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A B S T R A C T   

Nitrite has the potential risk of hypoxic poisoning or cancer in pickled food. In our previous study, Limosi-
lactobacillus fermentum (L. fermentum) RC4 is effective in nitrite degradation by producing nitrite reductase B 
(NirB). To investigate the detailed mechanism from the genome, response, and regulation of NirB, the whole- 
genome sequence of L. fermentum RC4 was analyzed, the L. fermentum-EGFP-nirB with enhanced green fluores-
cent protein (EGFP) labeled the nitrite reductase large subunit nirB, and the recombined L. fermentum-NirB with 
overexpression NirB strain was conducted. The key genes within the dominant metabolism pathways may be 
involved in stress tolerance to regulate the degrading process. The green fluorescence density of EGFP indicated 
that NirB activity has a threshold and peaked under 300 mg/L nitrite concentration. NirB overexpressed in 
L. fermentum RC4 boosted the enzyme activity by 39.6% and the degradation rate by 10.5%, when fermented in 
300 mg/L for 40 h, compared to the control group. RNA-seq detected 248 differential genes mainly enriched in 
carbohydrate, amino acid, and energy metabolism. The ackA gene for pyruvate metabolism and the mtnN gene 
for cysteine metabolism were up-regulated. NirB regulates these genes to produce acid and improve stress 
resistance for L. fermentum RC4 to accelerate nitrite degradation.   

1. Introduction 

Nitrite primarily exists in the form of sodium nitrite (NaNO2) in 
cured products. In addition to the externally added nitrite during the 
curing process, nitrogen-containing compounds are converted into ni-
trite under the amination and nitrification of endogenous microbiota 
(Giguere et al., 2018). Nitrite is frequently used to improve food quality, 
for example, making meat products bright red in color (Huang et al., 
2019), inhibiting the growth and metabolism of pathogenic bacteria 
(Elias et al., 2020), preventing lipid peroxidation and reduce the gen-
eration of bad smell in pickled food (Duan et al., 2018). The residual 
nitrite interacts with amine or amide substances in the human body to 
produce strong carcinogenic N-nitrosamine compounds raise cancer 
risks (Chetty et al., 2018), and oxidize human hemoglobin reducing the 

capacity of oxygen delivery (Stepuro et al., 2012). 
Lactic acid bacteria (LAB), as the predominant food-grade probiotic 

in fermented and pickled foods, possess a unique enzyme system capable 
of reducing nitrosamine and controlling endotoxin, enabling them to 
produce nitrite reductase to degrade nitrite (Yu and Zhang, 2013). Ni-
trite degradation by LAB includes enzymatic degradation, acidic 
degradation, and produces non-acid and non-enzymatic substances (Xia 
et al., 2022). In the early stage of fermentation, LAB produces less acid 
and a small amount of H+ neutralizes nitrite reductase acting on nitro-
gen oxides (Hu et al., 2023). In the later stage of fermentation, the 
non-enzyme disproportionation reaction between nitrite and a large 
amount of H+ generated by LAB causes NO2

- to be transformed into NO 
inhibiting the activity of nitrite reductase (Tiso and Schechter, 2015). 
Besides, the nisin (dos Santos et al., 2023), exopolysaccharide (Zhu 
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et al., 2018), vitamin (Du et al., 2018), and protein compound (Fang 
et al., 2016) produced by LAB showed well nitrite depletion ability in 
sausages and pickles. 

Nitrite reductase, an intracellular enzyme that exists in the cyto-
plasm as well as in the periplasm space or cell membrane, can reduce 
nitrite to NO or NH3 in the nitrogen cycle (Khlebodarova et al., 2016). 
Based on the difference in reactants and cofactors, nitrite reductases can 
be divided into Cu-containing nitrite reductase (CuNiRs), cytochrome 
cd1 nitrite reductase (cd1NiRs), cytochrome c nitrite reductase (ccNiRs) 
and ferredoxin-dependent nitrite reductase (FdNiRs) (Gao et al., 2017). 
Nitrite reductase B (NirB), an enzyme involved in the nitrogen cycle 
ammonification pathway, employs NADH as an electron donor to 
decrease nitrite in the cytoplasm under anaerobic conditions. The large 
subunit NirB and the small subunit NirD, encoded by the nirB and nirD 
genes respectively, work together to degrade nitrite by forming the 
NirBD complex. The two iron–sulfur clusters (4Fe-4S) of NirB control the 
electron transport and nitrite reduction (Izumi et al., 2012). 

In previous work, isobaric tags for relative and absolute quantifica-
tion (iTRAQ) proteomics and bioinformatics analysis were used to 
investigate the protein expression patterns of nitrite degradation by 
L. fermentum RC4. Enzymatic degradation is dominating, and the 
expression of key gene nirB in nitrogen metabolism was up-regulated 
under the high sodium nitrite concentration for enhancing denitrifica-
tion (Zeng et al., 2018). However, the intracellular label of nirB and the 
response to nitrite concentration to reveal the regulation mechanism 
need further research. Enhanced green fluorescent protein (EGFP) can 
be used as a reporter protein with cell organelle-specific targeting and 
retaining signals for clarifying protein intracellular localization and 
functional analyses (Okino et al., 2018). The fluorescent protein can 
track the labeled bacteria cells survival under stress conditions, and 
aggregate in the cytosol when highly expressed in bacteria expression 
systems (Gao et al., 2020). 

The study aims to investigate the potential mechanism of 
L. fermentum RC4 degrading nitrite in terms of genome, response and 
regulation. The whole genome analysis of L. fermentum RC4 was pro-
cessed to identify pathways related to nitrite degradation. The EGFP 
labeled L. fermentum-EGFP-nirB was constructed to confirm the NirB 
expression activity under nitrite stress conditions. The overexpression 
strain L. fermentum-NirB was constructed to evaluate the nitrite 
degrading effect, and integrated with RNA-seq to find the metabolism 
pathways involved in nitrite degrading. The study will provide new 
insight into the construction of recombinant L. fermentum RC4 serving as 
a model strain to decrease nitrite in salted food. 

2. Materials and methods 

2.1. Materials 

L. fermentum RC4 was preserved at the China General Microbiolog-
ical Culture Collection Center (CGMCC NO. 8212). De Man, Rogosa and 
Sharpe (MRS) agar and broth medium were purchased from Qingdao 
Hope Bio-Technology Co., Ltd. (Shandong, China), and the Luria-Bertani 
(LB) medium was purchased from Fuyuan Biotch Co., Ltd. (Shanghai, 
China). The pET-28a-EGFP plasmid was purchased from Fenghui 
Biotech Co. Ltd (Hunan, China), and the Stbl3 E. coli competent cells 
were purchased from TransGen Biotech Co., Ltd. (Beijing, China). 
Polyethylene glycol (PEG) 20000 was purchased from Solarbio Tech-
nology Co., Ltd. (Beijing, China). The genomic DNA extraction kit, 
plasmid extraction kit, gel recycling kit, and reverse transcription PCR 
kit were obtained from Omega Bio-tek, Ink. (Georgia, USA). Template-
PrepKit 1.0 kit was obtained from KAPA Biosystems (Massachusetts, 
USA). ClonExpress II One Step Cloning Kit, and Ribo-off rRNA Depletion 
kit were obtained from Nanjing Vazyme Biotech Co., Ltd. (Jiangsu, 
China). HiPure Bacterial RNA Kit was obtained from Magen Biotech Co., 
Ltd. (Shanghai, China). The nitrite reductase activity assay kit was 
purchased from Suzhou Comin Biotech Co., Ltd. (Jiangsu, China). The 

nitrite detection kit was purchased from Nanjing Jiancheng Technology 
Co., Ltd. (Jiangsu, China). Other reagents are analytical grade. 

2.2. Bacterial strains growth condition and whole genome sequencing 

L. fermentum RC4 was incubated in MRS agar medium at 37 ◦C for 
12–16 h. The single colony was selected and inoculated into MRS broth. 
The bacterial culture was grown to the logarithmic growth phase at 
37 ◦C. A volume of 200 μL well-mixed bacterial suspension was 
dispensed into each of three replicate wells in a 96-well plate, and the 
optical density at 600 nm (OD600) was measured to reach a value of 
0.6–0.8 using the Infinite 200 pro plate reader (TECAN, Switzerland). 
Bacteria were collected by centrifugation (Centrifuge 5804 R, Eppen-
dorf) at 7000 rpm for 5 min at 4 ◦C, and washed three times with 
phosphate-buffered saline and stored at − 80 ◦C. Genomic DNA extrac-
tion kit was used to extract total DNA. TemplatePrepKit 1.0 kit was used 
to build the genomic library. The amplified library was sequenced using 
the Pacbio Sequel system. The data obtained by Pacbio Sequel were 
assembled using Unicycler and Flye software to obtain contig sequences, 
and then the contig results were corrected using Pilon software to 
assemble the complete sequence (Walker et al., 2014). 

2.3. Construction of fluorescent-labeled recombinant expression 
L. fermentum RC4 

2.3.1. Cloning of nirB and egfp 
The sequence of nirB gene and pET-28a-EGFP plasmid was acquired 

from the National Center for Biotechnology Information (NCBI) 
(Bethesda, MD, USA). The primers of nirB and egfp gene were designed 
using Primer 5 and CE Design V1.04 (Table S1). The sites for restriction 
digestion are 5′ terminal Sal I and 3′ terminal Hind III. The primers were 
synthesized by Sangon Biotech Co., Ltd. (Shanghai, China). The pET- 
28a-EGFP plasmid was transferred into Stbl3 E. coli competent cells by 
heat shock and the mixture was coated on Luria-Bertani (LB) medium 
with 50 μg/mL kanamycin. pET-28a-EGFP plasmid was extracted by a 
small volume plasmid extraction kit and stored at − 20 ◦C. PCR was 
performed to amplify the nirB and egfp (Table S2). The PCR products 
were purified by agarose gel electrophoresis at 120 V for 30 min and 
recovered using the gel recycling kit. 

2.3.2. Construction of recombinant plasmid pMG36e-EGFP-nirB 
pMG36e was extracted by plasmid extraction kit from E. coli, and 

double digestion by Sal I and Hind III restriction endonuclease at 37 ◦C 
for 5 min (Table S3). The targeted genes of nirB and egfp and plasmid 
pMG36e were sequenced by Sangon Biotech. The construction of re-
combinant plasmid pMG36e-EGFP-nirB was performed by ClonExpress 
II One Step Cloning Kit (Table S4). The recombined products were 
transferred into E. coli competent cells by heat shock at 42 ◦C after being 
placed in an ice bath for 30 min. The recombinant cells were coated on 
LB agar medium with 100 μg/mL kanamycin to screen the positive 
clones identified by PCR and sequenced by Sangon Biotech. 

2.3.3. Construction of recombinant L. fermentum-EGFP-nirB 
Single colonies were selected and cultured overnight in MRS broth. A 

total volume of 2 mL inoculum was plated in MRS broth with 0.5% 
glucose and 0.5% glycine until OD600 of 0.6–0.8, and collected by 
centrifugation at 3000 rpm for 10 min. Sterile deionized water and A 
solution (10% glycerol and 10% sucrose, v/v) were precooled to 0 ◦C 
and wash bacteria twice. Centrifugation and resuspended bacteria in A 
solution. The bacteria are frozen in liquid nitrogen and stored at − 80 ◦C. 
Gently mix 2 μL of pMG36e-EGFP-nirB and 100 μL of L. fermentum RC4 
competent cells in sterile tubes, and electroporated at 1.2 kV for 4 ms. 
Add 1 mL pre-cooled MRS broth and resuscitate at 37 ◦C for 3 h. Fluo-
rescent labeled and control strains were named L. fermentum-EGFP-nirB 
and L. fermentum-0, respectively. PCR was performed with primer 
pMG36e F/R for verification (Tables S5 and S6). 
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2.3.4. The expression activity of L. fermentum-EGFP-nirB at different 
concentrations of nitrates 

0, 100, 200, 300, 400, and 500 mg/mL nitrate-contained MRS broth 
were prepared and incubated with 2% L. fermentum RC4 inoculum at 
37 ◦C for 8 h. The fluorescent density was visualized by Nikon A1R 
confocal laser scanning microscope (CLSM) (Tokyo, Japan). The exci-
tation light was selected as green, the excitation wavelength was 488 nm 
and the receiver wavelength was 550 nm. 

2.4. Construction of overexpression L. fermentum-NirB 

2.4.1. Cloning of nirB, construction of recombinant plasmid pMG36e-nirB 
and overexpression L. fermentum-NirB 

The same steps were followed in section 2.2. PCR was performed to 
amplify nirB (Tables S7 and S8). The reaction system for the construction 
plasmid pMG36e-nirB is followed in Table S9. Electrotransformation 
was used to transform pMG36e-nirB into L. fermentum named 
L. fermentum-NirB and the control strain named L. fermentum-0. Plasmid 
pMG36e was resistant to erythromycin, detecting the maximum eryth-
romycin tolerance concentration of L. fermentum RC4 to screen positive 
clones. L. fermentum RC4 was coated on 0, 1, 2, 3, 4, 5, 6, and 7 μg/mL 
erythromycin MRS plates at 37 ◦C for 48 h to detect the maximum 
erythromycin tolerance. The L. fermentum-NirB strains were coated on 
erythromycin MRS plates to screen the positive clones verified by PCR. 

2.4.2. qPCR analysis of nirB expression 
The total RNA was extracted according to the HiPure Bacterial RNA 

Kit. The reverse transcription PCR kit was used to obtain cDNA 
(Table S10). 16S rRNA was the internal reference for nirB. The 16S rRNA 
PCR primers were designed according to Kim et al. (Table S11) (Kim 
et al., 2014). The 2-ΔΔCt method was used to calculate the expression of 
gene (Livak and Schmittgen, 2002). In order to minimize errors in the 
qPCR, the addition of cDNA was expanded to 5 μL, and other compo-
nents in the reaction system were equally expanded (Table S12). 

2.4.3. Determination of nitrite reductase content, NirB activity, growth 
curve and nitrite degradation rate 

The extraction and purification of nitrite reductase were according to 
previous studies with some modifications. The recombinant L. fermen-
tum-NirB and L. fermentum-0 were inoculated into MRS broth at 37 ◦C for 
12–16 h. Lysozyme was added to the culture for cell wall disruption for 
2 h, followed by ultrasonic treatment at 36 kHz for 15 min. The super-
natant was collected by centrifugation at 12000 rpm for 15 min at 4 ◦C. 
The crude extract was precipitated using ammonium sulfate at 4 ◦C for 6 
h and centrifugation at 5000 rpm for 30 min, followed by dialyzed 
against deionized water at room temperature for 5 d (Ferroni et al., 
2012). The dialysis bag was embedded with PEG 20000 to concentrate 
the sample. The nitrite reductase content was determined by the method 
of ultraviolet absorption at 280 nm, with bovine serum albumin (BSA) as 
standard. NirB enzyme activity was determined by the nitrite reductase 
activity assay kit. The growth curve of recombinant strains was deter-
mined for 36 h at OD600. The nitrite content was determined every 5 h by 
the nitrite detection kit. 

2.5. RNA-seq analysis of L. fermentum-NirB 

The total RNA was extracted followed by section 2.3.2. mRNA was 
purified by Ribo-off rRNA Depletion kit. The quality of extracted RNA 
using the Agilent Bioanalyzer 2100 Bioanalyzer (Agilent Technologies, 
Inc., USA). The cDNA libraries were sequenced using Illumina Hiseq 
4000. Differentially expressed genes (DEGs) were screened based on 
log2 Fold Change > 1 and significance p < 0.05. Gene Ontology (GO) 
(https://geneontology.org) was performed to identify the biological 
function. The Kyoto Encyclopedia of Genes and Genomes (KEGG) 
Pathway (https://www.genome.jp/kegg/pathway.html) was performed 
to analyze the enrichment characteristics of the significant DEGs. 

2.6. Data analysis 

All the experiments were repeated three times. SPSS 22.0 (IBM, USA) 
was used to analyze statistics. Experimental differences were deter-
mined using one-way ANOVA and Duncan test at 0.05 levels. Graphpad 
Prism 9 and Adobe Illustrator 2022 were utilized for generating the 
figures. The CGView was used to draw the circular genome map (Sto-
thard et al., 2017). The ggplot2 was employed for generating volcano 
plots, the Pheatmap was utilized for cluster analysis, and the topGO was 
used for screen enrichment GO terms. 

3. Results 

3.1. Genome sequence analysis of L. fermentum RC4 

The gene features of L. fermentum RC4 might provide the basis for the 
nitrite degradation mechanism. The sequence length of L. fermentum 
RC4 was 2,060,268 bp, with GC content of 51.20% (Fig. 1). The genome 
sequence of L. fermentum RC4 was submitted to NCBI with accession 
number PRJNA976665. Carbohydrate-active enzyme database (CAZy) 
including glycoside hydrolases (GHs), glucosyl transferases (GTs), 
polysaccharide lyases (PLs), carbohydrate esterases (CEs), auxiliary ac-
tivities (AAs) and carbohydrate-binding modules (CMBs). The higher 
gene number of GTs and GHs showed L. fermentum RC4 has the potential 
to resist pathogens and immune stimulation (Fig. S1 and Appendix B.) 
(Liu et al., 2022). Evolutionary genealogy of genes Non-supervised 
Orthologous Groups (eggNOG) annotation suggested that the domi-
nance genes are related to amino acid, nucleotide, carbohydrate and 
coenzyme transport and metabolism (Fig. S2). These key genes within 
the carbohydrate and amino acid pathways may be involved in the en-
ergy metabolism and stress tolerance of L. fermentum RC4 to regulate the 
nitrite degradation process. 

3.2. Construction of L. fermentum-EGFP-nirB and the effect of nitrate 
concentrations on NirB activity 

3.2.1. Construction of fluorescent-labeled recombinant expression plasmid 
pMG36e-EGFP-nirB 

L. fermentum RC4 grew on erythromycin plates at a concentration of 
0–4 μg/mL and ceased to grow as the concentrations increased from 5 to 
7 μg/mL (Fig. S3). Choose 5 μg/mL erythromycin as culture concen-
trations for recombinant L. fermentum RC4. The agarose gel electro-
phoresis amplified band of the purification egfp and nirB genes were 
clear and bright (Fig. 2 A and Fig. 2 B). The two bands were between 
600-800 bp and 1000–1500 bp, respectively, which were consistent with 
the target gene (717 bp for egfp and 1350 bp for nirB). The primers were 
high specificity and the PCR amplification conditions were suitable for 
efficient amplification of the targeted fragments. The PCR products were 
100% similar to the egfp and nirB sequences, indicating that the targeted 
fragments were correct for PCR. The vector plasmid pMG36e was double 
digestion by Sal I and Hind III restriction, with a 14 bp interval between 
digestion sites. The DNA marker indicated a minimum length of 100 bp 
for agarose gel electrophoresis. There was a single lane appeared in the 
electrophoresis (Fig. 2 C). The sequence results were compared to the 
pMG36e sequence, and selected successful digestion plasmid. The re-
combinant plasmid pMG36e-EGFP-nirB was constructed (Fig. S4). The 
PCR amplification of recombinant L. fermentum RC4 bands is uniform 
without trailing traces (Fig. 2 D). The length of the bands was 3444 bp 
which means the recombinant plasmid was successfully transferred into 
L. fermentum RC4. DNAMAN results showed that the sequence was 
completely overlapping with the target sequence, indicating recombi-
nant plasmid has been constructed. 

3.2.2. The expression activity of NirB at different nitrate concentrations 
The recombinant plasmid pMG36e-EGFP-nirB was electro-

transformed to L. fermentum RC4 resulting in the linkage of egfp and nirB. 
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It was observed that the NirB produced by L. fermentum-EGFP emitted 
intense green fluorescence under the excitation wavelength of 488 nm, 
whereas the blank control group exhibited a weaker response (Fig. 2 E). 
The intensity of NirB expression activity can be assessed based on the 
density of the observed green fluorescence. Each green fluorescent spot 
represents nitrate reductase NirB, and all recombinant L. fermentum RC4 
is normally active when observed by CLSM. The green fluorescence 
density increased with the nitrate concentrations enhanced, reaching a 
maximum at concentrations of 300 mg/L and then began to decrease. 
NirB has higher enzyme activity under 300 mg/L nitrite. 

3.3. The effect of NirB on L. fermentum RC4 growth and nitrite 
degradation 

3.3.1. Construction of recombinant plasmid pMG36e-nirB 
The recombinant plasmid pMG36e-nirB was constructed (Fig. S5). 

The PCR amplification of recombinant L. fermentum RC4 bands was 
single and bright without trailing (Fig. 3 A and Fig. 3 B). The length of 

the pMG36e plasmid band is 1377 bp, and the length of the recombinant 
pMG36e-nirB band is 2727 bp. It indicates that the recombinant plasmid 
was successfully transferred into L. fermentum RC4. The DNAMAN 
comparison results showed that the PCR products overlapped with the 
target sequences, indicating that the recombinant plasmid was suc-
cessfully constructed. 

3.3.2. qPCR analysis, nitrite reductase content, NirB enzyme activity, 
growth curve and nitrite degradation rate of recombinant L. fermentum-NirB 

The qPCR results indicated that the expression level of the nirB gene 
in the recombinant strain L. fermentum-NirB was 3.17 times higher than 
that in the control strain L. fermentum-0 (p < 0.0001), suggesting that 
nirB gene was successfully overexpressed in L. fermentum RC4 (Fig. 3 C). 
The nitrite reductase content of L. fermentum-NirB was 217.39 mg/mL, 
19.7% higher than L. fermentum-0 (Fig. 3 D). The NirB enzyme activity of 
L. fermentum-NirB is 381.8 U/L which increased 39.6% compared to the 
control group (273.5 U/L) (Fig. 3 E). The logarithmic period of the re-
combinant strains was 3–10 h, and the growth rate gradually decreased 

Fig. 1. The genome map of L. fermentum RC4. The first circle represents the scale. The second circle represents GC skew, which is used to measure the difference in 
the relative content of bases G and C in single-stranded DNA. The calculation method is (nG - nC)/(nG + nC), the content of G is greater than C is recorded as GC 
skew+, and the content of G is less than C is recorded as GC skew-. The third circle represents the GC content. The fourth and seventh circles represent each coding 
sequence CDS (Coding sequence) belonging to COGs (Cluster of orthologous groups). The fifth and sixth circles represent the positions of CDS, tRNA and rRNA on 
the genome. 

Q. Fan et al.                                                                                                                                                                                                                                     



Current Research in Food Science 8 (2024) 100749

5

after 10 h and entered the stable period. The growth rate and OD600 
values of L. fermentum-0 were smaller than L. fermentum-NirB (Fig. 3 G). 
The nitrite degradation rates for the overexpression group and the 
control group under 300 mg/L nitrite were 9% and 8% within the first 5 
h, respectively. The nitrite degradation rate was significantly acceler-
ated after 5 h, which reached L. fermentum-NirB of 29% and 
L. fermentum-0 of 24.7%. Up to 40 h, the nitrite concentration of the 
overexpression strain was 25 mg/L with the degradation rate of 91.7%, 
and the control group was 51 mg/L and 83%, increased 10.5% compared 
to the control group (Fig. 3 F). 

3.4. RNA-seq analysis of the effect and regulatory mechanism of NirB on 
the degradation of nitrite by L. fermentum RC4 

3.4.1. DEGs screening and analysis 
Transcriptomics could provide large findings about DEGs, novel 

genes, and detecting transcriptome expression of LAB (Li et al., 2022). 
L. fermentum-0 and L. fermentum-NirB were represented as L0 and L1. 
The percentage of bases recognition rates above 99% (Q20) reached 

97.92% and 97.69%, and the percentage of bases recognition rates 
above 99.9% (Q30) reached 94.39% and 93.80%, respectively. The 
reference genome index was created by Bowtie2 (http://bowtie-bio.so 
urceforge.net/index.shtml), and compared the filtered Reads to the 
reference genome. The compliance rate of L0 and L1 groups reached 
96.77% and 94.33%, respectively, and there was no significant differ-
ence between the three parallels in each group (p > 0.05). The results of 
library and RNA sequencing could accurately reflect the actual situation 
of the samples. A total of 474 gene expressions were significantly 
changed in L1 compared to L0, including 240 genes up-regulated and 
234 genes down-regulated, accounting for 50.6% and 49.4% of the total 
DEGs, respectively (Fig. 4 A and Appendix C.). The biological informa-
tion of the three parallel groups of L0 and L1 was of good quality, and 
the overexpression of NirB enzyme resulted in significant changes in the 
recombinant L. fermentum RC4 at the transcriptome level (Fig. 4 B). 

3.4.2. GO and KEGG pathway analysis 
GO enrichment analysis can provide an in-depth understanding of 

the functional distribution of DEGs. TopGO has three ontological 

Fig. 2. The construction of fluorescence labeling strain L. fermentum -EGFP. (A) Electrophoresis of PCR amplified gene. M: DNA Marker. L: PCR product of egfp gene. 
(B) Electrophoresis of PCR amplified gene. M: DNA Marker. L: PCR product of nirB gene. (C) Electrophoresis of pMG36e plasmid digestion. M: DNA Marker. L: 
Plasmid digestion product of pMG36e. (D) PCR verification of pMG36e-EGFP-nirB recombinant plasmid. M: DNA Marker. L: PCR product of pMG36e-EGFP-nirB. (E) 
Green fluorescence of recombinant strain L. fermentum-EGFP under different nitrite concentrations. a–f: the nitrite concentration of 0 mg/L, 100 mg/L, 200 mg/L, 
300 mg/L, 400 mg/L, and 500 mg/L. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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classification annotations: biological process (BP), cellular component 
(CC), and molecular function (MF). A total of 894 DEGs in L. fermentum- 
0 and L. fermentum-NirB were classified into three functional categories 
in GO, with 456 genes enriched in BP, 347 genes enriched in CC, and 91 
genes exhibiting differences in MF (Fig. 4 C and Appendix D.). Regarding 
BP, notable changes were observed in pathways such as the organo-
nitrogen compound biosynthetic and metabolic process, organic acid 
biosynthetic process, and amino acid biosynthetic and metabolic pro-
cess. In terms of CC, significant differences were observed in genes 
related to ribosome, ribonucleoprotein complex, organelle, non- 
membrane-bound organelle, cytoplasmic ribosome, and protein- 
containing complex. For MF, the DEGs were primarily enriched in the 
structural constituent of ribosome, structural molecule activity, binding, 
cofactor binding, oxidoreductase activity, RNA binding and other 
regions. 

The changes in major metabolic pathways were revealed by KEGG 
Pathway enrichment analysis (Fig. 4 D). A total of 346 DEGs were an-
notated and involved in 85 metabolic pathways, with 248 DEGs 
(71.68%) categorized into metabolic pathways, and 54 DEGs (15.61%) 
classified as related to genetic information processing. Additionally, a 
total of 24, 16, and 4 DEGs were associated with environmental infor-
mation processing, human diseases, and cellular processes, respectively. 
The main changed metabolic pathways include carbohydrate meta-
bolism, amino acid metabolism and energy metabolism. 

3.4.3. Carbohydrate metabolism and amino acid metabolism gene analysis 
The overexpression of nirB stimulates genetic changes related to the 

carbohydrate and amino acid metabolic pathways according to the 
KEGG results. The representative DEGs were distributed in a variety of 
carbohydrate and amino acid metabolic pathways (Table 1). The DEGs 

in carbohydrate metabolism mainly focus on pyruvate metabolism, 
glycolysis/gluconeogenesis, citrate cycle (TCA cycle), starch and sucrose 
metabolism, amino and nucleotide sugar metabolism, and pentose 
phosphate pathway. A total of 69 genes were involved in the carbohy-
drate metabolism pathway, containing 43 up-regulated genes and 26 
down-regulated genes. The DEGs in amino acid metabolism mainly 
focused on cysteine and methionine metabolism, arginine biosynthesis 
et al. There are 31 up-regulated genes and 28 down-regulated genes in 
the amino acid metabolic. 

4. Discussion 

L. fermentum RC4 can be effectively used in the control nitrite content 
in fermented foods, however more sufficient evidence of the mechanism 
during the process especially enzyme expression level and nirB intra-
cellular label is needed. The whole genome sequence results reveal that 
L. fermentum RC4 has the potential of adaptability and stress resistance 
to environment, which provides a base for the following research. 
L. fermentum-EGFP-nirB as the model strain, the main features of fluo-
rescence labeling NirB was investigated. The plasmid fragment con-
nected egfp-nirB can respond to a specific nitrite environment, and 
reporter protein EGFP will be expressed. The fluorescence intensity of 
the reporter protein can be used as an indicator to reflect the concen-
tration of the nitrite. In order to clarify the regulatory role of nirB in 
denitrification and nitrogen metabolism, the L. fermentum-NirB was 
constructed with the plasmid pMG36e-nirB, which shows a better nitrite 
degrading effect. 

EGFP exhibits photostability under low light conditions and gener-
ates a single absorption band peaking near 490 nm resulting in the 
phenolate anion of Tyr66 (Herman et al., 2018). The fluorescence 

Fig. 3. The overexpression of NirB in L. fermentum RC4. (A) PCR verification of plasmid pMG36e. M: DNA Marker. L: PCR product of pMG36e. (B) PCR verification of 
plasmid pMG36e-nirB. M: DNA Marker. L: PCR product of pMG36e-nirB. (C) Relative expression of nirB in overexpression strains. (D) The content of nitrite reductase 
in recombinant L. fermentum RC4. (E) The enzyme activity of recombinant L. fermentum RC4. (F) The nitrite degradation curve of recombinant L. fermentum RC4. (G) 
The growth curve of recombinant L.fermentum RC4 at 300 mg/mL nitrite concentration. Asterisk (****) means p < 0.0001. 
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intensity detected by EGFP in each cell was higher, and the proportion of 
cells below the fluorescence detection threshold was lower, which 
facilitated the observation by microscopy (Garay-Novillo et al., 2019). 
The L. fermentum-EGFP could monitor NirB within the concentration of 
0–500 mg/L nitrite via the fluorescence intensity of expressed EGFP. The 
fluorescence performance at 0–300 mg/L nitrite concentration can be 
speculated that nitrite concentration in the environment is positively 
correlated with NirB expression activity (Song et al., 2020). The pH 
values of the recombinant L. fermentum-EGFP culture media were 

greater than 4.0, indicating that the enzymatic degradation was the 
primary mechanism for nitrite degradation (Huang et al., 2021). NirB is 
a nitrogen cycle ammonification pathway enzyme that catalyzes the 
conversion of NO2

- to NH4
+ and can decrease nitrite in the cytoplasm 

under anaerobic conditions with NADH as an electron donor (Yılmaz 
et al., 2022). The NirC protein is responsible for this transport. The 
density of green fluorescence diminishes when the nitrite concentration 
is 400 and 500 mg/ml, and this could be because the high nitrite con-
centrations impeded the growth of L. fermentum RC4. The OD600 of 400 

Fig. 4. RNA-seq of NirB on the degradation of nitrite by L. fermentum RC4. Recombinant strains L. fermentum-0 and L. fermentum-NirB are represented as L0 and L1. 
(A) The volcano plot of DEGs. The x-coordinate is log2FoldChange and the y-coordinate is -log10 (p-value). The two vertical dotted lines in the figure represent the 
threshold of twice the expression difference. The horizontal dotted line indicates the threshold of P-value = 0.05. Red dots indicate up-regulated genes, blue dots 
indicate down-regulated genes, and gray dots indicate non-significant DEGs. (B) The clustering of DEGs. Horizontally representing genes, each column presents one 
sample. Red indicates high-expression genes and green indicates low-expression genes. (C) GO analysis of DEGs. The x-coordinate is the term of Go level2, and the y- 
coordinate is -log10 (p-value) enriched in each term. (D) KEGG pathway enrichment of DEGs. The x-coordinate is pathway name, and the y-coordinate is -log10 (p- 
value) enriched in each pathway. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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and 500 mg/L nitrite medium is significantly lower than the other 
groups. It indicates that excessive nitrite concentration might inhibit the 
growth of L. fermentum RC4, which results in decreased NirB enzyme 
expression activity. Besides, the overexpression of nirB gene could 
effectively increase the content of nitrite reductase by 42.83 mg per unit. 
Nitrite degradation relies on pH conditions. The final pH of the culture 
media for the L. fermentum-NirB and L. fermentum-0 were 4.33 and 4.53, 
respectively, indicating that enzymatic degradation is dominant. Ac-
cording to the growth curve, the recombinant L. fermentum-NirB entered 
the logarithmic growth phase after 5 h, during which the bacterial 
metabolism was robust and acid production increased. In the previous 
study, the substances produced by L. fermentum RC4 exhibited effective 
nitrite degradation ability, particularly when synergistically combined 
with acids (Xia et al., 2022). Representative metabolites, such as 
trans-aconitic acid, MTP, isocitric acid, and lysine, are capable of 
degrading nitrite through mechanisms including decarboxylation re-
actions, providing energy, and promoting enzymatic activity. It can be 
speculated from the trend that NirB enzyme overexpression indicates a 
significant promotion of nitrite degradation. 

The representative DEGs expression in the carbohydrate and amino 
acid metabolism were investigated by RNA-seq. L. fermentum RC4 is a 
facultative anaerobe bacteria that obtains ATP energy derived from 
glycolysis, pyruvate and amino acid metabolism. Genes involved in 

gluconeogenesis and glycolysis, the ldh gene for lactate dehydrogenase 
(LDH), gapA gene for glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH), pgk gene for phosphoglycerate kinase, aceE gene for pyruvate 
dehydrogenase E1 component, adhE gene for acetaldehyde dehydroge-
nase/alcohol dehydrogenase, and galM gene for aldose 1-epimerase, 
were up-regulated. LDH is a class of NAD-dependent kinases that cata-
lyze the reduction and oxidation reactions between propionic acid and 
L-lactic acid, as well as the related α-keto acid (Jung et al., 2019). The 
decrease in LHD activity is one of the primary causes of bacterial damage 
after freeze drying (Kawai and Suzuki, 2007). GAPDH is a cytoplasmic 
protein involved in glycolysis and has crucial physiological functions 
(Deng et al., 2020). It is crucial for ensuring cell life because the activity 
level directly affects the survival rate of bacterial cells (Corcoran et al., 
2005). The up-regulation of phosphoglycerate kinase (pgk), a crucial 
enzyme in glycolysis, accelerates the catalysis of the 1,3-bisphosphogly-
cerate to 3-phosphoglycerate, which serves as a precursor of lipoteichoic 
acid and mediate the characteristics of S-layer protein (Cai et al., 2020). 
Glycogenesis and glycolysis are the main pathways for energy acquisi-
tion in bacteria cells, during which glucose is catalyzed to produce py-
ruvate and energy, and pyruvate can be further reduced to lactate (Wu 
et al., 2016). It can be speculated that the enhanced cellular ATP and 
pyruvate synthesis supports higher survival rates of bacteria. In the same 
way, the up-regulation of genes that code for pyruvate 
metabolism-related enzymes, such as pyruvate dehydrogenase and 
phosphate acetyltransferase, speed up bacteria breakdown of pyruvate 
to make lactate and provide energy for cells. Besides, the up-regulation 
of acetate kinase (ackA) promotes pyruvate to acetate metabolism (Tojo 
et al., 2010), which is may available for LAB growth conditions to create 
acid to speed up the rate of nitrite breakdown. 

Amino acid metabolism can assist the strain to resist changes in the 
external situation through metabolic regulation in a stressed environ-
ment (Le et al., 2022). Cysteine nucleotidases and methionine synthase 
were encoded by mtnN and metK, which are important enzymes for 
cysteine metabolism (André et al., 2008). In the overexpression group, 
the gene expression related to cysteine synthesis of serA, mtnN and ilvE 
was up-regulated. Cysteine functions as an osmoprotectant to prevent 
cellular damage from hyperosmotic environments (Liu et al., 2015). In 
addition, cysteine is the immediate precursor for the synthesis of 
glutathione (GSH), which is a low molecular weight mercaptan com-
pound and has antioxidant and scavenge intracellular free radicals 
properties (McBean, 2017). These up-regulated genes may help cells 
adapt to environmental stress through increases in the production of 
cysteine, which may be an important mechanism for decreasing nitrite. 
On the contrary, the down-regulation of arginase reduces the con-
sumption of glutamic acid, which is the initial substrate for arginine 
biosynthesis (Huang et al., 2023). Glutamic acid and arginine are 
accumulated to help cells produce more energy and ammonia. The gene 
that codes for glutamine synthetase (glnA) is activated to help with the 
conversion of ammonia to pentamethylene diamine. Pentamethylene is 
a naturally occurring polyamine that can shield cells from H+ toxicity in 
an acidic environment to sustain cell viability in the absence of phos-
phate and oxygen (Moreau, 2007). Interestingly, the expression of 
arginine deiminase encoding gene arcA was up-regulated, which facili-
tated the conversion of arginine to citric acid in the TCA cycle. The cycle 
was sped up and also benefited from the enhancement of acetyl-CoA by 
acetaldehyde dehydrogenase and ethanol dehydrogenase encoded genes 
adhE and adhP up-regulation. The down-regulation of malate dehydro-
genase encoded gene sfcA inhibited the transformation of malic acid into 
oxaloacetic acid in the TCA. This enables the cells to quicken other 
metabolic pathways in order to collect the resources and energy 
required for survival functions (Takahashi-́Iñiguez et al., 2018). It can be 
further speculated that expression levels of some key genes altered by 
up-regulated glycolysis, pyruvate and amino acid metabolism encoded 
genes to accumulate critical enzymes, indicating that the modulation of 
carbohydrate and amino acid metabolism system is one of the critical 
mechanisms to enhance the L. fermentum RC4 tolerance. 

Table 1 
Genes related to carbohydrate metabolism and amino acid metabolism.   

Gene Encoded protein Expression 
trend 

Carbohydrate 
metabolism 

ldhA D-lactate dehydrogenase ↑ 
ldh L-lactate dehydrogenase ↑ 
aceE Pyruvate dehydrogenase E1 

component 
↑ 

ackA Acetic kinase ↑ 
pdhD Dihydrolipoamide dehydrogenase ↑ 
aceF Pyruvate dehydrogenase E2 ↑ 
pta Phosphate acetyltransferase ↑ 
adhE Acetaldehyde dehydrogenase/ 

ethanol dehydrogenase 
↑ 

galM Aldose 1-epimerase ↑ 
gapA Glyceraldehyde 3-phosphate 

dehydrogenase 
↑ 

pgk Phosphoglycerate kinase ↑ 
gpmA Phosphoglyceride mutase ↑ 
galU Utp-glucose-1-phosphouridine 

transferase 
↑ 

sfcA Malate dehydrogenase ↓ 
adhP Alcohol dehydrogenase ↓ 
ACACA Acetyl-CoA carboxylase/biotin 

carboxylase 
↓ 

SPP Sucrose 6-phosphatase ↓ 
sacA β-furanosidase ↓ 
scrK Fructokinase ↓ 
pgi Glucose-6-phosphate isomerase ↓ 

Amino acid 
metabolism 

serA D-3-phosphoglycerate 
dehydrogenase 

↑ 

ldh L-lactate dehydrogenase ↑ 
ilvE Amino acid transaminase ↑ 
mtnN Cysteine ribosidase ↑ 
metK Methionine synthetase ↑ 
gpmA Phosphoglyceride mutase ↑ 
garK Glycero-2-kinase ↑ 
pdhD Dihydrolipoamide dehydrogenase ↑ 
aroK Shikimate kinase ↑ 
aroC Chordal synthase ↑ 
tyrA2 Prebenzoic acid dehydrogenase ↑ 
dapE Acrylamide desuccinase ↓ 
dapB 4-hydroxytetrahydropyridine 

reductase 
↓ 

dapA 4-hydroxytetrahydrodipyridinate 
synthase 

↓ 

lysA Sodium diaminoacrylate 
decarboxylase 

↓  
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5. Conclusion 

In summary, L. fermentum RC4 has the potential for stress tolerance 
related to key genes within the metabolism pathways. The fluorescent- 
labeled strain L. fermentum-EGFP-nirB strain was constructed for the 
first time, indicating NirB has a threshold as nitrite increases and 
reached its highest at 300 mg/L. NirB overexpressed in L. fermentum RC4 
significantly enhanced the nitrite degradation rate, enzyme activity and 
nitrite reductase content. The RNA-seq showed that NirB significantly 
altered 248 differential genes mainly enriched in carbohydrate, amino 
acid metabolism, and energy metabolism. Interestingly, ldh, gapA and 
pgk for glycolysis/gluconeogenesis pathway, ackA for pyruvate meta-
bolism, serA, mtnN and ilvE for cysteine biosynthesis were significantly 
up-regulated. NirB regulates the physiological activities of bacteria to 
produce acid and respond to external environmental stress to enhance 
nitrite degradation rate. This study provides a guide for the use of NirB 
overexpressed in L. fermentum RC4 serving as a model strain to degrade 
nitrite during preserved food production. 
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