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Abstract 

Skatole is a harmful, odorous pollutant in livestock manure. Skatole-degrading strains are 
mostly harmful Gram-negative bacteria, whereas safe Gram-positive strains demonstrate 
poor degradation performance, limiting bioremediation applications. To solve this 
problem, this study was conducted to enhance the skatole degradation capacity of the 
food-grade strain Lactococcus lactis NZ9000 via heterologous expression of the skatole-
degrading Ska enzyme from Acinetobacter piscicola p38. Three gene sequences, designated 
Ska-Y (original sequence from A. piscicola p38), Ska-D (E. coli codon-optimized), and Ska-R 
(L. lactis codon-optimized), were separately expressed using constitutive pMG36e and 
nisin-inducible pNZ8148 plasmids. The constitutive system only transcribed mRNA but 
produced misfolded, nonfunctional inclusion bodies. By contrast, the codon-optimized 
pNZ8148-Ska-R strain exhibited prominent skatole degradation ability, even under non-
inductive conditions. Under optimal conditions (30 ℃, ultra-low nisin induction), the 
engineered strain increased the 24 h degradation rate of 50 mg/L skatole from 20% to 88% 
and completely degraded 25 mg/L skatole. Field tests verified that the strain effectively 
reduced skatole accumulation in manure compost and lagoon manure. This study 
achieved efficient functional heterologous expression in Gram-positive bacteria, provides 
new insights into ultra-low-dose induction and codon optimization, and offers a safe and 
efficient microbial agent for livestock manure odor remediation. 
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degradation enzyme; ultra-low-dose induction; Lactococcus lactis; manure remediation 
 

1. Introduction 
Skatole (3-methylindole, 3MI) is widely distributed in livestock and poultry farms, 

the surrounding air, human excreta, wastewater treatment plants, landfills, public toilets, 
and natural soil and water samples [1,2]. Studies have shown that skatole possesses toxic, 
mutagenic, and potentially carcinogenic properties, posing potential risks to the 
environment and human health [3,4]. Therefore, effective control and degradation of 
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skatole has become a focal point of research in the field of environmental protection. In 
this context, the microbial degradation of skatole is an economical and environmentally 
friendly approach [5]. However, only a few strains are known to degrade skatole, most of 
them originating from marine sediments, mangrove mud, animal intestines, soil, or 
manure [6]. Moreover, the majority of the reported skatole-degrading bacteria are Gram-
negative, and the use of Gram-negative bacteria for environmental pollution control poses 
potential threats to the environment and animals [5]. In contrast, very few Gram-positive 
bacteria have been reported. It has been documented that Lactobacillus brevis strain 1.12 
can degrade 1 mg/L skatole by 65% within 120 h [7]. This degradation capability is 
significantly lower than that of Gram-negative bacteria. For example, Acinetobacter 
oleivorans AO-06 can degrade up to 100 mg/L of 3MI within 48 h [8], while Acinetobacter 
towneri NTA1-2A degrades, by approximately 97%, 65.58 mg/L 3MI within 72 h [9], 
Cupriavidus sp. KK10 degrades 100 mg/L 3MI within 24 h [10], and A. piscicola p38 
degrades 100 mg/L 3MI within 6 h [11]. Although Gram-negative bacteria exhibit higher 
skatole degradation efficiency, L. lactis has significant advantages in terms of safety, food-
grade applications, secretory expression capabilities, and well-developed expression 
systems. These advantages endow it with a unique competitiveness for environmental 
remediation and industrial applications. Further optimization of the L. lactis expression 
system to enhance its degradation efficiency could provide a safer and more sustainable 
solution for skatole degradation. 

Skatole (3-methylindole) is a heterocyclic compound consisting of an indole ring with 
a methyl substituent at the C-3 position (Figure 1). Compared with the large-scale 
screening process for obtaining Gram-negative bacteria capable of efficiently degrading 
skatole, the use of heterologous expression systems to express target proteins in Gram-
positive bacteria is a more rapid and efficient method [12,13]. Nonetheless, this process 
faces multiple challenges, including protein folding and secretion issues owing to 
differences in cell membrane structures [14], mismatches in post-translational 
modifications that affect protein function and stability [15], unstable gene expression 
regulation leading to fluctuating expression levels [16], protein stability issues in the new 
host [17], and potential toxicity and pathogenicity concerns [18]. Collectively, these factors 
increase the complexity of successfully expressing functional heterologous proteins in 
Gram-positive bacteria. To overcome these barriers, researchers must employ strategies 
such as codon optimization of heterologous genes and selection of appropriate expression 
vectors to enhance the expression levels and functionality of heterologous proteins in 
Gram-positive bacteria [12,19]. In our previous research, we successfully isolated and 
characterized A. piscicola strain p38 (NCBI: CP167896) and initially documented its 
skatole-degrading enzyme, designated as gene1687 (styrene monooxygenase: 
ACDW34_08350) (Figure 1) [11] or, as we named it, the Ska degradation enzyme. To 
optimize the biological activity of the Ska degradation enzyme in a heterologous system, 
we facilitated its expression in such a system by employing codon optimization strategies 
and meticulously choosing the appropriate expression vectors. 

 

Figure 1. Degradation reaction of skatole [11]. 
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Lactic acid bacteria, recognized as Gram-positive bacteria with probiotic 
characteristics, are ideal for heterologous protein expression [20]. In this study, we 
selected lactic acid bacteria as our expression vector to achieve an efficient expression of 
target genes without adverse effects in humans and animals. Our aim was to express Ska 
in L. lactis NZ9000 and further explore its potential applications in skatole degradation. 
By heterologously expressing a skatole-degrading enzyme from Gram-negative bacteria 
in Gram-positive bacteria, we aimed to effectively degrade skatole while maintaining 
environmental sustainability, offering innovative solutions in the field of environmental 
remediation. 

2. Materials and Methods 
2.1. Reagents and Consumables 

Agar (CAS 9002-18-0 agar powder, strength 1400; Solarbio Science & Technology Co., 
Ltd., Beijing, China), yeast extract (Oxoid LP0021; Oxoid Ltd., Basingstoke, UK), tryptic 
soy peptone (Oxoid LP0042B; Oxoid Ltd., Basingstoke, UK), sodium chloride, M17 
medium (Qingdao Haibo Biotechnology Co., Ltd., Qingdao, China), GM17 medium (with 
glucose) (Qingdao Haibo Biotechnology Co., Ltd., Qingdao, China), 3-methylindole, DNA 
extraction kit, PrimeSTAR GXL DNA Polymerase kit (Takara R050A; Takara Bio Inc., 
Kusatsu, Shiga, Japan), plasmid extraction kit, glycine, EDTA, glycerol, magnesium 
chloride, calcium chloride, L. lactis NZ9000, pMG36e plasmid, pNZ8148 plasmid, gel 
purification kit, Escherichia coli MC1061, E. coli DH5α, chloramphenicol, erythromycin, 
DNA electrophoresis agarose, and ClonExpress II one step cloning kit-C112 (Nanjing 
Vazyme Biotech Co., Ltd., Nanjing, China) were used. 

GM17, GSGM17 (GM17 supplemented with 2% glycine and 0.5 M sucrose), and 
resuscitation media as well as electroporation buffers I and II were prepared according to 
standard protocols. Detailed medium and buffer compositions are provided in 
Supplementary Material, Table S1. 

2.2. Codon Optimization Strategy for Gene Sequences 

In this study, we successfully screened and completed whole-genome sequencing of 
A. piscicola strain p38; the sequencing data were deposited in the NCBI database (NCBI: 
CP167896). Through meticulous analysis of the data, we focused on the Ska gene (styrene 
monooxygenase: ACDW34_08350), which is responsible for the degradation of skatole, 
and we designated its original base sequence as Ska-Y (Figure 2). During gene cloning, a 
His tag was incorporated at its terminus. 

To enhance the expression efficiency of ska in host cells, we employed two distinct 
codon optimization strategies. We first optimized the ska gene sequence based on the E. 
coli codon usage preference database provided by BGI, and this optimized sequence was 
designated as Ska-D (Figure 2). We then optimized the ska sequence in accordance with 
the L. lactis codon bias database, and the resulting sequence was named Ska-R (Figure 2). 
During the optimization process, a 6xHis tag was incorporated before the stop codon in 
both sequences, which would facilitate subsequent protein purification. 

Compared to the original Ska-Y sequence, the optimized Ska-D and Ska-R sequences 
exhibited variations, which are clearly illustrated in Figure 2. We ligated Ska-D into the 
pET28(a) vector and Ska-R into the LVY-pKMV plasmid while performing a whole-
genome synthesis process. This approach not only aids in the differentiation and cloning 
of distinct genes but also ensures the stability of gene fragments. The codon-optimized 
ska gene sequences (Ska-D and Ska-R) were deposited in the GenBank database under 
accession numbers PZ727063 and PZ727062, respectively. 
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Figure 2. Ska gene sequence from Acinetobacter piscicola p38 and optimized ska sequences designed 
for heterologous systems. Here and throughout the manuscript, Y denotes the original ska gene 
sequence from A. piscicola p38; D denotes the sequence codon-optimized according to the E. coli bias 
database; and R denotes the sequence codon-optimized according to the L. lactis bias database. These 
abbreviations (Y, D, R) are used consistently in all plasmid names and figure labels. The arrows 
represent the sequential order of steps. 

2.3. Plasmid and Target Gene Fragment Cloning and Extraction 

We initially inoculated a single colony of A. piscicola p38 into LB broth and incubated 
it for 24 h. Subsequently, DNA was extracted from the cultured bacteria using a bacterial 
DNA extraction kit, following the manufacturer’s guidelines. Thereafter, a PrimeSTAR 
GXL DNA Polymerase kit (Takara Bio Inc., Kusatsu, Shiga, Japan) was used to clone linear 
plasmids and target gene fragments from five distinct gene sources, namely, pMG36e, 
pNZ8148, Ska-Y, Ska-D, and Ska-R, via PCR. After amplification, the products were 
separated on an agarose gel, and gene fragments were purified using gel extraction 
techniques. Purified gene fragments were professionally sequenced by Sangon Biotech 
(Shanghai) Co., Ltd. (Shanghai, China). to verify sequence integrity. For target gene 
cloning, we specifically designed homologous arms for pMG36e and pNZ8148 for 
subsequent homologous recombination. 

2.4. Construction of Target Gene Expression Plasmids 

Using homologous recombination techniques, we cloned the target gene fragments 
into linear plasmids carrying identical homologous arms. The linear plasmids pMG36e 
and pNZ8148 were ligated with the corresponding target gene fragments and 
transformed into the host strains DH5α and MC1061, respectively, spread on LB agar 
plates containing appropriate antibiotics, and incubated at 37 °C for 24 h. After incubation, 
single colonies were selected for enrichment cultures, and plasmid DNA was extracted 
from the strains according to the instructions of the plasmid extraction kit used. The extracted 
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plasmids were sent to Shenggong Bioengineering Co., Ltd., for professional sequencing to 
verify the sequences of the cloning products. Those plasmids with the correct sequences were 
selected for subsequent experiments. The gene fragments recombined with pMG36e were 
designated as pMG36e-Ska-Y, pMG36e-Ska-D, and pMG36e-Ska-R, whereas those 
recombined with pNZ8148 were designated as pNZ8148-Ska-Y, pNZ8148-Ska-D, and 
pNZ8148-Ska-R. 

2.5. Preparation of Competent Cells of L. lactis NZ9000 

Competent cells of L. lactis NZ9000 were prepared as follows. Briefly, cells were 
cultured in GM17 broth at 30 ℃ and then transferred to GSGM17 broth and incubated at 
37 °C until the OD600 (optical density at 600 nm) reached approximately 0.4 (logarithmic 
growth phase). The cells were harvested by centrifugation, washed twice with ice-cold 
electroporation buffer I and once with ice-cold electroporation buffer II, and finally 
resuspended in electroporation buffer I. The competent cells were stored at −20 °C for 
subsequent transformation experiments. The complete step-by-step competent-cell 
preparation protocol is described in Supplementary Material, Text S1. 

2.6. Electroporation of L. lactis and Verification of Target Gene Expression 

Plasmid DNA (10 µL) was gently mixed with competent cells and placed on ice for 5 
min to ensure binding between plasmids and competent cells. The mixture was then 
transferred to a 2 mm gap electroporation cuvette and subjected to electroporation at 2.5 
kV. Immediately after electroporation, 900 µL of prechilled recovery solution was added 
to the cuvette, and the mixture was placed on ice for an additional 5 min to promote cell 
recovery. Electroporated cells were then statically cultured at 37 °C for 2 to 3 h to facilitate 
stable plasmid expression. Cells were then spread on GM17 agar plates containing 
appropriate antibiotics and incubated at 37 °C for 48 h to select successfully transformed single 
colonies. 

After 48 h of incubation, single colonies were selected for enrichment culture. 
Plasmid DNA was extracted from these strains using a plasmid extraction kit, according 
to the manufacturer’s instructions. To ensure sequence accuracy, the extracted plasmids 
were sent to Shenggong Bioengineering Co., Ltd., for professional sequencing. Based on 
the sequencing results, single colonies carrying plasmids with the correct sequences were 
selected for subsequent experiments and application studies. 

2.7. Bacterial Lysis 

L. lactis strains carrying pMG36e-Ska-Y, pMG36e-Ska-D, and pMG36e-Ska-R were 
collected in 50 mL centrifuge tubes and washed twice with physiological saline; the 
supernatant was discarded. In each tube, 20 mL of sterile water containing lysozyme (1 
mg/mL) was added; the mixture was then incubated at 37 °C for 1 h, followed by chilling 
at 4 °C for 1 h. Lysozyme treatment was repeated three times. The samples were then 
quickly frozen at −80 °C for 30 min, followed by water bath thawing; this freezing/thawing 
treatment was repeated three times. The supernatant was collected by centrifugation at 
12,000 rpm for 10 min and used for protein recovery on a Ni column. In addition, cell 
pellets were washed three times with physiological saline and resuspended in protein 
denaturation buffer, followed by centrifugation at 12,000 rpm for 10 min to collect the 
supernatant for Ni column protein recovery. Proteins recovered from the Ni columns 
were stained with Coomassie brilliant blue. 

2.8. Skatole Determination Through High-Performance Liquid Chromatography (HPLC) 

Single colonies of lactic acid bacteria were cultured in 100 mL of liquid GM17 
medium for enrichment. After 24 h of enrichment, 5 mL of bacterial liquid was transferred 



Fermentation 2026, 12, 423 6 of 16 
 

https://doi.org/10.3390/fermentation12090423 

to a new medium for further culture for 6 h, 12 h, 24 h and 48 h. The medium contained 
25 mg/L, 50 mg/L, 75 mg/L and 100 mg/L, respectively. In all experiments involving 
skatole, each group was set up with three replicates. After the reaction was completed, 
high-performance liquid chromatography (HPLC) was used for measurement. The entire 
experimental process was repeated three times to ensure the reliability of the results. 
HPLC was used for determining skatole concentration in each sample, as established by 
[11]. 

2.9. Manure Composting Treatment and Sample Collection 

Single colonies of wild-type Lactococcus lactis NZ9000 and engineered strains were 
inoculated into liquid M17 medium and cultured in a constant-temperature shaker at 
30 °C with shaking at 100 rpm. When the OD value reached 0.6, a uniform concentration 
of nisin inducer (10−46 ng/mL) was supplemented into the culture. The cultivation was 
terminated once the OD increased to 1.8, and the bacterial cells were harvested. The 
collected cells were washed three times with sterile normal saline, resuspended in normal 
saline to an OD of 1.1 (approximately 1 × 109 CFU/mL based on the bacterial growth 
curve), and further concentrated 10-fold via centrifugation and resuspension to prepare a 
bacterial suspension of 1 × 1010 CFU/mL. 

A total of 200 kg of fresh pig manure was collected from the on-campus pig breeding 
experimental base and thoroughly homogenized. Fifteen individual manure piles were 
constructed using 10 kg of well-mixed manure for each pile. The experiment was set up 
with three treatment groups, including a blank control group (treated with normal saline), 
a wild-type NZ9000 group, and an engineered bacterial group, with five biological 
replicates per group. A total of 100 mL of the prepared bacterial suspension or normal 
saline was evenly sprayed onto each manure pile and fully blended with the manure 
matrix. 

For sampling, three cross-sections (front, middle, and rear) were selected for each 
manure pile, and nine sampling points were set on each cross-section. Twenty-seven 
subsamples collected from each pile were fully mixed as one composite sample. The 
obtained samples were weighed and mixed with an equal volume of acetonitrile 
containing 2-methylindole as the internal standard, followed by incubation in a 30 °C 
water bath for 1 h for skatole extraction. Subsequently, 400 µL of the extract was mixed 
with 100 µL of distilled water and 500 µL of Tris buffer solution. The mixed solution was 
filtered through a 0.22 µm microporous membrane to obtain the test sample. Sampling 
was performed daily at 10:00 a.m. for seven consecutive days. 

2.10. Lagoon Manure Treatment and Sample Collection 

A total of 10 kg of fresh pig manure was placed in a plastic barrel and mixed with 50 
L of tap water. The mixture was soaked and intermittently stirred for 3 d to achieve full 
homogenization of manure and water. Fifteen 3 L containers were prepared, and each 
container was filled with 1 L of homogenized lagoon manure. Consistent with the 
composting experiment, three treatment groups (blank control, NZ9000, and engineered 
strain) were established with five replicates for each group. Each container was 
supplemented with 10 mL of the corresponding bacterial suspension or normal saline and 
thoroughly stirred. 

During the experimental period, the lagoon manure was fully stirred before 
sampling, and 2 mL of manure liquid was collected each time. The samples were 
centrifuged at 12,000 rpm for 20 min, and 100 µL of the supernatant was mixed with 400 
µL acetonitrile and 500 µL Tris buffer solution. After uniform mixing, the solution was 
filtered through a 0.22 µm microporous membrane for subsequent detection. Sampling 
was conducted daily at 9:00 a.m. for seven consecutive days. 
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2.11. Data Analysis 

Data were recorded using Excel (Microsoft® Excel® 2019 MSO, Microsoft Corporation, 
Redmond, Washington, DC, USA), figures were drawn using GraphPad Prism 9.0 
(GraphPad Software, San Diego, CA, USA), and graphic illustration was performed using 
Adobe Illustrator 2022-26.0 (Adobe Systems, San Jose, CA, USA). Statistical analysis of the 
data was performed using IBM SPSS Statistics 26 (IBM Corporation, Armonk, NY, USA); 
a t-test was performed to assess the statistical significance of the differences, and p < 0.05 
was considered significant. All data were first tested for normality using the Shapiro–Wilk 
test and for homogeneity of variances using Levene’s test. For comparisons among the 
three treatment groups (blank control, NZ9000, and engineered bacteria) at each time 
point, one-way ANOVA was applied when data met the assumptions of normality and 
equal variance; otherwise, the non-parametric Kruskal–Wallis test was used. Pairwise 
comparisons were performed using Tukey‘s post hoc test. Statistical significance was set 
at p < 0.05. All analyses were performed using IBM SPSS Statistics 26 (IBM Corporation, 
Armonk, NY, USA). 

3. Results and Discussion 
3.1. Constitutive Plasmid Expression 

As defined in Section 2.2, the suffixes Ska-Y, Ska-D, and Ska-R in all plasmid constructs 
denote the original, E. coli-optimized, and L. lactis-optimized ska gene sequences, respectively. 
The pMG36e expression system is widely utilized in L. lactis because of its constitutive nature; 
that is, inducers are not needed [21–23]. In the present study, we initially used pMG36e as the 
vector for target gene expression. Plasmids pMG36e-Ska-Y, pMG36e-Ska-D, and pMG36e-
Ska-R were electroporated into NZ9000 cells, and single colonies were selected. Skatole 
degradation assays were performed using electrotransformed colonies cultured at various 
temperatures. The results indicated no significant differences in skatole degradation efficiency 
between electrotransformed and non-transformed NZ9000 cells (Figure 3a–e). Expression in 
pMG36e depends on the strong promoter p32, which enhances mRNA transcription [24]. It is 
known that, during heterologous expression, mRNA overproduction can negatively affect 
protein folding, leading to the formation of inclusion bodies and the loss of protein function 
[25]. Consequently, we subjected NZ9000/pMG36e-Ska-Y, NZ9000/pMG36e-Ska-D, and 
NZ9000/pMG36e-Ska-R lactococci to cell lysis, followed by Ni column adsorption of the 
supernatant, which revealed no expression of the target proteins (Figure 3f, lanes 1–3). Further 
investigation following cell lysis and a protein denaturation–renaturation treatment revealed 
protein bands for pMG36e-Ska-D and pMG36e-Ska-R but not for pMG36e-Ska-Y, confirming 
that the optimized nucleotide sequences could successfully form complete peptide chains; 
however, due to misfolding, these peptides were nonfunctional. Several factors may have 
contributed to this outcome, including codon bias, translation rate, and mRNA expression 
levels [17,25]. Therefore, this study considered the use of inducible plasmids to mitigate the 
negative effects of these factors on target protein expression. 
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Figure 3. (a) Skatole degradation ability of NZ9000 and derivative strains carrying pMG36e-Ska-Y, 
pMG36e-Ska-D, or pMG36e-Ska-R at (a) 37, (b) 30, (c) 25, (d) 20, and (e) 16 °C in the presence of 50 
mg/L skatole. (f) Coomassie brilliant blue-stained His-tagged proteins obtained by Ni column 
adsorption of bacterial lysate supernatants, either untreated (lanes 1–3) or treated for protein 
denaturation and renaturation (lanes 4–6). Lanes 1 and 4: pMG36e-Ska-Y; lanes 2 and 5: pMG36e-
Ska-D; lanes 3 and 6: pMG36e-Ska-R. Note: The labels Y, D, and R in this figure are defined in the 
legend of Figure 2. 

3.2. Inducible Plasmid Expression 

For the pNZ8148 series, the same nomenclature applies: -Y, -D, and -R represent the 
original, E. coli-optimized, and L. lactis-optimized sequences, respectively. The nisin-
inducible pNZ8148 vector is widely used in lactococci [26,27]. Compared with pMG36e, 
pNZ8148 allows the regulation of target gene expression in lactococci through an induction 
agent, making it a common method to reduce the formation of inclusion bodies by 
controlling mRNA expression levels [28]. Studies have indicated that pNZ8148 can be 
induced with nisin at various concentrations, such as 1 ng/mL [27], 10 ng/mL [26,29], and 
40 ng/mL [29]. In this study, the nisin induction concentrations used ranged from 0 to 10 
ng/mL, and experiments were performed under the same temperature conditions for 
validation. The results showed no significant differences in the skatole degradation 
efficiency of L. lactis due to the expressions of pNZ8148-Ska-Y, pNZ8148-Ska-D, and 
pNZ8148-Ska-R within the 0.1–10 ng/mL nisin induction concentration range. In contrast, 
skatole degradation capacity was enhanced in the absence of the induction agent (Figure 
4). Interestingly, in the complete absence of nisin induction (0 ng/mL), and compared with 
NZ9000, strain NZ9000/pNZ8148-Ska-R exhibited a significant increase in skatole 
degradation, reaching approximately 55% degradation within 24 h, whereas the wild-type 
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NZ9000 degraded only about 20% under the same conditions (Figure 4). This 
phenomenon suggests the occurrence of basal-level (leaky) expression from the nisin-
inducible promoter in NZ9000, possibly triggered by endogenous factors or spontaneous 
promoter activity in the host strain. Although numerous researchers have successfully 
achieved heterologous protein expression using inducers, there are unreported cases of 
failure. This discovery provides a new solution for researchers who have failed to express 
target proteins using inducible plasmids. 

 

Figure 4. (a) Skatole degradation ability of L. lactis NZ9000 and derivative strains carrying pNZ8148-
Ska-Y, pNZ8148-Ska-D, or pNZ8148-Ska-R in the presence of different inducer concentrations and 
50 mg/L skatole at (a) 37, (b) 30, (c) 25, (d) 20, and (e) 16 °C. Note: The labels Y, D, and R in this 
figure are defined in the legend of Figure 2. * indicates a significant difference (P < 0.05). 
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Heterologous expression in prokaryotes involves numerous challenges. For example, 
the expression of Gram-negative bacterial target proteins in Gram-positive bacteria is 
significantly hindered by codon bias, which affects the success rate of the experiments [30]. 
As shown in Figure 4, strains carrying the target protein gene sequence Ska-Y from A. 
piscicola p38 were unable to degrade skatole. In addition, Ska-Y was not correctly 
expressed in NZ9000, and no inclusion bodies were formed against such a background 
(Figure 3f). Studies have indicated that this could be due to mRNA bases not matching 
the host codon/anticodon apparatus during heterologous expression, leading to 
premature termination of translation [31]. Codon optimization of nucleotide sequences is 
a common solution for this problem [32]. As shown in Figure 4, pNZ8148-Ska-D and 
pNZ8148-Ska-R enhanced the ability of L. lactis NZ9000 to degrade skatole, and the 
degradation efficiency conferred by pNZ8148-Ska-R was higher than that conferred by 
pNZ8148-Ska-D. This phenomenon was not related to the mRNA expression levels, as no 
inducer was used. Moreover, it was not related to bacterial population numbers either, 
since the initial OD600 of the cultures was the same, the culturing time was 24 h for all of 
them, and bacterial growth had reached the plateau phase in all such cultures (previous 
studies have shown that an NZ9000 culture with an OD600 of 0.7 reaches the plateau 
phase within 6 h). Thus, this phenomenon may be related to codon optimization biases 
that result in incorrect protein folding, which requires further exploration. 

3.3. Optimal Induction Concentration of pNZ8148-Ska 

To further explore the impact of codon bias on protein expression, it is essential to 
obtain soluble proteins from heterologous expression systems. However, not all soluble 
proteins are biologically functional [18]. Moreover, the extraction and purification of 
proteins can introduce additional complexities in addressing this issue. Therefore, we 
employed an alternative approach to substantiate this viewpoint by examining the highest 
degradation efficiency and degradation trends of skatole among bacteria carrying 
pNZ8148-Ska-Y, pNZ8148-Ska-D, and pNZ8148-Ska-R. As shown in Figure 5, the skatole 
degradation capacities of strains carrying plasmids pNZ8148-Ska-D and pNZ8148-Ska-R 
gradually increased with decreasing inducer concentrations. However, compared to that 
of NZ9000/pNZ8148-Ska-R, the degradation efficiency of NZ9000/pNZ8148-Ska-D 
decreased as inducer concentrations decreased. Moreover, its maximum degradation 
efficiency was not as high as that of NZ9000/pNZ8148-Ska-D, with an optimal induction 
concentration of 10−46 ng/mL of nisin for the strain carrying pNZ8148-Ska-D. The observed 
optimal induction concentration (10−46 ng/mL) was remarkably low, yet it was consistently 
verified by serial dilution experiments. Although this concentration is far below the 
conventional nisin induction ranges reported in the literature (typically 1–40 ng/mL), the 
underlying mechanism for this ultrasensitive response warrants further investigation. 
These results indicate that, while both strains can enhance the skatole degradation ability 
of NZ9000, codon bias cannot be overlooked in heterologous expression. The superior 
performance of Ska-R over Ska-D can be attributed to its higher Codon Adaptation Index 
(CAI: 0.73 vs. 0.625) when evaluated against the L. lactis reference set, indicating a better 
match with the host’s codon usage bias and translational machinery. This further confirms 
that codon optimization can improve the expression of proteins with biological functions. 
The mechanism behind this ultrasensitive induction remains to be further explored. 

3.4. Factors Affecting the Skatole Degradation Ability of NZ9000/pNZ8148-Ska-R 

Having endowed L. lactis NZ9000 with the ability to degrade skatole, it was necessary 
to further explore the environmental application of pNZ8148-Ska-R. As shown in Figure 
5a, the optimal induction concentration of nisin was 10−46 ng/mL; however, bacterial 
metabolism rates under different temperature conditions affect protein synthesis [33]. 
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Therefore, we investigated the effect of temperature on the skatole degradation ability of 
NZ9000/pNZ8148-Ska-R. Figure 5a shows that, as the temperature decreased from 30 to 
20 °C, the optimal induction concentration shifted to higher values. It has been shown that 
extremely low temperatures can affect cell growth, which is detrimental to protein 
synthesis. In addition, if the temperature is elevated, the inducer concentrations required 
to achieve a correct expression of the target protein will decrease; however, excessively 
high temperatures can inhibit bacterial growth. This phenomenon is consistent with the 
adjustments made by many researchers working with heterologous expression systems, 
in which both the temperature and inducer concentration are modified to achieve target 
protein expression [25]. Studies have shown that high skatole concentrations affect 
microbial growth and degradation efficiency [6]. As shown in Figure 6, in this study, 
NZ9000/pNZ8148-Ska-R, at 30 °C for 24 h, demonstrated 100% degradation efficiency for 
25 mg/L of skatole, 88% for 50 mg/L, 32.56% for 75 mg/L, and only 1.78% for 100 mg/L—
with NZ9000 growth being significantly inhibited. Compared with that of lactococci strains 
isolated from the environment through functional enrichment of NZ9000, a significant 
enhancement in bacterial skatole degradation ability was achieved in this study, 
exhibiting a promising capability for bioremediation. 

 

Figure 5. (a) Skatole degradation ability of NZ9000 and derivative strains carrying pNZ8148-Ska-Y, 
pNZ8148-Ska-D, or pNZ8148-Ska-R at 30 °C in the presence of varying concentrations of nisin 
(ranging from 101 to 10−60 ng/mL, and 0 ng/mL) and 50 mg/L skatole. (b) Skatole degradation ability 
of NZ9000 and NZ9000/pNZ8148-Ska-R at different temperatures in the presence of varying 
concentrations of nisin (ranging from 10 to 41 to 10−55 ng/mL) and 50 mg/L skatole. Note: The labels 
Y, D, and R in this figure are defined in the legend of Figure 2. 
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Figure 6. Impact of different skatole concentrations on the degradation efficiency of L. lactis 
NZ9000/pNZ8148-Ska-R. * indicates a significant difference (P < 0.05). 

3.5. Application Effect of Engineered Bacteria in Manure Composting 

As shown in Table 1, the initial skatole concentrations exhibited no significant 
differences among all treatment groups before the experiment (p > 0.05). During the 
composting process, the skatole content in the engineered bacteria treatment group was 
significantly lower than that in the blank control group and the wild-type NZ9000 group 
from day 3 to day 7 (p < 0.05). As shown in Table 2, the addition of engineered bacteria 
significantly reduced the skatole content in lagoon manure from day 1 to day 5 compared 
with the blank control group and the wild-type NZ9000 group (p < 0.05). Skatole is a 
typical nuisance odorant in livestock production and is frequently neglected in routine 
farming management. Uncontrolled skatole accumulation in pig manure can reach up to 
72 mg/kg under natural conditions [34,35]. Previous studies have reported that the skatole 
concentration in fresh pig manure is approximately 10 mg/kg, and it varies substantially 
depending on manure treatment strategies and storage conditions [34–36]. Manure 
composting is a conventional open-air manure disposal method, and skatole 
concentration naturally increases gradually during composting, which is consistent with 
the variation trend observed in the blank group of the present study [34,35]. However, 
inoculation with the engineered lactic acid bacterial strain effectively reversed this trend 
and markedly reduced skatole accumulation in manure. 

Table 1. Skatole content (mg/L) during composting of manure. 

Time Blank Group NZ9000 Engineered Bacteria SEM p-Value 
0 d 9.1459 8.9031 9.0689 0.0992 0.628 
1 d 13.1400 b 12.1687 c 13.6730 a 0.1821 <0.001 
2 d 15.4989 a 14.4569 b 14.8875 b 0.0993 0.04 
3 d 19.3284 a 17.4350 b 16.6747 c 0.3060 <0.001 
4 d 21.0863 a 17.3358 b 14.1786 c 0.7716 <0.001 
5 d 24.5262 a 20.7466 b 13.9497 c 1.1717 <0.001 
6 d 24.7896 a 21.1683 b 11.7066 c 1.4756 <0.001 
7 d 25.8411 a 23.5476 b 10.7156 c 1.7802 <0.001 

Note: Different letters within the same row indicate statistically significant differences (p < 0.05). p < 
0.05 means significant difference; p < 0.001 means extremely significant difference. 
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Table 2. Skatole content (mg/L) during the treatment of lagoon manure. 

Time Blank Group NZ9000 Engineered Bacteria SEM p-Value 
0 d 1.5351 0.00417  
1 d 1.4111 b 1.4861 a 1.3193 c 0.01872 <0.001 
2 d 1.4111 b 1.6177 a 0.9458 c 0.07540 <0.001 
3 d 1.5213 a 1.6039 a 0.8333 b 0.10549 <0.001 
4 d 1.7340 a 1.7242 a 1.0912 b 0.08134 <0.001 
5 d 1.5997 a 1.6143 a 1.3452 b 0.03726 <0.001 
6 d 1.6119 1.6143 1.5630 0.01856 0.478 
7 d 1.6656 1.6681 1.6479 0.02437 0.943 

Note: Different letters within the same row indicate statistically significant differences (p < 0.05). p < 
0.05 means significant difference; p < 0.001 means extremely significant difference. 

Lagoon manure storage is another prevalent manure management mode in intensive 
pig farms, and odor emission from lagoon manure severely impairs ambient air quality. 
In this study, the engineered strain exerted a prominent skatole-removing effect during 
the early stage of lagoon manure treatment, whereas this mitigation effect was not 
sustained in the later stage. This phenomenon may be attributed to the dynamic 
competitive advantage of the engineered strain in the complex microbial community of 
manure systems. Continuous supplementation of engineered bacteria is speculated to 
maintain its dominant population status and achieve persistent skatole reduction in 
lagoon manure. Collectively, the engineered lactic acid bacterial strain possesses 
promising potential for skatole abatement in livestock manure, providing an efficient and 
novel biological strategy for the remediation of manure odor pollution. 

4. Conclusions 
In this study, a skatole-degrading engineered strain was successfully constructed by 

heterologously expressing the Ska enzyme of Acinetobacter piscicola p38 in food-grade 
Lactococcus lactis NZ9000 through codon optimization and vector selection to overcome 
the safety risks and low degradation defects of traditional skatole-degrading bacteria; the 
constitutive plasmid pMG36e was found to drive target gene transcription but cause 
misfolded protein and inactive inclusion body formation, whereas the nisin-inducible 
plasmid pNZ8148 harboring the L. lactis-optimized Ska-R sequence realized efficient 
functional expression, and the engineered strain reached a maximum 24 h skatole 
degradation rate of 88% for 50 mg/L skatole under optimal conditions (30 °C and ultra-
low nisin induction), with temperature and inducer concentration jointly regulating its 
degradation performance. Field application experiments confirmed that the engineered 
strain could effectively suppress skatole accumulation in manure compost during the 
middle and late fermentation stages and reduce skatole levels in the early treatment of 
lagoon manure. This work clarifies the key effects of codon optimization and ultra-low-
dose induction on heterologous functional protein expression, breaks through the 
bottleneck of the low skatole removal capacity of Gram-positive bacteria, and provides a 
safe, efficient, and promising microbial remediation strategy for controlling odor 
pollution in livestock manure. 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/fermentation12090423/s1, Table S1: Composition and 
preparation of media and buffers; Text S1: Detailed protocol for preparation of competent cells of L. 
lactis NZ9000. 
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