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Abstract: To study the fermentation process of biocatalyzing decanoic acid to synthesize trans-2-decenoic acid,
this study was based on the engineering E.coli constructed in the laboratory in the early stage and studied the
effect of seed liquid culture time, culture temperature, inoculum amount, induction temperature, dissolution
effects of substrate solvent, metal ions, and substrate loading on the yield of trans-2-decenoic acid. Based on
single-factor experimental optimization, the Box-Behnken design was used to conduct response surface testing
using the substrate feeding concentration, inducer concentration, and MnClz2 concentration as response
variables and trans-2-decenoic acid production as the response value. The optimal fermentation process was
determined through experiments: seed culture time 20 h, culture temperature 37°C, inoculation amount 1%,
induction temperature 30°C, substrate flow amount 0.15 g/L, inducer concentration 5.60 g/L, MnCl
concentration was 0.10 mM. Under these conditions, the average production of trans-2-decenoic acid was 1.982
+0.110 g/L. Compared with the basic LB medium, the production of trans-2-decenoic acid increased by 1.042
g/L; compared with the previous period, the yield of trans-2-decenoic acid studied increased by 1.501 + 0.110
g/L, which provides a reliable basis for further research on the fermentation process of biocatalytic decanoic
acid synthesis of trans-2-decenoic acid.

Keywords: decanoic acid; trans-2-decenoic acid; engineered E.coli; optimization; response surface

1. Introduction

Trans-2-decenoic acid is a medium-chain fatty acid with ten carbon atoms and an unsaturated
double bond at the a and {3 carbon positions. Its molecular formula is CioHisO2 and its relative
molecular mass is 170.25. The specific structural formulas are shown in Figure 1. As an essential and
uniquely structured medium-chain a, B-unsaturated fatty acid, trans-2-decenoic acid has a wide
range of applications, so it is essential to explore its synthesis method. The most common way to
produce a, B-unsaturated fatty acid is through chemical synthesis. Chemical methods include
dehydrogenating established carbonyl compounds [1], aldol condensation [2], and Wittig-type [3]
reactions. However, when using various raw materials to synthesize target substances through
chemical synthesis, there are common shortcomings, such as serious environmental pollution, low
reaction controllability, and a low safety guarantee factor. Therefore, compared with traditional
methods, the biocatalytic synthesis of target substances has attracted widespread attention because
of its advantages, such as high safety, strong specificity, and low environmental pollution [4].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Source and function of trans-2-decenoic acid.

a, B-unsaturated fatty acids generally have an aromatic smell and are primarily found in some
animal fats [5] and some plant fruits. In the biosynthesis of royal jelly acid (10-hydroxy-2-decenoic,
10-HDA), trans-2-decenoic acid can be used as a precursor for the biosynthesis of 10-HDA [6]. As a
key factor in royal jelly, 10-HDA plays a role in antibacterial activity [7,8], cancer prevention and
treatment, and immunity regulation [9]. The biosynthesis of trans-2-decenoic acid provides a basis
for future biosynthetic pathways of 10-HDA. Trans-2-decenoic acid can also be used as a ligand to
synthesize anisotropic nanocrystalline materials. Lu et al [9] and others confirmed that using organic
carboxylic acid ligands plays an essential role in the size and morphology of the synthesized one-
dimensional structured nanocrystals, and only when trans-2-decenoic acid is used as the ligand does
crystal growth become quicker, producing elongated nanocrystals.

Whether a substance is antibacterial is usually closely related to the special functional groups,
chain length, and substituent group position [10,11]. Usually, the special functional groups, chain
length, and substituent group position determine whether it is bacteriostatic; Marques et al. [12]
reported that 2-decenoic acid is responsible for induction in a series of Gram-negative and Gram-
positive bacteria and yeast. The dispersion of natural biofilms increases microbial metabolic activity,
significantly enhancing the bactericidal effects of conventional antibacterial drugs. Cai et al. [13]
reported that trans-2-decenoic acid plays a vital role in inducing the disintegration of aerobic
particles. After adding trans-2-decenoic acid, the surfaces of aerobic particles, bacteria, and
extracellular polymers are stripped away. Therefore, trans-2-decenoic acid is widely used in
medicine.

The biosynthesis of fatty acids has gradually become a research hotspot [14]. Liu et al.
synthesized crotonic acid through the fatty acid biosynthesis pathway in E. coli strains using a specific
thioesterase (bTE) derived from Bacteroides thetaiotaomicron to catalyze the hydrolysis of crotonyl-ACP
to synthesize crotonyl-ACP butyric acid [15]. However, there are few reports on the biocatalytic
synthesis of trans-2-decenoic acid. The first report on the biocatalytic synthesis of decenoic acid was
on the metabolic pathway of biosynthesis of crotonic acid by modifying the $-oxidation pathway; 2-
decenoic acid is a by-product of its metabolic pathway, and only trace amounts of 2-decenoic acid
can be detected in the by-products, with a yield of only 9.45 mg/L. However, the successful synthesis
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of 2-decenoic acid has laid an important foundation for microbial production of a, B-unsaturated
fatty acids [16,17].

The biocatalytic synthesis of trans-2-decenoic acid relies on the p-oxidative decarboxylation
process of fatty acids [18,19]. As shown in Figure 2, the $-oxidation pathway was modified in E. coli
in the early stage of the laboratory, relying on fatty acyl-CoA synthase FadD, fatty acyl-CoA
dehydrogenase FadE, and fatty acyl-CoA thioesterase Ydil to achieve the addition of double bonds
and knocking. In addition to the genes encoding enoyl-CoA synthase FadB and the protein operon
FadR [20], they inhibit the consumption of the intermediate product branch, thereby catalyzing the
synthesis of trans-2-decenoic acid from decanoic acid [6,21]. Based on this metabolic process, FadD
(MaMACS) from Mycobacterium avium was screened to activate the substrate decanoic acid because
it has the highest activity on decanoic acid compared to caprylic acid or dodecanoic acid and longer
chain fatty acids [22], so it was selected to connect CoA to the saturated fatty acid decanoic acid; the
fatty acyl-CoA dehydrogenase (PpFadE) from Pseudomonas putida KT2440 was screened. PpFadE has
broad substrate specificity; fatty acyl CoA with a chain length of 14 carbon atoms is more preferred
[23], catalyzing the dehydrogenation of decanoyl-CoA to generate trans-2-decenoyl-CoA [24]; lipids
from Cronobacter turicensis were screened for acyl-CoA thioesterase (CtYdil) due to its higher catalytic
ability for mid-chain trans-2-decenoyl, achieving higher efficiency in hydrolysing CoA in trans-2-
decenoyl-CoA, obtaining trans-2-decenoic acid [25,26].
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Figure 2. Synthetic pathway of trans-2-decenoic acid. Note: FadD: acyl-CoA synthetase; FadE: acyl-
CoA dehydrogenase; Ydil: acyl-CoA thioesterase; FadR: enoyl-CoA hydratase homologous protein
gene; Fad]: enoyl-CoA hydratase homologous protein gene; FadB: enyl-CoA hydratase homologous
protein gene.

Owing to the extensive role of trans-2-decenoic acid in medicine, food, health care, etc., the
industrial production of trans-2-decenoic acid has become particularly important. Although
microbial fermentation has been widely researched and applied in recent years, owing to its low cost
and ease of operation, there have been few studies on medium-chain unsaturated fatty acids [27].
Therefore, we selected the engineering strain (E. coli BL21(DE3)- AfadB- Afad]- AfadR/pET28a-sumo-
Ctydil/pCDFDuet-1-MaMACS-PpfadE) that was constructed and saved in the laboratory in the early
stage to design a reasonable fermentation method. The culture medium and conditions were
optimized to increase the yield and achieve the goal of high industrial production of trans-2-decenoic
acid.

The response surface method (RSM) was used to obtain the optimal parameters of complex
systems by establishing mathematical models, regression analysis, and variance analysis [28,29]. It
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can optimize submerged fermentation media and culture conditions [30,31]. The statistical model
based on the Box-Behnken design (BBD) is a response surface design method [32]. To optimize the
fermentation medium and conditions, we used the BBD to explore the effects of different nutrients,
such as the substrate dissolution method, substrate flow amount, carbon source, and metal ions, on
the synthesis of trans-2-decenoic acid. Through preliminary screening of single-factor experiments,
the key factors affecting fermentation were selected, and a fed-batch fermentation experiment was
conducted in a 1 L fermentation tank, efficiently increasing the fermentation yield of trans-2-decenoic
acid.

2. Materials and Methods

2.1. Strains

The engineering strain (E. coli BL21(DE3)- A fadB- A fad]- A fadR/pET28a-sumo-
Ctydil/pCDFDuet-1-MaMACS-PpfadE) was constructed in the early stage of the experiment.

2.2. Activation and culture of engineered Escherichia coli.

2.2.1. Strain activation

Solid LB seed culture medium was prepared and sterilized at 121°C for 20 min. The preserved
engineering strain (E. coli BL21(DE3)- A fadB- A fad]- A fadR/pET28a-sumo-Ctydil/pCDFDuet-1-
MaMACS-PpfadE) was streaked on a solid LB plate and cultured at a biological constant temperature
37°C for 16 h.

2.2.2. Strain culture and preservation.

A single colony strain grown on the plate was added to and grown in a 50 mL triangular flask
and 40 uL streptomycin and 50 pL kanamycin were added. A 50 mL triangular flask was placed and
incubated in a constant-temperature shaking incubator at 37°C (200 rpm) for 12 h. After 12 h, the
bacterial solution was removed, aliquoted, and stored at -80°C.

2.3. Determination of substrates and target products based on Gas Chromatography.

2.3.1. Sample pretreatment

The removed sample was dispensed into a 2 mL EP tube, and 1 mL of 4 M hydrochloric acid
solution was added. The sample was placed in a shaking incubator (30°C, 200 rpm) for 1 h, boiled in
boiling water for 10 min, and then frozen at —-80°C for 15 min. The sample was then divided into.
Ethyl acetate (750 pL) was added to two 2 mL EP tubes and vortexed vigorously for 20 s for extraction.
The sample was centrifuged at 8000 rpm for 10 min to separate the aqueous and organic layers. The
above procedure was repeated twice, and the supernatant from the two extractions was used. The
liquid was collected in a 2 mL centrifuge tube. The collected samples were dried using a nitrogen
blower (37°C), and 500 pL ethyl acetate, 500 pL n-hexane, and 100 pL DTFA-TMCS (99:1) were added
and mixed. After being left at room temperature for 5 min, the sample was placed in a 70°C oven for
50 min to react, and silanization was performed. The obtained liquid was filtered using a 0.22 pm
organic filter membrane, then stored and transferred to a gas chromatography vial for later use.

2.3.2. Gas Chromatography Detection

Six standard samples with different concentration gradients were prepared as the substrates and
products. The concentrations were 0.0625 g/L, 0.125 g/L, 0.25 g/L, 0.5 g/L, 1 g/L, and 2 g/L. An island
Jin GC-2030 gas chromatograph was used for analysis, with the chromatographic capillary column
as HP-5 and the instrument carrier gas. The inlet conditions were set to constant flow mode, the
injection volume was 1 pL, the split injection mode was selected, the injection split ratio was
maintained at 1:50, the injection temperature was 250°C, and the constant flow rate was set to 1
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mL/min. Based on the experimental exploration and product characteristics, the temperature rise
program was maintained at 50°C for 1 min, raised to 250°C at 15°C/min, and held for 10 min.

2.4. Single-factor analysis

Based on the preliminary laboratory work, the seed culture temperature, seed liquid culture
time, inoculation amount, induction temperature, substrate dissolution method, inducer
concentration, substrate flow concentration, and reaction of different metal compounds were
determined through single-factor experiments on the effects on the trans-2-decenoic acid yield and
conversion rate. The seed culture temperatures were set to 25°C, 28°C, 30°C, 33°C, and 37°C; the seed
liquid culture times were set to 8 h, 10 h, 12 h, 16 h, and 20 h; the inoculum amounts were set to 1%,
3%, 5%, 8%, and 10%; the induction temperatures were set to 20°C, 25°C, 28°C, 30°C, and 37°C;
absolute ethanol, Tween-80, decane, N, N-Dimethylformamide (DMF) and Dimethyl sulfoxide
(DMSO) were used as organic solvents to dissolve capric acid [33-35]; the substrate flow
concentrations were 0, 0.1 g/L, 0.2g/ L, 0.3 g/L, and 0.4g/L; the metal compounds [36,37] were MnClz,
CaClz, MgCl2-6H20, ZnClz, and CuCl..

2.5. Box—Behnken design

This experiment used a BBD to design and optimize fermentation conditions and adopted a
three-factor and three-level experimental method. Based on the results of previous single-factor
experiments, three factors that had a significant impact on the production of trans-2-decenoic acid
were selected, as shown in Table 1: substrate flow concentration, inducer concentration, and MnCl..
The RSM was used to evaluate the fermentation conditions. Optimization was performed to
determine the optimal fermentation conditions.

Table 1. Coded and actual values of factors in BBD.

Factor Level
-1 0 1
A flow rate 0 0.1 0.2
B. Inducer concentration 3 5 7
C MnCl2 0.1 0.2 0.3

2.6. Comparison of expression of E. coli transporter proteins before and after optimization.

Owing to the complex metabolic pathways in E. coli, the substrate decanoic acid not only
participates in the biosynthetic pathway but also partially in the metabolic cycle. We removed fatty
acids of specific chain lengths from CoA by enhancing Ydil, FadD, and FadE expression levels to
promote the (3-oxidation reaction, promoting the large-scale synthesis of product intermediates, and
increasing the production of trans-2-decenoic acid. A series of catalytic fermentation reactions were
carried out on successfully constructed recombinant engineered bacteria, and the protein expression
levels before and after optimization were compared. By comparing the expression levels of FadD,
FadE, and Ydil, we determined whether the protein expression levels significantly improved after
optimizing the fermentation process. This improved, verifying the feasibility of the fermentation
optimization results.

3. Results

3.1. Gas chromatography determination of substrate and product results

According to the gas chromatography results, the peak time of the six different concentration
gradients of the substrate decanoic acid was at approximately 11.221 min; the peak time of the six
different concentration gradients of the product trans-2-decenoic acid was at approximately 11.731
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min. Determining the peak time of the substrate and product provided a reliable basis for detecting
substrate consumption and product production in the next step.

3.1.1. Effect of seed culture temperature on trans-2-decenoic acid production

The role of temperature in E. coli fermentation is critical because temperatures outside the
optimal range can affect cell growth, biomass, and yield. Temperature plays a key role in the synthesis
of metabolites, regulation of enzymes, and biosynthesis of target products during the middle and late
stages of fermentation [38]. As shown in Figure 3A, in terms of seed culture temperature, the yield of
trans-2-decenoic acid is highest when the seeds are cultured at 37°C, with a yield of 1.01 + 0.03 g/L,
consistent with the optimal temperature for E. coli growth; therefore, we took 37°C as the optimal
seed cultivation temperature.

3.1.2. Effect of seed culture time on trans-2-decenoic acid production

Seed activity played a decisive role in the reaction system. Usually, strains in the exponential
phase are used for the reaction; therefore, a reasonable seed growth time is the key to reaction
efficiency. As shown in Figure 3B, when the seed culture time was 16 h, the yield of trans-2-decenoic
acid was highest, 0.711 + 0.011 g/L, so we took 16 h as the optimal seed culture time.

3.1.3. Effect of inoculation amount on trans-2-decenoic acid production

If the inoculation amount is too small, the growth of the bacteria will be slow, and the metabolic
efficiency will be low. If the inoculation amount is too large, the ability of the bacteria to produce
enzymes is inhibited, and the metabolic reaction efficiency will be affected. As shown in Figure 3-C,
when the inoculation amount was 1%, the yield of trans-2-decenoic acid was highest, 1.212 + 0.017
g/L; therefore, we selected 1% inoculation amount as optimal.

3.1.4. Effect of induction temperature on trans-2-decenoic acid production.

The key to this reaction is using inducers for bacterial enzyme production. Appropriate
induction timing and temperature can increase the accuracy and efficiency of enzyme production.
Early induction may result in a metabolic burden related to protein overexpression in the host strains.
Cell product formation occurs at higher cell densities after the exponential phase. However, after the
exponential phase, the metabolic state of cells may not be conducive to protein expression, as they
may be under stressful conditions, triggering reactions that increase protease levels, which may
reduce heterologous protein production [39]. Li et al. [40] used whole cell catalysis production
experiments to select the ODew = 0.8-1.2 range for induction; as shown in Figure 3-D. When the
induction temperature was 30°C, the trans-2-decenoic acid yield was the highest, 1.226 + 0.022 g/L,
so we chose 30°C as optimal.
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Figure 3. Effect of different factors on trans-2-decenoic acid production. Fermentation for 72 h. (A)
Temperature; (B) seed culture time; (C) inoculum amount; (D) induction temperature.

3.1.5. Effects of different solvents dissolving substrates on production of trans-2-decenoic acid

Decanoic acid crystals are white with a special odor. They are insoluble in water and are soluble
in most organic solvents, meaning it is particularly important to choose a reasonable organic solvent
to bring decanoic acid into the reaction system and allow it to fully react. As shown in Figure 4-E,
among the reactions using five different solvents, the yield of trans-2-decenoic acid was highest when
absolute ethanol was used, yielding 1.28 + 0.03 g/L. This may be attributed to the unique
characteristics of absolute ethanol; the bactericidal properties reduce the risk of bacterial
contamination and the good compatibility of the decanoic acid substrate with absolute ethanol
ensures that the substrate can carry out the transformation and fermentation reactions normally;
therefore, we chose absolute ethanol as the solvent to dissolve the substrate.

3.1.6. Effect of feeding different concentrations of substrate on production of trans-2-decenoic acid

To ensure the continuous growth of trans-2-decenoic acid production, the product production
and substrate consumption must maintain a high dynamic equilibrium; therefore, the substrate
consumption rate requires special attention during the fermentation process. Continuity of the
fermentation process was ensured via the fed substrate. As shown in Figure 4-F, the yield of trans-2-
decenoic acid was the highest when the fed concentration was 0.2 g/L, yielding 1.902 + 0.032 g/L, so
we chose a fed concentration of 0.2 g/L as the bottom stream plus the concentration.
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3.1.7. Effect of inducer concentration on trans-2-decenoic acid production.

The concentration of the inducer is an important factor that affects the expression of recombinant
proteins from the inducible promoters. If the concentration is too low, the amount of inducer may be
insufficient to bind to the repressor protein, reducing the expression level. If the concentration of the
inducer is too high, the bacteria may be damaged. Growth is limited, and inclusion bodies are
produced if the recombinant protein is expressed too quickly; therefore, it is particularly important
to choose the appropriate concentration of the inducer. As shown in Figure 4-G, when the inducer
concentration was 5 g/L, the yield of trans-2-decenoic acid was highest, 1.296 + 0.019 g/L, so we
chose the inducer concentration of 5 g/L.

3.1.8. Effects of adding different metal ions to culture medium on production of trans-2-decenoic
acid.

Mn? is crucial in enhancing the activities of various enzymes involved in sugar metabolism and
nucleotide processing. It also facilitates the adenylation of amino acids in antibiotics, a prerequisite
for the production of many peptide antibiotics. Consequently, the content of Mn?" significantly
influences the population size of organisms and the yield of products. However, adding Mg? boosts
the activity of essential enzymes such as hexose phosphorylase, citrate dehydrogenase, and
carboxylase. This, in turn, affects processes such as matrix oxidation and protein synthesis.
Additionally, magnesium ions are necessary for the proper functioning of most enzymes that act on
nucleotides. Furthermore, Mn?* enhances the tolerance of certain antibiotic-producing strains to the
generated antibiotics. Based on the findings in Figure 4-H, the highest production rate of trans-2-
decenoic acid was observed when MnCl: was added to the reaction system, reaching 1.307 + 0.014
g/L. Therefore, we decided to incorporate MnCl: into the culture medium for further experiments.

E F
14 1 2.0 1.902
1.2
1.0
g 0.8 -
=
]
~ 0.6
0.4 4
0.2 4
0.0
Ethanol Tween-80 Decane  DMF DMSO 0 0.1g/L. 0.2g/L. 0.3g/L 0.4g/L
Solvent Concentration(g/L)
G H
] 1296 41 1307

1g/L 3g/L 5g/L 7g/L 9g/L MnCl, CaCl, MgCl,6H,0  ZnCl, CuCl,
Inducer concentration(g/L) Metal compounds
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Figure 4. Effect of different factors on trans-2-decenoic acid production. Fermentation for 72 h. (E)
solvent; (F) feed volume; (G) inducer concentration; (H) metal compound.

3.2. Response Surface Testing

A BBD was used based on a single-factor experiment, with the flow rate, inducer concentration,
and MnCl: concentration as independent variables. The response value was the yield of trans-2-
decenoic acid, and the results are presented in Table 2. Multiple regression analysis was performed
on Table 2 using Design Expert 8.0 software to obtain the regression equation.

Y =+1.77 + 0.19A + 0.032B - 0.059C - 0.017AB + 0.028AC - 0.026BC — 0.083A2 - 0.090B2+ 0.066C>

Table 2. Response surface test design and results.

Inducer
Test number Flow rate (g/L) concentration MnClz (mM) Yield (g/L)
(g/L)
1 0.20 5.00 0.30 1.841
2 0.10 3.00 0.10 1.733
3 0.10 5.00 0.20 1.774
4 0.20 7.00 0.20 1.794
5 0.00 3.00 0.20 1.360
6 0.20 3.00 0.20 1.771
7 0.10 5.00 0.20 1.769
8 0.10 5.00 0.20 1.776
9 0.10 7.00 0.30 1.702
10 0.00 5.00 0.10 1.664
11 0.10 5.00 0.20 1.745
12 0.00 5.00 0.30 1.472
13 0.10 3.00 0.30 1.684
14 0.00 7.00 0.20 1.450
15 0.20 5.00 0.10 1.972
16 0.10 7.00 0.10 1.854
17 0.10 5.00 0.20 1.769

Seventeen experiments were performed using three independent variables at three levels (1, 0,
and +1). Table 2 lists the results of the 17 experiments. The results were analyzed using Design Expert
software. An analysis of variance (ANOVA) was used to test the statistical significance of the
quadratic regression equations (Table 3). The P-value of the regression model was <0.0001, indicating
that the regression equation obtained using this model was extremely significant. The p-value for the
missing FT was 0.2998, and the difference was not significant. The regression coefficient (R?) was used
to determine the model fitting efficiency. R? and the corrected quadratic model were 0.9963 and
0.9916, respectively, which were very close to 1. This shows that the model fits the data well,
indicating that 99% of the variation in response can be described by this polynomial model.
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Table 3. Response surface regression model analysis of variance.

Source Sum of DF Mean F-value P-value Significance
Squares Square

Model 0.40 9 0.044 210.02 <0.0001 i
A 0.27 1 0.27 1304.41 <0.0001 ok
B 7.938E-003 1 7.938E- 37.72 0.0005 o

003
C 0.028 1 0.028 133.44 <0.0001 o
AB 1.122E-003 1 1.122E- 5.33 0.0543

003
AC 3.080E-003 1 3.080E- 14.64 0.0065

003
BC 2.652E-003 1 2.652E- 12.60 0.0093

003
A? 0.029 1 0.029 139.40 <0.0001 i
B2 0.034 1 0.034 161.95 <0.0001 i
2 0.018 1 0.018 87.21 <0.0001 i
Residual 1.473E-003 7 2.105E-

004
Lack of Fit  8.305E-004 3 2.768E- 1.72 0.2998

004
Pure Error  6.428E-004 4 1.607E-

004
Cor Total 0.40 16
R?=0.9963 R?adj=0.9916 R?pre=

0.9642

Adeq 54.485
Precision

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

This equation explained more than 99.63% of the experimental values. Each factor had a different
effect on trans-2-decenoic acid production. The first one affects A (<0.0001) > C (<0.0001) > B (0.0005).
The interaction effects among AB, AC, and BC were not statistically significant. The second-factor-
affected items A?, B? and C2 have an extremely significant impact (P < 0.001).

3.3. Response Surface Interaction

To further study the effects of the substrate feeding concentration, inducer concentration, and
MnCl2 concentration on the production of trans-2-decenoic acid, the response surface and contours
were drawn according to the regression equation, as shown in Figure 5. The steeper the curve trend,
the stronger the interaction and the greater the impact on trans-2-decenoic acid production. The
contour plot intuitively reflects the significance of the interactions between various factors. As any
two variables increased, the production of trans-2-decenoic acid also increased. After the interaction
between the two reached a peak, the surface area decreased. The interaction between the substrate-
feeding concentration and the inducer concentration was the most significant, with the steepest curve
and an elliptical contour.
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Figure 5. Response surface and contour plots for trans-2-decenoic acid production. (A,a) Effect of flow
rate and inducer concentration. (B,b) Effect of flow rate and MnCl2 concentration. (C,c) Effect of
inducer concentration and MnCla.

3.4. Response Surface Results Optimization

After the response surface analysis, the optimal fermentation conditions were screened out as
follows: substrate flow addition amount of 0.2 g/L, inducer concentration of 4.72 g/L, and MnClz
concentration 0.15 mM. Fermentation verification was carried out in a 1 L fermentation tank under
optimal conditions, and three sets of parallel experiments were conducted.

Table 4. Optimal fermentation conditions.

Flow rate (g/L) Inducer concentration (g/L) MnClz (mM) Yield (g/L)
0.14 5.63 0.11 1.9

Through analyzing the regression model equation, we found the optimal process conditions for
trans-2-decenoic acid were substrate flow addition amount 0.14 g/L, inducer concentration 5.63 g/L,
and MnClz concentration 0.11 mM. Under these conditions, the yield of trans-2-decenoic acid was 1.9
g/L. The actual operation feasibility was improved, and the fermentation process was determined as
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follows: inoculum amount 1%, fermentation temperature 30°C, seed liquid culture time 20 h,
substrate flow addition amount 0.15 g/L, inducer concentration 5.60 g/L, and MnClz concentration
was 0.10 mM. Three repeated experiments were performed under these conditions, and the results
are shown in Figure 6-B. The average yield of trans-2-decenoic acid after optimization was 1.982 +
0.110 g/L, which is 0.082 g/L different from the theoretical value, indicating that the model is reliable
and that the regression equation can be used for the fermentative production via biocatalytic
synthesis of trans-2-decenoic acid from decanoic acid.

We also compared the production of trans-2-decenoic acid before and after fermentation
optimization. Production using LB medium before optimization was 0.940 + 0.104 g/L, and after
optimization, the production was 1.982 +0.110 g/L. By optimizing trans, the production of -2-decenoic
acid was increased by 1.04 g/L. Simultaneously, we monitored the ODew during fermentation. As
shown in Figure 6-A, the highest ODew before optimization was 6.46, as shown in Figure 6-B. After
optimization, the highest ODsw reached 8.46. Optimization promoted the growth of bacteria in the
reaction system. However, as shown in Figure 6, the ODsw declined after 56 h. This may be because
as the reaction proceeded, the bacteria continued to grow and metabolize, and the metabolic waste
accumulated negatively impacted the bacteria. It also inhibited bacterial growth. After the bacteria
enter a stable period, the external environment becomes increasingly unfavorable to their growth.
The intracellular catabolic rate greatly exceeds the anabolic rate, the reproduction rate slows down,
the morphology changes significantly, and even the bacteria spontaneously lyse, reducing the
number of bacteria.

A B
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Figure 6. Comparison of trans-2-decenoic acid production and ODsw before and after optimization.
(A) Yield and ODso before optimization (B) Yield and ODeuwo after optimization.

3.5. Comparison before and after optimization of SDS-PAGE protein expression of engineered E. coli.

A comparative analysis of the samples before and after the optimization of trans-2-decenoic acid
fermentation was performed. The samples were analyzed using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis. Lane M represents the protein marker, and lanes 1, 2, and 3 are
three sets of parallel bands in Figure 7-A. Figure 7-B shows a protein gel image of the fermentation
broth sample under optimal fermentation conditions; the protein size of the transporter Fad was 59
kDa, FadE was 45 kDa, and Ydil was 30 kDa. Subsequently, the two images were compared. The
protein amounts of the three bands in Figure 7-A were significantly lower than those in Figure 7-B,
which shows that the protein expression effect in the reaction system after fermentation optimization
was better, making the reaction system more efficient.
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Figure 7. Comparison of protein expression in samples before and after optimization. (A) Protein

expression before optimization (B) Protein expression after optimization.

4. Discussion

Based on the E. coli BL21(DE3)- AfadB- Afad]- AfadR/pET28a-sumo-Ctydil/pCDF Duet-1-MaMACS-
PpfadE) designed by the previous research group, we used the biological fermentation method for
the first time to catalyze the synthesis of trans-2-decenoic acid from decanoic acid. The reaction
system was put into a fermentation tank for amplification. Based on the aerobic characteristics of E.
coli, better ventilation and stirring of the fermentation tank were used to improve the reaction system.
Efficient reactions were performed. In the experiment, the purpose of controlling the substrate
concentration at 0.5 g/L and 1% inoculum volume was to enable the bacteria to grow better in the
system and maintain a relatively strong metabolic activity for better biocatalytic reactions.

For reaction optimization, we conducted eight single-factor experiments: seed culture
temperature, seed liquid culture time, inoculum amount, induction temperature, solvent type, feed
concentration, inducer concentration, and metal compound type. Based on the influence of different
factors on the production of trans-2-decenoic acid, the three factors with the greatest influence on
trans-2-decenoic acid were determined as the response variables: feed, inducer, and MnCL
concentrations. The BBD was used to optimize the fermentation conditions. These three factors have
different effects on trans-2-decenoic acid. According to the order of significance, they can be arranged
as fed concentration > inducer concentration > MnCl; after optimizing each factor, the predicted
value of the optimal fermentation conditions was 1.9 g/L, the fed concentration was 0.14 g/L, the
inducer concentration was 5.63 g/L, and the MnClz concentration was 0.11 mM. We conducted three
repeated experiments based on the optimized optimal conditions and found that the yield of trans-
2-decenoic acid was 1.982 + 0.110 g/L, which was 1.042 g/L higher than the production of LB medium
before optimization. With a substrate concentration of 0.5 g/L, the yield was 0.479 g/L higher than the
average yield achieved by Li et al. [40]It increased by 1.503 + 0.110 g/L. Evidently, the fermentation
condition optimization plan we carried out had a significant effect.

During the catalytic reaction of engineered E. coli, the fadD gene encodes acyl-CoA synthase,
which has broad substrate specificity and catalyzes the conversion of free fatty acids into highly
metabolically active coenzyme A thioesters. Through the action of CoA synthase, free fatty acids form
fatty acyl-CoAs with high metabolic activity [41-43]. Subsequently, FadE catalyzes the oxidation of
acyl-CoA to trans-2-enoyl CoA [44] and finally removes CoA to form a, [-unsaturated fatty acids
through the catalysis of acyl-CoA thioesterase Ydil. Therefore, the three enzymes FadD, FadE, and
Ydil play vital roles in this reaction process. While optimizing the fermentation conditions, we
explored the changes in the expression levels of the three enzymes before and after fermentation. The
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bands in the optimized samples were more apparent than those in the unoptimized samples, further
confirming the necessity of optimizing the fermentation conditions.

One problem that arose during fermentation was that the amount of trans-2-decenoic acid did
not increase regularly or stably. In the early stages of the reaction, the level of trans-2-decenoic acid
gradually grew. As the reaction continued, the amounts of the products and substrates gradually
decreased or even disappeared, as confirmed through many repeated experiments. We speculate that
this is due to the continuous growth and metabolism of the bacteria during the reaction process,
which required a large amount of nutrients, including carbon sources. Various substances, such as
nitrogen sources and biotin, are gradually consumed or even exhausted as the bacterial cells grow,
resulting in the culture medium being unable to provide sufficient nutrients to the bacterial cells.
Therefore, we suspected that bacterial cells were preferentially consumed at this stage. The substrates
and products were used as carbon sources to ensure growth and metabolic activity. For this
phenomenon, we need to formulate a more accurate and efficient plan for the next step by adding
nutrients and energy during the reaction process to maintain a stable biological reaction while also
considering that long-term fermentation leads to bacterial aging. The aging of bacterial cells decreases
enzyme production owing to a decline in metabolic capacity. Therefore, we believe that after the
reaction has been carried out for a certain period, new culture media must be added to dilute the
bacterial cells so that more new bacterial cells can grow to ensure reaction success.

Due to the various drawbacks of the chemical synthesis of a, -unsaturated fatty acids currently
on the market, attention to their biosynthesis has gradually increased and has developed into an
alternative to traditional chemical methods. There have been few previous studies on trans-2-
decenoic acid, strongly limiting the current research on this substance. This limitation is reflected in
the instability during the fermentation process and the low conversion rate and yield; how to produce
it efficiently and even industrially mass produce it remains difficult. At present, the synthesis of trans-
2-decenoic acid relies mainly on chemical synthesis; however, this method involves a long process,
has low reaction controllability, and can easily cause environmental pollution. Therefore, exploring
biosynthetic methods with the advantages of high safety, strong specificity, and low environmental
pollution to catalyze the synthesis of trans-2-decenoic acid has become a research hotspot. This study
improved the production of trans-2-decenoic acid by improving the metabolic pathway of trans-2-
decenoic acid modified by a previous research group and by improving the limiting factors in the
whole-cell catalysis process. Compared with whole-cell catalysis, the production indeed improved,
which provides a basis for the future synthesis of trans-2-decenoic acid catalyzed by growing cells.

5. Conclusions

This study is based on engineered E. coli constructed in the laboratory in the early stage and uses
decanoic acid as the substrate for biological fermentation to catalyze the synthesis of trans-2-decenoic
acid from decanoic acid. First, the peak times of decanoic acid and trans-2-decenoic acid production
were determined using gas chromatography. Eight sets of single-factor experiments were conducted,
and the three groups that had the greatest impact on the yield of trans-2-decenoic acid were screened.
A BBD and RSA were performed on these factors: feed concentration, inducer concentration, and
MnCl: concentration, for further optimization. The construction of this model can better predict and
explain the effects of the three different factors on the fermentation of trans-2-decenoic acid. The final
optimization results show that the optimal process conditions for trans-2-decenoic acid are substrate
flow addition amount 0.14 g/L, inducer concentration 5.63 g/L, and MnClz concentration 0.11 mM (1
L under these conditions). The fermentation tank conditions were verified by three parallel
experiments, and the average of the final results of the three parallel experiments was 1.98 g/L.
Compared to the LB medium before optimization, the output increased by 1.04 g/L; compared with
trans-, the output of -2-decenoic acid increased by 1.501 g/L. Finally, we compared the protein
expression levels of the samples before and after optimization; the enzyme expression in the
optimized samples was significantly higher than that in the non-optimized samples. This study
improved the production of trans-2-decenoic acid and provided an important reference for future
generations to study biosynthetic fatty acid technology.
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