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Abstract

:

Natronorubrum daqingense JX313T is an extremely halophilic archaea that can grow in a NaCl-saturated environment. The excellent salt tolerance of N. daqingense makes it a high-potential candidate for researching the salt stress mechanisms of halophilic microorganisms from Natronorubrum. In this study, transcriptome analysis revealed that three genes related to the biosynthesis of vitamin B12 were upregulated in response to salt stress. For the wild-type (WT) strain JX313T, the low-salt adaptive mutant LND5, and the vitamin B12 synthesis-deficient strain ΔcobC, the exogenous addition of 10 mg/L of vitamin B12 could maximize their cell survival and biomass in both optimal and salt stress environments. Knockout of cobC resulted in changes in the growth boundary of the strain, as well as a significant decrease in cell survival and biomass, and the inability to synthesize vitamin B12. According to the HPLC analysis, when the external NaCl concentration (w/v) increased from 17.5% (optimal) to 22.5% (5% salt stress), the intracellular accumulation of vitamin B12 in WT increased significantly from (11.54 ± 0.44) mg/L to (15.23 ± 0.20) mg/L. In summary, N. daqingense is capable of absorbing or synthesizing vitamin B12 in response to salt stress, suggesting that vitamin B12 serves as a specific compatible solute effector for N. daqingense during salt stress.
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1. Introduction


Salt stress, characterized by high-salinity conditions, poses significant challenges to microbial physiology, affecting cellular processes such as protein function and membrane integrity [1,2]. Microorganisms have evolved various tolerance mechanisms: (1) Halophilic microorganisms use Na+/H+ exchangers (NHEs) [3] to achieve Na+ efflux and accumulate H+ or K+ intracellularly to maintain osmotic balance. The secondary Na+/H+ pumps, named Na+/H+ antiporters, are the principal Na+ efflux system of halophilic microorganisms and serve as one of the main adaptive response mechanisms to Na+ stress [4]. (2) Microorganisms modify the cellular membrane permeability by adjusting the composition and ratio of membrane lipid constituents within cell membranes to enhance their adaptability to high-salinity environments [5,6]. (3) Accumulation of compatible solutes is one of the main mechanisms by which halophilic microorganisms tolerate osmotic stress, which is mainly achieved by ingesting compatible solutes from a medium or synthesizing them intracellularly. These compatible solutes can maintain the positive turgor pressure environment required for cell division [7].



Most microorganisms have not evolved extensive genetic changes to adapt to high-salinity environments. As their cytoplasm is unable to tolerate salt, the accumulation of organic or inorganic compatible solutes has become a widely used strategy to adapt to osmotic changes, and most microorganisms rely exclusively on this strategy for osmotic adaption [8]. Various organic compounds from different classes have been proven to act as osmotic regulators in different microbial communities, including betaine, polyols, ectoine, sugars, amino acids, N-derivatized carboxamides of glutamine, and N-acetylated diamino acids [9,10,11,12,13]. Within numerous extremophiles, the accumulation of these small-molecule compounds is not limited to salt stress; moreover, this effect occurs as a reaction to other environmental stressors, including temperature stress [14,15,16,17].



Vitamin B12, a familiar hydrosoluble vitamin, also named cobalamin, is one of the most complex small-molecule natural compounds. De novo biosynthesis of vitamin B12 is exclusive to certain bacteria and fungi, which usually exist in soil, water, animals, and plants [18]. Therefore, microorganisms play an important role as synthesizers and transmitters of vitamin B12 in nature [19]. The biosynthesis of vitamin B12 is a complex process involving about 30 enzymatic steps, and the genes involved are often prefixed with cob or cbi, depending on whether the pathway is oxygen-dependent or oxygen-independent [20]. Vitamin B12 is important to microbial metabolism, taking part in various reactions such as acetyl-CoA synthesis, methyl transfer in methane-producing archaea, ribonucleotide reductase and vitamin B12-dependent fermentation processes in enteric bacteria [21,22,23,24]. Vitamin B12 is essential for human health, involved in the metabolism of proteins, fats and carbohydrates [25,26]. It also supports the proper functioning of the nervous system, helps regulate insulin secretion and enhances insulin sensitivity [27,28]. Vitamin B12 is mainly found in meat, fish, eggs and dairy products, and can also be consumed through supplements [29,30]. Vitamin B12 also plays an important role in the resistance of microbes and plant cells to stress; for example, the biosynthesis of vitamin B12 is necessary for Listeria monocytogenes growth under low-temperature stress and copper stress [31]. Bo Xie et al. [32] revealed that vitamin B12-producing bacteria can increase the fitness of the unicellular alga Chlamydomonas reinhardtii following an increase in environmental temperature. Hamed Kesharvarz et al. [33] have shown that priming vitamin B12 into seeds can enhance the resistance to salinity of Phaseolus vulgaris L. Moreover, exogenously added vitamin B12 could promote maize seed germination and growth under low-temperature stress [34].



Natronorubrum daqingense JX313T is an extremely halophilic archaeon isolated from highly salinized soil. It is Gram-negative and capable of growth in environments with NaCl concentrations (w/v) ranging from 10% to salt saturation (optimal at 17.5%) and pH ranging from 8.0 to 11.0 (optimal at 10.0) [35]. N. daqingense was initially classified under the genus Haloterrigena, and its whole genome sequencing data were published in 2021 [36]. Later, de la Haba et al. [37] conducted a reanalysis of the phylogenetic evolution of Haloterrigena, Natrinema and other neighboring genera. According to the results, they suggested reclassifying and renaming Haloterrigena daqingensis to N. daqingense. In our previous study, we characterized two novel NhaC-type Na+(K+, Li+)/H+ antiporters from N. daqingense, providing a foundation for researching its Na+ efflux strategies related to salt stress [38]. In this study, based on transcriptome sequencing, differentially expressed genes of N. daqingense JX313T were analyzed in an optimal environment and under an additional 5% salt stress environment. Their results revealed the important role of vitamin B12 in the response of N. daqingense to salt stress. The constructed low-salt adaptive mutant and vitamin B12 synthesis-deficient strains, combined with the detected intracellular vitamin B12 content and the changes in cell survival and biomass after exogenous vitamin B12 addition, suggest that vitamin B12 serves as an alternative compatible solute effector in the response of N. daqingense to salt stress, which can be absorbed from the environment or synthesized and accumulated intracellularly to resist osmotic stress.




2. Results


2.1. Transcriptome Sequencing and Analysis of Differentially Expressed Genes


Transcriptome sequencing was performed to analyze the differentially expressed genes (DEGs), with N. daqingense in the optimal environment as the control group (Nd_17.5) and N. daqingense in the additional 5% salt stress environment as the treatment group (Nd_22.5). A total of 104 DEGs were obtained, including 55 upregulated genes and 49 downregulated genes. The calculation of fold change was based on Nd_22.5/Nd_17.5, with the conditions for selecting DEGs being |log2 (Fold Change)| > 1 and p < 0.05. DEGs were plotted in a volcano plot and M versus A (MA) plot, as shown in Figure 1A,B, with gene information (partial) shown in Table 1. The Euclidean method was used to calculate the distance, and complete linkage was used to conduct the biclustering analysis. The 104 DEGs were clustered into nine clusters, as shown in Figure 1C.



The top 20 gene ontology (GO) terms with the smallest false discovery rates (FDRs) are shown in Figure 2A. Among the GO enrichment results of DEGs caused by salt stress, the highly enriched and more significant terms were binding, cellular protein modification process, the establishment of localization, heterocycle compound binding, localization, nucleoside phosphate binding, nucleoside binding, organic cyclic compound binding, small molecular binding, and transport. As shown in Figure 2B, among the 19 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways enriched by the DEGs caused by salt stress, the highly enriched and significant terms were glycolysis/gluconeogenesis, glyocylate and dicarboxylate metabolism, porphyrin and chloroalkene degradation, propanoate metabolism, pyruvate metabolism, carbon fixation pathways in prokaryotes, quorum sensing, the ribosome pathway, etc. In this study, we focused on the changes in genes related to vitamin B12 synthesis (as shown in Table 1), which may suggest the important role of vitamin B12 in N. daqingense resistance to salt stress.




2.2. Ultraviolet Mutagenesis of Low-Salt Adaptive Mutant LND5


As shown in Figure 3A, when the UV irradiation time was 120 s, the lethality rate of the strain was 69.72%. Generally, the mutagenesis effect is optimal when the lethality rate is around 70%, then the subsequent mutagenesis time is set to 120 s. The effect of NaCl concentration (w/v) on the obtained optimal low-salt adaptive mutant LND5 is shown in Figure 3B. LND5 could not grow normally in the medium lacking NaCl; when the NaCl concentration exceeded 10%, the growth of LND5 was significantly inhibited and almost completely halted at 15%. As shown in Figure 3B, compared with the wild-type (WT) strain JX313T, LND5 could grow when the NaCl concentration was lower than 10% and exhibited optimal growth when the NaCl concentration was 2.5%, which was five times lower than that of the WT strain. The tolerance of LND5 to the pH of the culture environment ranged from 7.5 to 10.5, the tolerance of LND5 to the strong alkaline conditions was reduced compared with WT, and the optimal pH decreased from 10.0 to 9.0, as shown in Figure 3C. The growth curve of LND5 was measured in the medium containing 2.5% NaCl and pH 9.0, as shown in Figure 3D. LND5 entered the logarithmic phase on the third day and reached the stationary phase on the sixth day. The biomass of LND5 peaked on the eighth day and then entered the decline phase. Therefore, related indicators should be measured on the seventh day in subsequent experiments. Compared with the WT in the optimal environment, the biomass of LND5 during the logarithmic phase was higher in its optimal growth environment. When LND5 entered the decline phase, its biomass decreased more rapidly than that of the WT. No significant difference was found in the maximum biomass that can be achieved using both WT and LND5 during the growth process.




2.3. Construction of ΔcobC and +cobC


As shown in Figure 4A,B, recombinant plasmids pUC-cobC-ko and pUC-cobC-c, containing linear DNA fragments for cobC knockout and complementation, were constructed by using homologous recombination, and corresponding high-purity linear fragments were prepared. To validate the knockout or complementation of cobC, primers VY-FP/VY-RP were designed for sequencing validation at 750 bp upstream and 740 bp downstream of the gene, respectively. The length of cobC is 717 bp, which was close to the erythromycin resistance sequence (735 bp). Therefore, the gDNA from the strain (Erm+) obtained after protoplast transformation was PCR amplified with three pairs of primers, VY-FP/VY-RP, VY-FP/VE-RP, and VE-FP/VY-RP, as shown in Figure 4C, respectively, and sequencing data confirmed the knockout of cobC. As shown in Figure 4D, the gDNA from the strain (Hyg+) obtained after protoplast transformation was PCR amplified with primers VY-FP/VY-RP, and combined with sequencing data, cobC was complimented.



As shown in Figure 5A, both ΔcobC and WT were unable to grow when the NaCl concentration (w/v) was below 10%, and both reached the maximum biomass when the NaCl concentration was 17.5%. However, the biomass of ΔcobC reduced significantly compared with WT. ΔcobC was unable to grow when the NaCl concentration exceeded 30%, whereas the WT could still grow when the NaCl saturation was reached. As shown in Figure 5B, both ΔcobC and WT could tolerate a pH range of 8.0–11.0, and both reached the maximum biomass when the pH was 10.0. ΔcobC entered the logarithmic phase on the second day and reached the stationary phase on the seventh day, as shown in Figure 5C. Therefore, the seventh day should be chosen for the measurement of related indicators in the subsequent experiments. The biomass of ΔcobC was mostly lower than that of WT during the logarithmic phase, and the biomass significantly decreased compared with WT after entering the stationary phase. Furthermore, the growth curves of the WT and +cobC were essentially consistent, with no significant differences. Combining the data from Figure 5A,B, the effects of NaCl concentration and pH on the biomass of +cobC were generally consistent with those of WT, indicating that the phenotypic changes in ΔcobC are caused by the knockout of cobC, rather than by non-specific factors.




2.4. Effects of Exogenous Vitamin B12 Addition


As shown in Figure 6A–C, the cell survival of WT, LND5, and ΔcobC under 5% salt stress was significantly reduced compared with optimal conditions. Overall, the exogenous addition of vitamin B12 at a lower concentration resulted in a pronounced positive effect on the cell survival of strains under salt stress, and even the cell survival was higher than that of the strains in the optimal environments at the same concentration. The most significant enhancement was observed when the addition of vitamin B12 reached 10 mg/L. When the concentration of exogenously added vitamin B12 exceeded 10 mg/L, the cell survival of strains was inhibited. As shown in Figure 6D–F, when the concentration of exogenously added vitamin B12 was low, the biomass of strains except LND5 in the optimal environments was significantly promoted, while the enhancement effect was significant for strains under salt stress. When the exogenous addition of vitamin B12 was 10 mg/L, the biomass of strains reached the maximum, and the biomass of WT under salt stress recovered to the optimal environment closely. When the concentration of exogenously added vitamin B12 exceeded 10 mg/L, the biomass of the strains was inhibited. As shown in Figure 6, the exogenous addition of appropriate concentrations of vitamin B12 helps to enhance the cell survival and biomass of N. daqingense under salt stress, indicating that N. daqingense can tolerate salt stress by taking up vitamin B12 from the culture environment. Taken together, it is speculated that N. daqingense can absorb vitamin B12 from the environment and accumulate it intracellularly to resist salt stress, and vitamin B12 is likely to be a specific compatible solute effector in this process.




2.5. Detection of Intracellular Vitamin B12 Content


To investigate whether N. daqingense can synthesize and accumulate vitamin B12 intracellularly to resist salt stress, this study measured the intracellular vitamin B12 content of WT and ΔcobC in both optimal and salt stress environments using HPLC. The standard curve correlating the concentration of vitamin B12 standards with the peak area is shown in Figure 7A, and the intracellular content of vitamin B12 per liter of fermentation broth was calculated according to the fitting equation and the dilution factor from the “bacterial milking” described in Section 4.6. According to the HPLC results, vitamin B12 was not detected in ΔcobC from either the optimal or salt stress environments, which indicated the knockout of cobC made N. daqingense unable to synthesize vitamin B12, and the results for WT are shown in Figure 7B. In the optimal environment, the intracellular vitamin B12 content of WT of fermentation broth was (11.54 ± 0.44) mg/L; when an additional 5% salt stress was applied in the medium, the intracellular vitamin B12 significantly increased to (15.23 ± 0.20) mg/L. Taken together, N. daqingense can synthesize and accumulate vitamin B12 intracellularly to resist salt stress, and vitamin B12 is likely to be a specific compatible solute effector in this process.





3. Discussion


Compatible solutes can act as osmotic protectants, alleviating the inhibitory effects of high osmotic stress on microorganisms when added to a medium. These compatible solutes can provide osmotic protection via uptake from the medium or via de novo synthesis and intracellular accumulation [39]. Glucosylglycerol is present at the reducing terminus of the polysaccharides in Bifidobacterium and exists in free form in a few mesophilic bacteria and thermophilic archaea. In recent years, glucosylglycerol has been identified in some microorganisms as an accumulable compatible solute to tolerate salt stress or nitrogen nutrient deficiency [40]. In a study of compatible solutes of Spiribacter salinus, León et al. [41] found that the intracellular content of ectoine increased from a basal level of 80 μM to 170 μM under conditions ranging from 0.6 M NaCl to the optimal concentration of 0.8 M NaCl. Although further increasing the NaCl concentration to 1.3 M significantly reduced the biomass, there was no corresponding increase in the intracellular content of ectoine, which only increased when the NaCl concentration exceeded 1.6 M. Betaine can act as a compatible solute in most microorganisms, and its concentration varies with the external NaCl concentration. Studies have shown that when the external NaCl concentrations were 0.51 M, 1.7 M, and 3.4 M, the intracellular concentrations of betaine were (0.21 ± 0.2) M, (0.65 ± 0.06) M, and (0.97 ± 0.09) M [42]. Moreover, trehalose was shown to act as a compatible solute for Chromohalobacter israelensis when the external NaCl concentration was below 0.6 M [43]. Trehalose is also one of the major compatible solutes of Desulfovibrio halophilus; when the medium contains 2.5 M NaCl without a betaine source, the strain can accumulate 8 μM/mg of protein and about 2.5 μM/mg of protein intracellularly [44].



In this study, transcriptome sequencing analysis revealed that three genes related to vitamin B12 biosynthesis were upregulated by salt stress, as shown in Table 1. The gene cbiE, which encodes for cobalt–precorrin-7-[C(5)]-methyltransferase, catalyzes the conversion of cobalt–precorrin 7 to cobalt–precorrin 8. The gene cobH, which encodes for precorrin 8X methylmutase, catalyzes the conversion of precorrin 8X to hydrogenobyrinate. The gene cobC, which encodes for cobalamin biosynthesis protein, catalyzes the conversion of adenosyl–GDP–cobinamide to cobalamin [45,46]. In current research on halophilic microorganisms, vitamin B12 typically acts as a growth factor. Some vitamin B12-dependent microorganisms may have growth restriction or complete cessation in the absence of vitamin B12. However, the exogenous addition of vitamin B12 (50 μg/L) to Methylophaga lonarensis, a methanogenic halophile isolated from a saline lake, can promote its growth at higher salinity, although this strain is not a vitamin B12-dependent strain [47]. In this study, preliminary experiments showed that adding trace amounts of vitamin B12 (measured in μg/L) to the medium had no significant effect on biomass. As shown in Figure 6, when the exogenous addition of vitamin B12 was at 10 mg/L, WT, LND5, and ΔcobC all achieved the highest cell survival and biomass under the optimal and salt stress environments. Moreover, the intracellular vitamin B12 concentration of WT increased, and the ΔcobC growth boundary, cell survival, and biomass changed under salt stress. These results indicated that N. daqingense did not use vitamin B12 as a regulatory factor to participate in other metabolic pathways, but instead ingested vitamin B12 from the medium as a compatible solute or an effector to maintain osmotic balance [8].



In this study, we detected that the intracellular vitamin B12 accumulated by N. daqingense under salt stress can reach (15.23 ± 0.20) mg/L, which shows a certain development potential compared with other vitamin B12-producing strains [19]. Future studies will focus on the role of vitamin B12 in the response of closely related species to salt stress and analyze the molecular mechanism of vitamin B12 acting as a compatible solute effector in the response of N. daqingense to salt stress. Studies of the relationship between the biosynthesis of vitamin B12 and other salt-stress-related genes in N. daqingense, as well as the transcriptome sequencing of the low-salt adaptive mutant LND5, can further elucidate the mechanisms of N. daqingense in response to salt stress. Combined with the genetic modification and optimization of fermentation conditions, N. daiqngense can be utilized for the high production of vitamin B12.




4. Materials and Methods


4.1. Strains, Plasmids and Growth Conditions


The strains and plasmids used in the current study are detailed in Table 2. High-salt Luria Bertani (HLB) medium was used to culture N.daqingense JX313T with an optimal NaCl concentration (17.5%, w/v) [34]. When an additional 5% salt stress was applied, the NaCl concentration was adjusted to 22.5% (w/v) and the medium was named HLB+. The culture conditions were maintained at both 35 °C and pH 10.0. The culture conditions for N. daqingense LND5 differed from the aforementioned ones in that the NaCl concentration was 3% (w/v) and the pH was adjusted to 9.0. E. coli DH5α was cultured in LB medium (10 g/L of tryptone, 5 g/L of yeast extract, and 10 g/L of NaCl) at 37 °C and pH 7.0. The antibiotic concentrations used for selection in this study were ampicillin 100 μg∙mL−1, hygromycin B 50 μg∙mL−1, and erythromycin 200 μg∙mL−1.




4.2. Transcriptome Sequencing and Analysis


The transcriptome sequencing of N. daqingense JX313T was based on two different NaCl concentrations. The NaCl concentration of the control group was 17.5% (w/v), while that of the salt-stressed group was 22.5% (w/v); each group had three replicates. N. daqingense was cultured under the above conditions until it reached the logarithmic growth phase, respectively. Then, 1 L of culture was collected for the extraction of total RNA. After removing tRNA, RNA was fragmented and a specific cDNA library was synthesized. The library fragments were enriched via PCR amplification and sequenced using the Illumina platform. The filtered data were aligned to the reference genome and the expression levels of genes were calculated. Based on this, the samples were further subjected to differential expression analysis, enrichment analysis, and cluster analysis.




4.3. Ultraviolet Mutagenesis of Low-Salt Adaptive Mutants


To obtain low-salt adaptive mutants, the bacterial solution was exposed, respectively, to UV light for 50 s, 60 s, 70 s, 80 s, 90 s, 100 s, 110 s, and 120 s under aseptic conditions. Each bacterial solution was then coated on an LB solid medium containing 10% NaCl (WT cannot grow in environments with a NaCl concentration less than 10%), with inoculated plates not exposed to UV light serving as the control group. Each experiment was performed in triplicate. After wrapping the plates with aluminum foil, they were incubated upside down at 35 °C for 7 days. Based on the number of single colonies on the plates, the lethality rates at different UV exposure times were calculated to determine the lethality curve. The exposure time with a lethality rate of about 70% was chosen for mutagenesis treatment. Mutants capable of maintaining their characteristics stably after 30 generations were screened. Their 16S rDNA was amplified using the 22F/1540R primers to eliminate bacterial interference. The optimal NaCl concentration and pH were determined for each mutant. The strain with the lowest optimal NaCl concentration was selected, and its growth curve was measured under optimal conditions.




4.4. Gene Knockout and Complementation


The gene knockout and complementation methods used in this study were improved according to the method of Wang et al. [48]; two common antibiotics were selected as selection markers. The gene knockout or complementation was achieved through spontaneous homologous recombination between the extremely halophilic archaea genome and prepared linear DNA fragments, traditionally known as the “gene replacement” method in archaeal gene manipulation [49]. The linear DNA fragment used for gene knockout consists of the following (from 5′ to 3′): the upstream homologous arm sequence (500 bp), erythromycin resistance sequence (735 bp), and downstream homologous arm sequence (500 bp). The linear DNA fragment used for gene complementation consisted of the following (from 5′ to 3′): the upstream homologous arm sequence (500 bp), hygromycin resistance sequence (1026 bp), target gene, and downstream homologous arm sequence (500 bp). The upstream and downstream homologous arms and target gene sequences were amplified via PCR using the gDNA as a template, and the antibiotic resistance sequences were amplified via PCR using the corresponding plasmids as a template. After purification, the PCR products and the pUC18 clone vector (linearized with BamHI) were mixed gently (the addition amount of each component is 0.03 × length, ng; e.g., if the sequence length is 1000 bp, the required mass is 30 ng) and incubated at 50 °C for 30 min. After ligation, the samples were immediately cooled on ice for 3 min and then transformed into competent E. coli DH5α via the heat shock process. Through PCR identification, restriction enzyme digestion, and sequencing verification, the correct transformants with the correct connection sequence were selected. Recombinant plasmids were then extracted and used as templates for PCR amplification with the 5′ primer of the upstream homologous arm and the 3′ primer of the downstream homologous arm. Subsequently, the linear DNA fragments that can be used for gene knockout or complementation were acquired using gel extraction. The prepared linear DNA fragments were introduced into the recipient archaea via protoplast transformation. The obtained transformants were inoculated into 5 mL of HLB liquid medium and cultured at 35 °C and 180 rpm, for 7 days. The extracted gDNA of transformants were used as the template, and the pair of primers VY-FP/VY-RP was used to verify whether the knockout or complementation of the target gene was successful via PCR amplification. Then, the correct transformants were selected for sequencing verification.




4.5. Archaeal Protoplast Transformation


A total of 4.5 mL of archaeal broth (O.D.600nm 0.8) was enriched in a 2 mL tube via centrifuging at 5600× g. Then, the broth was gently resuspended in 1 mL of protoplast formation buffer (Solution I) and centrifuged at 5600× g for 2 min. The supernatant was removed, and the process was repeated twice. Then, the cells were gently suspended in 150 μL of protoplast formation solution (Solution II), combined with 15 μL of 0.5 M EDTA solution (pH 8.0), and left at room temperature (RT) for 10 min. An amount of 2 μg of the purified linear homologous fragment was added, gently mixed, and then left at RT for 15 min. A total of 175 μL of 60% PEG600 solution (preheated at 37 °C) was added, gently mixed, and then left at RT for 30 min. An amount of 1 mL of protoplast dilution (Solution III) was added to the tube along the wall to rinse the cells without mixing, then centrifuged at 3500× g for 2 min after standing at RT for 5 min; the supernatant was removed, and this process was repeated once. The cells were gently resuspended using 1 mL of protoplast regeneration solution (Solution IV), left at 37 °C for 2 h, and then revived at 37 °C and 40 rpm, for 8–12 h. An amount of 1 mL of protoplast transformation diluent (Solution V) was added along the tube wall to rinse the cells, and then mixed gently and centrifuged at 3500× g for 2 min. The supernatant was removed and this process was repeated once. Finally, the cells were resuspended with 200 μL Solution V, coated on HLB solid medium containing the corresponding antibiotics, and cultured at 37 °C for 7–10 days. The solution formulation used for protoplast transformation is shown in Table 3.




4.6. Determination of Intracellular Vitamin B12


The method of obtaining intracellular substances in this study was modified on the basis of “bacterial milking” by Nagata et al. [50]. A total of 1 L of fermentation broth was enriched in a 50 mL tube, centrifuged at 13,400× g, at 4 °C, for 10 min, and then the supernatant was discarded. The cells were rinsed with 50 mL of PBS buffer (precooled at 4 °C) and centrifuged at 13,400× g, at 4 °C, for 10 min. The supernatant was discarded and this process was repeated 3 times before being weighed. Under a strict dark environment, 1 g of wet-weight cells were quickly weighed in a new precooled 50 mL tube, resuspended in 20 mL ddH2O (precooled at 4 °C), vortexed for 15 s, and then stored at 4 °C for 1 h. After that, the cells were centrifuged at 13,400× g for 30 min at 4 °C under a dark environment. The supernatant was aspirated to a new precooled tube for HPLC detection.



A Waters Symmetry C18, 4.6 mm × 250 mm, 5 µm water-resistant column was used as the chromatographic column. Methanol/0.028 M Na2HPO4 solution (26:74, pH adjusted to 3.5 with phosphoric acid) was used as the mobile phase. The column flow rate was 1.0 mL/min, and the column temperature was 30 °C. The detection wavelength was 361 nm, and the injection volume was 10 µL. The stopping time was 10 min. The concentration of vitamin B12 in the sample was calculated based on the peak area, and the content of vitamin B12 per liter of fermentation broth was subsequently calculated. Each sample was measured in triplicate, and the final results are presented as the mean ± SEM.




4.7. Standard Experimental Procedures and Bioinformatics Analysis


Genomic DNA extraction, plasmid extraction, homologous recombination of DNA, and purification and recovery of DNA were carried out following the methods described by Wang et al. [38]. The determination of cell survival was carried out using Cell Counting Kit-8 (APExBIO K1018). The biomass is expressed as the O.D.600nm value measured using a UV spectrophotometer or the O.D.650nm value measured using a microplate reader. The primers utilized in this study are detailed in Table 4. DNA sequencing services were provided by RuiBiotech Institute (Beijing, China). RNA was extracted and reverse-transcribed using Bacteria RNA Extraction Kit (Vazyme R403) and HiScript II Q RT SuperMix for qPCR Kit (Vazyme R222), respectively. The RT-qPCR reaction system is shown in Table 5, and the reactions were performed in the following order: predenaturation at 95 °C for 5 min, then 95 °C for 10 s, followed by 60 °C for 30 s (40 cycles), and then the melting curve was obtained. Data were analyzed by using the 2−ΔΔCT method to quantify gene expression levels, and the fold change in differentially expressed genes (DEGs) after salt stress was calculated.



The optimal NaCl concentration, optimal pH, cell survival, biomass, growth curve, and RT-qPCR experiments were all conducted with three replications, with each replication containing three samples. For comparisons between the two groups, an unpaired T-test was used for data analysis. For comparisons among three or more groups, ANOVA along with Tukey’s multiple comparison test was applied. The alignment of DNA sequence was conducted via the BLAST resource provided by the National Center for Biotechnology Information (NCBI) website https://blast.ncbi.nlm.nih.gov/Blast.cgi (accessed on 1 October 2023) The Volcano plot, M versus A (MA) plot, and gene clustering analysis plot were plotted using the ggplots2 software package of Rstudio 2022, and biclustering analysis was performed using the Pheatmap software (1.0.12) package of Rstudio 2022. Functional enrichment analysis of differentially expressed genes was conducted using the GO database http://geneontology.org/ (accessed on 1 July 2022) and the KEGG database https://www.kegg.jp/ (accessed on 1 July 2022).





5. Conclusions


In this study, transcriptome sequencing revealed the important role of vitamin B12 in the response of N. daqingense to salt stress. The addition of 10 mg/L of exogenous vitamin B12 significantly enhanced cell survival and biomass in N. daqingense under both optimal and salt-stressed conditions. The experimental validation showed that N. daqingense can resist salt stress by either the uptake of vitamin B12 from the environment or synthesizing it internally, which suggests that vitamin B12 acts as a specific compatible solute effector in the response of N. daqingense to salt stress.







Author Contributions


Q.W. and J.S. conceived and designed the experiments. Z.W. contributed to the reagents and materials. Q.W. conducted all experiments. Q.W. prepared the draft of this manuscript. J.G. revised the article and checked the figures. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Heilongjiang Tounyan Team, grant number HITTY-20190034.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


RNA-seq sequencing data have been deposited in SRA under accession number PRJNA1097806.




Conflicts of Interest


The authors declare that they have no competing interests.




References


	



Brown, A.D. Microbial water stress. Bacteriol. Rev. 1976, 40, 803–846. [Google Scholar] [CrossRef]

	



Brown, A.D.; Simpson, J.R. Water relations of sugar-tolerant yeasts: The role of intracellular polyols. J. Gen. Microbiol. 1972, 72, 589–591. [Google Scholar] [CrossRef]

	



Brett, C.L.; Donowitz, M.; Rao, R. Evolutionary origins of eukaryotic sodium/proton exchangers. Am. J. Physiol. 2005, 288, C223–C239. [Google Scholar] [CrossRef]

	



Krulwich, T.A.; Hicks, D.B.; Ito, M. Cation/proton antiporter complements of bacteria: Why so large and diverse? Mol. Microbiol. 2009, 74, 257–260. [Google Scholar] [CrossRef]

	



Chong, P.L.; Chang, A.; Yu, A.; Mammedova, A. Vesicular and Planar Membranes of Archaea Lipids: Unusual Physical Properties and Biomedical Applications. Int. J. Mol. Sci. 2022, 23, 7616. [Google Scholar] [CrossRef]

	



Rao, A.; de Kok, N.A.W.; Driessen, A.J.M. Membrane Adaptations and Cellular Responses of Sulfolobus acidocaldarius to the Allylamine Terbinafine. Int. J. Mol. Sci. 2023, 24, 7328. [Google Scholar] [CrossRef]

	



Roberts, M.F. Osmoadaptation and osmoregulation in archaea: Update 2004. Front. Biosci. 2004, 9, 1999–2019. [Google Scholar] [CrossRef]

	



da Costa, M.S.; Santos, H.; Galinski, E.A. An overview of the role and diversity of compatible solutes in Bacteria and Archaea. Adv. Biochem. Eng. Biotechnol. 1998, 61, 117–153. [Google Scholar] [CrossRef]

	



Roberts, M.F. Organic compatible solutes of halotolerant and halophilic microorganisms. Saline Syst. 2005, 1, 5. [Google Scholar] [CrossRef]

	



Kempf, B.; Bremer, E. Uptake and synthesis of compatible solutes as microbial stress responses to high-osmolality environments. Arch. Microbiol. 1998, 170, 319–330. [Google Scholar] [CrossRef]

	



Roesser, M.; Müller, V. Osmoadaptation in bacteria and archaea: Common principles and differences. Environ. Microbiol. 2001, 3, 743–754. [Google Scholar] [CrossRef]

	



Lu, Z.Y.; Guo, X.J.; Li, H.; Huang, Z.Z.; Lin, K.F.; Liu, Y.D. High-throughput screening for a moderately halophilic phenol-degrading strain and its salt tolerance response. Int. J. Mol. Sci. 2015, 16, 11834–11848. [Google Scholar] [CrossRef]

	



Cui, S.; Zhou, W.; Tang, X.; Zhang, Q.; Yang, B.; Zhao, J.; Mao, B.; Zhang, H. The Effect of Proline on the Freeze-Drying Survival Rate of Bifidobacterium longum CCFM 1029 and Its Inherent Mechanism. Int. J. Mol. Sci. 2022, 23, 13500. [Google Scholar] [CrossRef]

	



Lentzen, G.; Schwarz, T. Extremolytes: Natural compounds from extremophiles for versatile applications. Appl. Microbiol. Biotechnol. 2006, 72, 623–634. [Google Scholar] [CrossRef]

	



Cowan, D.A. Cryptic microbial communities in Antarctic deserts. Proc. Natl. Acad. Sci. USA 2009, 106, 19749–19750. [Google Scholar] [CrossRef]

	



Casanueva, A.; Tuffin, M.; Cary, C.; Cowan, D.A. Molecular adaptations to psychrophily: The impact of ‘omic’ technologies. Trends Microbiol. 2010, 18, 374–381. [Google Scholar] [CrossRef]

	



Klähn, S.; Hagemann, M. Compatible solute biosynthesis in cyanobacteria. Environ. Microbiol. 2011, 13, 551–562. [Google Scholar] [CrossRef]

	



Duda, J.; Pedziwilk, Z.; Zodrow, K. Studies on the appearance of vitamin B12 in leguminous plants. Acta Microbiol. Pol. 1952, 6, 233–238. [Google Scholar]

	



Calvillo, Á.; Pellicer, T.; Carnicer, M.; Planas, A. Bioprocess Strategies for Vitamin B12 Production by Microbial Fermentation and Its Market Applications. Bioengineering 2022, 9, 365. [Google Scholar] [CrossRef]

	



Martens, J.H.; Barg, H.; Warren, M.J.; Jahn, D. Microbial production of vitamin B12. Appl. Microbiol. Biotechnol. 2002, 58, 275–285. [Google Scholar] [CrossRef]

	



Ferry, J.G. CO dehydrogenase. Annu. Rev. Microbiol. 1995, 49, 305–333. [Google Scholar] [CrossRef]

	



Weiss, D.S.; Thauer, R.K. Methanogenesis and the unity of biochemistry. Cell 1993, 72, 819–822. [Google Scholar] [CrossRef]

	



Frey, P.A. Radical mechanisms of enzymatic catalysis. Annu. Rev. Biochem. 2001, 70, 121–148. [Google Scholar] [CrossRef]

	



Roth, J.R.; Lawrence, J.G.; Bobik, T.A. Cobalamin (coenzyme B12): Synthesis and biological significance. Annu. Rev. Microbiol. 1996, 50, 137–181. [Google Scholar] [CrossRef]

	



Aureli, A.; Recupero, R.; Mariani, M.; Carlomagno, F.; Bocchini, S.; Nicodemo, M.; Marchili, M.R.; Cianfarani, S.; Cappa, M.; Fintini, D. Low Levels of Serum Total Vitamin B12 Are Associated with Worse Metabolic Phenotype in a Large Population of Children, Adolescents and Young Adults, from Underweight to Severe Obesity. Int. J. Mol. Sci. 2023, 24, 16588. [Google Scholar] [CrossRef]

	



Fuschlberger, M.; Putz, P. Vitamin B12 supplementation and health behavior of Austrian vegans: A cross-sectional online survey. Sci. Rep. 2023, 13, 3983. [Google Scholar] [CrossRef]

	



Mathew, A.R.; Di Matteo, G.; La Rosa, P.; Barbati, S.A.; Mannina, L.; Moreno, S.; Tata, A.M.; Cavallucci, V.; Fidaleo, M. Vitamin B12 Deficiency and the Nervous System: Beyond Metabolic Decompensation-Comparing Biological Models and Gaining New Insights into Molecular and Cellular Mechanisms. Int. J. Mol. Sci. 2024, 25, 590. [Google Scholar] [CrossRef]

	



Zhang, Y.; Chu, L.; Zhou, X.; Xu, T.; Shen, Q.; Li, T.; Wu, Y. Vitamin B12-Induced Autophagy Alleviates High Glucose-Mediated Apoptosis of Islet β Cells. Int. J. Mol. Sci. 2023, 24, 15217. [Google Scholar] [CrossRef]

	



Guéant, J.L.; Guéant-Rodriguez, R.M.; Alpers, D.H. Vitamin B12 absorption and malabsorption. Vitam. Horm. 2022, 119, 241–274. [Google Scholar] [CrossRef]

	



Chittaranjan, Y. 91-102: Vitamin B12: An Intergenerational Story. In Global Landscape of Nutrition Challenges in Infants and Children: 93rd Nestlé Nutrition Institute Workshop, Kolkata, March 2019; Nestlé Nutrition Institute Workshop Series; S.Karger AG: Basel, Switzerland, 2020; Volume 93. [Google Scholar] [CrossRef]

	



Vásquez, L.; Parra, A.; Quesille-Villalobos, A.M.; Gálvez, G.; Navarrete, P.; Latorre, M.; Toro, M.; González, M.; Reyes-Jara, A. Cobalamin cbiP mutant shows decreased tolerance to low temperature and copper stress in Listeria monocytogenes. Biol. Res. 2022, 55, 9. [Google Scholar] [CrossRef]

	



Xie, B.; Bishop, S.; Stessman, D.; Wright, D.; Spalding, M.H.; Halverson, L.J. Chlamydomonas reinhardtii thermal tolerance enhancement mediated by a mutualistic interaction with vitamin B12-producing bacteria. ISME J. 2013, 7, 1544–1555. [Google Scholar] [CrossRef]

	



Keshavarz, H.; Moghadam, R.S.G. Seed priming with cobalamin (vitamin B12) provides significant protection against salinity stress in the common bean. Rhizosphere 2017, 3, 143–149. [Google Scholar] [CrossRef]

	



Chi, Y.X.; Yang, L.; Zhao, C.J.; Muhammad, I.; Zhou, X.B.; Hong De Zhu, H.D. Effects of soaking seeds in exogenous vitamins on active oxygen metabolism and seedling growth under low-temperature stress. Saudi J. Biol. Sci. 2021, 28, 3254–3261. [Google Scholar] [CrossRef]

	



Wang, S.; Yang, Q.; Liu, Z.H.; Sun, L.; Wei, D.; Zhang, J.Z.; Song, J.Z.; Yuan, H.F. Haloterrigena daqingensis sp. nov., an extremely haloalkaliphilic archaeon isolated from a saline-alkaline soil. Int. J. Syst. Evol. Microbiol. 2010, 60, 2267–2271. [Google Scholar] [CrossRef]

	



Wang, S.; Narsing Rao, M.P.; Wei, D.; Sun, L.; Fang, B.Z.; Li, W.Q.; Yu, L.H.; Li, W.J. Complete genome sequencing and comparative genome analysis of the extremely halophilic archea, Haloteriigena daqingensis. Biotechnol. Appl. Biochem. 2022, 69, 1482–1488. [Google Scholar] [CrossRef]

	



de la Haba, R.R.; Minegishi, H.; Kamekura, M.; Shimane, Y.; Ventosa, A. Phylogenomics of Haloarchaea: The Controversy of the Genera Natrinema-Haloterrigena. Front. Microbiol. 2021, 12, 740909. [Google Scholar] [CrossRef]

	



Wang, Q.; Qiao, M.; Song, J. Characterization of Two Na+(K+, Li+)/H+ Antiporters from Natronorubrum daqingense. Int. J. Mol. Sci. 2023, 24, 10786. [Google Scholar] [CrossRef]

	



Poolman, B.; Glaasker, E. Regulation of compatible solute accumulation in bacteria. Mol. Microbiol. 1998, 29, 397–407. [Google Scholar] [CrossRef]

	



Empadinhas, N.; da Costa, M.S. To be or not to be a compatible solute: Bioversatility of mannosylglycerate and glucosylglycerate. Syst. Appl. Microbiol. 2008, 31, 159–168. [Google Scholar] [CrossRef]

	



León, M.J.; Hoffmann, T.; Sánchez-Porro, C.; Heider, J.; Ventosa, A.; Bremer, E. Compatible Solute Synthesis and Import by the Moderate Halophile Spiribacter salinus: Physiology and Genomics. Front. Microbiol. 2018, 9, 108. [Google Scholar] [CrossRef]

	



Imhoff, J.F.; Rodriguez-Valera, F. Betaine is the main compatible solute of halophilic eubacteria. J. Bacteriol. 1984, 160, 478–479. [Google Scholar] [CrossRef]

	



Regev, R.; Peri, I.; Gilboa, H.; Avi-Dor, Y. 13C NMR study of the interrelation between synthesis and uptake of compatible solutes in two moderately halophilic eubacteria: Bacterium Ba1 and Vibro costicola. Arch. Biochem. Biophys. 1990, 278, 106–112. [Google Scholar] [CrossRef]

	



Welsh, D.T.; Lindsay, Y.E.; Caumette, P.; Herbert, R.A.; Hannan, J. Identification of trehalose and glycine betaine as compatible solutes in the moderately halophilic sulfate reducing bacterium, Desulfovibrio halophilus. FEMS Microbiol. Lett. 1996, 140, 203–207. [Google Scholar] [CrossRef]

	



Roth, J.R.; Lawrence, J.G.; Rubenfield, M.; Kieffer-Higgins, S.; Church, G.M. Characterization of the cobalamin (vitamin B12) biosynthetic genes of Salmonella typhimurium. J. Bacteriol. 1993, 175, 3303–3316. [Google Scholar] [CrossRef]

	



Roessner, C.A.; Scott, A.I. Fine-tuning our knowledge of the anaerobic route to cobalamin (vitamin B12). J. Bacteriol. 2006, 188, 7331–7334. [Google Scholar] [CrossRef]

	



Antony, C.P.; Doronina, N.V.; Boden, R.; Trotsenko, Y.A.; Shouche, Y.S.; Murrell, J.C. Methylophaga lonarensis sp. nov., a moderately haloalkaliphilic methylotroph isolated from the soda lake sediments of a meteorite impact crater. Int. J. Syst. Evol. Microbiol. 2012, 62, 1613–1618. [Google Scholar] [CrossRef]

	



Wang, X.L.; Jiang, C.; Liu, J.H.; Liu, X.P. An efficient genetic knockout system based on linear DNA fragment homologous recombination for halophilic archaea. Hereditas 2015, 37, 388–395. [Google Scholar] [CrossRef]

	



Allers, T.; Mevarech, M. Archaeal genetics—The third way. Nat. Rev. Genet. 2005, 6, 58–73. [Google Scholar] [CrossRef]

	



Nagata, S.; Wang, Y.; Oshima, A.; Zhang, L.H.; Miyake, H.; Sasaki, H.; Ishida, A. Efficient cyclic system to yield ectoine using Brevibacterium sp. JCM 6894 subjected to osmotic downshock. Biotechnol. 2008, 99, 941–2948. [Google Scholar] [CrossRef]








[image: Ijms 25 04168 g001] 





Figure 1. Analysis of N. daiqngense differentially expressed genes (DEGs) under salt stress; the control group is the optimal environment, while the treatment group is the additional 5% salt stress environment. (A) Volcano plot of DEGs under salt stress; blue, red, and gray dots, respectively, represent downregulated genes, upregulated genes, and genes with non-significant differential expression. (B) M versus A plot of DEGs under salt stress; A and B, respectively represent the gene expression levels in the two samples, and the color correspondence of the dots is the same as described above. (C) Clustering of DEGs; red represents upregulated genes and green represents downregulated genes. 
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Figure 2. Functional enrichment analysis of N. daiqngense DEGs (FDR stands for false discovery rate). (A) GO enrichment analysis bubble plot; (B) KEGG enrichment analysis bubble plot. 
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Figure 3. Ultraviolet mutagenesis of N. daiqngense low-salt adaptive mutant LND5 and detection of physiological characteristics. (A) Ultraviolet mutagenesis lethality curve; (B) detection of the optimal NaCl concentration of LND5; (C) detection of the optimal pH of LND5; and (D) growth curves of WT and LND5 in their respective optimal environments. 
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Figure 4. Construction of N. daiqngense ΔcobC and +cobC. (A) Preparation of the linear DNA fragment for cobC knockout. Lanes 1–6 contain the following in order: cobC upstream homology arm, erythromycin resistance fragment, cobC downstream homology arm, PCR product of pUC-cobC-ko via M13-47F/M13R primers, double digestion product of pUC-cobC-ko with EcoRI and HindIII, and purified linear DNA fragment for cobC knockout. (B) Preparation of the linear DNA fragment for cobC complementation. Lanes 1–6 contain the following in order: cobC upstream homology arm, hygromycin resistance fragment, cobC and downstream homology arm, PCR product of pUC-cobC-c via M13-47F/M13R primers, digestion product of pUC-cobC-c with BamHI, and purified linear DNA fragment for cobC complementation. (C) Verification of cobC knockout. Lanes 1–3 contain PCR products of gDNA via VY-FP/VY-RP primers; lanes 4, 6, and 8 contain PCR products of gDNA via VY-FP/VE-RP primers; and lanes 5, 7, and 9 contain PCR products of gDNA via VE-FP/VY-RP. (D) Verification of cobC complementation; the lane contains the PCR product of gDNA via VY-FP/VY-RP primers. 
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Figure 5. Detection of the physiological characteristics of N. daiqngense ΔcobC and +cobC. (A) Detection of the optimal NaCl concentration of ΔcobC and +cobC; (B) detection of the optimal pH of ΔcobC and +cobC; and (C) growth curve of WT, ΔcobC, and +cobC. 
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Figure 6. The effect of exogenous addition of vitamin B12. (A–C) The effect of exogenous addition of vitamin B12 on the cell survival of N. daiqngense JX313T (WT), LND5, and ΔcobC. (D–F) The effect of the exogenous addition of vitamin B12 on the biomass of N. daiqngense JX313T (WT), LND5, and ΔcobC; the significance analysis represents the comparison between the optimal environment and the salt stress environment. *** represents p < 0.001, ** represents p < 0.01, * represents p < 0.05, and no mark represents non-significant. 
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Figure 7. Detection of intracellular vitamin B12 content. (A) Vitamin B12 standard curve. (B) The effect of salt stress on intracellular vitamin B12 content; the significance analysis represents the comparison between the optimal environment and the salt stress environment. *** indicates that the analysis of significant difference between the two groups is p < 0.001. 
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Table 1. Differentially expressed genes (partial).
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	Gene ID
	Name
	Fold Change
	log2 (Fold Change)
	p-Value





	BB347_RS03400
	cbiE
	2.7626
	1.4660
	0.0049



	BB347_RS03395
	cobH
	2.3105
	1.2082
	0.0392



	BB347_RS03460
	cobC
	2.0859
	1.0607
	0.0141










 





Table 2. Strains and plasmids employed in the current study.
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	Strain or Plasmid
	Description
	Source or Reference





	Strains
	
	



	N. daqingense JX313T
	Wild-type strain, an extremely halophilic archaea
	Isolated and identified by our lab [31]



	N. daqingense LND5
	Low-salt adaptive mutant, obtained through UV mutagensis
	This study



	N. daqingense ΔcobC
	The cobC gene-knockout strain, vitamin B12 biosynthesis deficiency
	This study



	N. daqingense +cobC
	The cobC gene-complementation strain
	This study



	E. coli DH5α
	Host strain for cloning
	Vazyme Biotech Co., Ltd., Nanjing, China



	Plasmids
	
	



	pUC18
	Cloning vector, AmpR
	Comate Biosciences Co., Ltd., Changchun, China



	E-pUC57
	Conferring erythromycin resistance, AmpR and ErmR
	Comate Biosciences Co., Ltd., Changchun, China



	pSilentI
	Conferring hygromycin resistance, AmpR and HygR
	MiaoLing Plasmid Platform, Wuhan, China



	pUC-cobC-ko
	Preparation of linear DNA fragments for cobC gene knockout, AmpR and ErmR
	This study



	pUC-cobC-c
	Preparation of linear DNA fragments for cobC gene complementation, AmpR and HygR
	This study










 





Table 3. Solution formulation used for protoplast transformation.
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	Component
	Solution I
	Solution II
	Solution III
	Solution IV
	Solution V





	NaCl
	1 M
	1 M
	2.5 M
	2.5 M
	2.5 M



	KCl
	27 mM
	27 mM
	56 mM
	56 mM
	56 mM



	Sucrose
	37.5 g
	150 g
	150 g
	150 g
	37.5 g



	Tris-HCl
	50 mM (pH 8.5)
	50 mM (pH 7.5)
	50 mM (pH 7.5)
	50 mM (pH 7.5)
	50 mM (pH 7.5)



	MgSO4
	-
	-
	150 mM
	134 mM
	134 mM



	CaCl2
	-
	-
	3.75 mM
	3 mM
	3 mM



	MgCl2
	-
	-
	-
	150 mM
	150 mM



	Total
	1 L
	1 L
	1 L
	1 L
	1 L










 





Table 4. Primers used in this study.
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Primers

	
Description

	
Amplicon Size (bp)

	
Sequence (from 5′ to 3′)






	
22F

	
Archaea 16S rDNA [46]

	
1500

	
ATTCCGGTTGATCCTGC




	
1540R

	
AGGAGGTGATCCAGCCGCAG




	
M13-47F

	
Sequencing primers of pUC18

	
Depends on the size of inserted fragment

	
CGCCAGGGTTTTCCCAGTCACGAC




	
M13R

	
CACACAGGAAACAGCTATGAC




	
VF-FP

	
To clone cobC upstream homologous arm sequence for gene knockout

	
500

	
TATGACCATGATTACGAATTCACACGCCGGTCGGCATCG




	
VF-RP

	
TTCTCGTTCATTTGCCCACCTCTTCGACGA




	
VE-FP

	
To clone erythromycin resistance sequence for gene knockout

	
735

	
GGTGGGCAAATGAACGAGAAAAATATAAAACACAGTCA




	
VE-RP

	
GTGGTAGTGTATCGAAACCGTTACTTATTAAATAATTTATAGCTATTGAAAAGAGA




	
VR-FP

	
To clone cobC downstream homologous arm sequence for gene knockout

	
500

	
CGGTTTCGATACACTACCACGA




	
VR-RP

	
CAGGTCGACTCTAGAGGATCCGCGTCCGGATCGCTCGAG




	
VY-FP

	
To confirm the success of gene knockout or complementation

	
2225 (knockout)

3233 (complementation)

	
GTCGACTTCGACGTGATCC




	
VY-RP

	
AGCGCGTCGACGTAG




	
VBF-RP

	
To clone cobC upstream homologous arm sequence for gene complementation, with VF-RP

	
500

	
GGCTTTTTCATTTGCCCACCTCTTCGACGA




	
VH-FP

	
To clone hygromycin resistance sequence for gene complementation

	
1026

	
GGTGGGCAAATGAAAAAGCCTGAACTCACCG




	
VH-RP

	
GTGTCTCGCTCATCTATTCCTTTGCCCTCGGACG




	
VBR-FP

	
To clone cobC and downstream homologous arm sequence for gene complementation, with VR-FP

	
1743

	
GGAATAGATGAGCGAGACACAGCCCAC




	
cbiE-FP

	
To detect differentially expressed genes

	
135

	
TGCTGACCTGTGGCTACAAG




	
cbiE-RP

	
GTACCTTCCCGACGAACTGG




	
cobH-FP

	
109

	
TGAGACGAGCATGGACATCG




	
cobH-RP

	
CAGGTGCTGGAACTCGATGT




	
cobC-FP

	
139

	
TTCGGGAGTTGATCGACGAC




	
cobC-RP

	
TCCCCGCAGTTCTCGTAGA




	
16S-FP

	
As reference gene for RT-qPCR

	
162

	
GCCGATTAGGTAGACGGTGG




	
16S-RP

	
GAGTCCCCTTATCGCACTCG











 





Table 5. RT-qPCR reaction system.
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	Component
	Volume





	Primer 1 (10 μM)
	0.4 μL



	Primer 2 (10 μM)
	0.4 μL



	2× AceQ qPCR SYBR Green Master Mix
	10 μL



	50× ROX Reference Dye 1
	0.4 μL



	cDNA
	1 μL



	ddH2O
	up to 20 μL



	Total
	20 μL
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