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Abstract
Microbial fermentation for L-methionine (L-Met) production based on natural renewable resources is attractive and chal-
lenging. In this work, the effects of medium composition and fermentation conditions were investigated to improve L-Met 
production by genetically engineered Escherichia coli MET-3. Statistical optimization techniques including Plackett–Burman 
(PB) design and Box–Behnken design (BBD) were adopted first to optimize the culture medium. Results of PB-designed 
experiments indicated that the culture medium components including glucose, yeast extract,  KH2PO4, and  MgSO4.7H2O had 
significant effects on L-Met biosynthesis. With their best-predicted concentration established by BBD (glucose 37.43 g/L, 
yeast extract 0.95 g/L,  KH2PO4 1.82 g/L, and  MgSO4.7H2O 4.51 g/L), L-Met titer was increased to 3.04 g/L from less 
than 2.0 g/L. For further enhancement of L-Met biosynthesis, the fermentation conditions of batch cultivation carried out 
in a 5-L fermentor were optimized, and the optimum results were obtained at an agitation rate of 300 rpm, medium pH of 
7.0, and induction temperature of 28 °C. Based on the optimization parameters, fed-batch fermentation with the modified 
medium was conducted. As a result, great improvement of L-Met titer (12.80 g/L) and yield (0.13 mol/mol) were achieved, 
with an increase of 38.53% and 30.0% compared with those of the basal medium, respectively. Furthermore, higher L-Met 
productivity of 0.261 g/L/h was obtained, representing 2.13-fold higher in comparison to the original medium. The results 
may provide a helpful reference for further study on strain improvement and fermentation control.
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Introduction

Methionine (Met) is a sulfur-containing essential amino acid 
required in the diet of humans, other mammals, and avian 
species for normal growth and functions of the body (Chen 

et al. 2014; Jankowski et al. 2014; Kumar et al. 2003). Met 
plays indispensable roles in multiple cellular processes and 
activities, including synthesis, stability, structure, regula-
tion of catalytic function, and posttranslational modifica-
tion of many proteins (Maresi et al. 2015). In addition to 
being an initiating amino acid in eukaryotic polypeptide 
chain synthesis and a precursor for all other sulfur-contain-
ing amino acids and their derivatives, it serves as the major 
methyl group donor in vivo, including the methyl groups 
for DNA and RNA intermediates (Gomes and Kumar 2005; 
Jankowski et al. 2014). As an important amino acid, Met 
is widely used in feed, pharmaceutical and food industries 
(Figge et al. 2016; Li et al. 2017).

In present years, the demand of Met has gradually 
increased due to the rapid growth of feed additive market 
driven by the globally increasing consumption of meat and 
milk products as a source of protein and other nutrients 
(Willke 2014). Met can be produced in chemical routes or 
biological routes. To date, almost all the commercial produc-
tion of Met relies on chemical synthesis. However, chemical 
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routes for Met synthesis not only produce a racemic mixture 
of D- and L-forms but also result in serious environmental 
pollution (Gomes and Kumar 2005; Li et al. 2017). There-
fore, a low-cost, environmentally friendly production of pure 
L-Met with microorganisms based on natural renewable 
resources is becoming more attractive (Willke 2014).

The L-Met biosynthetic pathway and regulatory mech-
anisms have been extensively studied and well known in 
many microorganisms, particularly in Escherichia coli (Li 
et al. 2017; Mondal et al. 1996; Usuda and Kurahashi 2005; 
Weissbach and Brot 1991) and Corynebacterium glutami-
cum (Kase and Nakayama 1975; Mampel et al. 2005; Park 
et al. 2007). Over the past few decades, large amounts of 
work were devoted on screening and mutagenesis of micro-
organism strains for L-Met over-production and obtained 
great academic results and achievements. Nevertheless, 
the microbial fermentation-based L-Met production is still 
challenging and an industrial application has not yet been 
developed, despite its high commercial interest (Teleki et al. 
2017). This is largely because, L-Met biosynthetic pathway 
is highly branched with divergent and convergent sections 
and the metabolic regulation is strict and complicated (Kase 
and Nakayama 1975; Li et al. 2017). Thus, more targeted 
modifications of its metabolic pathway and feed-back regula-
tion with rational metabolic engineering strategies are neces-
sary to construct new L-Met over-producers. In our previous 
work, a series of L-Met producing strains (E. coli W3110 
derivatives) were constructed based on the comprehensive 
analysis of feedback inhibition, synthetic bottleneck, and cell 
growth repression in L-Met biosynthesis, and L-Met pro-
duction were improved with different extents (Huang et al. 
2017, 2018a, b).

Apart from the strain improvement, optimization of nutri-
tional components and culture conditions are essential to 
enhance the output of the target product during the fermen-
tation process. As to optimization techniques, a number of 
modeling and optimization methodologies are available. 
Among those, statistical experimental designs Plackett–Bur-
man (PB) design and Box–Behnken design (BBD) are effec-
tive, powerful approaches for rapid screening of key factors 
from a multi-variable system and prove more advantageous 
over the conventional one-factor-at-a-time (OFAT) strategy 
(Dayana Priyadharshini and Bakthavatsalam 2016). The 
PB design is a preliminary optimization technique used to 
unbiasedly estimate the effect of all variables through a few 
experiments (Ma et al. 2016). BBD is an extensively used 
approach of response surface methodology (RSM), allowing 
for reduced data points compared with a Central Composite 
design (CCD) (Sibanda and Pretorius 2012). RSM is a com-
bination of mathematical and statistical techniques used to 
analyze the effects and interactions of the variables, which 
has been successfully applied to optimize the biochemi-
cal processes (Dayana Priyadharshini and Bakthavatsalam 

2016; Zou et al. 2015). In contrast to conventional methods, 
RSM can evaluate the interaction among several variables 
to obtain one or more optimal response by mathematically 
modeling, even when little is known about the process 
(Asadi and Zlouei 2017; Hou et al. 2019; Shahbazmoham-
mad and Omidinia 2017).

The present work was performed to design suitable fer-
mentation medium and optimize the cultivation conditions 
for achieving high L-Met production by the genetically 
engineered E. coli strain MET-3 constructed in our previ-
ous work (Huang et al. 2018a). In medium optimization 
process, different nutritional components such as carbon, 
nitrogen, and sulphur sources that potentially influence 
L-Met biosynthesis were investigated by means of the PB 
design to initially screen the key factors for further opti-
mization using RSM based on BBD. Further attempt was 
made to optimize the fermentation conditions including tem-
perature, pH, and agitation in a 5-L fermentor. Based on the 
optimization results, fed-batch fermentation was conducted 
to develop an efficient fermentation process for enhanced 
L-Met production.

Materials and methods

Bacterial strain and plasmid

A genetically engineered E. coli MET-3 harboring a recom-
binant plasmid pTrc99A-metA**-yjeH-serAm, previously 
constructed and preserved in our laboratory was used as 
L-Met producing strain in this study. In plasmid pTrc99A-
metA**-yjeH-serAm, the genes metA (encoding homoserine 
O-succinyltransferase with reduced feedback sensitivity to 
S-adenosylmethionine (SAM) and L-Met), yjeH (encoding 
L-Met efflux transporter), and serAm (encoding mutant phos-
phoglycerate dehydrogenase) were cloned under the control 
of the trc promoter in plasmid pTrc99A for enhanced expres-
sion of key enzymes involved in L-Met biosynthetic pathway 
(Huang et al. 2017, 2018a). Ampicillin (Amp) resistance was 
employed as a selection marker for plasmid-containing cells.

Chemicals

L-Met standard, L-lysine, vitamin B1  (Vb1), vitamin B12 
 (Vb12), 3,5-dinitrosalicylic acid (DNS), and 2,4-dinitrofluor-
obenzene (DNFB) were purchased from J&K Scientific Ltd. 
(Beijing, China). Amp, isopropyl-β-d-thio-galactopyranoside 
(IPTG), and ethylenediaminetetraacetic acid (EDTA) were 
provided by Sangon Biotech Co., Ltd. (Shanghai, China). 
Sodium acetate was provided by Wenzhou Jixiang Chemical 
Co., Ltd. (Wenzhou, China). Methanol was HPLC grade and 
purchased from Tedia Company, Inc. (Fairfield, OH, USA). 
All other chemicals and reagents otherwise demonstrated 
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were of analytical grade and purchased from commercial 
sources.

Media

The seed medium was Luria–Bertani (LB) medium (tryp-
tone 10 g/L, yeast extract 5 g/L, and NaCl 10 g/L) supple-
mented with 100 µg/mL Amp.

The basal fermentation medium, slightly modified 
according to Dischert et  al. (2016) was consisted of: 
20 g/L glucose, 3.3 g/L  (NH4)2SO4, 2.0 g/L yeast extract, 
2.5 g/L  KH2PO4, 3.95 g/L  Na2S2O3, 1.7 g/L citric acid, 
1.0 g/L  MgSO4.7H2O, 2 mL/L salt solution, 10 g/L  CaCO3, 
1.0 mg/L  Vb12, 1.0 mg/L  Vb1, 50 mg/L L-Lys, 100 µg/mL 
Amp, and 0.1 mM IPTG.

Salt solution contained (g/L):  ZnSO4·H2O 8.5, 
 MnCl2·4H2O 7.5,  CuCl2·2H2O 0.75,  CoCl2·6H2O 1.25, 
EDTA 4.0,  H3BO3 3.0,  NaMoO4·2H2O 2.5,  FeCl3·6H2O 60, 
and  CaCl2·2H2O 40.

Feeding medium contained: glucose 500  g/L, 
 MgSO4·7H2O 5  g/L, salt solution 2  mL/L,  (NH4)2SO4 
33 g/L,  Na2S2O3 39.5 g/L,  VB12 1 mg/L,  VB1 1 mg/L, L-Lys 
2 g/L, Amp 100 mg/L, and IPTG 1 mM.

Culture conditions

For seed preparation, the recombinant E. coli MET-3 cells 
were routinely cultured in LB medium containing 100 µg/
mL Amp at 37 °C and 180 rpm for 12–16 h, in an orbital 
incubator shaker ZWYR-D2402 (Zhicheng Analysis Instru-
ment Manufacturing Co., Ltd., Shanghai, China).

The shake flask fermentations for L-Met production 
with recombinant E. coli MET-3 were carried out in 500-
mL Erlenmeyer flasks containing 30 mL basal fermentation 
medium. The medium was inoculated with pre-inoculums 
at 5% (v/v) level and cultured at 37 °C and 180 rpm. When 
 OD600 of the cultures reached 0.6–0.8, 0.1 mM IPTG was 
added to induce enzymes expression (Liu et al. 2017b). The 
fermentation lasted for 24–48 h at 28 °C and 180 rpm.

The fermentor fermentation was conducted in a 5-L jar 
fermentor (Winpact Parallel Fermentation System FS-05, 
Major Science, Taiwan R.O.C.) with a working volume of 
3 L for batch fermentation and 2 L for fed-batch fermenta-
tion, respectively. The cultivation was initiated by inocu-
lating 5% (v/v) of seed broth. The pH was automatically 
controlled with 20% (v/v)  NH3.H2O and 1 M  H3PO4. Cells 
were grown at 37 °C until  OD600 reached about 2.0, and 
then induced by addition of 0.1 mM IPTG. During the entire 
fermentation process, the dissolved oxygen (DO) level was 
maintained above 20% by controlling the agitation rate at 
200–900 rpm and aeration of 1.5 vvm (air volume/culture 
volume/min). For fed-batch fermentation, when initial glu-
cose was depleted, feeding medium was intermittently fed 

into the fermentor using a computer-controlled pump to keep 
glucose concentration at approximately 1–10 g/L with pulse 
feeding mode. The culture was sampled at regular intervals 
for assay.

Plackett–Burman design and data analysis

The PB design is an efficient screening method to identify 
the critical factors among a large number of factors that 
influences a process in a minimal number of runs with 
good degree of accuracy (Plackett and Burman 1946; Rah-
man et al. 2010). To define the effects of the main medium 
composition on L-Met production by E. coli MET-3, the 
independent effect of eight variables, including glucose, 
 (NH4)2SO4, yeast extract,  Na2S2O3, salt solution,  KH2PO4, 
 MgSO4.7H2O, and citric acid on the response (L-Met titer) 
were first tested by a PB screening design. 12 experimen-
tal runs and 6 central point replications were carried out to 
estimate the experimental error and screen significant com-
ponents affecting L-Met biosynthesis. All experiments were 
performed in triplicate, and the mean and standard devia-
tions were determined. The experimental data were statisti-
cally analyzed with the software package Minitab Release 
16 (Minitab Inc., State College, PA, USA). The significant 
variables were considered based on the F test and the p value 
at a significance level of 5% (p < 0.05).

Box–Behnken design and statistical analysis

The BBD of RSM was used to optimize the four most sig-
nificant variables (glucose, yeast extract,  KH2PO4, and 
 MgSO4.7H2O), identified by PB experiment. The four 
independent variables were investigated at three different 
levels (− 1, 0, and 1) in a set of 24 experiment runs and 
5 central point replications. All experiments were carried 
out in triplicates and the mean L-Met titer (g/L) was taken 
as the response (Y). The experiment results were analyzed 
by Design Expert software (Version 8.0.5, Stat-Ease Inc., 
Minneapolis, USA) and the quadratic regression model 
was established relating the response to the variables, as 
described by Eq. (1):

where Y is the predicted L-Met titer (g/L), Xi and Xj for the 
independent variables of the coded value; b

0
 is intercept; bi 

is the linear coefficient; bii is square coefficient; bij (i ≠ j) is 
interaction coefficient (Ye et al. 2016).

Analytical methods

Biomass was measured based on the optical density 
at 600  nm  (OD600) with an Eppendorf BioPhotometer 

(1)Y = b
0
+

∑

biXi +

∑

biiX
2

i
+

∑

bijXiXj
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(Eppendorf AG, Hamburg, Germany) and converted 
to dry cell weight (DCW) using a calibration Eq.  1 
 OD600 = 0.31 g/L DCW. The residual glucose was detected 
using the DNS assay (Lee et al. 2017; Miller 1959). The 
concentration of L-Met in culture broth were determined 
by Hitachi Primaide HPLC System (Hitachi, Tokyo, Japan) 
equipped with a 1410 UV detector (Primaide, Hitachi, 
Tokyo, Japan) (set at 365 nm) and a reversed phase column 
Unitary C-18 (4.6*150 mm, 5 µm) (Acchrom, Wenling, 
China) after pre-column derivatization with DNFB (Zhang 
et al. 2012). The mobile phase was 25 mM sodium acetate 
solution (pH 7.8 adjusted by HAc) and methanol (50:50, 
v/v) at the flow rate of 1.0 mL/min. The column temperature 
was 40 °C.

Results and discussion

Screening significant medium compositions 
for L‑Met biosynthesis

The medium composition generally displays an important 
role in microbial fermentation processes, and is one of the 
main factors affecting the yield of target metabolites (Bicas 
et al. 2008; Labbeiki et al. 2014). Based on our preliminary 
results of single-factor tests on the medium component, 
glucose,  (NH4)2SO4, yeast extract,  Na2S2O3, salt solution, 
 KH2PO4,  MgSO4.7H2O, and citric acid were considered as 
the main medium component in this study (Suppl. Table S1). 
To screen the significant factors influencing L-Met bio-
synthesis by recombinant E. coli MET-3, the data of PB-
designed experiments with eight variables were statistically 
analyzed; the estimated coefficients and significant levels 
for the variables in L-Met biosynthesis was presented in 
Table 1. The R2 value was 0.915, indicating that 91.5% of 
the variability in the response could be explained by the 
model. The F value and p value were selected for analy-
sis of variance (ANOVA) of the model. According to the 

statistical analysis results, four variables including glucose, 
yeast extract,  KH2PO4, and  MgSO4.7H2O were significant 
model terms at the 98% level with p values of less than 
0.0200 (Table 1). Positive value in the model for a response 
represents an effect that favors and negative value indicates 
an inverse relationship between response and a factor (Rah-
man et al. 2010).

Optimization of culture medium with BBD for L‑Met 
production

Prior to modification the medium nutrition composition with 
BBD, the steepest ascent experiment was conducted (Suppl. 
Table S2), and the results suggested that the center point 
of the four significant components was chosen as 38 g/L 
glucose, 1.0 g/L yeast extract, 2.5 g/L  KH2PO4, and 4.5 g/L 
 MgSO4.7H2O. A further optimization regarding individual 
and interactive impacts of the four components on L-Met 
yield with more accuracy was implemented with a four-fac-
tor, three-level BBD, based on the sparsity-of-effects prin-
ciple (Sibanda and Pretorius 2012). The design matrix and 
corresponding results were presented in Suppl. Table S3. 
The relationship between L-Met titer and variables was sta-
tistically evaluated by the F test for the ANOVA (Table 2), 
which represented the significance of the regression coef-
ficient together with the p value. The model is extremely 
significant with a F value of 63.80 (p value of < 0.0001). 
The “Coefficient of Determination” (R2) value of the study 
was 0.9846, suggesting a high degree of correlation between 
the predicted values with BBD model and experimen-
tal values (Zou et al. 2015). In addition, the model “Pred 
R-Squared” of 0.9318 was in reasonable agreement with 
the “Adj R-Squared” of 0.9691. Thus, it could be applied to 
predict theoretical L-Met titer. “Adeq precision” measures 
the signal-to-noise ratio and a ratio greater than 4.00 is desir-
able. In the present work, the ratio of 24.911 indicates an 
adequate signal and suggests that this model could be used 
to navigate the design space. A low value of coefficient of 

Table 1  Significance analysis 
of eight variables for L-Met 
biosynthesis from the PB design 
results

Values of “Prob. > F” less than 0.0010, 0.0100, and 0.0500 indicate that model terms are extremely signifi-
cant (***), highly significant (**), and significant (*), respectively

Variable Effect Coef SE Coef T F P value Prob. > F

Model 1.0549 0.04111 25.66 9.11 0.000
x1 (glucose) 0.4242 0.2121 0.04111 5.16 26.62 0.001***
x2 ((NH4)2SO4) − 0.1260 − 0.0630 0.04111 − 1.53 2.35 0.164
x3 (yeast extract) − 0.2381 − 0.1190 0.04111 − 2.90 8.39 0.020*
x4  (Na2S2O3) − 0.1427 − 0.0714 0.04111 − 1.74 3.01 0.121
x5 (salt solution) 0.0794 0.0397 0.04111 0.97 0.93 0.362
x6  (KH2PO4) − 0.2547 − 0.1274 0.04111 − 3.10 9.60 0.015*
x7  (MgSO4.7H2O) 0.3837 0.1918 0.04111 4.67 21.78 0.002**
x8 (citric acid) 0.0332 0.0166 0.04111 0.40 0.16 0.697
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variance (C.V.%) (5.59%) indicated a high degree of preci-
sion and reliability of the experimental values.

According to the significance test results (Table 2), the 
linear coefficients x

1
 , x

3
 , x

6
 , and x

7
 , the interaction coef-

ficient x
3
x
6
 , as well as the quadratic coefficient x2

1
 , x2

3
 , x2

6
 , 

and x2
7
 are all significant at a 5% significance level. There-

fore, they are the most influential factors; while the variables 
x
1
x
3
 , x

1
x
6
 , x

1
x
7
,x

3
x
7
 , and x

6
x
7
are insignificant model terms 

(p > 0.05). These insignificant factors was excluded and the 
optimal second-order polynomial Eq. (2) was established to 
describe L-Met biosynthesis:

where Y is the predicted response, x
1
 , x

3
 , x

6
 , and x

7
 are 

the coded values for glucose, yeast extract,  KH2PO4, and 
 MgSO4.7H2O, respectively. The optimal conditions for 
maximum L-Met production, calculated by setting the 
partial derivatives of Eq. (2) to zero with respect to the 

(2)Y = 2.58 − 0.14x
1
− 0.14x

3
− 0.42x

6
+ 0.059x

7
− 0.10x

3
x
6
− 0.61x2

1
− 0.47x2

3
− 0.45x2

6
− 0.65x2

7

corresponding variables, were as follows: glucose 37.43 g/L, 
yeast extract 0.95 g/L,  KH2PO4 1.82 g/L, and  MgSO4.7H2O 
4.51 g/L. The maximum response value of L-Met titer was 
estimated as 2.79 g/L.

The 3-D response surface curves were plotted to bet-
ter understand the relationships between the response Y 
(L-Met titer) and the independent variables. As shown in 
Fig. 1a–f, each response surface plot presented a clear peak 
and the maximum L-Met titer was predicted within the 
range tested, indicating that further increase of glucose, 
yeast extract,  KH2PO4, and  MgSO4.7H2O concentrations 

would not cause a further increase in L-Met biosynthesis. 
Figure 1a showed the effects of glucose and yeast extract 
on L-Met titer, with a constant concentration of  KH2PO4 
and  MgSO4.7H2O (central point level). L-Met titer gener-
ally increased to a peak value with an increase in glucose 

Table 2  ANOVA analysis of 
BBD experiments

Values of “Prob. > F” less than 0.001, 0.01, and 0.05 indicate that model terms are extremely significant 
(***), highly significant (**), and significant (*), respectively

Source df Sum of squares Mean square F value p value prob.> F Significant

Model 14 7.88 0.56 63.80 < 0.0001 ***
x1 (glucose) 1 0.24 0.24 27.56 0.0001 ***
x3 (yeast extract) 1 0.23 0.23 25.63 0.0002 ***
x6  (KH2PO4) 1 2.12 2.12 239.93 < 0.0001 ***
x7  (MgSO4.7H2O) 1 0.042 0.042 4.75 0.0469 *
x1x3 1 6.999E-003 6.999E-003 0.79 0.3883
x1x6 1 0.017 0.017 1.87 0.1930
x1x7 1 7.321E-003 7.321E-003 0.83 0.3779
x3x6 1 0.043 0.043 4.81 0.0456 *
x3x7 1 5.273E-003 5.273E-003 0.60 0.4524
x6x7 1 0.012 0.012 1.40 0.2567
x1

2 1 2.42 2.42 273.31 < 0.0001 ***
x3

2 1 1.43 1.43 161.99 < 0.0001 ***
x6

2 1 1.29 1.29 145.88 < 0.0001 ***
x7

2 1 2.77 2.77 313.22 < 0.0001 ***
Residual 14 0.12 8.828E-003
Lack of fit 10 0.084 8.408E-003 0.85 0.6214
Pure error 4 0.040 9.879E-003
Cor total 28 8.01
Std. dev 0.094
Mean 1.68
C.V. (%) 5.59
PRESS 0.55
R-squared 0.9846
Adj R-squared 0.9691
Pred R-squared 0.9318
Adeq precision 24.911
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or yeast extract concentration and then decreased when 
glucose or yeast extract concentration further increased 
beyond 38 g/L or 1.0 g/L, respectively. Similar results 
were also found in the effects on L-Met production against 
glucose and  KH2PO4 (Fig. 1b), glucose and  MgSO4.7H2O 
(Fig. 1c), yeast extract and  KH2PO4 (Fig. 1d), yeast extract 
and  MgSO4.7H2O (Fig. 1e),  KH2PO4 and  MgSO4.7H2O 
(Fig. 1f). Especially it was evident that a symmetrical 
mound shape with a coordinate axis was observed in 
Fig. 1d, and the p value (0.0456, ANOVA) was lower 
than 0.05, suggesting a significant effect on the interac-
tion between yeast extract and  KH2PO4 concentrations. 
Additionally, the variable of  KH2PO4 concentration was 
relatively more significant than the yeast extract concen-
tration on the L-Met titer. From Fig. 1a–d, we can see that 
small variations in glucose, yeast extract,  KH2PO4 and 
 MgSO4.7H2O concentrations could cause great changes on 

L-Met titer, indicating the variables of square interaction 
( x2

1
 , x2

3
 , x2

6
 , and x2

7
 ) were all significant on the L-Met titer, 

which were consistent with the results of the ANOVA.

Experimental verification of theoretical optimum

In statistics, regression validation is a crucial phase of model 
analysis determining whether the numerical results quantify-
ing hypothesized relationships between variables are accept-
able as descriptions of the data (Giancristofaro and Salmaso 
2007). The predicted results were validated by conducting 
solid experiments in triplicates. As expected, a mean experi-
mental value of L-Met titer 3.04 ± 0.11 g/L was obtained, 
representing a good agreement with the predicted value 
(2.79 g/L). These results confirmed the validity and preci-
sion of the model, and the accumulation amount of L-Met 
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was greatly increased compared with that when using the 
basal medium (< 2.0 g/L).

Batch fermentation for L‑Met production in 5‑L 
fermentor

Based on the shake flask results, the batch fermentation for 
L-Met production by E. coli MET-3 was carried out with the 
modified fermentation medium in 5-L fermentor. The results 
demonstrated that with the increase of glucose concentra-
tion in the fermentation medium, the L-Met yield against 
glucose was decreased (0.11 mol/mol at 20 g/L glucose 
versus 0.06 mol/mol at 40 g/L glucose), implying a pos-
sible catabolite repression effect induced by higher initial 
glucose concentration (Kim et al. 2004; Wan et al. 2011). 
Generally, this negative effect can be avoided by maintaining 
the glucose concentration at a lower level, and the demand 
for glucose can be achieved by glucose feeding in fed-batch 
process with an appropriate feeding mode (Kim et al. 2004). 
Herein, the glucose concentration was selected as 20 g/L to 
investigate the effects of other factors on both cell growth 
and L-Met biosynthesis. All experiments were repeated for 
three times. The optimal parameters would be adopted in the 
following fed-batch cultivation for further improvement of 
L-Met biosynthesis.

Agitation rate is an important factor influencing cell 
growth and metabolites biosynthesis. In this work, the 

agitation rates in a range of 200–400 rpm were tested. As 
shown in Fig. 2, glucose (20 g/L) was exhausted at approxi-
mately 25 h; and cell lysis occurred after 25 h, which might 
have been caused by the nutrition deficiency (Liu et al. 
2017a). However, an increase of L-Met accumulation was 
still observed during glucose starvation until about 40 h. 
This was most likely due to the conversion from other com-
ponents such as intermediate metabolites and byproducts 
in the medium. As shown in Fig. 2b, the maximum DCW 
of E. coli MET-3 at agitation rate of 200, 300, and 400 rpm 
was 3.7, 5.5, and 6.2 g/L, respectively, indicating that higher 
agitation rate (400 rpm) was favor to cell growth. On the 
contrary, higher L-Met titer (about 1.30 g/L) was achieved 
at lower agitation rate (200–300 rpm) (Fig. 2a). Thus, com-
prehensively considering cell growth and L-Met production, 
the optimal agitation rate was recommended as 300 rpm in 
batch fermentation.

A pH range from 6.5 to 7.5 was tested for L-Met pro-
duction. This pH range can assure high bioavailability of 
most nutrients essential for bacteria growth and metabolism. 
Figure 3 showed that, there were no significant differences 
in glucose consumption and biomass formation profiles for 
recombinant E. coli MET-3 at different medium pH tested. 
However, when pH was maintained at 7.0, the L-Met pro-
duction was highest, which was 37.78% and 18.10% higher 
than that at pH 6.5 and 7.5, respectively; indicating that 
neutral pH (pH 7.0) was helpful to provide E. coli MET-3 

Fig. 2  The effect of differ-
ent agitation rates on L-Met 
production by E. coli MET-3 
during batch cultivation in 5-L 
fermentor. The medium pH was 
7.0, and induction temperature 
was 28 °C. a L-Met biosynthe-
sis; (b) cell growth; (c) glucose 
consumption. Data are the 
average of three batch cultures. 
For clarity, error bars are not 
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cells a more conducive metabolic environment for L-Met 
biosynthesis.

Temperature influences molecule movements and thus 
affects the mass transfer process and protonation of active 
sites of the enzymes (Liu et al. 2018a, b). Particularly, induc-
tion temperature is one of the major factors affecting protein 
expression levels in E. coli (Wang et al. 2018). Generally, 
higher induction temperature can lead to a higher protein 
expression rate and larger expression amount (Duan et al. 
2017; Zheng et al. 2017). However, rapid protein generation 
will increase the chances of peptide misfolding and inclusion 
body formation (Duan et al. 2017). To avoid the insoluble 
expression of the essential enzymes in L-Met biosynthesis 
pathway after being induced, the cultures were subsequently 
incubated at relatively low temperatures (25 °C, 28 °C, and 
33 °C). As shown in Fig. 4, with induction at 33 °C, the rate 
of glucose uptake, cell growth, and L-Met yielding prior 
to glucose depletion (at about 20 h) were apparently more 
rapid, compared with those at 25 °C and 28 °C. However, a 
dramatic decline in L-Met titer immediately followed after 
glucose limitation, which might due to a strengthened L-Met 
catabolism after glucose depletion through triggering re-ori-
entation of metabolic pathways of E. coli MET-3. In con-
trast, at 25 °C, the metabolism rate was obviously decreased, 
reflected by the slower glucose utilization, biomass forma-
tion, and product accumulation. A moderate temperature 

(28 °C) resulted in an extension of fermentation period and 
significant increase in L-Met production. The maximum 
L-Met titer (1.24 g/L) was 1.09- and 2.21-fold higher than 
those at 33 °C and 25 °C, respectively. The results indicated 
that the activities of key enzymes participating in L-Met bio-
synthesis were enhanced at 28 °C, ensuring a strengthened 
L-Met synthesis by the E. coli cells.

Enhanced L‑Met production by fed‑batch 
fermentation

To further characterize the fermentation properties of E. 
coli MET-3, fed-batch cultivation was conducted in a 5-L 
fermentor with the modified fermentation medium contain-
ing 20 g/L initial glucose under optimized cultivation con-
ditions. During the fermentation process, the medium pH 
was maintained at 7.0 ± 0.2. The agitation rate was set at 
300 rpm in the batch period and then adjusted between 200 
and 900 rpm to keep the DO above 20%. The temperature 
was maintained at 37 °C until the  OD600 reached about 2.0, 
after which it was lowered to 28 °C. After the initial glu-
cose of 20 g/L was exhausted, supplementation of feeding 
medium was started immediately to maintain the residual 
glucose at 1–10 g/L.

As shown in Fig.  5a, with the original fermentation 
medium, the DCW of E. coli MET-3 increased continuously 

Fig. 4  The effect of differ-
ent induction temperatures on 
L-Met production by E. coli 
MET-3 during batch cultivation 
in 5-L fermentor. The agita-
tion rate was 300 rpm, and the 
medium pH was 7.0. a L-Met 
biosynthesis; (b) cell growth; 
(c) glucose consumption. Data 
are the average of three batch 
cultures. For clarity, error bars 
are not displayed

(c)(b)(a)

Fig. 5  Comparison of the 
L-Met production by E. coli 
MET-3 with original fermenta-
tion medium (a) and modified 
fermentation medium (b) during 
fed-batch fermentation in 5-L 
fermentor. Data are the average 
of three batch cultures. For clar-
ity, error bars are not displayed
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and finally reached the maximum value of 22.42 g/L at 67 h, 
which was then slightly declined till the end of fermenta-
tion. After induction, L-Met accumulated gradually with a 
maximum titer of 9.24 g/L at 75.5 h. After then, L-Met yield 
dropped dramatically, which may be explained by the re-
utilization of L-Met by other metabolic pathways at the late 
period of fermentation. When cultivation of E. coli MET-3 
in the modified medium, the maximum DCW of 23.53 g/L 
and the maximum L-Met titer of 12.80 g/L was observed 
at 62.5 h and 49 h, respectively; which was increased by 
38.53% with the productivity of 0.261 g/L/h, increased by 
1.13-fold. Additionally, the L-Met yield against glucose 
reached 0.13 mol/mol, representing a 30% higher than the 
control. The results indicated that a more rapid cell growth 
and enhanced L-Met biosynthesis was achieved through 
using the modified fermentation medium in fed-batch fer-
mentation. Although L-Met titer was still lower than the 
highest level (35 g/L) reported so far (Li et al. 2017; Willke 
2014), it is worth noting that, during the fermentation 
process, several organic acids such as acetic acid, formic 
acid, and pyruvic acid, as well as other amino acids such as 
valine, homoserine, and leucine were also detected (data not 
shown), which competitively reduce the carbon flux distribu-
tion into L-Met biosynthesis. Therefore, it is believed that 
further modification of E. coli strain MET-3 by blocking the 
byproduct formation pathway, together with adoption of a 
more suitable fed-batch fermentation would result in greater 
enhancement of L-Met production.

Conclusions

In this study, the fermentation conditions for genetically 
engineered E. coli MET-3 was optimized, the present study 
was undertaken to design the medium with the aids of sta-
tistical methodology PB design and BBD and to optimize 
fermentation conditions to improve the L-Met production. 
According to the statistical methodology PB and BBD 
design, the concentration of the most important medium 
components were determined to be as follows: glucose 
37.43 g/L, yeast extract 0.95 g/L,  KH2PO4 1.82 g/L, and 
 MgSO4.7H2O 4.51 g/L. Under which the L-Met titer was 
increased to 3.04 ± 0.11 g/L from less than 2.0 g/L. When 
performed in a batch fermentation in 5-L fermentor at opti-
mized fermentation medium and cultivation conditions with 
agitation rate of 300 rpm, medium pH of 7.0, and induction 
temperature of 28 °C, a maximum L-Met yield of 12.80 g/L 
was obtained, which was increased by 38.53% with a yield 
against glucose (mol/mol) increased by 30%. Moreover, a 
2.13-fold higher productivity (0.261 g/L/h) was achieved in 
comparison to the original medium. This result confirmed 
that the designed medium and optimized fermentation con-
ditions were beneficial for L-Met fermentative production.
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