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Abstract

:

Nisin is a green, safe and natural food preservative. With the expansion of nisin application, the demand for nisin has gradually increased, which equates to increased requirements for nisin production. In this study, Lactococcus lactis subsp. lactis lxl was used as the original strain, and the compound mutation method was applied to induce mutations. A high-yielding and genetically stable strain (Lactobacillus lactis A32) was identified, with the nisin titre raised by 332.2% up to 5089.29 IU/mL. Genome and transcriptome sequencing was used to analyse A32 and compare it with the original lxl strain. The comparative genomics results show that 107 genes in the A32 genome had mutations and most base mutations were not located in the four well-researched nisin-related operons, nisABTCIPRK, nisI, nisRK and nisFEG: 39 single-nucleotide polymorphisms (SNPs), 34 insertion mutations and 34 deletion mutations. The transcription results show that the expression of 92 genes changed significantly, with 27 of these differentially expressed genes upregulated, while 65 were downregulated. Our findings suggest that the output of nisin increased in L. lactis strain A32, which was accompanied by changes in the DNA replication-related gene dnaG, the ABC-ATPase transport-related genes patM and tcyC, the cysteine thiometabolism-related gene cysS, and the purine metabolism-related gene purL. Our study provides new insights into the traditional genetic mechanisms involved nisin production in L. lactis, which could provide clues for a more efficient metabolic engineering process.
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1. Introduction


Nisin is a small-molecule polypeptide with broad-spectrum antibacterial effects, and is produced by Lactococcus ssp. Nisin is internationally recognized as a safe and nontoxic natural food additive. It has no side effects, and has been used as a food preservative for more than 60 years [1,2]. Due to the high biosafety of nisin, research on its application value has long expanded past the field of food preservation. In recent years, nisin applications, including its use as a packaging material [3,4,5], as a medical antibacterial agent [6,7,8,9], as a biosensor [10], in immune regulation [11,12], as an anticancer drug [13,14] and in other aspects, have been explored.



In the process of fermentation, lactic acid-producing bacteria (LAB) produce a variety of metabolites, and nisin is a byproduct of the growth process of Lactococcus lactis subspecies. The nisin synthesis process is very complex, and its synthesis efficiency is relatively low [1]. (1) Nisin is generated to inhibit other microorganisms that compete with L. lactis ssp. for living space [15,16]. To avoid self-inhibition, L. lactis also exerts a series of immune mechanisms. (2) Nisin is produced by ribosomal synthesis and is a post-translationally modified peptide (RiPP); its production process involves precursor peptide-related genes and modified protein synthesis genes. Nisin biosynthesis genes are transcribed in four operons, nisABTCIPRK, nisI, nisRK and nisFEG [16,17,18]. (3) From a production environment standpoint, during their growth processes, LAB produce a variety of acids, such as carboxylic acid, lactic acid and other acidic substances, decreasing the pH of the media [19]. A low pH inhibits the growth of LAB and the production of nisin, requiring production strains that tolerate acidic environments.



The complexity of nisin synthesis makes it difficult to reconstruct the production pathway in other heterogenic hosts; thus, optimizing nisin production by L. lactis strains is important and useful. At present, two main methods are used to modify bacterial strains, traditional mutagenesis-type breeding and genetic engineering. Genetic engineering of bacteria can alter the expression of several genes; however, the choice of operation sites is based on the clear understanding of the intracellular pathway and the corresponding regulatory mechanism. Furthermore, it is difficult to achieve the coexpression of a series of genes, and accordingly, the corresponding increase in production is limited. Although a greater effort is needed to induce traditional mutations, a series of genes can be changed, which is more favourable than changes in the whole strain. To screen the strains with high nisin yields, in this study, compound mutation combined with high-concentration-nisin plate screening was used to modify and quickly screen high-nisin-yielding strains. Compound mutagenesis involves the successive or simultaneous use of one or more mutagens on microorganisms, or the same mutagen acting on microorganisms repeatedly. It is a commonly used method to improve the production of microorganisms. Atmospheric room temperature plasma (ARTP) can change the structure and permeability of the cell wall membrane, causing gene damage and mutation when plasma jets with highly active particles are discharged toward microbial cells. The method is simple to use, is highly pure and pollution-free, is harmless to the human body and causes various mutations [11]. Ultraviolet (UV) mutation is the most traditional and useful mutation method, and is often used as the first choice for microbial breeding. It can directly affect double-stranded DNA and improve mutation efficiency. Therefore, we chose the use of ARTP and UV light, which are two traditional and modern methods for compound mutagenesis. A high-nisin-concentration screening method can be used to identify strains with increased nisin yields. Together, these methods can effectively mutate and screen mutant strains. In this study, a high-yielding mutant strain (A32) was screened, and then, by comparing the differences at the transcriptome level between the original strain and the mutant strain, we hoped to find a series of genes related to increasing nisin production, which is very important for future genetic engineering of the producing strain.



A high-yielding and genetically stable mutant strain was obtained, which was named L. lactis A32. The yield of the mutant strain was three times that of the original strain L. lactis lxl, and its resistance to nisin was twofold greater. By comparing the whole-genome sequence of L. lactis A32 with that of the original strain lxl, 107 mutated genes were found, including 39 single-nucleotide polymorphisms, 34 insertion mutations and 34 deletion mutations. Through comparative analysis of the transcriptome sequencing results, it was found that the transcription of 92 genes changed significantly, with 27 of these genes significantly upregulated, while 65 genes were significantly downregulated. Analysis of the metabolic pathways of these genes can provide clues for the further study of the molecular mechanism underlying the nisin synthesis pathway.




2. Materials and Methods


2.1. Strains, Media and Growth Conditions


Lactococcus lactis subsp. lactis lxl is a store strain in our laboratory. It was screened from raw milk, with 40 mg/L bromocresol purple and 1000 IU/mL nisin standards in modified M17 medium (10 g/L sucrose as the only carbon source). After morphological and physiological analysis and 16S rDNA sequencing, it was identified as Lactococcus lactis subsp. lactis. The titre test strain was Micrococcus luteus NCIB 8166, which was purchased from China General Microbiological Culture Collection Center, and preserved at −80 °C in 20% (v/v) glycerin in our laboratory.



The composition of the media used is as follows.



GM17 medium (a seed medium): M17 broth medium (soy peptone 5 g/L, peptone 2.5 g/L, casein peptone 2.5 g/L, yeast extract powder 2.5 g/L, beef extract powder 5 g/L, lactose 5 g/L, sodium ascorbate 0.5 g/L, β-sodium glycerophosphate 19 g/L, magnesium sulfate 0.25 g/L) containing glucose (5 g/L). CM1 medium (a fermentation medium): sucrose (20 g/L), peptone (20 g/L), yeast extract (20 g/L), KH2PO4 (10 g/L), NaCl (2 g/L) and MgCl2 (0.2 g/L). S1 medium (a detection medium): peptone (8 g/L), yeast extract (5 g/L), glucose (5 g/L), NaCl (5 g/L) and NaH2PO4·12H2O (2 g/L).




2.2. Fermentation in Flasks and Nisin Titre Assays


A nisin standard (Maclin, China) was prepared in a series of standard solutions of 50, 100, 200, 400, 800, 1000, 2000, 3000 and 4000 IU/mL. For this procedure, a sterilized Oxford cup was placed on the test plate, the culture media containing the tested bacteria was added to the plate, and the Oxford cup was removed after cooling to form a uniform small hole. Then, 200 μL of standard solutions containing a series of nisin concentrations were added to the small holes, after which the plates were cultured at 37 °C until there was an obvious bacteriostatic circle around each small hole, and the diameter of the bacteriostatic circle was measured. A nisin titre standard curve was constructed, with the diameter of the bacteriostatic circle representing the abscissa and the logarithm of the titre representing the ordinate.



As a seed solution, a single colony of the original strain lxl was inoculated into GM17 media and cultured overnight at 30 °C and 200 rpm. Then, the seed liquid was inoculated into CM1 media at a concentration of 5%, fermented at 30 °C and centrifuged 200 rpm for 24 h. Samples were collected every 2 h during the fermentation period, and a bacteriostatic circle experiment was carried out. The nisin titre was calculated according to the nisin standard curve (Figure S1) [20].




2.3. Compound Mutation and Strain Breeding


The starting strain was cultured by scribing, and a single colony was picked and cultured in GM17 liquid medium for 6–8 h. The culture was appropriately diluted with normal saline instead of the mutagenic strain solution, and the optical density (OD600) of the mutagenic strain solution was maintained between 0.8 and 1.0 to ensure the proper colony number and growth state of each mutagenic strain. The lethality of the ARTP and UV mutations was determined, and the time when the lethality was 80–90% was selected as the mutation time to ensure mutation efficiency. The nisin tolerance range of the original strain was determined, and a screening plate containing high concentrations of nisin was constructed. The solution of bacteria with different mutations was poured onto the screening plate, which was subsequently cultured at 30 °C. The grown colonies were picked out and cultured overnight in an Erlenmeyer flask containing 50 mL of GM17 medium. The cultured bacterial solution was then inoculated into a triangular flask containing 50 mL of CM1 medium for fermentation at 30 °C and centrifugation at 200 rpm for 24 h. The fermentation broth was subsequently centrifuged at 8000 rpm for 5 min, and the supernatant was collected for a bacteriostatic circle experiment to determine the titre of the fermentation broth. The strain with the highest titre from this batch of colonies was selected as the starting strain for the next mutation, as shown in Figure 1. The abovementioned process was repeated until the high-yielding strains whose parameters were within the target range were screened.




2.4. Determination of the Genetic Stability of Mutants


To investigate whether the titre decreased and whether the mutant phenotype was reversible, we determined the genetic stability of the mutants. The strains with high nisin titre were screened out. They were transferred onto plates and cultured at 30 °C for 24 h to form the F1 generation. The colonies were then removed from the F1 plate and cultured on another plate to form the F2 generation. This process was repeated to obtain 20 generations in total. Single colonies were picked every three generations from seed liquid culture, then inoculated into liquid fermentation medium CM1 and incubated at 30 °C and 200 rpm for 24 h, and the supernatant of the fermentation broth was collected to determine the nisin titre.




2.5. Comparison of the Fermentation Process between the Mutant Strain and Original Strain


The mutant with the highest titre that was genetically stable and the original strain were inoculated into CM1 fermentation media at the same time and fermented at 30 °C and 200 rpm for 48 h, and samples were collected every 3 h. The biomass of the sample was measured at 600 nm by a spectrometer (Metash, Shanghai, China), and the nisin titre was tested via bacteriostatic circles.




2.6. DNA Library Construction, DNA Sequencing, Assembly and Annotation


Single colonies of L. lactis A32 and lxl were selected and cultured in CM1 media at a suitable temperature overnight, and the bacteria were collected during the logarithmic growth period. Genomic DNA of L. lactis lxl and A32 was extracted using TIAMP Bacterial DNA Kits (Sparkjade, Jinan, China) according to the manufacturer’s instructions. Then, the quality of the DNA was checked to ensure that the quality was sufficient for subsequent sequencing. The concentration of the standard DNA was measured of by a Qubit instrument (Thermo Fisher Scientific, Waltham, MA, USA) (including the following process of establishing the whole library). A Nanodrop spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) was used to measure the DNA concentration (between OD260/280 and between 1.8 and 2.0), and the DNA integrity was verified by 1% agarose gel electrophoresis. Library construction, Oxford Nanopore Technologies (ONT) sequencing, Illumina sequencing and base determination were carried out by Gene Denovo (Guangzhou, China). The bacterial genome was sequenced by a combination of third-generation ONT sequencing and second-generation Illumina sequencing. This method relies on the long reading characteristics of third-generation sequencers to ensure a more complete genome assembly, and uses second-generation sequencing data for correction to ensure more accurate and reliable assembly results. Fastp software [21] was used to control the ONT and Illumina sequencing data and obtain effective data (clean data). The third -generation sequencing reads were spliced and assembled with Flye (version 2.8.1-b1676) [22]. Pilon (version 1.23) [23] was then used to compare the second-generation sequencing reads to the assembled genome sequence, correct the genome results according to the default parameters of the software, and output the corrected genome sequence and corrected site information. The National Center for Biotechnology Information (NCBI) database was used to predict gene functions. Through BLAST, the predicted gene sequences were compared to the information within the nonredundant (Nr), Swiss-Prot, Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) and Clusters of Orthologous Genes (COG) databases to determine the proteins with the highest sequence similarity to those encoded by a given gene, to obtain the protein functional annotation information of the genes. We used Blast2GO to obtain the GO annotation information of the genes, and performed GO functional classification analysis for all of the genes. Diamond was used to compare all the gene sequences with the sequences in the COG database to obtain the annotation results corresponding to the genes and to classify the functions of proteins according to the annotation results. In addition, the gene function databases Antimicrobial Resistance Genes Database (ARDB) and the Virulence Factors of Pathogenic Bacteria Database (VFDB), within which information is subdivided into an increased number of fields, were used to predict secondary metabolic gene clusters and to annotate virulence factor-related genes and drug resistance-related genes. Moreover, the Protein Family (Pfam) database, the Pathogen Host Interactions (PHI)-base database, the Carbohydrate-Active Enzymes (CAZy) database, the Comprehensive Antibiotic Resistance Database (CARD) and other databases were used for secretory protein prediction, type-N secretion system (TNSS) effector protein prediction and two-component system prediction.




2.7. Whole-Genome Comparisons


L. lactis lxl and A32 bacteria were subjected to comparative genomic analysis. MUMmer [24] software was used to detect the SNPs and insertion deletions (indels) in the assembled genomes of the individuals, as well as to perform statistics based on the positional relationships between the mutant genes and the mutation results, and compare the results with information in databases to assess the functions of the mutated genes.




2.8. RNA Extraction, Transcriptome Sequencing and Analysis


Single colonies of L. lactis A32 and L. lactis lxl were selected and cultured in CM1 media at a suitable temperature overnight, and the bacteria were collected during their logarithmic growth period. An appropriate amount of the cultured bacterial solution was transferred into a suitable centrifuge tube, after which the bacteria were collected by high-speed centrifugation (12,000 rpm). The culture medium in the upper part of the tube was discarded. Total RNA was extracted by the TRIzol (Sevencyd, Jinan, China) method.



The RNA degradation degree and potential contamination were monitored on 1% agarose gels. RNA purity (OD260/OD280, OD260/OD230) was determined using a NanoPhotometer® spectrophotometer (IMPLEN, CA, USA). RNA integrity was measured using a Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA). An Illumina MRZB12424 Ribo Zero rRNA Removal Kit (Bacteria) (Illumina, San Diego, CA, USA) was used to remove rRNA from 1 μg of total RNA. The quality of the RNA samples was detected using an Agilent 2100 Biological Analyser (Agilent Technologies, Santa Clara, CA, USA). The library construction, transcriptome sequencing and RNA sequencing (RNA-seq) analysis of L. lactis A32 were carried out in Gene Denovo (Guangzhou, China). FASTP (version 0.18.0) [21] was used to filter the original data produced via the Illumina platform. The filtering criteria were as follows: (1) reads with ≥10% unidentified nucleotides (N); (2) reads in which >50% of the bases had Phred quality scores of ≤20 and (3) reads aligned to the barcode adapter. Bowtie2 (version 2.2.8) [25] was used to compare the retained reads to the reference genome, and the reads associated with rRNA in the comparison were deleted. RSEM [26] was used to identify known genes and calculate their expression. Library construction and transcriptome sequencing of L. lactis lxl were carried out by Gene Denovo (Guangzhou, China). The gene expression level was further normalized by using the fragments per kilobase of transcript per million (FPKM) mapped reads method to eliminate the influences of different gene lengths and amounts of sequencing data on the calculation of gene expression. The edgeR package [27] (http://www.r-project.org/ Accessed on 1 January 2022) was then used to identify differentially expressed genes (DEGs) across the samples. Genes were considered differentially expressed if their expression fold-change was ≥2 and their false discovery rate-adjusted P (q value) was <0.05. The DEGs were then subjected to GO functional enrichment and KEGG pathway analyses, and q values <0.05 were used as thresholds. The GO functional terms of the DEGs were analysed, the GO functional classification annotations of the DEGs were obtained, and the pathways in which the DEGs were enriched were identified. Using Rockhopper [28] software, the sequencing results were compared to the reference genome sequence and to the annotated genes. Unknown transcript-coding regions were considered new transcript-coding regions. The newly encoded transcripts were compared to the information in the Nr database for annotation, and the annotated transcripts were regarded as new transcripts with coding potential.




2.9. Statistical Analysis


Student’s t-test was conducted to determine the significant differences in nisin titres between the original L. lactis lxl strain and the mutant A32 strain. The data were statistically analysed using Origin 9.1 (OriginLab, Northampton, MA, USA).





3. Results and Discussion


3.1. Titres of Mutant Strains


As the duration of ARTP and UV treatment increased, the mortality of bacteria also increased. When the bacteria were treated with ARTP and UV light for 120 s and 60 s, respectively, the lethality rates were 90% and 92%, respectively, as shown in Figure 2A,B. In the recent literature on mutagenesis, a treatment time with a lethal rate of approximately 90% is usually used to ensure mutation efficiency [17]. In the present study, ARTP and UV light were applied for 120 s and 60 s, respectively.



Through a series of compound mutagenesis and step-by-step screening, some mutants that could grow on plates supplemented with high nisin concentration were selected, fermented, and their nisin production titres were determined. The results are shown in Figure 2C. Among all examined mutants, mutants A32 and A225 had higher titres, and their titre peaks were 5089.29 IU/mL and 5361.16 IU/mL, respectively.




3.2. Evaluation of Mutant Stability


The experimental results regarding the genetic stability of the mutants were shown in Table S2. We observe that the ability of the mutant L. lactis A32 to produce nisin was stable, while the ability of A225 to produce nisin was not stable. In the third generation, the nisin titre of A225 was only half that of A32. A32 was also twice as resistant to nisin as the original strain. These results show that the A32 mutant generated by ARTP and UV radiation yielded high amounts of nisin and was genetically stable. Therefore, the mutant strain L. lactis A32 was selected for use in the following experiments.




3.3. Comparison of the Fermentation of L. lactis A32 and Lxl


There was a significant difference in growth curves and nisin titres between L. lactis A32 and lxl. Mutant A32 took significantly longer to reach the stationary phase than the original lxl strain. The A32 biomass peaked at 12 h, and the lxl biomass peaked in the stationary phase at 9 h, as shown in Figure S2. Since nisin is a growth-coupled secondary metabolite, hypothetically, A32 would accumulate more nisin than lxl during this process. This hypothesis is verified in Figure 2D. As shown in Figure 2D, the nisin titre continued to increase within 0–28 h of A32 fermentation, the peak nisin production intensity of A32 reached up to 181.76 IU/(mL·h), which is 5089.29 IU/mL, and lxl yielded a maximum of 1529.79 IU/mL at 24 h. These results show that the correlation between product synthesis and thallus growth was not shifted, but the regulation around the synthetic pathways flux was improved.




3.4. Genome Assembly and Annotation


The PromethION (Oxford Nanopore Technologies, Oxford, UK) and Agilent 2100 sequencing platforms were used to sequence the whole genome of L. lactis A32. A total of 7,244,702 bp of clean reads and 1,086,215,124 bp from A32 were generated. The genome sequencing data of L. lactis A32 have been submitted to the Sequence Read Archive database of the NCBI under accession number PRJNA799214. After data filtering, the genome of L. lactis A32 was assembled, with a total genome length of 2.40 Mb (Table S2). The GC contents (lxl, 34.44%; A32, 34.57%) were similar (Table 1). The complete genome sequences of L. lactis A32 and lxl have been submitted to the GenBank database of the NCBI (accession number for A32, SAMN25149786; accession number for lxl, SAMN25148929). According to the comparative results of five gene function databases (Nr, Swiss-Prot, GO, KEGG and COG), 2278 DNA sequences (CDSs) in lxl and 2285 CDSs in A32 were predicted in the genome (Table 1), and five genes encoded proteins with no predicted function in lxl and A32.




3.5. Functional Classification and Comparison


All annotated genes of L. lactis A32 and lxl were classified into GO functional categories (Table S3). The GO functional classification system is based on three ontologies, including biological processes, cell components and molecular processes. It includes 58 gene functional classifications, such as cellular processes, metabolic processes, single-organism processes, responses to stimuli, cellular component organization or biogenesis, biological regulation and biological processes. There were some differences in GO cluster analysis between A32 and lxl. Further analysis showed that, compared with lxl, A32 had six more genes related to molecular processes, four more genes related to metabolic processes, four more genes related to catalytic activity, two more genes related to single biological processes, two fewer genes related to responses to stimuli and one less gene related to development processes.



The COG functional categories of all annotated proteins of L. lactis A32 and lxl are shown in Table 2, and were divided into 25 main functional categories. The main functional categories were related to translation; ribosomal structure and biogenesis; replication, recombination and repair; cell wall/membrane/envelope biogenesis; carbohydrate transport; and amino acid transport and metabolism. The distribution patterns of the protein clusters of homologous genes in the two strains were very similar. There were four fewer CDSs in the genome of A32 compared with the original lxl strain. In addition, compared with lxl, A32 had one more CDS related to transcription- and signal transduction-related proteins; two fewer CDSs related to replication, recombination and repair; two fewer CDSs related to cell cycle control, cell division and chromosome distribution; two fewer CDSs related to carbohydrate transport and metabolism; and one less CDS related to inorganic ion transport and metabolism.




3.6. Comparison of Genomes between L. lactis lxl and A32


To reveal the relationships between phenotypes and genetic variations, and provide clues for the further study of the molecular mechanism of the nisin synthesis pathway, a genome-wide comparison was performed between the high-nisin-yielding mutant A32 and the original lxl strain. The cyclic images from the genome comparison show the microstructural mutations between L. lactis A32 and lxl (Figure 3). A total of 107 genes in the A32 genome were mutated compared with the lxl genome, including 39 single-base mutations, 34 insertion mutations and 34 deletion mutations. The sequences of the mutated genes were compared with the reference genome sequence in the NCBI database of COG functional annotations. While the functions of some genes were not clear, some genes with base mutations had clear functions (Table 3), and some mutated genes, such as rexB, ftsH, gntP and yfmR, were related to energy metabolism. Additionally, some mutated genes were related to ion transport, such as yfmR, rbcR, zitR, adcA and copB; to DNA replication, transcription and translation, such as dnaG, rpsI, rex and arlR; and to amino acid transport and metabolism, such as patM, tcyC, tcyJ, cysS and brnQ. However, a vast improvement in the nisin titre was achieved, except for one mutation in the four nisin-related operons, nisK; most base mutations were not located in the well-researched nisin-related four operons, nisABTCIPRK, nisI, nisRK and nisFEG. Sequence analysis of the nisin genes nisA, nisB, nisC and nisP before and after mutation showed that these genes were not mutated, thus the amino acid sequence of nisin and the mechanism of action of the modified protein did not change. Based on these analyses, it is reasonable to infer that the nisin produced by the mutant is structurally identical to that of the original bacterium, and thus its stability and other properties remain unchanged.




3.7. Transcriptome Sequencing and Analysis


Transcriptome sequencing was used to detect the differences in gene expression between the original L. lactis lxl strain and A32, the inserted genes were examined to determine the metabolic pathways that they influenced. After quality screening, 19.58 to 24.42 million clean reads and 1.65 to 2.14 Gb of clean data submitted to the NCBI gene expression comprehensive database (BioProject: PRJNA825060) were obtained from the control strain and the mutant strain, respectively (Table S4). The sequencing reads of the original strain and mutant strain were mapped to the A32 genome assembly sequence, and 2231 known mRNAs were identified in A32. The statistics of gene coverage are shown in Figure 4A. Compared with that in the original L. lactis lxl strain, the expression of 92 genes in L. lactis A32 changed significantly (p < 0.005), of which 27 were significantly upregulated and 65 were significantly downregulated, as shown in Figure 4B. GO enrichment analysis was performed on the significant DEGs (Figure 4C) to understand their biological functions. DEG pathway enrichment analysis is helpful for further understanding the gene-related metabolic networks. The main metabolic pathways of significantly differentially expressed genes were metabolic pathways, ABC transporters, two-component systems, biosynthesis of secondary metabolites, quorum sensing, arginine biosynthesis and butanoate metabolism (Figure 4D).




3.8. Comprehensive Analysis


The fermentation conditions and growth states of L. lactis strains A32 and lxl were observed. Comparative genomic analysis and transcriptomic analysis were then performed in combination to identify associated genes, and try to infer the regulatory pathway of nisin biosynthesis.



3.8.1. DEGs Associated with Nisin Immunity Genes


Nisin mainly targets Gram-positive bacteria, and Lactococcus itself is also a gram-positive bacterium. The nisin immunity genes nisEFG and nisI were found to be present in the nisin synthesis-related gene cluster [18,29]. Due to the existence of immunity genes, Lactococcus has immune activity against nisin. As also mentioned in the introduction of this paper, as early as 1998, Kim tried to increase the production of nisin by overexpressing the nisin immunity gene [30]. Therefore, the improvement of nisin immunological activity must depend on the upregulation of immunity-related gene expression. The results of transcriptomic analysis verified this conclusion.




3.8.2. DEGs Related to DNA Replication, Transcription and Translation


During the fermentation and growth of L. lactis strains A32 and lxl, the logarithmic growth period of A32 obviously lagged behind that of lxl, which made the cumulative nisin production time longer, and the nisin yield higher, in the former. When performing our comparative omics analysis, we focused on the DNA enzyme synthesis-related gene dnaG, which had a base mutation. Although the change in its expression was not obvious in transcriptomics analysis, the expression of a single-stranded DNA-binding (SSB) protein bound to dnaG decreased significantly. This SSB protein is very important for DNA metabolism. First, it can stabilize the intermediate products of single-stranded DNA (ssDNA) produced during DNA processing. In addition, it can interact with 14 proteins and deliver reserve enzymes to DNA when needed to repair DNA damage [31,32]. It is speculated that the oligonucleotide/oligosaccharide-binding fold (OB-fold) of the dnaG protein was changed due to the gene mutation in dnaG [33], resulting in a decrease in its ability to bind to the SSB protein.




3.8.3. DEGs Related to ABC ATPase


ABC proteins refer only to proteins containing an ATP-binding box or an ABC-ATPase domain, and these proteins are involved in coupling ATP hydrolysis energy with many physiological processes that are not always, but usually, related to transport. On the other hand, when cytoplasmic ABC-ATPase binds to a hydrophobic membrane domain (MD), it forms an ABC transporter, which is synonymous with a trafficking ATPase (or permeability of the input system). Most (but not all) ABC transporters form six hypothetical helical transmembrane segments [34]. Romano showed that the ABC transporter mcjd has high specificity for its substrate, and the experiment also proved that the nisin transporter nisT cannot recognize MccJ25. Similarly, nisT is also an ABC transporter, and these transporters depend on the energy generated by ATP hydrolysis as an energy source [35,36]. In this study, many ABC-ATPase-related genes, including patM, tcyc, tcyj, adcA, yfmr and rexb, were mutated. According to the transcriptomic analysis, the expression of some phosphoamino acid transporter-related genes, such as phnE, phnC and rbsA, was significantly downregulated. It is speculated that changes occur in the distribution of ATP energy, and a portion of ATP energy flows into the pathway related to ABC transport, which promotes the excretion of nisin outside the cell.




3.8.4. DEGs Related to Cysteine Thiometabolism Translation


Nisin is a small-molecular polypeptide composed of various amino acid molecules. Amino acid metabolism in all cells is closely related to nisin synthesis. Nisin, as a lanthanide compound, has an intramolecular sulfide bridge similar to those in other lanthanide compounds. During the modification process from the nisin precursor to mature nisin, serine and threonine in the core peptide must be hydrated by the cysteine protease NisB, followed by the coupling of these dehydrated residues with cysteine by cyclase (NisC), which is homologous to asparagine synthase, to form a sulfide ring [37]. Studies have shown that the automatic regulation of signal transduction in nisin biosynthesis [38] and the antibacterial mechanism of nisin, including binding with lipid II and the inhibition of bacterial cell wall synthesis [39,40,41], are related to the presence of sulfide bonds.



In this study, the mutated genes also included some genes involved in cysteine sulfur metabolism, such as cysteine tRNA synthase (CysS) and iron sulfur reductase (YtqA). According to our transcriptomic analysis, the expression of cysteine synthase (CysK), which is a gene related to cysS, was significantly upregulated, and the expression of the whole cysteine metabolic pathway was upregulated and enriched. With respect to the biosynthesis of nisin, the cysteine thiometabolism pathway is related to the formation of sulfide bonds. CysS catalyses the CO conversion of cysteine polysulfide [42], which improves the efficiency of nisin modification.




3.8.5. DEGs Related to Purine Metabolism


The de novo biosynthesis of purine plays an important role in various metabolic pathways. It is involved in not only nucleotide synthesis, but also other biosynthetic processes. Pur-type purine synthesis-related genes are related to different physiological activities of microorganisms. Yanfei Xia proved that purL, whose product catalyses the transformation of 5’-phosphoribosyl-N-formylglycinamide (FGAR) into 5’-phosphoribosyl-N-formyl-glycinamidine (FGAM) in the purine synthesis pathway, is a gene that affects Bacillus subtilis nematocidal activity [43]. Buendia-Claver analysed Sinorhizobium fredii with a mutation in the purL gene, and found that its specific lipopolysaccharide (LPS) changed [44]. Studies have shown that mutation of the pur gene usually leads to significant weakening of the virulence of human and animal pathogens. Mutation of the purE gene in Brucella melitensis reduces its ability to infect mice [45], and mutations of purL and purF in Francisella tularensis were also shown to significantly reduce the toxicity of the strain [46]. Maegawa analysed the relationship between the production of Clostridium difficile toxin and purine synthesis, and found that the production of C. difficile toxin was negatively correlated with the expression of the purL gene [47].



In this study, comparative genomic analysis revealed base mutations in the purL gene. According to the transcriptomic analysis, the expression levels of purL, purC, purD and purE, which are involved in the purine metabolism pathway, were significantly downregulated. Quanli Liu tested the characteristics of a purL mutant (Bacillus amyloliquefaciens L4) and proved, for the first time, that purl inactivation can significantly enhance the production of subtilosin A by B. amyloliquefaciens L4, resulting in a production level three times higher than that in the wild-type strain [36]. It can be inferred that mutations in the purL gene reduce the activity of its protein and improve the ability of L. lactis A32 to produce nisin.






4. Conclusions


In this study, the mutant L. lactis A32 was screened from among lxl strain bacteria subjected to ARTP and UV irradiation. Mutant A32 presented improved nisin production ability and nisin resistance. The results of comprehensive analysis show that strain A32 obtained in this study had a delayed growth rate compared with that of the original lxl strain. The comparative genomics results show that 107 genes in the A32 genome had mutations, and most base mutations were not located in the four well-researched nisin-related operons. The overall transcriptome sequencing and analysis showed that the output of nisin increased in L. lactis strain A32, which was accompanied by changes in the DNA replication-related gene dnaG, the ABC-ATPase transport-related genes patM and tcyC, the cysteine thiometabolism-related gene cysS, and the purine metabolism-related gene purL. This research provides novel insights into the traditional genetic mechanisms involved nisin production in L. lactis, which was far beyond the four traditional well-known nisin-related operons. This study revealed a series of DEGs related to high nisin yields, which provides important genomic information and highlights potential influencing factors for further improving nisin yields.
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Figure 1. Compound mutation and breeding process. 
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Figure 2. Mutagenesis preparation and results. (A) Lethality to L. lactis lxl of ARTP mutagenesis; (B) lethality to L. lactis lxl of UV mutagenesis; (C) mutagenic strain titre; (D) titre curves of L. lactis A32 and lxl with increasing fermentation times. 
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Figure 3. The cyclic images from the genome comparison. 
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Figure 4. Transcriptome sequencing results and analysis. (A) L. lactis and A32 gene coverage; (B) map of significant DEGs; (C) GO classification of DEGs; (D) statistical characteristics of DEG enrichment in KEGG pathways. Genes with no significant difference in expression are shown in black, upregulated genes are shown in red and downregulated genes are shown in green. 
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Table 1. Genome characteristics of L. lactis A32 and lxl.
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	Item
	A32
	lxl





	Genome size (bp)
	2,399,752
	2,399,772



	Correction (bp)
	3081
	3147



	GC content (%)
	35.24
	36.08



	No. CDSs
	2285
	2278



	CDS length (bp)
	75-4917
	75-4917



	No. tRNAs
	66
	66



	No. rRNAs
	18
	18



	No. sRNAs
	2
	2



	No. repeats
	42
	43
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Table 2. GO functional categories.
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	Functional Category
	No. A32 Genes
	No. Lxl Genes





	Translation, ribosomal structure and biogenesis
	148
	148



	RNA processing and modification
	0
	0



	Transcription
	160
	159



	Replication, recombination and repair
	119
	121



	Chromatin structure and dynamics
	1
	1



	Cell cycle control, cell division, chromosome partitioning
	19
	20



	Nuclear structure
	0
	0



	Defence mechanisms
	50
	50



	Signal transduction mechanisms
	55
	53



	Cell wall/membrane/envelope biogenesis
	104
	104



	Cell motility
	14
	14



	Cytoskeleton
	0
	0



	Extracellular structures
	0
	0



	Intracellular trafficking, secretion and vesicular transport
	25
	25



	Post-translational modification, protein turnover, chaperones
	55
	55



	Energy production and conversion
	74
	75



	Carbohydrate transport and metabolism
	172
	174



	Amino acid transport and metabolism
	195
	195



	Nucleotide transport and metabolism
	76
	76



	Coenzyme transport and metabolism
	75
	75



	Lipid transport and metabolism
	61
	61



	Inorganic ion transport and metabolism
	112
	113



	Secondary metabolites biosynthesis, transport and catabolism
	38
	38



	General function prediction only
	263
	263



	Function unknown
	202
	202
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Table 3. COG analysis and type of gene mutation.
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	Gene ID
	Name
	Mutation Type
	COG Functional Description





	L3G80_00845
	rexB
	SNP
	ATP-dependent nuclease, subunit B



	L3G80_00940
	ftsH
	SNP
	ATP-dependent Zn proteases



	L3G80_09890
	cysS
	SNP
	Cysteinyl-tRNA synthetase



	L3G80_00020
	gntP
	Ins
	H+/gluconate symporter and related permeases



	L3G80_08275
	yfmR
	Ins
	ATPase components of ABC transporters with duplicated ATPase domains



	L3G80_05905
	dut
	DEL
	dUTPase



	L3G80_11910
	ccpB
	DEL
	Beta-glucosidase/6-phospho-beta-glucosidase/beta-galactosidase



	L3G80_00735
	rpsI
	SNP/Del
	Ribosomal protein S9



	L3G80_08145
	purL
	SNP
	Phosphoribosylformylglycinamidine (FGAM) synthase, synthetase domain



	L3G80_05450
	patM
	SNP
	ABC-type amino acid transport system, permease component



	L3G80_05455
	tcyC
	SNP
	ABC-type polar amino acid transport system, ATPase component



	L3G80_05445
	tcyJ
	SNP
	ABC-type amino acid transport/signal transduction systems, periplasmic component/domain



	L3G80_11520
	adcA
	SNP
	ABC-type metal ion transport system, periplasmic component/surface adhesin



	L3G80_03200
	tig
	SNP
	FKBP-type peptidyl-prolyl cis-trans isomerase (trigger factor)



	L3G80_06070
	PAL
	Del
	Cell wall-associated hydrolases (invasion-associated proteins)



	L3G80_06075
	rex
	Del
	AT-rich DNA-binding protein



	L3G80_05015
	copB
	Ins
	Cation transport ATPase



	L3G80_10025
	rbcR
	Ins
	Transcriptional regulator



	L3G80_11525
	zitR
	SNP
	Transcriptional regulators



	L3G80_05095
	mraY
	SNP
	UDP-N-acetylmuramyl pentapeptide phosphotransferase/UDP-N-acetylglucosamine-1-phosphate transferase



	L3G80_03295
	dnaG
	SNP
	DNA primase (bacterial type)



	L3G80_03435
	tspO
	SNP
	Tryptophan-rich sensory protein (mitochondrial benzodiazepine receptor homologue)



	L3G80_03890
	brnQ
	SNP
	Branched-chain amino acid permeases



	L3G80_00800
	ytqA
	SNP
	Predicted Fe-S oxidoreductase



	L3G80_02410
	thiT
	Ins
	Predicted membrane protein



	L3G80_10565
	yadS
	Ins
	Predicted membrane protein



	L3G80_07665
	arlR
	Del
	Response regulators consisting of a CheY-like receiver domain and a winged-helix DNA-binding domain



	L3G80_02525
	penA
	Ins
	Cell division protein FtsI/penicillin-binding protein 2



	L3G80_02535
	ddl
	Ins
	D-alanine-D-alanine ligase and related ATP-grasp enzymes
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