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The plasmid-encoded lactose operon plays a vital role in the acid production rate of Lacticaseibacillus casei during milk beverage fermentation
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Lacticaseibacillus casei is used extensively in the fermented milk-beverage industry as a starter culture. Acid production capacity during fermentation is the main criterion for evaluating starters although it is strain-dependent. In this study, the acid production rates of 114 L. casei strains were determined and then classified into high acid (HC), medium acid (MC), and low acid (LC) groups. Comparative genomics analysis found that the lac operon genes encoding the phosphoenolpyruvate-lactose phosphotransferase system (PTSLac) were located on plasmids in the HC strains; however, it is notable that the corresponding operons were located on the chromosome in LC strains. Real-time PCR analysis showed that the copy numbers of lac operon genes in HC strains were between 3.1 and 9.3. To investigate the relationship between copy number and acid production rate, the lac operon cluster of the HC group was constitutively expressed in LC strains. The resulting copy numbers of lac operon genes were between 15.8 and 18.1; phospho-β-galactosidase activity increased by 1.68–1.99-fold; and the acid production rates increased by 1.24–1.40-fold, which enhanced the utilization rate of lactose from 17.5 to 42.6% in the recombinant strains. The markedly increased expression of lac operon genes increased lactose catabolism and thereby increased the acid production rate of L. casei.
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Introduction

Dairy protein-based beverages have received considerable research interest, because of the increasing consumption of health-promoting foods containing protein. The dairy beverages market is a very dynamic segment of the dairy industry, and the global dairy-based beverages market reached US$13.9 billion in 2021 (Abbas et al., 2022). Fermented milk beverages supplemented or enriched with functional ingredients such as bio-active peptides or probiotics occupy the largest segment within the dairy-based beverage market (Champagne et al., 2018; Fazilah et al., 2018). In addition to basic nutrition, fermented milk beverages offer health benefits to the consumer, e.g., prevention of digestive diseases, enhancement of immunity, and reduction of infection risk (Matsuzaki et al., 2004; Sanggaard et al., 2004; Shiby and Mishra, 2013). The requirements of the Chinese industry standard (NY1799-2004) for fermented milk beverages are based on probiotic microbial counts (>106 CFU/ml) and acidity, which must be greater than 25°T. The main function of the starter in milk fermentations is to produce organic acids by fermenting sugars. As the major acid end product, lactic acid not only provides the required acidity for fermented milk drinks, but also provides their characteristic taste, through its content and proportion (Leongmorgenthaler et al., 1991). Thus, the acid production rate is an important characteristic of a starter, because slow acid production may have major effects on the quality of the final product and increase the costs of industrial lactic fermentation.

Fermented milk beverages containing probiotic strains are now well-established products in the global market; the fermentation is usually promoted by starter lactic acid bacteria (LAB) species such as Lactobacillus, Streptococcus, and Bifidobacterium (Fooks et al., 1999; Berhe et al., 2018). Lacticaseibacillus casei is an LAB that can be isolated from a variety of diverse habitats and has remarkable ecological adaptability, which contributes to the stability and persistence of acid production by L. casei during fermentation (Samet-Bali et al., 2010). L. casei has been isolated from dairy products, plant materials, as well as the human oral cavity and gastrointestinal tract (Cai et al., 2009). L. casei is mainly used in fermented milk beverages as a separate-starter, because of its efficient acid production; some examples of commercial fermented milk beverages contain strains of L. casei Shirota, L. casei Danone, and L. casei 01™ (Duar et al., 2017; Turkmen et al., 2019).

The acid production rate during L. casei fermentation is influenced by several factors:


Type of carbohydrate

Almost all L. casei strains are able to ferment common hexose sugars, including glucose, fructose, mannose, and N-acetylglucosamine, as well as the disaccharides lactose, maltose, and cellobiose. The ability of L. casei to ferment other sugars is strain-dependent, their carbohydrate utilization being influenced by the environment they are isolated from (Ganzle and Follador, 2012).



Hydrolytic capacity for disaccharides

As a facultatively hetero-fermentative species, the energy required for L. casei growth depends on the hydrolysis and metabolism of carbohydrates. Lactic acid production depends on glycoside hydrolase activity, which is highly variable (Hidalgo-Morales et al., 2005; Felis and Dellaglio, 2007). For example, the rapid hydrolysis of lactose implies the presence of a highly active β-galactosidase (EC 3.2.1.23) that enables L. casei ATCC334/64H to rapidly hydrolyze lactose into glucose and galactose-6-phosphate (Witt et al., 1993). The galactose-6-phosphate is metabolized to organic acids, via the tagatose-6-phosphate pathway, which is coded by the galR-galKTEM gene cluster (Tsai and Lin, 2006; Bidart et al., 2018). In addition, a trehalose 6-phosphohydrase (EC 3.2.1.93) of the GH13 family catalyzes the hydrolysis of trehalose, a β-glucosidase (EC 3.2.1.21) is the rate-limiting biocatalyst of cellobiose hydrolysis, and β-D-fucosidase (EC 3.2.1.38) is the rate-limiting biocatalyst for fucose hydrolysis (Ganzle and Follador, 2012; Buron-Moles et al., 2019). These glycoside hydrolases increase the ability of L. casei to hydrolyze various different carbohydrates and produce organic acids, to increase the acid production rate.

This study aimed to group L. casei isolates by performing phenotypic analysis of acid production rate and exploring the genetic basis of lactose metabolism by different strains. The association between acid production rate and the lac operon was established, which provides a theoretical basis for screening of starter strains for rapid acid production, for use in fermented milk beverages.




Materials and methods


Samples and Lacticaseibacillus casei isolation

The products from which the isolates came originated from 29 different regions in 12 provinces (Yunnan, Tibet, Guangxi, Gansu, Anhui, Shanxi, Guizhou, Guidong, Beijing, Chongqing, Xinjiang, and Inner Mongolia) in China between 2006 and 2020. Samples were derived from dairy products (fermented milk, koumiss, and qula), plant materials (pickles, wine), cured meat, and human isolates (vaginal, feces). Detailed information on samples and isolates is listed in Supplementary Table S1.

Suitable dilutions of sample isolates were inoculated in triplicate on De Man, Rogosa, and Sharpe (MRS) agar containing the pH indicator bromocresol purple (BCP; Sigma-Aldrich, St. Louis, MO) and cycloheximide (0.01% v/v) to prevent fungal growth. After incubation at 37°C for 48 h under anaerobic conditions, colonies with distinct morphological differences (color, shape, and size), which were producing acid, according to the BCP, were selected and purified by streaking on MRS agar (supplemented with 10 mg/l vancomycin). Representative colonies were selected (~10% of the observed count) and tested for positive Gram staining and the absence of catalase activity. The screened isolates were stored in cryoprotectant (12% w/v skim milk containing 10% glycerol) and cultured in MRS broth (Oxoid) at 37°C overnight before further experimentation. Microbiological analyses of the 114 isolates were conducted using methods including conventional phenotypic identification, 16S rRNA sequence, and species-specific PCR (Supplementary Table S2; Liu et al., 2012; Colombo et al., 2018, 2020).



Milk fermentation

The milk fermentation medium was reconstituted skim milk powder (13% w/v; Fonterra™, Auckland, New Zealand) with sucrose (5% w/v) and glucose (3% w/v). The medium was two-stage (5ΜPa, 15 MPa) pressure-homogenized (Sfakianakis et al., 2015), sterilized by heating for 60 min at 95°C, inoculated with 5 × 106 CFU g−1 of an L. casei isolate, and then incubated at 37°C for 96 h.



Determination of titratable acidity and viable microbial counts

The titratable acidity of the fermented milk was determined according to the China National Standard GB 5009.239–2016 (Jia et al., 2016). Fermented milk (10 g) was added to phenolphthalein solution (2 ml, 1% w/v in ethanol) and the mixture was titrated with standardized 0.1 M NaOH. The titratable acidity was calculated and expressed as degrees Thorner (°T; Alferez et al., 2001).

Viable microbial counts. The viable microbial count of L. casei isolates in milk fermentations was determined by counting colonies on MRS agar as described previously (Sah et al., 2014). Plates were incubated for 36–48 h at 37°C. The number of viable cells per gram was counted and expressed as logCFU g−1. Correlations were evaluated by the testing significance of Pearson’s correlation coefficient (titratable acidity, bioactive compounds, pH) and Spearman correlation coefficient (growth).



Acid production rate

We proposed a new method for the determination of acid production rate based on the titratable acidity and viable microbial count. The acid production rate of 114 isolates was calculated by dividing the acidity by the viable microbial count. Cluster analysis of L. casei strains was performed using IBM SPSS statistics 26.



Preferred carbohydrate source determination

HC and LC strains were inoculated (5 × 106 CFU g−1) in MRS broth containing a carbohydrate carbon source (0.5% w/v) and bromocresol purple (0.1% w/v). All incubations were performed at 37°C and in quadruplicate. The strain was considered to grow successfully on the tested sugar when the turbidity at OD600 was >0.8. The blank was un-inoculated MRS broth.



Sugar content and composition of fermented milk samples

Carrez clarification reagents 1 and 2 were prepared by separately dissolving potassium hexacyanoferrate (10.60 g, Sigma) and zinc acetate dihydrate (21.90 g, Sigma) in water (100 ml). Fermented milk (5 g) was weighed accurately into graduated tubes (100 ml) and dissolved in water (25 g). Carrez reagents 1 and 2 (2.5 ml each) were added sequentially with magnetic stirring for 30 min, then the mixture was centrifuged at 5000 × g for 15 min. Extracts were made to 100 ml with water, filtered (discarding initial filtrate) and an aliquot passed through a 0.22 μm membrane filter (Indyk et al., 1996). A control milk powder sample was included in each sample set to monitor method performance.

Sugar content was measured by high-performance liquid chromatography (HPLC) on a Model 2,695 HPLC (Waters Corporation, Milford, MA), fitted with a Bio-Rad Aminex®HPX-87P column (300 mm × 7.8 mm × 9 μm; Bio-Rad, Hercules, CA) and a Model 2,414 differential refractive index detector (RID). The mobile phase was aqueous sulfuric acid (5 mM) at a flow rate of 550 μl/min, with the column temperature set at 60°C.



Draft genome sequencing and annotation

Bacterial DNA isolation and purification. Overnight cultures with an OD600 of 0.8–1.0 were collected by centrifugation and washed with TES buffer (50 mM Tris-Cl; 30 mM EDTA; 25% Sucrose, pH 8.0). The cells were lysed by the addition of 100 μl of 50 mg/ml lysozyme solution in TE, with subsequent incubation at 37°C for 30 min. A total L. casei DNA extract was prepared as described previously (Pushnova et al., 2000). Cell lysates (50 mM Tris-Cl, pH8.0; 10 mM EDTA, pH 8.0; 50 mM sodium chloride; 60 mM sodium acetate, pH 5.2; 1% w/v SDS) were heated at 65°C for 30 min and extracted with phenol/chloroform.

DNA samples (1 μg) were cleaved into 400–500 bp fragments using a Covaris (Woburn, MA) M220 Focused Acoustic Shearer, following the manufacturer’s protocol. Illumina sequencing libraries were prepared from the sheared fragments using the NEXTflex™ Rapid DNA-Seq Kit (PerkinElmer Applied Genomics). Libraries then were used for paired-end Illumina sequencing (2 × 150 bp) on an Illumina NovaSeq 6,000 (San Diego, CA). Assembly of the clean reads was performed using SOAPdenovo2 (Koren et al., 2017). Glimmer (Delcher et al., 2007) was used for CDS prediction, tRNA-scan-SE (Borodovsky and Mcininch, 1993) was used for tRNA prediction, and Barrnap (Victorian Bioinformatics Consortium, Australia) was used for rRNA prediction. The predicted CDSs were annotated using the NR, Swiss-Prot, Pfam, GO, COG, and KEGG databases, using the sequence alignment tools BLASTP, DIAMOND, and HMMER. Each set of query proteins was aligned with the databases, and annotations of best-matched subjects (e-value <10−5) were obtained for gene annotation.



Comparative genomics/orthology prediction

All protein sequences of the six exemplar L. casei genomes were subjected to an orthology prediction using OrthoMCL (Fischer et al., 2011), with thresholds of: E-Value: 1E-5, percent identity cutoff: 0, and Markov inflation index: 1.5. Comparative genomic analyses for COGs were performed using the similarity clustering program implemented in ERGO (Huerta-Cepas et al., 2016). The core genomes were mapped to the bacterial COGs and KEGG database to evaluate the main functional COG categories related to the genome (Huerta-Cepas et al., 2016). Screening of core genes (genes contained in all gene families) and unique genes (genes contained only in a specific gene family) was based on homologous gene analysis.



Copy number determination

The relative copy number was assessed by the quantification method (Alvarez-Martin et al., 2007). The elongation factor Tu gene tuf (GenBank Accession No. AJ418937.2), identified as a chromosomally encoded single-copy gene, was used as the reference gene (Chavagnat et al., 2002). A 180 bp fragment of the tuf gene was amplified with primers tuf2-F and tuf2-R (Supplementary Table S2) and a 102 bp fragment of the lacG gene was amplified with the primers lacG-F and lacG-R (Supplementary Table S2). Real-time PCR was conducted with the following cycling conditions: 95°C for 5 min, followed by 40 cycles of 95°C for 20 s, 60°C for 30 s, and 68°C for 30 s each. The relative copy number was calculated using Nrelative = (1 + E)−△CT (Alvarez-Martin et al., 2007), where E and ΔCT represent the PCR amplification efficiency and the difference between the threshold cycle number (CT) of the tuf and lacG reactions, respectively.



Construction of expression vector

General molecular techniques, including DNA electrophoretic analysis, recovery, and storage, were performed using standard protocols. pSIP600 (Supplementary Figure S2) was pSIP502 vector without nisRK (Sorvig et al., 2003). Plasmid isolation from both E. coli and L. casei was performed using a Plasmid Kit according to the manufacturer’s instructions (OMEGA Bio-tek Inc., Doraville, GA). PCR was performed using Q5 high-fidelity DNA polymerase (New England Biolabs, Ipswich, MA). Primers used in PCR reactions were synthesized by Sangon Biotech (Beijing, China) and are listed in Supplementary Table S2. The purified PCR products were cloned directly into BglII-HindIII-digested pSIP600, using a ClonExpress Ultra one-step cloning kit (Vazyme Biotech, Beijing, China). The recombinant vector pSIP601 (Supplementary Figure S3) was transformed into E. coli DH5α using standard heat shock transformation (Watanabe et al., 1994) and introduced into LC strains by electroporation (1.5 kV, 400 Ω, 25 mF; Welker et al., 2015). Erythromycin was added as follows: 500 μg/ml for E. coli and 10 μg/ml for L. casei strains. L. casei LC_N31/pSIP601, LC_N80/pSIP601, and LC_N88/pSIP601 recombinant strains were generated under erythromycin resistance selection. DNA sequencing was performed by Sangon Biotech and the results were analyzed with DNAMAN software.



6-phospho-β-galactosidase assay

The 6-phospho-β-galactosidase (LacG) activity of selected strains was assayed as described previously (Hengstenberg et al., 1969; Bidart et al., 2018). A measured amount of the microbial sample (104CFU) was dissolved in Tris-hydrochloride buffer (0.9 ml, 0.1 M, pH 7.6, containing 0.05 M NaCl and 0.05 M MgCl2). The reaction was started by adding o-nitrophenyl-β-D-galactopyranoside-6-phosphate (ONPG-6-P; 3 μmoles; Toronto Research Chemicals, Canada) in distilled water (0.1 ml) to the enzyme solution, then the mixture was incubated at 30°C. The assays were repeated twice and in triplicate and the increase in absorbance was monitored at 405 nm. One unit of LacG activity was defined as 1 nmol/h of ONP released at 30°C by 104CFU of L. casei.



Genetic analyzes

Sequence similarity was detected with BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi) and multiple sequence alignments were performed with Clustal W (Thompson et al., 1994). Putative sugar and amino acid metabolic pathways were predicted by KEGG (http://-www.genome.jp). Carbohydrate-active enzymes were identified using the CAZy database (http://www.cazy.org; Cantarel et al., 2009). ANIb calculation (Richter and Rossello-Mora, 2009) was performed using pyani (v0.2.7; https://cloud.majorbio.com/) to evaluate distances between all L. casei/paracasei genomes. The presence of an N-terminal signal peptide sequence was predicted using SignalP 6.0 (https://services.healthtech.dtu.dk/service.php?SignalP-6.0; Petersen et al., 2011).

Nucleotide sequence accession numbers. The draft genome sequences of the six exemplar isolates were submitted to GenBank under the following accession numbers: LC_N16 (SAMN24532469), LC_N17 (AMN24532470), LC_N40 (SAMN24532471), LC_N31 (SAMN24532472), LC_N80 (SAMN24532473), and LC_N88 (SAMN24532474).




Results


Isolation and identification of Lacticaseibacillus casei strains

A total of 199 samples were collected from 29 geographical regions, in 12 Chinese provinces, for isolation and purification. Isolates were identified as LAB based on positive Gram staining assays, the absence of catalase and oxidase activity, and microscopic observation of cell morphology. A panel of 472 LAB isolates was obtained from the samples and LAB were chosen for taxonomical identification by sequencing of the PCR-amplified 16S rRNA; there were 171 strains of L. casei/parcasei/rhamnosus subspecies (Supplementary Table S1, set A; Liu et al., 2012). L. casei-related taxa strains were specifically identified with housekeeping loci (pheS, recA, rpoC, tuf, and uvrC; Supplementary Table S2; Cai et al., 2007; Colombo et al., 2018, 2020), yielding 114 identified L. casei strains from 99 samples that were isolated and freeze-dried in a cryoprotectant (Supplementary Table S1, set B).



Acid production capacity

All strains successfully induced coagulation of the milk after 114 l.casei strains were fermented in milk. The pH of all milk fermentations was reduced below 4.0, microbial counts were greater than 8.0 logCFU g−1, and acidity was greater than 160°T for all strains. Of these, 24 strains produced greater acidity than the commercial strain, LC_N00 (238.76 ± 0.46°T; Supplementary Table S3; Figure 1A).
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FIGURE 1
 Acid production rate of L. casei. (A) Acid production rate of 114 isolates fermented for 96 h. (B) Acid production rate of HC, MC, and LC strains. (C) Acid production rate of representative strains from the HC (LC_N16, 17, 40) and LC (LC_N31, 80, 88) groups, up to 96 h, compared with the commercial strain LC_N00. Tests were performed in triplicate and were expressed as means ± SD. Analysis of variance (ANOVA) was performed by Tukey’s test for pairwise comparison.


The acid production rate was calculated by dividing the acidity by the viable microbial count. Cluster analysis was used to classify the acid production rate of all L. casei strains into three groups, by comparison with the acid production rate of LC_N00. The high acid (HC) group (34 strains) had acid production rates higher than 26.03 ± 0.62, the medium acid (MC) group (38 strains) had acid production rates between 24.54 ± 0.15 and 25.88 ± 0.53 (i.e., similar to that of LC_N00), and the low acid (LC) group (42 strains) had acid production rates less than 24.50 ± 0.25 (Figure 1B). Three exemplar strains were selected from both the HC and LC groups, to compare their acid production rates during fermentation. The mean acid production rates of the HC and LC strains rapidly increased to 22.97 ± 0.97 and 15.38 ± 1.35, respectively, within 60 h, then slowly increased further to 28.68 ± 0.89 and 18.71 ± 0.90, respectively, between 60 h and 96 h (p < 0.05; Figure 1C). The mean acid production rates of the HC group were about nine times higher than those of the LC group at 96 h (Table 1).



TABLE 1 Acid production rates of exemplar L. casei strains from the high acid (HC) and low acid (LC) groups.
[image: Table1]



Location of the lac operon

Comparative genomic analysis of the six sequenced HC and LC strains revealed 2,187 core genes (Supplementary Table S4A). The core genes were mapped to the Clusters of Orthologous Groups (COG) database (Huerta-Cepas et al., 2016) to evaluate the main functional COG categories. A collection of abundant COG categories, which contain genes that typically have the same functional category, from the six strains is shown in Supplementary Tables S4B,C. The most common COGs were those associated with “Carbohydrate transport and metabolism” (G). 10.53% (HC) and 9.73% (LC) of the COGs were grouped into the G category (Supplementary Figure S5). Notably, LC_N16 (208), LC_N17 (207), and LC_N40 (207) had almost equal numbers of genes classified into the G category. That is, the homologous gene function annotations indicate that these three strains have similar carbohydrate metabolic pathways.

A comparative analysis of metabolic pathways related to genes in the G category indicated that the genes of the HC and LC groups are involved in carbohydrate metabolism, including phosphoenolpyruvate-carbohydrate phosphotransferase (PTS) transporter systems, glycosyl hydrolases, ABC transporter permeases, and other carbohydrate-related proteins (Figure 2). PTS system genes (52 and 91 genes in HC and LC, respectively) were the most numerous. These genes are often arranged in clusters, each of which is involved in the uptake and subsequent hydrolysis of a particular carbohydrate; the ability of strains to metabolize carbohydrates is reflected in their rates of organic acid production and the final concentration achieved (Rasko et al., 2005; Buron-Moles et al., 2019).

[image: Figure 2]

FIGURE 2
 Functional analysis of genes in the exemplar HC and LC strains. Genes related to carbohydrate metabolism. Protein sequences were subjected to an orthology prediction using OrthoMCL with thresholds of: E-Value, 1E-5; percent identity cutoff, 0; and Markov inflation index, 1.5. Core genomes were mapped to the bacterial NCBI COGs and KEGG database to evaluate the main COG categories.


Further analysis was focused on lactose metabolism and revealed that there appear to be two main routes for lactose catabolism in HC and LC strains, namely, the phosphoenolpyruvate-lactose phosphotransferase (PTSLac) system and the lactose permease symport system (Supplementary Table S4). The genes involved in the hydrolysis of lactose are related to three lactose metabolic pathways: 00052MN-Galactose metabolism (Supplementary Figure S1A), 00010MN-Glycolysis Gluconeogenesis (Supplementary Figure S1B), and 00030 M-Pentose phosphate pathway (Supplementary Figure S1C). The main routes of lactose hydrolysis were the Embden–Meyerhof–Parnas (EMP) and pentose phosphate pathways (Figure 3). A comparison of the number, location, and amino acid sequence of the genes in these pathways revealed that the lac operon was present in all six strains of the HC and LC groups, but there were significant differences in the location of the lac operon encoding PTSLac. The lacT, E, G, and F genes, which constitute the lac operon, control lactose metabolism; lacT codes for a transcriptional anti-terminator, lacE and F for the PTSLac EIICBA domains, and lacG for the phospho-β-galactosidase (Alpert and Siebers, 1997; Zheng et al., 2015). Notably, the lac operon responsible for lactose transport and hydrolysis was located on plasmids in the HC strains, whereas that of the LC strains was located in the chromosome (Table 2).

[image: Figure 3]

FIGURE 3
 Genes related to lactose catabolism. The genes involved in the hydrolysis of lactose were related to three lactose metabolic pathways: 00052MN-Galactose metabolism (Supplementary Figure S1A), 00010MN-Glycolysis Gluconeogenesis (Supplementary Figure S1B), and 00030 M-Pentose phosphate pathway (Supplementary Figure S1C).




TABLE 2 Location of lac operon in exemplar L. casei strains from the high acid (HC) and low acid (LC) groups.
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Lactose assimilation

The lactose catabolic capacity of the six HC and LC group exemplar strains was determined by measuring the lactose content of hydrolyzed milk by anion-exchange high-performance liquid chromatography (HPLC; Richmond et al., 1982; Zhang et al., 2010). The linearity of the chromatographic method was verified by the coefficient of determination (𝑅2), which was >0.99 and the retention time of lactose was 19.39 ± 0.12 min, which indicates good reproducibility (Supplementary Figure S6). In addition, all six strains reached a turbidity in MRS medium of OD600 > 0.8 and a pH < 5.0 within 24 h, indicating that lactose was catabolized to produce organic acids (results not shown). The lactose utilization rates of the HC strains (LC_N16, 17, 40) were 46.4, 47.5, and 49.4%, respectively, whereas those of the LC strains (LC_N31, 80, 88) were 11.4, 24.3, and 19.8%, respectively, so the lactose utilization rate of HC strains was markedly higher than that of LC strains (Figure 4; p < 0.05). The lac operons of HC strains were located on plasmids and it appears that this enabled higher expression of the genes responsible for lactose metabolism, enabling these strains to rapidly catabolize lactose into glucose and galactose-6 phosphate.
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FIGURE 4
 Lactose utilization by the six exemplar HC and LC strains. Relative amounts of lactose utilized by the exemplar HC and LC strains. The analyses were performed in triplicate and the results expressed as mean ± SD. abcdeDifferent superscript letters indicate significant differences (p < 0.05).




Copy numbers of lac operon

Comparison of copy numbers of lac operon in HC and LC strains. The lac operon copy number in the six exemplar strains was determined by real-time PCR. A standard curve was generated for the lacG and tuf genes by linear regression of a plot of serial five-fold dilutions of both plasmid and genomic DNA (Table 3). Theoretically, the slope of the standard curve should be computed as its absolute gradient (−1/log52 = −2.32; Lee et al., 2006); the standard curves obtained for the lacG and tuf genes were linear over the tested range (𝑅2 > 0.99) and the slopes were between −2.23 and −2.41, only slightly different (<2%) from the theoretical value (Table 3). The copy numbers of the HC strains (LC_N16, 17, 40) were 9.34 ± 2.09, 3.09 ± 1.02, and 6.39 ± 0.98, respectively, significantly higher than those of the LC strains (LC_N31, 80, 88), at 1.2 ± 0.16, 1.14 ± 0.12, and 1.16 ± 0.10, respectively (Table 3). Plasmids are genetic material independent of the chromosome, which can replicate autonomously and their genes can be expressed to much higher levels than chromosomal genes (Panya et al., 2012). High copy numbers of lac operon genes would facilitate HC strains to catabolize lactose more rapidly than LC strains, in agreement with the lactose utilization results (Figure 4).



TABLE 3 Copy numbers of lac operon in exemplar L. casei strains from the high acid (HC) strains (LC_N16, 17, 40), recombinant strains (LC_N31-, 80-, 88–601), control strains (LC_N31-, 80-, 88–600) and LC wild-type strains (LC_N31, 80, 88).
[image: Table3]

Copy numbers of lac operon in recombinant strains. To determine the relationship between copy number and acid production rate, the lacT, E, G, and F genes were cloned into the pSIP600 vector (Supplementary Figure S3), then transferred into the LC strains by electroporation (Welker et al., 2015). The recombinant vector was verified by PCR (lacT-lacE-F/R and lacG2-F/R) and digested with HindIII, to confirm successful construction of pSIP601 (Supplementary Figure S4). The copy numbers of lac operon genes in the recombinant strains LC_N31-601, LC_N80-601, and LC_N88-601 were 15.86 ± 1.34, 16.59 ± 0.38, and 18.12 ± 1.90, respectively, and were significantly higher than those of the control (LC_N31-600, LC_N80-600, LC_N88-600) and LC wild-type strains (LC_N31, LC_N80, LC_N88; Table 3; p < 0.05). The pSIP series vectors are one-plasmid systems with pUC(pGEM)ori-256rep replication determinants for Escherichia coli, Lactobacillus sakei, and Lactiplantibacillus plantarum; the replication determinants of pSIP600 vector can be changed easily, meaning that the system can be made to function well in Lactobacilli (Sorvig et al., 2003). Markedly increasing the copy numbers of lac operon genes in the recombinant strains should increase their expression.



Performance of recombinant strains

Phospho-β-galactosidase activity of recombinant strains. Phospho-β-galactosidase (LacG) is involved in the catabolism of lactose and is required for lactose utilization by LAB. LacG activity was assayed with o-nitrophenyl-β-D-galactopyranoside-6-phosphate (ONPG-6-P). The LacG activities of the recombinant strains (LC_N31-601, LC_N80-601, LC_N88-601) were 3.31 ± 0.14, 3.31 ± 0.11, and 3.27 ± 0.12 U/104 CFU, respectively (Figure 5) and were not significantly different from the HC strains (p < 0.05), but were markedly higher than the LC-600 control and LC wild-type strains. These results suggested that the high copy numbers of the lacG gene in the recombinant LC strains increased both lacG expression and their LacG activity, which would increase their hydrolytic capacity for intracellular phosphorylated lactose.
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FIGURE 5
 Activity of LacG (phospho-β-galactosidase) in L. casei strains. Assays were performed in triplicate and the results are presented as mean ± SD. abDifferent superscript letters indicate significant differences (p < 0.05).


Performance of recombinant strains in milk fermentation. The acid production rates of the recombinant LC strains in milk fermentations, with and without erythromycin resistance, were compared with those of the corresponding wild-type strains. There was no significant difference between the recombinant LC strains with erythromycin resistance (LC_N31-601, LC_N80-601, LC_N88-601) and without (LC_N31-601-R−, LC_N80-601-R−, LC_N88-601-R−), indicating that the lac operon is stable in the recombinant strains (Figure 6A; p < 0.05). However, the acid production rates of the recombinant LC strains were significantly higher than the recombinant control and LC wild-type strains (Figure 6A; p < 0.05). The lactose utilization of the recombinant LC strains (35.0, 50.7, and 42.1%) was significantly higher than LC wild-type (13.1, 21.5, and 17.9%) and control strains (14.2, 22.9, and 21.4%; Figure 6B; p < 0.05). These results suggest that location of the lac operon on a plasmid in L. casei markedly accelerates lactose utilization and increases organic acid production during milk fermentation.

[image: Figure 6]

FIGURE 6
 (A) Acid production rate of LC recombinant and wild-type strains. (B) Lactose utilization by recombinant and wild-type strains. Assays were performed in triplicate and are expressed as mean ± SD. abcdefgDifferent superscript letters indicate significant differences (p < 0.05).





Discussion

The acid production rate of L. casei is an important characteristic, which determines the quality of fermented milk beverages and influences the cost of industrial milk fermentation. Some measures of acid production rate have been reported, the pH, tVmax, tpH4.5, and the kinetic parameter Vm = dpH/dt were quantified to assess Streptococcus strains (Zanatta and Basso, 1992; Dashper et al., 2012) and Lactobacillus acidophilus (Almeida et al., 2008). Fugl et al. (2017) evaluated the fermentation performance of L. lactis, S. lutetiensis, S. infantarius, and P. acidilactici strains by acidity and pH. These parameters take into account one important indicator of the starter, but the final microbial count in the fermented probiotic product must also be considered. Therefore, this study used acid production rate to assess LAB strains, which can be calculated from the acidity and viable cell count. The resulting acid production rate data were used to classify the L. casei isolates into three groups: the “medium acid” (MC) strains had similar acid production capacity to the commercial starter strain LC_N00, which has industrially acceptable acid production and final microbial counts. The “high acid” (HC) and “low acid” (LC) strains had higher and lower acid production capacity, respectively, in milk fermentations, compared with LC_N00. The HC and MC strains not only met industrial acid production requirements, but also could reach a final viable count of >108 CFU/ml.

Uptake of lactose into bacterial cells and initiation of its catabolism involves several metabolic pathways: ABC protein-dependent systems, lactose-galactose antiporters, lactose-H+ symport systems, and the PTSLac transporter system (Alpert and Siebers, 1997). The two main systems active in the exemplar L. casei strains studied here were the lactose permease symport and PTSLac systems. Although there are at least two sugar transport systems, most sugars are transported by PTSs, the primary sugar transport systems of Gram-positive bacteria (Ajdic et al., 2002). PTSs regulate overall carbohydrate metabolism through gene expression in L. casei, and are important under acidic conditions (Wu et al., 2012).

Lactose fermentation is very widely employed and well-understood by the dairy industry (Cavanagh et al., 2015). LAB have evolved metabolic systems that ensure the preferential use of readily metabolizable carbon sources, such as carbon catabolite repression (CCR), which modulates gene expression in response to the availability of carbon compounds; CCR is well known in lactobacilli and can also interact with catabolite control protein A (CcpA), the master regulator of carbon metabolism (Monedero et al., 1997; Stefanovic et al., 2017). Inhibition of lac gene expression during growth on glucose is a consequence of PTSGlc-mediated inducer exclusion, a repressive effect of a functional glucose-phosphoenolpyruvate-dependent phosphotransferase system (Chassy and Thompson, 1983; Monedero et al., 1997). However, the L. casei strains studied here were able to utilize three sugars (lactose, sucrose, and glucose) simultaneously, but with lactose as the primary carbon source (HC and LC strains utilized mostly lactose; results not shown). During glucose fermentation by L. casei via the EMP, carbohydrates are preferentially transported by PTS systems, and metabolism of disaccharides is preferred over glucose fermentation via the pentose phosphate pathway (Ganzle et al., 2007; Ganzle and Follador, 2012). When combined, these two metabolic shifts increase the yield of ATP. Accordingly, metabolism of lactose and sucrose by disaccharide phosphorylases is not repressed by glucose.

The lac operon genes lacT, E, G, and F, which constitute PTSLac, regulate lactose metabolism during milk fermentation (Bidart et al., 2018). The lac operon is induced by lactose through transcription antitermination, mediated by LacT (Gosalbes et al., 1999) and several L. casei strains (e.g., L. casei 334/64H) carry the lac operon on a plasmid (Gosalbes et al., 1997; Van Kranenburg et al., 2005). Unique functions of L. casei are encoded on mobile elements, such as plasmids or transposons, including exopolysaccharide biosynthesis and sugar metabolism; these functions contribute to the high viscosity, i.e., creamy texture of fermented milk beverages and to utilization of lactose in dairy fermentations (Davidson et al., 1996; Schroeter and Klaenhammer, 2009).

Differences in L. casei lactose metabolism resulting from different locations of the lac operon (plasmid vs. chromosome) have not been previously reported. This is the first report that expression of the lacT, E, G, and F genes located on a plasmid is enhanced, compared with the same genes located on the chromosome, since the former can replicate autonomously. The high expression of the lacG gene increased LacG enzyme activity and consequently, lactose hydrolysis, which increased the acid production rate, an important attribute of a milk fermentation starter culture.

In conclusion, the association between acid production rate and lactose metabolism enabled the identification of the genes involved in transport and catabolism of lactose. Further research is required to confirm these findings, as well as to elucidate the potential functions of these genes during milk fermentation, which is of great importance for industrial applications of L. casei.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Author contributions

XL: conceptualization, data curation, methodology, software, and writing—original draft. ZZhai and YH: formal analysis, writing—review and editing, and resources. MZ and CH: software and supervision. JH, SS, ZZhao, and YS: validation and visualization. FR and RW: conceptualization, data curation, formal analysis, investigation, project administration, resources, and supervision. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Natural Science Foundation of China (contract 31972055) and the National Key Research and Development Program of China (2018YFC1604303).



Acknowledgments

We would like to thank Compuscript Ltd. for its linguistic assistance during the preparation of this manuscript.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.1016904/full#supplementary-material



References

 Abbas, M. S., Saeed, F., Afzaal, M., Lu, J. F., Hussain, M., Ikram, A., et al. (2022). Recent trends in encapsulation of probiotics in dairy and beverage: a review. J. Food Process. Preserv. 46:e16689. doi: 10.1111/jfpp.16689

 Ajdic, D., Mcshan, W. M., Mclaughlin, R. E., Savic, G., Chang, J., Carson, M. B., et al. (2002). Genome sequence of Streptococcus mutans UA159, a cariogenic dental pathogen. Proc. Natl. Acad. Sci. U. S. A. 99, 14434–14439. doi: 10.1073/pnas.172501299 

 Alferez, M. J. M., Barrionuevo, M., Aliaga, I. L., Sanz-Sampelayo, M. R., Lisbona, F., Robles, J. C., et al. (2001). Digestive utilization of goat and cow milk fat in malabsorption syndrome. J. Dairy Res. 68, 451–461. doi: 10.1017/S0022029901004903 

 Almeida, K. E., Tamime, A. Y., and Oliveira, M. N. (2008). Acidification rates of probiotic bacteria in Minas frescal cheese whey. Lwt-Food Sci. Technol. 41, 311–316. doi: 10.1016/j.lwt.2007.02.021

 Alpert, C. A., and Siebers, U. (1997). The lac operon of lactobacillus casei contains lacT, a gene coding for a protein of the Bglg family of transcriptional antiterminators. J. Bacteriol. 179, 1555–1562. doi: 10.1128/jb.179.5.1555-1562.1997 

 Alvarez-Martin, P., Florez, A. B., and Mayo, B. (2007). Screening for plasmids among human bifidobacteria species: sequencing and analysis of pbc1 from Bifidobacterium catenulatum L48. Plasmid 57, 165–174. doi: 10.1016/j.plasmid.2006.07.004 

 Berhe, T., Ipsen, R., Seifu, E., Kurtu, M. Y., Eshetu, M., and Hansen, E. B. (2018). Comparison of the acidification activities of commercial starter cultures in camel and bovine milk. Lwt-Food Sci. Technol. 89, 123–127. doi: 10.1016/j.lwt.2017.10.041

 Bidart, G. N., Rodriguez-Diaz, J., Perez-Martinez, G., and Yebra, M. J. (2018). The lactose operon from lactobacillus casei is involved in the transport and metabolism of the human milk oligosaccharide core-2 N-acetyllactosamine. Sci. Rep. 8:7152. doi: 10.1038/s41598-018-25660-w 

 Borodovsky, M., and Mcininch, J. (1993). Genmark - parallel gene recognition for both DNA strands. Comput. Chem. 17, 123–133. doi: 10.1016/0097-8485(93)85004-V

 Buron-Moles, G., Chailyan, A., Dolejs, I., Forster, J., and Miks, M. H. (2019). Uncovering carbohydrate metabolism through a genotype-phenotype association study of 56 lactic acid bacteria genomes. Appl. Microbiol. Biotechnol. 103, 3135–3152. doi: 10.1007/s00253-019-09701-6 

 Cai, H., Rodriguez, B. T., Zhang, W., Broadbent, J. R., and Steele, J. L. (2007). Genotypic and phenotypic characterization of lactobacillus casei strains isolated from different ecological niches suggests frequent recombination and niche specificity. Microbiol.-SGM 153, 2655–2665. doi: 10.1099/mic.0.2007/006452-0 

 Cai, H., Thompson, R., Budinich, M. F., Broadbent, J. R., and Steele, J. L. (2009). Genome sequence and comparative genome analysis of lactobacillus casei: insights into their niche-associated evolution. Genome Biol. Evol. 1, 239–257. doi: 10.1093/gbe/evp019 

 Cantarel, B. L., Coutinho, P. M., Rancurel, C., Bernard, T., Lombard, V., and Henrissat, B. (2009). The carbohydrate-active enzymes database (cazy): an expert resource for glycogenomics. Nucleic Acids Res. 37, D233–D238. doi: 10.1093/nar/gkn663 

 Cavanagh, D., Fitzgerald, G. F., and Mcauliffe, O. (2015). From field to fermentation: the origins of Lactococcus lactis and its domestication to the dairy environment. Food Microbiol. 47, 45–61. doi: 10.1016/j.fm.2014.11.001 

 Champagne, C. P., Da Cruz, A. G., and Daga, M. (2018). Strategies to improve the functionality of probiotics in supplements and foods. Curr. Opin. Food Sci. 22, 160–166. doi: 10.1016/j.cofs.2018.04.008

 Chassy, B. M., and Thompson, J. (1983). Regulation of lactose-phosphoenolpyruvate-dependent phosphotransferase system and beta-D-phosphogalactoside galactohydrolase activities in lactobacillus-casei. J. Bacteriol. 154, 1195–1203. doi: 10.1128/jb.154.3.1195-1203.1983 

 Chavagnat, F., Haueter, M., Jimeno, J., and Casey, M. G. (2002). Comparison of partial tuf gene sequences for the identification of lactobacilli. FEMS Microbiol. Lett. 217, 177–183. doi: 10.1111/j.1574-6968.2002.tb11472.x 

 Colombo, M., Nero, L. A., and Todorov, S. D. (2020). Safety profiles of beneficial lactic acid bacteria isolated from dairy systems. Braz. J. Microbiol. 51, 787–795. doi: 10.1007/s42770-020-00227-y 

 Colombo, M., Todorov, S. D., Eller, M., and Nero, L. A. (2018). The potential use of probiotic and beneficial bacteria in the brazilian dairy industry. J. Dairy Res. 85, 487–496. doi: 10.1017/S0022029918000845 

 Dashper, S. G., Saion, B. N., Stacey, M. A., Manton, D. J., Cochrane, N. J., Stanton, D. P., et al. (2012). Acidogenic potential of soy and bovine milk beverages. J. Dent. 40, 736–741. doi: 10.1016/j.jdent.2012.05.004 

 Davidson, B. E., Kordias, N., Dobos, M., and Hillier, A. J. (1996). Genomic organization of lactic acid bacteria. Anton. Leeuw. Int. J. Gen. Mol. Microbiol. 70, 161–183. doi: 10.1007/BF00395932

 Delcher, A. L., Bratke, K. A., Powers, E. C., and Salzberg, S. L. (2007). Identifying bacterial genes and endosymbiont DNA with glimmer. Bioinformatics 23, 673–679. doi: 10.1093/bioinformatics/btm009 

 Duar, R. M., Lin, X. X. B., Zheng, J. S., Martino, M. E., Grenier, T., Perez-Munoz, M. E., et al. (2017). Lifestyles in transition: evolution and natural history of the genus lactobacillus. FEMS Microbiol. Rev. 41, S27–S48. doi: 10.1093/femsre/fux030 

 Fazilah, N. F., Ariff, A. B., Khayat, M. E., Rios-Solis, L., and Halim, M. (2018). Influence of probiotics, prebiotics, synbiotics and bioactive phytochemicals on the formulation of functional yogurt. J. Funct. Foods 48, 387–399. doi: 10.1016/j.jff.2018.07.039

 Felis, G. E., and Dellaglio, F. (2007). Taxonomy of lactobacilli and bifidobacteria. Curr. Issues Intest. Microbiol. 8, 44–61.

 Fischer, S., Brunk, B. P., Chen, F., Gao, X., Harb, O. S., Iodice, J. B., et al. (2011). Using ORTHOMCL to assign proteins to orthomcl-db groups or to cluster proteomes into new ortholog groups. Curr. Protoc. Bioinformatics 35, 6.12.1–6.12.19. doi: 10.1002/0471250953.bi0612s35

 Fooks, L. J., Fuller, R., and Gibson, G. R. (1999). Prebiotics, probiotics and human gut microbiology. Int. Dairy J. 9, 53–61. doi: 10.1016/S0958-6946(99)00044-8

 Fugl, A., Berhe, T., Kiran, A., Hussain, S., Laursen, M. F., Bahl, M. I., et al. (2017). Characterisation of lactic acid bacteria in spontaneously fermented camel milk and selection of strains for fermentation of camel milk. Int. Dairy J. 73, 19–24. doi: 10.1016/j.idairyj.2017.04.007

 Ganzle, M. G., and Follador, R. (2012). Metabolism of oligosaccharides and starch in lactobacilli: a review. Front. Microbiol. 3:340. doi: 10.3389/fmicb.2012.00340 

 Ganzle, M. G., Vermeulen, N., and Vogel, R. F. (2007). Carbohydrate, peptide and lipid metabolism of lactic acid bacteria in sourdough. Food Microbiol. 24, 128–138. doi: 10.1016/j.fm.2006.07.006 

 Gosalbes, M. J., Monedero, V., Alpert, C. A., and Perezmartinez, G. (1997). Establishing a model to study the regulation of the lactose operon in lactobacillus casei. FEMS Microbiol. Lett. 148, 83–89. doi: 10.1111/j.1574-6968.1997.tb10271.x 

 Gosalbes, M. J., Monedero, V., and Perez-Martinez, G. (1999). Elements involved in catabolite repression and substrate induction of the lactose operon in lactobacillus casei. J. Bacteriol. 181, 3928–3934. doi: 10.1128/JB.181.13.3928-3934.1999 

 Hengstenberg, W., Penberthy, W. K., Hill, K. L., and Morse, M. L. (1969). Phosphotransferase system of Staphylococcus aureus: its requirement for the accumulation and metabolism of galactosides. J. Bacteriol. 99, 383–388. doi: 10.1128/jb.99.2.383-388.1969 

 Hidalgo-Morales, M., Robles-Olvera, V., and García, H. S. (2005). Lactobacillus reuteri β-galactosidase activity and low milk acidification ability. Can. J. Microbiol. 51, 261–267. doi: 10.1139/w04-134 

 Huerta-Cepas, J., Szklarczyk, D., Forslund, K., Cook, H., Heller, D., Walter, M. C., et al. (2016). eggNOG 4.5: a hierarchical orthology framework with improved functional annotations for eukaryotic, prokaryotic and viral sequences. Nucleic Acids Res. 44, D286–D293. doi: 10.1093/nar/gkv1248 

 Indyk, H. E., Edwards, M. J., and Woollard, D. C. (1996). High performance liquid chromatographic analysis of lactose-hydrolysed milk. Food Chem. 57, 575–580. doi: 10.1016/S0308-8146(96)00195-1

 Jia, R., Chen, H., Chen, H., and Ding, W. (2016). Effects of fermentation with lactobacillus rhamnosus GG on product quality and fatty acids of goat milk yogurt. J. Dairy Sci. 99, 221–227. doi: 10.3168/jds.2015-10114 

 Koren, S., Walenz, B. P., Berlin, K., Miller, J. R., Bergman, N. H., and Phillippy, A. M. (2017). Canu: scalable and accurate long-read assembly via adaptive k-mer weighting and repeat separation. Genome Res. 27, 722–736. doi: 10.1101/gr.215087.116 

 Lee, C. L., Ow, D. S. W., and Oh, S. K. W. (2006). Quantitative real-time polymerase chain reaction for determination of plasmid copy number in bacteria. J. Microbiol. Methods 65, 258–267. doi: 10.1016/j.mimet.2005.07.019

 Leongmorgenthaler, P., Zwahlen, M. C., and Hottinger, H. (1991). Lactose metabolism in lactobacillus-bulgaricus - analysis of the primary structure and expression of the genes involved. J. Bacteriol. 173, 1951–1957. doi: 10.1128/jb.173.6.1951-1957.1991 

 Liu, W. J., Bao, Q. H., Jirimutu, Qing, M. J., Siriguleng, Chen, X., et al. (2012). Isolation and identification of lactic acid bacteria from tarag in eastern inner Mongolia of China by 16S rRNA sequences and DGGE analysis. Microbiol. Res. 167, 110–115. doi: 10.1016/j.micres.2011.05.001 

 Matsuzaki, T., Takagi, A., Ikemura, H., Matsuguchi, T., and Yokokura, T. (2004). Antitumor activity and action mechanisms of lactobacillus casei through the regulation of immune responses. Biofactors 22, 63–66. doi: 10.1002/biof.5520220111 

 Monedero, V., Gosalbes, M. J., and Perezmartinez, G. (1997). Catabolite repression in lactobacillus casei ATCC 393 is mediated by CcpA. J. Bacteriol. 179, 6657–6664. doi: 10.1128/jb.179.21.6657-6664.1997 

 Panya, M., Lulitanond, V., Tangphatsornruang, S., Namwat, W., Wannasutta, R., Suebwongsa, N., et al. (2012). Sequencing and analysis of three plasmids from lactobacillus casei TISTR1341 and development of plasmid-derived Escherichia coli-L. casei shuttle vectors. Appl. Microbiol. Biotechnol. 93, 261–272. doi: 10.1007/s00253-011-3503-0 

 Petersen, T. N., Brunak, S., Von Heijne, G., and Nielsen, H. (2011). SignalP 4.0: discriminating signal peptides from transmembrane regions. Nat. Methods 8, 785–786. doi: 10.1038/nmeth.1701 

 Pushnova, E. A., Geier, M., and Zhu, Y. S. (2000). An easy and accurate agarose gel assay for quantitation of bacterial plasmid copy numbers. Anal. Biochem. 284, 70–76. doi: 10.1006/abio.2000.4668 

 Rasko, D. A., Myers, G. S. A., and Ravel, J. (2005). Visualization of comparative genomic analyses by BLAST score ratio. BMC Bioinform. 6:2. doi: 10.1186/1471-2105-6-2 

 Richmond, M. L., Barfuss, D. L., Harte, B. R., Gray, J. I., and Stine, C. M. (1982). Separation of carbohydrates in dairy-products by high-performance liquid-chromatography. J. Dairy Sci. 65, 1394–1400. doi: 10.3168/jds.S0022-0302(82)82360-6

 Richter, M., and Rossello-Mora, R. (2009). Shifting the genomic gold standard for the prokaryotic species definition. Proc. Natl. Acad. Sci. U. S. A. 106, 19126–19131. doi: 10.1073/pnas.0906412106 

 Sah, B. N. P., Vasijevic, T., Mckechnie, S., and Donkor, O. N. (2014). Effect of probiotics on antioxidant and antimutagenic activities of crude peptide extract from yogurt. Food Chem. 156, 264–270. doi: 10.1016/j.foodchem.2014.01.105 

 Samet-Bali, O., Bellila, A., Ayadi, M. A., Marzouk, B., and Attia, H. (2010). A comparison of the physicochemical, microbiological and aromatic composition of traditional and industrial leben in Tunisia. Int. J. Dairy Technol. 63, 98–104. doi: 10.1111/j.1471-0307.2009.00546.x

 Sanggaard, K. M., Holst, J. J., Rehfeld, J. F., Sandstrom, B., Raben, A., and Tholstrup, T. (2004). Different effects of whole milk and a fermented milk with the same fat and lactose content on gastric emptying and postprandial lipaemia, but not on glycaemic response and appetite. Br. J. Nutr. 92, 447–459. doi: 10.1079/BJN20041219 

 Schroeter, J., and Klaenhammer, T. (2009). Genomics of lactic acid bacteria. FEMS Microbiol. Lett. 292, 1–6. doi: 10.1111/j.1574-6968.2008.01442.x

 Sfakianakis, P., Topakas, E., and Tzia, C. (2015). Comparative study on high-intensity ultrasound and pressure milk homogenization: effect on the kinetics of yogurt fermentation process. Food Bioprocess Technol. 8, 548–557. doi: 10.1007/s11947-014-1412-9

 Shiby, V. K., and Mishra, H. N. (2013). Fermented milks and milk products as functional foods-a review. Crit. Rev. Food Sci. Nutr. 53, 482–496. doi: 10.1080/10408398.2010.547398 

 Sorvig, E., Gronqvist, S., Naterstad, K., Mathiesen, G., Eijsink, V. G. H., and Axelsson, L. (2003). Construction of vectors for inducible gene expression in lactobacillus sakei and L. plantarum. FEMS Microbiol. Lett. 229, 119–126. doi: 10.1016/S0378-1097(03)00798-5

 Stefanovic, E., Fitzgerald, G., and Mcauliffe, O. (2017). Advances in the genomics and metabolomics of dairy lactobacilli: a review. Food Microbiol. 61, 33–49. doi: 10.1016/j.fm.2016.08.009 

 Thompson, J. D., Higgins, D. G., and Gibson, T. J. (1994). Clustal-W - improving the sensitivity of progressive multiple sequence alignment through sequence weighting, position-specific gap penalties and weight matrix choice. Nucleic Acids Res. 22, 4673–4680. doi: 10.1093/nar/22.22.4673 

 Tsai, Y. K., and Lin, T. H. (2006). Sequence, organization, transcription and regulation of lactose and galactose operons in lactobacillus rhamnosus TCELL-1. J. Appl. Microbiol. 100, 446–459. doi: 10.1111/j.1365-2672.2005.02790.x 

 Turkmen, N., Akal, C., and Ozer, B. (2019). Probiotic dairy-based beverages: a review. J. Funct. Foods 53, 62–75. doi: 10.1016/j.jff.2018.12.004

 Van Kranenburg, R., Golic, N., Bongers, R., Leer, R. J., de Vos, W. M., Siezen, R. J., et al. (2005). Functional analysis of three plasmids from lactobacillus plantarum. Appl. Environ. Microbiol. 71, 1223–1230. doi: 10.1128/AEM.71.3.1223-1230.2005 

 Watanabe, K., Hamasaki, M., Nakashima, Y., Kakita, Y., and Miake, F. (1994). High-frequency transformation of lactobacillus-casei with plasmid phy300plk by electroporation. Curr. Microbiol. 29, 217–222. doi: 10.1007/BF01570157

 Welker, D. L., Hughes, J. E., Steele, J. L., and Broadbent, J. R. (2015). High efficiency electrotransformation of lactobacillus casei. FEMS Microbiol. Lett. 362, 1–6. doi: 10.1093/femsle/fnu033 

 Witt, E., Frank, R., and Hengstenberg, W. (1993). 6-Phospho-β-galactosidases of gram-positive and 6-phospho-β-glucosidase B of gram-negative bacteria: comparison of structure and function by kinetic and immunological methods and mutagenesis of the lacG gene of staphylococcus aureus. Protein Eng. Des. Sel. 6, 913–920. doi: 10.1093/protein/6.8.913

 Wu, C. D., Zhang, J., Chen, W., Wang, M., Du, G. C., and Chen, J. (2012). A combined physiological and proteomic approach to reveal lactic-acid-induced alterations in lactobacillus casei Zhang and its mutant with enhanced lactic acid tolerance. Appl. Microbiol. Biotechnol. 93, 707–722. doi: 10.1007/s00253-011-3757-6 

 Zanatta, P., and Basso, A. (1992). A new approach to the characterization of streptococcus-salivarius subsp thermophilus based on acidification rates. Lait 72, 285–295. doi: 10.1051/lait:1992321

 Zhang, Z., Yang, R. J., Wang, H., Ye, F. Y., Zhang, S., and Hua, X. (2010). Determination of lactulose in foods: a review of recent research. Int. J. Food Sci. Technol. 45, 1081–1087. doi: 10.1111/j.1365-2621.2010.02278.x

 Zheng, J. S., Ruan, L. F., Sun, M., and Ganzle, M. (2015). A genomic view of lactobacilli and Pediococci demonstrates that phylogeny matches ecology and physiology. Appl. Environ. Microbiol. 81, 7233–7243. doi: 10.1128/AEM.02116-15 


OPS/images/fmicb-13-1016904-g005.jpg





OPS/images/fmicb-13-1016904-g006.jpg
Acld producion rate(TAZCEU L

THCR mL-10)

Ao productio

x

oL NmbaR
i

s | oL NBbatR
B pryiy vy

o vl

»

Vermentatonihonr)

[—





OPS/images/fmicb-13-1016904-g003.jpg
B pentose phosphate pathway

[C_]EMP pathway

24 Other

RIXXIIIIIIIS

QL
oSeoatototetetatotetets
Rototeletete% %%t te%s

[RIXXIIIKS

[R5
Rototetetetetete?

34040&4040&44
!
FRRSKS

Sotetetete%e% e

R

FRIIRRRKS,
Sotetetete%e% e

1
= = 2 = = o
w 8 6 4 2

140
120

SOUIS WISI[OqBIED JO JdqUINN





OPS/images/fmicb-13-1016904-g004.jpg
- HC group

- LC group

s w = w2
LT S ST X SR A

(8001/3)3s03ae[ paziun jo Junowy

Strain





OPS/images/fmicb-13-1016904-t003.jpg
Strain ~ Gene  Amplification  Average  Copy

efficiency ACy number

LCNI6  lacG 103.84% ~320£032 9£2
f 103.84%

LCNI7  lacG 103.84% ~156.+0.48 et
f 98.35%

LCN4O  lacG 97.78% ~2664022 6410
f 97.78%

LC N3l lacG 97.78% ~0.250.09 1210
tuf 104.48%

LCNSO  lacG 104.48% ~019:£0.15 1210
tuf 98.35%

LCN88  lacG 103.84% —021£0.12 1e1s
tuf 98.93%

LCN31- lacG 99.52% ~0.01£0.02 1210

500 tuf 101.94%

LCN31- lacG 103.20% ~398£0.13 16¢1°

01 tuf 101.94%

LCN8O-  lacG 100.60% ~0.15£0.03 121t

500 tuf 101.94%

LCN8O-  lacG 99.52% —405£003  17£1%

01 f 99.52%

LCN8S-  lacG 103.20% ~030£0.13 1218

500 tf 99.52%

LCN8S-  lacG 103.20% —417£0.15 18220

601 f 100.71%

‘ACy,the C; deviation of 1acG vs. tuf was calculated for each dilution (n=3).
~4Different superscript letters indicate significant differences (p<0.05). Average

AC; =means  SD (n=5). Serial five-fold dilutions of both plasmid and genomic DNA
were conducted to establish the standard curves. The standard curve was a plot of the
threshold cycle (C1) versus log concentration (Co); by interpolating their C; values
against the standard curve, the absolute quantity of both plasmid and genomic DNA was
obtained.
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Strain pH Titratable acidity Viable cell counts  Acid production rate  Group

1) (logCFU-g")
LC_N17 3.51+0.01% 25683+ 0.81" 8.88 £ 0.04° 28.93+0.22" HC
LC_N40 3.50 +0.01% 256.69 + 1.37" 894+ 0.13° 2870 +0.61" HC
LC_N16 3.490.01° 25510 + 1.49" 892+ 0.05° 2859+0.17" HC
LC_No0o* 3.54 +0.01° 238.76 £ 0.47° 9.47 +0.02" 25.22 + 0.68° MC
LC_N31 3.81+0.10° 177.94 + 1.97* 899 £ 0.07° 19.81 +0.30° Lc
LC_N80 3.70 £ 0.11% 180.27 + 3.44° 9.21+0.10" 19.80 £ 0.16* Lc
LC_N88 397 £0.02" 161.24 + 3.97° 8.52+0.08° 18.92 + 0.80° Lc

‘Commercialstrain, “*Different superscriptleters indicate significant differences (p<0.05). Tests were performed in triplicate and results are expressed as mean +standard deviation
(SD). Analysis of variance (ANOVA) was performed by Tukey’s range test, for pairiwi

comparison.
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component [EC:27.1.207)
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