other potential applications,
such as synthesizing hydroxycinnamate fatty esters, use in
pulp and paper industries, as an addition in feed, and pro-
duction of bioactive phenolic components in pharmaceutical
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industries (Koseki et al. 2009; Topakas et al. 2007). Thus,
FAEs have received significant attention recently because of
their potential use in various applications.

FAEs are distributed in plants, fungi and bacteria, with
most FAEs of microbial origin (Wu et al. 2019a). Although
previous studies reported FAEs produced by filamentous
fungi or bacteria in submerged fermentation or solid-state
fermentation, titers of very low activity were obtained from
these studies and were usually less than 1 U/mL of culture
medium (Gopalan et al. 2015). This low activity limits the
application of FAEs. Screening of new strains with high FAE
production, mutation of native strains, optimization of FAE
production conditions and gene heterologous cloning and
expression are commonly used to enhance the production of
FAEs, which is the primary focus in solving the bottlenecks
for FAE applications. The results of Asther et al. showed
that solid-state fermentation was better than a submerged
culture when methyl caffeate and methyl p-coumarate were
used as substrates (Asther et al. 2002). Compared with pro-
duction using a parent strain, the activity (18 nkat/mL) of
FAEs were 16-times higher in an FAE-transformed Asper-
gillus niger strain, i.e., the faeB gene was inserted into an
expression vector under the control of the gpd promoter
and expression was induced by sugar beet pulp (Levasseur
et al. 2004). Over the past few years, studies have revealed
that particular fungi and bacteria can produce FAEs, and
some FAE-encoding genes have also been cloned (Hassan
and Hugouvieux-Cotte-Pattat 2011; Rashamuse et al. 2007).
Unfortunately, since the first identification in the 1980s the
number of FAE-producing strains has remained low, with
only ~ 100 FAEs being reported. Thus, increasing the screen-
ing rate for identification of new FAE-producing strains is
important. Moreover, identified FAE genes can be cloned for
recombinant FAE production. Identification of new FAE-
producing strains that produce higher levels of FAEs or bet-
ter characterization should resolve the current application
bottlenecks.

Baijiu is one of six distilled spirits in the world and is pro-
duced by a unique brewing method (Wang et al. 2019). The
production process depends on natural fermentation environ-
ments and the enrichment of various microorganisms, which
produces a variety of enzymes and metabolites that affect
the quality of Baijiu (Wang et al. 2019). The Baijiu produc-
ing environment is a natural microbial bank, which contains
bacteria, fungi, yeast, actinomycetes and archaebacteria. In
recent years, many new microbial strains have been screened
and identified from such an environment (Xu et al. 2019a).
Among these newly identified microorganisms, there are
many important strains producing enzyme resources. In our
previous studies, a novel lipase-producing strain, Burkholde-
ria pyrrocinia (B. pyrrocinia), was identified from the Baijiu
producing environment, and is likely to be important for the
synthesis of esters in Baijiu (Li et al. 2018). By analyzing
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the whole genome of B. pyrrocinia, we found that it contains
two novel FAEs, among which BpFae has been successfully
expressed in Escherichia coli (E. coli). In previous stud-
ies, we used isopropyl-p-p-thiogalactopyranoside (IPTG)
to induce an E. coli recombinant strain to produce BpFae.
The results showed that this recombinant strain has good
FAE production ability with FAE activity reaching a value
of 2.54 U/mL after optimization. Lactose may be a suitable
inducer and better than IPTG, because lactose is cost effi-
cient, safe and can simultaneously function as an inducer and
carbon/energy source (Gombert and Kilikian 1998; Kilikian
et al. 2000). In this report, we optimized the expression of
a recombinant strain to produce BpFAE using lactose as an
inducer. We also explored the recombinant BpFae capacity
to synthesize some important esters that affect the quality
of Baijiu.

Materials and methods
Materials, reagents and media preparation

Burkholderia pyrrocinia B1213 was isolated and preserved
at the China General Microbiological Culture Collection
Center (CGMCC, No: 12806) (Li et al. 2018). Ferulic acid
methyl ester, FA, ethyl acetate, ethyl lactate, ethyl butyrate,
ethyl valerate, ethyl hexanoate, ethyl caprylate, isoamyl ace-
tate, ethyl caprate, ethyl heptanoate and ethyl pelargonate
were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Ampicillin, kanamycin and bovine serum albumin (BSA)
were purchased from Takara (Tokyo, Japan). All other
chemicals were analytical grade and commercially avail-
able unless otherwise stated. E. coli cells were grown in
Luria—Bertani (LB, 5 g/L yeast extract, 10 g/L peptone and
10 g/L NaCl) medium for gene cloning and protein overex-
pression. Other medium, including Terrific broth medium
(TB), LB medium with magnesium (LBBM), LB medium
with magnesium and extra NaCl (LBBNM), LB medium
with magnesium and glycerol (LBBMG), LB medium with
magnesium, glycerol and sorbitol (LBBSMG), and medium
for expression (MX) were prepared as reported previously
(Golotin et al. 2016).

Cultivation and FAE production by B. pyrrocinia
B1213

The basal medium of the flask culture for FAE production
contained 100 g/L wheat bran, 1.3 g/L. (NH,),SO,, 0.37 g/L
KH,PO,, 0.25 g/L. MgSO,-7H,0, 0.07 g/L. CaCl,-2H,0,
0.02 g/L FeCl;, 1.0 g/L yeast extract. The initial pH of the
medium was adjusted to 6.0 and no further adjustment was
made (Kumar et al. 2011). Experiments were carried out in
250 mL Erlenmeyer flasks containing 50 mL medium by
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liquid-state fermentation (LSF). Each flask was inoculated
with activated B. pyrrocinia B1213 at an inoculum size of
4% (v/v). Cultures were incubated at 37 °C with a shaker
speed of 200 rpm for 5 days. Each flask was withdrawn peri-
odically every 24 h, the debris removed by centrifugation
at 13,751 x g for 10 min at 4 °C, and the supernatant used
as the crude enzyme for assaying pH, protein concentration
and FAE activity.

BpFae selection and production

We reported previously the detailed procedure for produc-
ing BpFae (Fu et al. 2019). Briefly, the BpFae gene was
subcloned into BamH I and Sal I sites of the pGEX-4T-1
vector and the gene was in-frame with the downstream hexa-
His-tag. The recombinant pGEX-4T-1-BpFae plasmid was
transformed into E. coli BL21 (DE3) cells using the standard
calcium chloride method. A positive clone was confirmed
by gene sequencing (BGI Tech, Beijing, China) and culti-
vated in LB medium for 6 h. The bacterial suspension was
then stored in 20% (v/v) glycerol at — 80 °C for long-term
use. The positive transformants were cultured at 37 °C in
LB medium including 40 pg/mL ampicillin by shaking at

Table 1 Factors and levels of single factor design

Factor Level

Medium types LBBMG, LB, TB, SOB, MX,

LBBM, TB-GN, LBBSMG and
LBBNM

0,2,4,6,8,10and 12
0.1,0.2,0.4,0.8, 1.6 and 3.2
4.0,5.0,5.5,6.0,7.0,8.0and 9.0
16, 20, 24, 28 and 32

80, 120, 160, 200 and 240
2,4,5,6,8and 10

12.5, 25, 50, 75, 100 and 125
4,8, 12, 16, 20, 24 and 28

Lactose concentration (g/L)
Incubation size (%, v/v)

Initial pH

Post-induction temperature (°C)
Shaker rotational speed (rpm)
Pre-induction period (h)
Medium volume (mL/250 mL)
Post-induction period (h)

180 rpm for 5 h. Then, 4 g/L of lactose was added to the
culture to induce BpFae expression at 20 °C for 15 h with
shaking at 200 rpm and an incubation ratio of 0.2%.

Optimization of the production conditions by single
factor design

Various cultivation conditions, including medium type,
lactose concentration, incubation ratio, initial pH, post-
induction temperature, shaker rotational speed, pre-induc-
tion period (before adding lactose into the culture), medium
volume and post-induction period (after adding lactose into
the culture) were investigated for BpFae production using
single factor design (Table 1).

Optimization of the production conditions
by Plackett-Burman (PB) design

The PB design for seven variables, including initial pH (X)),
post-induction temperature (X,), shaker rotational speed
(X3), pre-induction period (X,), post-induction period (X5),
medium volume (X,) and lactose concentration (X;) at two
levels were used for screening, according to the single factor
results (Table 2). Each variable is represented at two levels,
high and low, which are denoted by (+ 1) and (— 1), respec-
tively (Table 2). The design was run in a single block and
the order of the experiments was fully randomized. The PB
design is shown in Table 3 and designed by Minitab software
17.1 (Minitab, Inc. State College, PA, USA). A regression
model was obtained based on the experimental data. The sta-
tistical significance was determined by F value analysis, and
the proportion of variance explained by the model obtained
was given by the multiple coefficient of determination, R>.

Optimization of the production conditions
by steepest ascent path design

The regression model obtained from the PB design screened
important variables and these were used to construct the

Table 2 Levels of the variables and statistical analysis in PB design for BpFae activity

Code Variables Low level (— 1) High level  Effect (EX;) F values P values Significance
+ 1D
X, pH 4.5 6.5 —0.00742 4.16 0.076
X, Post-induction temperature (°C) 24 32 —0.03727 104.88 0.000 ik
X; Shaker rotational speed (rpm) 120 200 0.02631 52.27 0.000 wE
Xy Pre-induction period (h) 3 7 0.00406 1.25 0.297
X; Post-induction period (h) 20 28 0.03163 75.54 0.000 *oE
X, Medium volume (mL/250 mL) 50 100 —0.01265 12.08 0.008 *oE
X; Lactose concentration (g/L) 2 6 —0.01155 10.08 0.013 *
*Significant at 5% level (P <0.05), **significant at 1% level (P <0.01)
&ﬁ;ﬁ;ﬁ @ Springer
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Table 3 PB design matrix for

. . . Test X, X,(°C) X;(pm) X,(h) X5() Xg X;(g/lL)  BpFae activity
evaluatmg. fz.actors influencing number (mL/250 mL) (U/mL)
BpFae activity

1 +1 +1 -1 +1 -1 -1 -1 1.14
2 +1 -1 +1 -1 -1 -1 +1 3.16
3 -1 +1 -1 -1 -1 +1 +1 0.69
4 0 0 0 0 0 0 0 5.10
5 -1 +1 +1 +1 -1 +1 +1 1.73
6 +1 +1 -1 +1 +1 -1 +1 1.96
7 0 0 0 0 0 0 0 5.15
8 +1 -1 -1 -1 +1 +1 +1 292
9 0 0 0 0 0 0 0 4.85
10 -1 -1 +1 +1 +1 -1 +1 5.89
11 0 0 0 0 0 0 0 4.76
12 0 0 0 0 0 0 0 4.86
13 +1 +1 +1 -1 +1 +1 -1 2.49
14 -1 -1 -1 +1 +1 +1 -1 4.24
15 -1 -1 -1 -1 -1 -1 -1 2.86
16 -1 +1 +1 -1 +1 -1 -1 4.37
17 +1 -1 +1 +1 -1 +1 -1 3.28

steepest ascent path. The direction of the steepest ascent
path is determined from the regression results. Experiments
were conducted along the steepest ascent path and using
practical experience until the BpFae activity showed no fur-
ther increase (Table 4). A particular point where the BpFae
activity was highest by steepest ascent path design would
be near the optimal point and could be used as the center
point of RSM.

Optimization of the production conditions
by response surface methodology (RSM)

RSM was used to optimize the screened variables for
enhanced BpFae activity using the Box—Behnken experi-
mental design (BBD, Design-Expert Software 11.0, Sta-
tEase Inc., Minneapolis, MN, USA). The variables and
center point were identified and determined as the statisti-
cally significant influence on BpFae activity by PB design
and steepest ascent path design. The design listed in Table 5

was composed of three factors [post-induction temperature
(A), post-induction period (B) and shaker rotational speed
(C)] and three levels, including three replicates at the center
point. Each experiment was performed in triplicate and the
average BpFae activity was taken as the response.

Culture amplification using a bioreactor

The optimal conditions obtained through the above opti-
mization processes were used to scale production in a 5 L
INFORS Minifors Benchtop bioreactor (INFORS, Switzer-
land). LB medium was used and the lactose solution used
to induce BpFae production was autoclaved separately. The
initial pH of the fermentation medium was adjusted to 5.5.
For seed preparation, recombinant BL21 (DE3) E. coli cells
harboring the pGEX-4T-1-BpFae construct were inocu-
lated in 50 mL LB medium with 40 pg/mL ampicillin as the
selection marker, and the flask was incubated 12 h at 37 °C,
180 rpm. The cultivated seed was added to 3.0 L working

Table 4 Experimental designs

Test count X, (°C) X, (rpm) X; (h) X, (mL/250mL) X5 (g/L)  BpFae activity
and the results of steepest ascent : (U/mL)
for BpFae activity

1 32 120 20 80 10 1.98

2 28 160 24 65 8 4.78

3 24 200 28 50 6 6.72

4 20 240 32 35 4 2.71

5 16 280 36 20 2 2.71

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer



3 Biotech (2020) 10:216

Page50f15 216

Table 5 BBD design and the

Test number
responses of the dependent

Post-induction tem-

Post-induction period ~ Shaker rotational speed BpFae

- perature (°C) (h) (rpm) activity (U/
variables mL)
A Code A B Code B C Code C Y
1 24 0 32 +1 240 +1 7.38
2 20 -1 32 +1 200 0 6.53
3 24 0 32 +1 160 -1 7.16
4 20 0 28 0 240 +1 6.04
5 28 +1 24 -1 200 0 5.35
6 24 0 28 0 200 0 6.65
7 20 -1 24 -1 200 0 5.71
8 28 +1 28 0 240 +1 5.65
9 20 -1 28 0 160 -1 5.74
10 28 +1 28 0 160 -1 5.05
11 24 0 24 -1 160 -1 6.15
12 24 0 28 0 200 0 6.74
13 24 0 28 0 200 0 6.81
14 24 0 24 -1 240 +1 7.04
15 28 +1 32 +1 200 0 5.39

volume at an inoculation ratio of 0.2% (v/v). The cultivation
temperature was 37 °C, the rotation speed of the bioreactor
was 180 rpm and the airflow rate was 0.5 the vessel vol-
ume per minute (airflow rate/operating volume, vvm) at the
pre-induction stage. The optical density at 600 nm (ODgj),
pH and dissolved oxygen (DO) were measured every hour.
When the ODg, reached 2.5, the cells were induced using
a 6 g/L autoclaved lactose solution, and the cultivation
temperature and rotation speed were adjusted to 23 °C and
240 rpm, respectively, at the start of the induction phase.
Samples of cultures were taken in situ every 4 h to monitor
OD¢0, pH, DO, BpFae activity and protein concentration.

Expression analysis of BpFae

The induced cells were harvested by centrifugation at
13,751 X g for 10 min at 4 °C, resuspended in 50 mmol/L
sodium phosphate buffer (pH 7.0) and disrupted by ultrason-
ication in an ice water bath for 10 min with a 2 s-on/4 s-off
program. The suspension was harvested by centrifugation at
13,751 X g for 10 min at 4 °C. Sodium dodecyl sulfate—poly-
acrylamide gel electrophoresis (SDS-PAGE), BpFae activity
and protein analyses were performed to evaluate the expres-
sion of BpFae in E. coli.

FAE activity assay and protein concentration
determination

FAE activity was assayed according to the method of Fu
et al. (2019). Briefly, a suitably diluted enzyme solution
(50 pL) was added to 450 uL methyl ferulic acid (MFA)

substrate solution (1 mmol/L, dissolved in DMSO) dis-
solved in 50 mmol/L sodium phosphate buffer (pH 7.0).
The mixture was incubated at 37 °C for 10 min and 500 pLL
acetonitrile was added to the mixture to terminate the reac-
tion. The products were filtered through a 0.22-um filter
and analyzed by high performance liquid chromatography
(HPLC) with a UV detector (Agilent, Santa Clara, CA,
USA) and a ZORBAX Eclipse Plus C-18 column (Agilent).
The column was maintained at 35 °C and eluted with a
mixture of acetonitrile, water and acetic acid (70:29.7:0.3,
v/v/v) at a flow rate of 0.6 mL/min. The column eluent was
monitored at 320 nm. One unit (U) of enzyme activity was
defined as the enzyme amount required for the release of
1 pmol ferulic acid in 1 min under the standard conditions
provided above. The protein concentration was estimated
using a BCA (bicinchoninic acid) protein assay kit (Bei-
jing Solarbio Science and Technology Co., Ltd., Beijing,
China) according to the manufacturer’s instructions. BSA
was used as the standard protein.

SDS-PAGE

SDS-PAGE was performed under denaturing conditions
as described by Laemmli using a 12.5% separating gel
and a 4.5% stacking gel, and proteins were visualized by
staining with 0.25% Coomassie brilliant blue R250 (Lae-
mmli 1970). Briefly, 30 pL of a protein sample was added
to 7.5 pL sample buffer, boiled in a water bath for 5 min,
cooled to room temperature and loaded onto the gel.
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Ability of BpFae to synthesize important esters
for Baijiu

The synthesis of esters was carried out in a closed 20-mL
conical flask with a stopper. Reaction mixtures containing
0.9 mol/L of one kind of alcohol (ethyl alcohol and isoamyl
alcohol) and 0.3 mol/L of one kind of acid, including acetic
acid, lactic acid, butyrate, hexanoic, octoic acid, capric acid,
valeric acid, heptanoic acid and nonanoic acid, with 1 U/mL
of BpFae in 10 mL of a n-hexane system were incubated
at 40 °C for 6 h. The reaction was initiated by adding the
enzyme to the substrate mixture with stirring at 180 rpm. For
the control sample, BpFae was replaced by the supernatant
of BL21 (DE3) E. coli cells harboring pGEX-4T-1. Each
reaction was performed in triplicate and the average ester
concentrations were taken.

An Agilent 7890B GC with a FID (Agilent) and a HP-
INNOWAX column (30 m % 0.32 mm x 0.50 pm, Agilent)
were used to assay the esters. The following analytical con-
ditions were used: the injection temperature was 280 °C;
splitless mode was adopted; the carrier gas was nitrogen; and
the detector temperature was 280 °C. The column tempera-
ture was held at 40 °C for 5 min, increased to 170 °C at a rate
of 8 °C/min, held at 170 °C for 10 min, and finally increased
to 240 °C at a rate of 8 °C/min and maintained there for
5 min. The response factor of each ester was acquired by
analyzing the standard mix, and the esters content was cal-
culated as grams of esters produced per mL of sample.

Statistical analysis

Statistical differences of the assessed strategies were ana-
lyzed using a one-way ANOVA (P <0.05) with the Tukey

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
Production of FAE by B. pyrrocinia B1213

Burkholderia pyrrocinia B1213 was grown in a liquid cul-
ture for 5 days using wheat bran as the carbon source. FAE
activities were monitored as a function of the incubation
time. Enzyme activities increased during the early stages
of growth, reached the highest level after 4 days of culture
(26.24 U/L) and remained static until day 5 (Fig. 1). The
change in protein concentration for the fermentation broth
was consistent with that of FAE activity. Although there
are many strains that can produce FAEs, the FAE activity
by native strains is generally lower than 1 U/mL (Topakas
et al. 2007), and FAE activity from B. pyrrocinia B1213 is
also low. This may be because the cinnamic acid deriva-
tives content in nature is far lower than xylan and glucan.
From the perspective of microbial evolution, secretion levels
of FAEs by native strains are far lower than those of xyla-
nases and glucanases. However, cinnamic acid derivatives
such as ferulic or coumaric acids are covalently bound to
xylan, glucan and other high molecular materials via ester
linkages, which increases the complexity of lignocellulose
structures and makes their degradation challenging (Oliveira

Fig. 1 Time course of FAE 30 - . 280 10
production by B. pyrrocinia _} FAE activity
B1213 with wheat bran as the | —m—pH T
carbon source 25 |- —®— Protein concentration 475 49
| _— . 3
~ Vi Eﬁ
=20 |- d70 48 =
S E
N’ ~—
> s
& ] 7 5
3 ) °
L [ . 46 .8
<10 ? Z 60 16 5
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et al. 2019). FAEs can release FA and other hydroxycin-
namic acids from lignocellulose, which then undergoes deg-
radation by lignocellulolytic enzymes such as xylanase and
glucanase. Therefore, FAEs play an important role in the
degradation of lignocellulose.

The main raw materials for Baijiu brewing are sorghum,
wheat, corn and other raw grain materials. Effective deg-
radation of the cell wall of these raw materials facilitates
bioconversion of starch into ethanol and flavor components
in Baijiu. Clearly, the effective degradation of the cell wall
of these raw materials requires FAEs. Additionally, the pres-
ence of FAEs in a Baijiu brewing system will also contrib-
ute to the FA content in Baijiu, which may help to reduce
potential health issues from alcohol in Baijiu because of its
excellent antioxidant activity (Wu et al. 2019b). Burkholde-
ria pyrrocinia B1213 was selected from the Baijiu brew-
ing environment and produces glucanase, FAEs and other
important lignocellulose degradation enzymes. Thus, it plays
an important role in the degradation of raw materials and
production of FA in the Baijiu brewing process. In addition,
B. pyrrocinia B1213 has good plasticizer degradation activ-
ity, which may also be related to the production of FAEs
(Li et al. 2019). Currently, most FAEs have been isolated
from fungal rather than bacterial sources and production of
an FAE produced by B. pyrrocinia has not been reported.
Therefore, we cloned and expressed the FAE from B. pyrro-
cinia B1213 in an effort to improve the activity of an FAE
using molecular biology tools. This work provides the foun-
dation for subsequent analysis of the enzymatic properties
of this FAE and its potential applications (Fu et al. 2019).

Optimization of the production conditions by single
factor design

Nine standard culture media, i.e., LB, TB, MX, SOB,
LBBM, LBBMG, LBBNM, LBBSMG and TB-GN, were
used to overexpress BpFae in E. coli. As shown in Fig. 2a,
LB medium was the best expression medium for BpFae
overexpression induced by the addition of lactose, which
differed to a previous study, where IPTG was used to induce
overexpression (the best medium was SOB medium) (Fu
et al. 2019). Although IPTG is a lactose analogue and has
similar efficacy in inducing E. coli to express heterologous
proteins, the results showed that different levels of FAE
overexpression were observed when using IPTG and lac-
tose. This may be because lactose is both an inducer and a
carbon source for fermentation, and thus participates in the
metabolic pathways of E. coli (Gombert and Kilikian 1998),
whereas IPTG is not a carbon source.

Lactose is a low-cost, non-toxic inducer used with pGEX-
4T-1 expression systems (Su et al. 2019). Normally, protein
overexpression using the pGEX-4T-1 vector can be fully
induced using high concentrations of lactose (Su et al. 2019).

However, when lactose is used as an inducer, protein expres-
sion and cell growth should remain balanced to obtain the
highest protein production levels (Kilikian et al. 2000). In
this study, seven different lactose concentrations (0, 2, 4, 6,
8, 10 and 12 g/L) were tested. As shown in Fig. 2b, when
the lactose concentration was low (2—4 g/L) the activity of
the recombinant BpFae was high, whereas at higher lactose
concentrations, a reduction in BpFae activity was observed.
The highest BpFae activity, 2.31 U/mL, was obtained at a
lactose concentration of 4 g/L. This activity is approximately
2.0-fold higher than the result using the optimal IPTG con-
centration (i.e., 1.15 U/mL) (Fu et al. 2019). The results
(data not shown) showed that the biomass and the content
of BpFae in the supernatant after cell disruption (the content
of soluble protein) were higher when using lactose rather
than IPTG as the inducer, and there was minimal amount
of insoluble BpFae in the cell debris (no inclusion bodies)
when using lactose to induce overexpression (there were a
few inclusion bodies when IPTG was used as the inducer)
(Su et al. 2019). Soluble expression of the target protein can
be achieved by increasing the cell biomass and reducing the
expression rate of the target protein, which may explain why
lactose induction is better than IPTG induction in this study
(Monteiro et al. 2000). In addition, higher lactose concen-
trations (> 10 g/L) decreased the final BpFae activity, espe-
cially 12 g/L. This phenomenon may have been caused by
high osmotic pressure on cell growth and metabolic burden
(Su et al. 2019).

The optimal pH for BpFae production was examined over
the pH range of 4-9. The activity of BpFae first increased
and then decreased with increasing pH. The activity of
BpFae was highest over the pH range of 5.5-6.0 (Fig. 2c),
which is slightly higher when compared with that observed
with IPTG induction (the optimal pH was 5.0) (Fu et al.
2019). pH is a key factor to examine, because pH affects the
expression of membrane and periplasmic proteins, metabolic
enzymes, the activity of bacterial proteases and secretory
production of proteins (Choi and Lee 2004; Stancik et al.
2002). In general, the optimal pH for protein expression is
4.4-9.2, which is consistent with the optimal growth pH of
E. coli (Stancik et al. 2002). Different heterologous proteins
have different optimal pH values when overexpressed, which
may be due to the effect of heterologous proteins on E. coli
cells and cell metabolism.

The pre-induction period has an important effect on the
expression of heterologous proteins. Although, short pre-
induction periods enable E. coli to express heterologous
proteins earlier, it often leads to a low cell biomass and aver-
age protein yields because of the earlier or longer toxicity
of particular heterologous protein to the host E. coli cells.
While long pre-induction periods that enable E. coli cells to
grow to higher densities prior to induction can still result in
low expression levels of the heterologous protein, because
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«Fig. 2 Effect of medium types (LBBMG, LB, TB, SOB, MX, LBBM,
TB-GN, LBBSMG and LBBNM) (a), lactose concentration (0, 2, 4,
6, 8, 10 and 12 g/L) (b), pH (4.0, 5.0, 5.5, 6.0, 7.0, 8.0 and 9.0) (c),
pre-induction period (2, 4, 5, 6, 8 and 10 h) (d), post-induction tem-
perature (16, 20, 24, 28 and 32 °C) (e), shaker rotational speed (80,
120, 160, 200 and 240 rpm) (f), medium volume (12.5, 25, 50, 75,
100 and 125 mL/250 mL) (g) and post-induction period (4, 8, 12, 16,
20, 24 and 28 h) (h) on BpFae activity

nutrients have been depleted in the medium and other metab-
olites that inhibit overexpression have accumulated. There-
fore, it is important to obtain an ideal pre-induction period.
The addition of inducing agents is usually carried out when
the cells are in the mid-to-late logarithmic growth stage (Li
et al. 2017; Shoja Alsadati et al. 2008). In this study, the
optimal pre-induction period was 4—6 h (ODg, was ~2.5), at
which point cells were in a mid-log growth phase (Fig. 2d).
This result differed slightly to results obtained when using
IPTG as the inducer (Fu et al. 2019). This may be because
lactose is a carbon source nutrient, which promotes further
growth of E. coli cells (Kilikian et al. 2000).

The post-induction temperature is also a critical factor
that influences the secretion and solubility of overexpressed
protein, the yield of protein production and the activity of
cellular enzymes (Gadgil et al. 2005). Reducing the tem-
perature can facilitate expression of the target protein in
the soluble form. In this study, the optimum post-induction
temperature for expression of BpFae was found to be 28 °C
(Fig. 2e). In contrast, in previous reports the optimal post-
induction temperature for overexpression of heterologous
proteins in E. coli cells was ~30 °C (Derakhshani et al.
2019). The post-induction temperature affects the induction
rate and cell growth rate, so different heterologous proteins
and expression systems will have different optimal induc-
tion temperatures. The best temperature for post-induction
is often when the induction rate and cell growth rate are
balanced.

A particular problem for bioprocesses is ensuring the
correct level of oxygen input. This problem has significant
effects on the metabolism of microorganisms and is exacer-
bated by rapid increases in cell density (Kumar et al. 1991).
A shift to no dissolved oxygen for a short period has been
shown to cause strong segregation instability to the plasmid
system in E. coli. These periods can also potentially alter
bacterial metabolism, which affects both growth and recom-
binant protein production, and thus lowers cell productivity
(Hopkins et al. 1987; Phue and Shiloach 2005). There are
many reports describing recombinant protein expression
with oxygen limitations (Qoronfleh 1999; Zare et al. 2019).
Different levels of dissolved oxygen must be evaluated for
each protein overexpression system. We investigated the
shaker rotational speed and medium volume to study the
effect of dissolved oxygen on the production of BpFae. The
results showed that the activity of BpFae first increased and

then decreased with increased shaker rotational speed and
medium volume (Fig. 2f, g). As other reports have shown,
there is competition between replication and expression of
chromosomal DNA and plasmid DNA for limited cellular
resources (Ryan et al. 1989). Thus, BpFae activity is highest
at an intermediate dissolved oxygen level. Previous stud-
ies have indicated that operating at high dissolved oxygen
levels is beneficial for cell mass formation; however, such
operation is not necessarily optimal for overexpression of the
recombinant protein (Ryan et al. 1989). In addition, it is also
possible that the rate of lactose induction is slower than that
of IPTG, so the amount of dissolved oxygen required when
using lactose to induce protein overexpression is likely to be
lower when compared with the oxygen level requirements
under IPTG induction (Fu et al. 2019).

The inoculum size affects the microbial biomass when
the inducer is added, and biomass is often linked to the
amount of heterologous protein produced by the bacteria
(Shoja Alsadati et al. 2008). Thus, the effect of the inocu-
lum size on BpFae activity was studied. The results showed
that there was no significant difference in BpFae activity
under different inoculum sizes [0.1% (v/v) to 3.2% (v/v)],
but the highest value was observed when the inoculum size
was 0.2% (v/v) with the BpFae activity reaching 2.13 U/mL
(data not shown). The results showed that the cells were in
the mid-to-late log growth phase when lactose was added
under the investigated inoculum size, and differences in cell
biomass were not significant when lactose was added at dif-
ferent points in this growth phase. This was also observed
for IPTG induction.

The post-induction period affects protein expression and/
or solubility (Sadeghian-Rizi et al. 2019). Although, long
incubation periods often result in higher protein yields, the
optimum incubation time for overexpression is target pro-
tein specific (Sadeghian-Rizi et al. 2019). BpFae activity
increased continuously as the post-induction period was
increased (Fig. 2h). The BpFae activity reached a maximum
at a post-induction period of 24 h. At longer periods, the
activity decreased, which may be due to degradation of the
target protein by proteases released after cell death (Baneyx
and Georgiou 1990; Maurizi 1992).

Optimization of the production conditions by PB
design

BpFae activity was evaluated using PB design and the results
are presented in Table 3. Changes in BpFae activity ranged
from 0.69 to 5.89 U/mL. Based on the coefficient of regres-
sion, five out of seven variables, i.e., X,, X5, X3, X, and X,
significantly influenced BpFae activity at the 5% level of
significance. X; and X5 had positive coefficients of 0.02631
and 0.03163, respectively, whereas the other three vari-
ables showed negative coefficients (Table 2). Thus, X; and
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X5 should be enhanced, and the increase of X,, X and X,
should be avoided in subsequent experiments, because this
is more conducive for improving BpFae activity. The above
five parameters should be studied further, whereas X, and
X, were found to have an insignificant effect on the BpFae
activity and should be omitted in subsequent experiments
(Table 2). In the following experiments, X, and X, were set
to 5.5 and 5 h, respectively, according to the single factor
results described above.

Optimization of the production conditions
by steepest ascent path design

Steepest ascent path design was undertaken to determine
the optimal regions of these five significant factors (Zhou
et al. 2011). The proper direction of changing variables was
based on the above regression analysis of the PB design. To
obtain the maximum BpFae activity, the design increased the
values of variables X, and X; while decreasing the values of
variables X, X, and X5 (Table 4). The results showed that
run three with the highest response of 6.72 U/mL gave the
maximum yield. Thus, the third set of tests was used as the
central point of the response surface.

Optimization of the production conditions by RSM
design

Based on the results of PB design and steepest ascent path
design, a three-factor (post-induction temperature, post-
induction period and shaker rotational speed) and three-level
BBD were used to optimize the best fermentation condi-
tions for BpFae production. Table 5 shows the maximum and

minimum levels of variables chosen for trials in the design
and the experimental responses for the 15 experimental runs.
The results in Table 5 show that there is considerable vari-
ation in BpFae activity, and this variability is dependent on
the different culture conditions. Maximum BpFae activity
was achieved in test number 1 (7.38 U/mL), whereas the
minimum BpFae activity was observed in run number 10
(5.05 U/mL). The center point in the design was repeated
three times for estimating the error.

By applying multiple regression analysis on the experi-
mental data, the following second order polynomial coded
equation was found to explain BpFae production regardless
of the significance of the terms:

Y =6.73-0.3225 x A + 0.2762 X B + 0.2513
x C —0.1950 X AB + 0.0750 X AC — 0.1675 D
X BC — 1.15 x A2 + 0.1621 x B> + 0.0371 x C?

where Y is the predicted response (BpFae activity).

The statistical significance of Eq. (1) was checked by F'
test analysis, and the analysis of variance (ANOVA) for the
response surface quadratic model is shown in Table 6. The
model fits well to the experimental data. A lower value of
the coefficient of variation (CV =1.91%) indicates better
reliability of the experiments performed. The determina-
tion coefficient (R?) implies that the sample variation of
99.06% for BpFae production is attributed to the independ-
ent variables, and only about 0.94% of the total variation
cannot be explained by the model. The correlation coeffi-
cient (R=0.9953) for Eq. (1) is close to one, indicating a
strong correlation between the experimental results and the
theoretical values. Linear and quadratic terms were both

Table 6 Regression coefficients and their significances for BpFae activity from the results of the BDD

Source Sum of squares df Mean square F value P value Significant
Model 7.40 9 0.8219 58.34 0.0002 wE
A-Incubation temperature 0.8321 1 0.8321 59.06 0.0006 HE
B-Shaker rotational speed 0.6105 1 0.6105 43.33 0.0012 Hk
C-Incubation time 0.5050 1 0.5050 35.85 0.0019 wE
AB 0.1521 1 0.1521 10.80 0.0218 *
AC 0.0225 1 0.0225 1.60 0.2620
BC 0.1122 1 0.1122 7.97 0.0370 *
A? 4.89 1 4.89 346.86 < 0.0001 wE
B? 0.0970 1 0.0970 6.89 0.0469 *
C? 0.0051 1 0.0051 0.3604 0.5745
Residual 0.0704 5 0.0141
Lack of fit 0.0576 3 0.0192 2.98 0.2611 Not significant
Pure error 0.0129 2 0.0064
Cor total 7.47 14

R*=0.9906 R}, =0.9736 R =0.8728 CV=191%

*Significant at 5% level (P <0.05), **significant at 1% level (P <0.01)
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significant at the 1% level and the cross product was signifi-
cant at the 5% level.

The F value and the corresponding P value are given in
Table 6. The corresponding P values suggest that among
the independent variables, A (post-induction temperature),
B (post-induction period) and C (shaker rotational speed)
had a significant effect on BpFae activity. The positive
coefficients for B and C indicated a linear effect that causes
an increase in BpFae activity, whereas the negative coef-
ficient for A indicates a linear effect that causes a decrease
in BpFae activity, which was consistent with the PB design
results. The quadric term of A and B also had a significant
effect. Moreover, two interactions between (A, B) and (B, C)
were also found to contribute to the response at a significant
level. Model terms are significant when P values are less
than 0.05. In this case, A, B, C, AB, BC, A? and B? were the
significant model terms.

—~
o
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BpFae activity (U/mL)

BpFae activity (U/mL)
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’171,7)

Fig.3 3D surface interaction of variable on the BpFae activity
response using the BBD (post-induction temperature, post-induction
period and shaker rotational speed). a Interaction of post-induction

The 3D response surface plots for BpFae production
described by the above model were drawn to illustrate the
effects of the independent variables and to depict the interac-
tions between two variables by keeping the third variables at
their zero levels (Fig. 3). The results in Fig. 3a indicate that
BpFae production yields increased gradually as the post-
induction period increased. This phenomenon was more
pronounced when the post-induction temperature was set
at a mid-value, resulting in a change in BpFae production
from 6.22 to 7.22 U/mL. This suggests that increasing the
post-induction period with an appropriate post-induction
temperature is beneficial to BpFae production. Increas-
ing the post-induction temperature caused a significant
increase in BpFae activity, but beyond a certain temperature
the activity decreased. The analysis of Fig. 3a reveals that
the optimal ranges of post-induction temperature and post-
induction period for BpFae production were 22.5-25.1 °C

BpFae activity (U/mL)
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temperature and post-induction period; b interaction of post-induc-
tion temperature and shaker rotational speed; ¢ interaction of post-
induction period and shaker rotational speed
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and 30-32 h, respectively. The effects of A (post-induction
temperature) and C (shaker rotational speed) on BpFae pro-
duction are shown in Fig. 3b. Clearly, post-induction tem-
perature was more important than shaker rotational speed
on BpFae production with enzyme activity ranging between
5.05 and 7.03 U/mL as the post-induction temperature was
increased, whereas BpFae production was not affected sig-
nificantly by changes in the shaker rotational speed. The
balance among cell number, activity, heterologous protein
expression rate and correct protein folding is key to substan-
tial protein production, and the post-induction temperature
achieves high-efficiency heterologous protein expression by
effectively adjusting the balance between them. The effects
of B (post-induction period) and C (shaker rotational speed)
on BpFae production are presented in Fig. 3c. BpFae pro-
duction increased rapidly as the post-induction period and
shaker rotational speed increased. Increasing the shaker rota-
tional speed improves dissolved oxygen levels, thus promot-
ing an increase in biomass. At the same time, extending the
post-induction time affords induced E. coli cells to produce
larger quantities of the target enzyme.

The optimal values of the variables giving the highest
yield of BpFae production were derived by the Design-
expert 11 software with the following critical values: A
(post-induction temperature) =23.2 °C, B (post-induction
period) =32 h and C (shaker rotational speed) =240 rpm.
The maximum predicted value of Y was 7.33 U/mL. Accord-
ing to results of the statistically designed experiments, the
optimized process parameters were: 6 g/L lactose, pH 5.5,
pre-induction period 5 h, 23 °C, shaker rotational speed
240 rpm, medium volume of 50 mL/250 mL, inoculum size
0.2% (v/v) and a post-induction period of 32 h in an LB
culture.

A repeat fermentation of BpFae under optimal conditions
was carried out for verification of the optimized parameters.
The maximal FAE level obtained was 7.43 U/mL, which
closely matches the predicted value. Optimization resulted
in a 1.92-fold increase in BpFae production when compared
with that of 2.54 U/mL obtain by IPTG induction.

Batch fermentation result

The feasibility of the regression models was examined
in a 5-L fermenter. Figure 4 shows the batch profile of
BpFae production and the protein concentration profile in
the fermenter under optimized conditions. As shown in
Fig. 4a, minor BpFae activity was detected during the first
9 h [pre-induction period (5 h) and during the early stage
of induction (4 h)], and a significant increase in BpFae
activity was observed after 13 h cultivation. The maxi-
mum BpFae activity reached 4.82 U/mL after 41 h cultiva-
tion, and a slight decrease in BpFae activity was observed
after that time, which is consistent with the change in
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protein concentration and target protein (~ 65 kDa) con-
tent observed by SDS-PAGE analysis (Fig. 4b). This result
has been repeatedly verified in a 5 L fermenter. The results
showed that BpFae activity in the fermenter was lower than
that in a flash shaker. This can be attributed to differences
in optimal fermentation parameters between a flask shaker
and the large-scale fermentation process, such as dissolved
oxygen, cell viability, metabolites and biomass (Li et al.
2007).

Synthesis of esters using BpFae

The synthesis of several important ester compounds, which
have an important influence on Baijiu quality, by BpFae in
n-hexane was studied. The results are shown in Table 7. The
results showed that BpFae has negligible effect on the esteri-
fication of other important esters except for the synthesis of
a small amount of ethyl acetate. Primary structure analysis
of FAEs reveals that these enzymes have a Ser—His—Asp
catalytic triad at their active site, with an o/p hydrolase
fold, which is very similar to that of lipases (Hatzakis and
Smonou 2005). Although some reports showed that FAEs
have some esterification activity, few studies have been
reported the potential of FAEs for the transesterification of
alcohols (Bonzom et al. 2018; Hatzakis and Smonou 2005;
Kikugawa et al. 2012; Zeng et al. 2014). Our results differ
to those of Hatzakis et al., which may be due to the differ-
ent substrate specificity of FAEs and the different alcohols
selected (Hatzakis and Smonou 2005). Our study focused
on the role of BpFae in the catalytic synthesis of impor-
tant flavor esters in Baijiu. This is the first report describ-
ing the synthesis of important esters in Baijiu catalyzed by
FAEs. Although the effect of the synthesized esters in Baijiu
by BpFae was minimal, it may improve the utilization of
starch content in sorghum mainly by cooperating with other
enzymes in Baijiu brewing systems. In a follow-up study,
we will carry out cooperative treatment of sorghum with
xylanase to improve the utilization of sorghum by Saccha-
romyces cerevisiae.

Conclusion

In this report, an optimization strategy that included single
factor design, PB design, steepest ascent path design and
RSM design, was used to improve recombinant BpFae over-
expression in E. coli using lactose as the inducer. After opti-
mization, the highest BpFae activity obtained was 7.43 U/
mL, which was an improvement of 1.92-fold when com-
pared with results obtained using IPTG as the inducer. The
culture was then scaled in a 5 L fermenter according to the
optimal conditions identified. Although BpFae activity was
lower than that in shaking flasks induced with lactose, it
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Table 7 Ester synthesis capacity of BpFae resources for a follow-up study examining enzyme proper-
ties and applications.
Esters Yield of ester Esters Yield PP
(g/L) of ester .
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