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Abstract

:

Synbiotics are mixtures of prebiotics and probiotics that enhance the activity of probiotic bacteria when co-administered to provide greater benefits to the host. Traditionally, the synbiotics that have been discovered enhance gut probiotic strains and are nutritionally complex molecules that survive digestive breakdown until they reach the later stages of the intestinal tract. Here, we screened and identified sugars or sugar substitutes as synbiotics for the oral probiotic strains Streptococcus salivarius BLIS K12 and BLIS M18. Using a modified deferred antagonism assay, we found that 0.5% (w/v) galactose and 2.5% (w/v) raffinose were the best candidates for use as synbiotics with BLIS K12 and M18, as they trigger enhanced antimicrobial activity against a range of bacteria representing species from the mouth, gut, and skin. Using reverse transcriptase quantitative PCR, we found that this enhanced antimicrobial activity was caused by the upregulation of the lantibiotic genes salA, salB, and sal9 in either K12 or M18. This led to the conclusion that either 2.5% (w/v) raffinose or 0.5% (w/v) galactose, respectively, are suitable synbiotics for use in conjunction with BLIS K12 and M18 to enhance probiotic performance.
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1. Introduction


Bacteria have finely tuned regulatory systems refined over millennia to balance metabolic control with the production of secondary metabolites, granting them a competitive edge in diverse ecological niches. This delicate equilibrium ensures the synthesis of secondary metabolites occurs only when nutritional resources are abundant, thus impeding competitors. However, dysregulation can prompt unnecessary production of secondary metabolites, precipitating a competitive disadvantage. Our comprehension of how metabolic regulatory networks interact with the genetic control of numerous secondary metabolites remains incomplete. Notably, studies have demonstrated auto-regulatory mechanisms akin to quorum sensing in the production of antibacterial secondary metabolites such as nisin and subtilin (lantibiotic bacteriocins), hinting at sophisticated regulatory pathways [1,2]. Furthermore, the regulation of subtilin by the alternative sigma factor SigH suggests a level of global control [2].



Catabolite (or glucose) repression is a regulatory mechanism operational in many bacteria including the streptococci that prioritizes the utilization of preferred carbon sources over less favourable ones. This mechanism allows the bacteria to efficiently allocate resources by suppressing the expression of genes involved in the metabolism of alternative carbon sources when a preferred carbon source is available. The primary regulator of catabolite repression in bacteria is cAMP (cyclic adenosine monophosphate) and its receptor protein, CRP (cAMP receptor protein) [3]. When glucose, a preferred carbon source for many bacteria, is abundant, it leads to high levels of cAMP due to the inhibition of adenylate cyclase, the enzyme responsible for cAMP synthesis. In turn, cAMP binds to CRP, forming the cAMP-CRP complex. This complex then binds to specific DNA sequences called cAMP response elements (CREs) located in the promoters of target genes, thereby modulating gene expression. The cAMP-CRP complex typically activates the expression of genes involved in the utilization of alternative carbon sources when glucose is scarce. Conversely, in the presence of glucose, the cAMP-CRP complex represses the expression of these genes by blocking RNA polymerase binding or promoting DNA looping, effectively shutting down the utilization of alternative carbon sources) [3,4].



Glucose repression of the phosphotransferase system (PTS) can alter the phosphorylation state of certain regulatory proteins, affecting bacteriocin gene expression. For example, glucose has been found to repress the production of the Streptococcus pyogenes-derived lantibiotic, streptin [5], the Streptococcus agalactiae bacteriocin, streptocin B1 [6], the S. salivarius bacteriocin streptococcin sal-P [7] and the Streptococcus zooepidemicus bacteriocin zoocin A [8]. On the other hand, the yields of the S. pyogenes lantibiotic SA-FF22 [9] and the S. salivarius-associated salivaricin A [10] do not appear to be reduced by glucose supplementation of the producer cell growth media.



Probiotics, characterized by their conferring of health benefits to the host, wield a diverse arsenal of mechanisms of action. Key amongst these is the production of secondary metabolites, including bacteriocins. For example, prominent attributes of the commercial oral probiotics S. salivarius K12 (BLIS K12) and S. salivarius M18 (BLIS M18) is their production of the lantibiotics salivaricin A/salivaricin B [11] and salivaricin A/salivaricin 9 [12], respectively, to suppress various competitor bacteria, some of which because of their disease-associations are considered to be undesirable members of the oral microbiota. These lantibiotics exhibit auto-regulatory properties, fostering a positive feedback loop akin to nisin and subtilin, augmenting their production. However, the orchestration of global cellular regulation and metabolism in lantibiotic production by BLIS K12 and BLIS M18 remains incompletely understood. Utilising their secondary metabolites BLIS K12 or BLIS M18 probiotic products have been shown to have efficacy in reducing the incidence of recurrent pharyngitis, otitis media, and viral infections, stimulating beneficial immune responses, reducing halitosis, and improving tooth and periodontal health [13,14,15,16,17,18,19].



In recent years, synbiotics, synergistic combinations of probiotics and adjuncts that enhance their probiotic activity, have garnered attention. Although most synbiotics focus on bolstering probiotic growth, an alternative paradigm posits modulating probiotic gene expression to benefit the host. This study endeavours to explore whether specific sugars can potentiate the production of antimicrobials synthesized by BLIS K12 and BLIS M18. Building upon our prior research, we postulated that certain synbiotic sugars may serve to augment lantibiotic production by BLIS K12 and BLIS M18, potentially amplifying their colonisation efficacy as well as their contribution to the prevention of specific oral diseases and general maintenance of oral health. In this study, employing deferred antagonism assays and reverse transcriptase qPCR, we have scrutinized the impact of synbiotic sugars on antimicrobial molecule production. Subsequently, clinical trials will of course be required to establish if the incorporation of particular sugars in BLIS probiotic formulations does improve their efficacy and result in beneficial health outcomes for the consumer.




2. Materials and Methods


All of the bacterial strains used in this study are listed in Table 1.



2.1. Initial Carbohydrate Testing


A modified deferred antagonism assay [20] was conducted to investigate the inhibitory effects of S. salivarius BLIS K12 and BLIS M18 against various indicator strains. Control plates (made with CABCa agar (Columbia Agar Base (BD Difco, Franklin Lakes, NJ, USA) supplemented with 0.5% calcium carbonate) and test plates (CABCa agar supplemented with filter sterilised 0.22 µm sugar solutions at 0.5 w/v and 2.5% w/v of D-(+) Raffinose, D(+)-Glucose, Lactose, D(−)Fructose, Xylitol, Isomalt, Lactulose, Sucrose and D-Galactose) were prepared in triplicate. S. salivarius BLIS K12 and BLIS M18 suspensions (approximately 1 × 107 cfu/mL) were prepared from freeze-dried raw ingredient powder (~2 × 1011 cfu/mL, Blis Technologies Limited, Dunedin, New Zealand) diluted in Todd Hewitt Broth (THB, BD Difco, USA). A 100 µL of this suspension was streaked (1.2 cm streak wide) down the middle of the agar plate. After incubation (18 h at 37 °C with 5% CO2) the S. salivarius growth was removed from the agar plates using sterile cotton swabs and the agar plates were surface sterilised with chloroform vapour for 30 min, followed by air drying for 30 min. Indicator strain suspensions were prepared by adding approximately 3–9 colonies (depending on the size) of each strain into separate tubes containing 3 mL THB. These suspensions were then swabbed across the agar plate perpendicular to the initial streak and incubated again for 18 h at 37 °C with 5% CO2. Zones of inhibition in the middle of the test streak were measured in millimetres from the edge where the reduced growth of colonies started and finished.




2.2. Growth Curves


The growth curve experiments investigated the effects of different sugars on S. salivarius BLIS K12 and BLIS M18. The bacteria were initially present at a concentration of approximately 1 × 105 CFU/mL. This was achieved by diluting the freeze-dried raw ingredient powder (containing approximately 2 × 1011 CFU/mL) in M17 broth (BD Difco, Franklin Lakes, NJ, USA). The experiment was performed in triplicate for each condition. The bacteria were grown in two types of media: plain M17 broth (control) and M17 broth supplemented with filter-sterilized sugar solutions (0.22 μm filter). The sugars tested were D-(+) Raffinose, D-Galactose, D-(+) Glucose, and D-(−) Fructose at concentrations of 0.5% (w/v) and 2.5% (w/v).



The cultures were incubated at 37 °C with 5% CO2. Cell counts were measured at 0 and 18 h. This involved preparing serial dilutions (1:10) in Phosphate Buffered Saline (PBS Dulbecco A, Oxoid, Altrincham, UK). At the 0-h timepoint, 5 × 10 μL aliquots of the 10−2 dilution were plated onto CAB K12 agar plates. For the 18-h timepoint, 5 × 10 μL aliquots of the 10−5 dilution were plated onto CAB K12 agar plates. CAB K12 agar is a medium made with Columbia Agar Base supplemented with 0.25% Glucose and 0.5% Yeast extract (Fort Richard, Auckland, New Zealand).




2.3. Dose Response of Raffinose and Galactose at Different Concentrations


Building upon the previously described modified deferred antagonism assays [20], this experiment investigated the impact of varying concentrations (0.5%, 1.25%, 1.7%, and 2.5% w/v) of D-(+) Raffinose and D-Galactose on the inhibitory activity of Streptococcus salivarius BLIS K12 and BLIS M18 against indicator strains. Duplicate control plates used CABCa agar with 0.5% calcium carbonate, while test plates incorporated the same base agar supplemented with filter-sterilized (0.22 μm) sugar solutions. Similar to the previous assay, S. salivarius suspensions (approximately 1 × 107 CFU/mL diluted in THB Broth (BD Difco, USA) were prepared and streaked, followed by incubation (18 h, 37 °C, 5% CO2). After incubation, the S. salivarius growth was removed using a sterile cotton swab. Here, a new step was introduced: measuring the agar’s pH (using pH probe, Mettler Toledo, Switzerland) within the initial growth area. If the pH dropped below 6.5 (indicating acidification), a strip of filter paper (1 cm wide) soaked in sodium carbonate solution (0.05 M, pH 11) was applied to neutralize it (adjust pH to 6.5–8).



The agar plates were then surface sterilised as before with chloroform vapour for 30 min, followed by air drying for 30 min. Indicator strain suspensions were prepared by adding approximately 3–9 colonies (depending on the size) of each strain into separate tubes containing 3 mL THB. These suspensions were then swabbed across the agar plate perpendicular to the initial streak and incubated again for 18 h at 37 °C with 5% CO2, and zones of inhibition were measured as before.




2.4. Expanding the Range of Bacterial Strains


To accommodate anaerobic test strains in this modified deferred antagonism assay [20], freeze-thaw extracts were prepared from Columbia Human Blood Agar with 0.1% Calcium Carbonate plates (hBaCa—Fort Richard, New Zealand). Briefly, hBaCa plates were frozen at −80 °C, defrosted, and the liquid extract was collected for use as a diluent for these strains. The assay investigated the effects of D-(+) Raffinose and D-Galactose (at 0.5% and 2.5% w/v) on the inhibitory activity of Streptococcus salivarius BLIS K12 and BLIS M18 against various indicator strains, including both aerobic and anaerobic bacteria. Control plates (CABCa agar with 0.5% calcium carbonate) were prepared in triplicate, while test plates used the same base agar supplemented with filter-sterilized (0.22 μm) sugar solutions. Similar to a previous assay, S. salivarius suspensions (approximately 1 × 107 CFU/mL) were prepared from raw ingredient powder (~2 × 1011 cfu/mL) diluted in THB and streaked on the plates, followed by incubation (18 h, 37 °C, 5% CO2). After incubation, the S. salivarius growth was removed, the agar pH was measured and adjusted if needed to 6.5–6.8, and the plates were sterilized as described previously.



Indicator strain suspensions were then prepared using THB (3 mL) for aerobic strains and hBaCa extract (1 mL) for anaerobic strains. These suspensions were swabbed perpendicularly across the plates. Aerobic plates were incubated again (18 h, 37 °C, 5% CO2), while anaerobic plates were incubated in a 2.5 L anaerobic jar for 3 days under anaerobic conditions (Anaerogen Sachet, Oxoid, UK). Finally, zones of inhibition were measured as before.




2.5. Gene Expression


First bacterial cultures were prepared from the freeze-dried raw ingredient powder (~2 × 1011 cfu/mL) and adjusted to a concentration of approximately 1.4 × 108 cfu/mL. One hundred microlitres of these suspensions were then spread plated onto CABCa agar plates in triplicate as controls and CABCa agar supplemented with filter sterilised 0.22 µm sugar solutions Raffinose, Galactose, Glucose alone or combined in triplicate as test plates. Plates were incubated at 37 °C with 5% CO2 for 19 h. After incubation, bacterial growth was collected from each plate using a sterile swab and resuspended into separate Sarstedt 2 mL screw-capped tubes containing 1 mL PBS.



Next, the focus shifted to isolating and purifying RNA, the molecule that carries genetic information. Bacterial cells were pelleted by centrifugation at 13,000 rpm for 1 min at 4 °C, the supernatant was removed from the cell pellet which was then resuspended thoroughly in 1 mL TRIzol reagent (Thermo Fisher, Waltham, MA, USA) to extract total RNA [21]. To further enhance RNA yield and purity, bead beating was employed. This technique involves using tiny beads to physically disrupt the cell wall and facilitate RNA extraction. Briefly, the cell suspensions were transferred into fresh 2 mL screw-capped tubes containing 0.1 mm Zirconia/silicon beads and then bead-beated on a vortex for 10 min at 2850 rpm/s.



Following RNA isolation, a process to remove any contaminating DNA was performed [22]. Briefly, the RNA was separated from other bacterial contents by the addition of 0.2 mL chloroform, and mixed thoroughly by inversion and then incubated at room temperature for 2–3 min. Beads were then allowed to settle, and the supernatant was transferred to PhasemakerTM tubes (Thermo Fisher, USA) and mixed by inversion during incubation on ice for 5 min. Phasemaker tubes were centrifuged at 12,000 rpm for 15 min at 4 °C. The upper aqueous phase was then transferred into a fresh Eppendorf tube and, then RNA was extracted using a PureLink RNA mini kit (Thermo Fisher, USA), as per the manufacturer’s instructions. RNA samples were then treated to remove any DNA using a TURBO DNA-free kit (Thermo Fisher, USA) following the manufacturer’s instructions. RNA was then converted to cDNA using superscript IV VILO (Thermo Fisher, USA) following the manufacturer’s instructions. The synthesized cDNA was then used for qPCR analysis using PowerTrack SYBR Green master mix (Thermo Fisher, USA) on a Quantstudio 5 Pro Real-Time PCR system (Thermo Fisher, USA) to determine how the presence of different sugars affects the expression of specific genes in S. salivarius BLIS K12 and BLIS M18.



To quantify specific gene expression changes caused by the different sugars, qPCR was performed following cDNA synthesis. The PCR cycling conditions included a hold stage for 2 min at 50 °C (initial enzyme inactivation), followed by 10 min at 95 °C (high-temperature DNA denaturation), and then a PCR stage of 40 cycles of 15 s at 95 °C (rapid denaturation) and 1 min at 60 °C (primer annealing/extension) to facilitate targeted DNA amplification. Finally melt curve analysis stage of 10 min at 95 °C, 1 min at 60 °C and 15 s at 95 °C confirmed the specificity of the amplified products. Each qPCR reaction contained a pre-mixed master mix with enzymes and fluorescent molecules (PowerTrack SYBR Green master mix, 5 µL), specific forward and reverse primer (0.5 µm), nuclease-free water, and 2 µL of the sample cDNA in a total volume of 10 µL. Gene expression levels were normalized using the housekeeping genes recA and gyrA. These genes were used to account for variations in total cDNA level in the samples. A mathematical formula incorporating the expression ratio of the target gene and the geometric mean of the reference genes was used to calculate the relative gene expression [23].


   Relative   gene   expression  =      RQ   GOI       RQ   REFS       








where, RQGOI represents the relative quantification of the gene of interest, and RQREFS represents the geometric mean of the relative quantification values for the reference genes (recA and gyrA).



The primers used in this study are listed in Table 2 below:




2.6. Statistical Analysis


Statistical analyses were performed using Prism 10.3 (GraphPad Software, LLC San Diego, CA, USA) and are as described in the figure legends.





3. Results


3.1. Raffinose and Galactose Enhance Antimicrobial Production in BLIS K12 and BLIS M18 Greater than Other Sugars


The initial phase of our investigation aimed to assess the impact of various sugars and sugar substitutes on antimicrobial production by BLIS K12 and BLIS M18. A range of sugars, including raffinose, galactose, glucose, lactose, fructose, xylitol, isomalt, lactulose, and sucrose, were selected for testing at both high (2.5% w/v) and low (0.5% w/v) concentrations. Antimicrobial production was evaluated by preparing CABCa solid media containing either 0.5% or 2.5% w/v of each sugar and conducting a modified deferred antagonism assay using a diverse selection of indicator strains representing different ecological niches, including Streptococcus mutans, Streptococcus pyogenes, Streptococcus pneumoniae, Staphylococcus aureus, Staphylococcus sobrinus, Staphylococcus saprophyticus, Staphylococcus sanguinis, Staphylococcus cohnii, and Staphylococcus dysgalactiae.



Our analysis revealed that at a concentration of 2.5% w/v, raffinose exhibited the most pronounced enhancement of antimicrobial production, with all nine indicator strains being inhibited by both BLIS K12 and BLIS M18 (Figure 1A). Additionally, raffinose resulted in the highest average increase in zone of inhibition, measuring 190 mm for BLIS K12 and 219 mm for BLIS M18 (Figure 1A). However, there were variations in the efficacy of sugars between strains, with lactulose performing similarly to raffinose for BLIS K12 (187 mm) but less effectively for BLIS M18 (112 mm) (Figure 1A). This suggests potential differential regulatory influences from the sugars on the antimicrobial production in the two strains.



At a concentration of 0.5% w/v, the optimal sugar to stimulate inhibitory activity varied between BLIS K12 and BLIS M18 (Figure 1A). Lactose stimulated the highest increase in antimicrobial activity with BLIS K12, with all nine indicator strains being inhibited, resulting in an increase in the inhibition zone to 203 mm. Conversely, galactose was most effective with BLIS M18 with all nine indicator strains being inhibited and resulting in an increase to inhibition zone to 160 mm (Figure 1A). Given the relatively minor non-significant decrease (6%) in stimulated inhibitory activity observed between lactose and galactose in BLIS K12 compared to the significant decrease (17%) observed with galactose and lactose in BLIS M18, galactose was selected for further investigation at the lower concentration (Figure 1A). Overall, raffinose and galactose consistently induced greater antimicrobial potency compared to the other sugars, as evidenced by the larger inhibition zones observed on media containing these sugars (Figure 1A).



The observed increase in antimicrobial activity could potentially stem from two primary mechanisms: (1) augmented cell count due to sugars stimulating additional growth, resulting in increased production of antimicrobial compounds; or, (2) heightened gene/protein expression leading to increased production of antimicrobial compounds, To discern between these possibilities, growth assays were conducted on BLIS K12 and BLIS M18 for 18 h in M17 medium supplemented with varying concentrations (0.5% and 2.5% w/v) of galactose, raffinose, glucose, and fructose (Figure 1B), aligning with the duration required for the strains to produce antimicrobials.



Analysis of the growth dynamics (Figure 1B) revealed differences in the stimulatory effects of sugars on bacterial cell proliferation. For BLIS K12, the order of sugars impact on potency, from most to least stimulatory, was as follows: 2.5% and 0.5% glucose, 2.5% fructose, 2.5% and 0.5% raffinose, no additional sugar, 2.5% galactose, 0.5% fructose, and finally 0.5% galactose (all % is w/v) (Figure 1B). Conversely, BLIS M18 exhibited a different pattern, with 0.5% galactose being the most stimulatory, followed by 0.5% glucose, 2.5% galactose, 2.5% glucose, 0.5% and 2.5% raffinose, 2.5% fructose, no additional sugar, and 0.5% fructose (all % is w/v) (Figure 1B).



Interestingly, the observed growth boost did not translate to an increased antimicrobial activity. For example, while glucose stimulated the growth of BLIS K12, it did not lead to a concomitant enhancement in antimicrobial activity. In contrast, galactose, the least growth-stimulatory sugar, significantly increased antimicrobial activity. This difference suggests the increased antimicrobial production is not simply due to an increase in cell mass but more likely due to the sugars altering the regulation of genes responsible for making the antimicrobials.




3.2. Raffinose and Galactose Increase the Inhibitory Potency and Broaden the Range of Organisms Affected by BLIS K12 and BLIS M18


The ability of raffinose and galactose in enhancing inhibition potency prompted us to investigate their affect further. Concentration titrations were performed to determine the optimal concentrations of each sugar to enhance antimicrobial activity against a set of pathogens. Results indicated that 2.5% (w/v) raffinose and 0.5% (w/v) galactose were the most effective concentrations for both BLIS K12 and BLIS M18, as they yielded the highest mean inhibition zone increase and the largest number of species with increased inhibition (Figure 1C).



Once established, further tests at these concentrations were completed to evaluate whether BLIS K12 and BLIS M18 exhibited enhanced antimicrobial spectra against a wider more diverse range of bacterial species when supplemented with 2.5% (w/v) and 0.5% (w/v) of raffinose and galactose, respectively. A modified deferred antagonism assay was employed to eliminate the influence of pH changes induced by the different sugars. The result on the first set of bacteria tested demonstrated increased inhibition zone sizes against pharyngitis-causing bacteria, such as Streptococcus pyogenes and Streptococcus dysgalactiae, when supplemented with both raffinose and galactose compared to the no sugar control (Figure 2A). This trend extended pathogens associated with neonatal sepsis (Streptococcus agalactiae) and pneumonia (Streptococcus pneumoniae). However, for Moraxella catarrhalis, a causative agent for otitis media, only raffinose supplementation enhanced inhibition for both BLIS K12 and BLIS M18 (Figure 2A).



The second set of bacteria associated with dental caries, showed increased inhibition by both BLIS K12 and BLIS M18 for all Streptococcus mutans and Streptococcus sobrinus strains when grown on media containing both raffinose and galactose compared to the control (Figure 2B). Interestingly, one strain of S. sobrinus (ATCC 27351) displayed inhibition only when BLIS K12 supplemented with Raffinose, not Galactose.



In the third set of bacteria associated with halitosis/periodontitis and gut infections, divergent activity was observed for BLIS K12 and BLIS M18. BLIS K12 displayed increased inhibition against specific bacteria, including Prevotella intermedia, Porphyromonas gingivalis, and Fusobacterium nucleatum, only when grown with raffinose, not galactose. Conversely, BLIS M18 displayed increased inhibition when supplemented with both sugars against these bacteria (Figure 2C). For gut pathogens Enterococcus faecalis and Clostridium difficile, both BLIS K12 and BLIS M18 showed increased inhibition when grown on media supplemented with either raffinose or galactose (Figure 2C).



The final set of test bacteria assessed were associated with skin disorders. Here, both BLIS K12 and BLIS M18 displayed enhanced inhibition zones against all tested bacteria when grown on media containing either raffinose or galactose (Figure 2D). Interestingly, some strains, including, Staph. aureus Oxford and Staph. saprophyticus ATCC 15305, were only inhibited by BLIS K12 and BLIS M18 when grown on raffinose, in contrast, Staphylococcus saprophyticus and Staphylococcus simulans ATCC 27848, were only inhibited by BLIS K12 when supplemented with raffinose, while BLIS M18 inhibited them when only supplemented with galactose.



In conclusion, these findings demonstrate that supplementing with 2.5% (w/v) raffinose and 0.5% (w/v) galactose enhances the antimicrobial potency of BLIS K12 and BLIS M18 against a diverse range of bacteria associated with various body sites and diseases.




3.3. Raffinose and Galactose Cause Increased Expression of Lantibiotic Genes


To determine if this increased observation in inhibition was related to an increase in expression of lantibiotic genes we performed reverse transcriptase quantitative polymerase chain reaction (RT-qPCR) to measure the expression levels of key antimicrobial peptides: specifically, salivaricin A and salivaricin B for BLIS K12, and salivaricin A and salivaricin 9 for BLIS M18. Primers targeting the core peptide were designed for expression level analysis.



BLIS K12 and BLIS M18 were grown on solid media supplemented with various sugars: 2.5% (w/v) raffinose, 0.5% (w/v) galactose, a combination of both, 2.5% (w/v) glucose, and 0.5% (w/v) glucose, and then the transcriptional levels of salivaricins A, B, and 9 were measured using RT-qPCR.



Our results showed a marked increase in BLIS K12’s expression of both salivaricin A and salivaricin B in BLIS K12 when grown with 2.5% (w/v) raffinose and 0.5% (w/v) galactose. Compared to the control, salA expression increased an average of 808-; and 2596-fold while salB expression increased 38- and 136-fold, respectively (Figure 3A,B). We observed a similar trend with BLIS M18, where an increased expression in salA and sal9 with a mean increase of 23- and 60-fold for salA and 28- and 1218-fold for sal9 (Figure 3C,D) was observed.



Interestingly, the combination of galactose and raffinose resulted in a lower increase compared to the individual sugars for both strains. This suggests the sugars might not have an additive effect and could potentially interact causing a repressive effect (Figure 3). The 0.5% (w/v) glucose generated a marginal increase in expression in BLIS K12 and BLIS M18 whereas the 2.5% (w/v) glucose caused repression likely due to catabolite repression (Figure 3). In conclusion, our findings indicate that raffinose and galactose induce distinct expression patterns of these lantibiotic genes in BLIS K12 and BLIS M18. This differential expression likely contributes to the previously observed enhancement in antimicrobial activity in Figure 1 and Figure 2.





4. Discussion


Probiotics are defined to deliver a health benefit to the consumer [24]. How a probiotic delivers its benefits comprises several different potential mechanisms [25] including boosting immunity, colonisation (competitive exclusion), production of beneficial metabolites including antimicrobial molecules. Probiotic S. salivarius BLIS K12 and M18 were some of the original probiotic strains developed for application to the oral cavity. Amongst their key probiotic benefits defined was the ability to produce bacteriocin like inhibitory substance (BLIS)—small gene encoded peptide antimicrobials with a narrow spectrum of inhibition action [26]. Subsequent clinical trials demonstrated that BLIS K12 could reduce episodes of recurrent sore throats, otitis media, improve halitosis while BLIS M18 has shown to improve dental health, including a reduction in plaque building and reduction in gum disease—all diseases influenced by pathogenic members of the oral microbiome. In part the mechanism behind these improved health benefits could be attributed to the antimicrobial molecules naturally produced by the probiotic strains. Our interest in this study was to identify whether formulating certain sugars in with these probiotic stains could enhance the production of benefits with a focus on bacteriocins to help deliver an improved health effects starting with an enhanced antimicrobial effect.



To achieve this, our investigation began at identifying sugars that could enhance the antimicrobial activity of the oral probiotics S. salivarius BLIS K12 and BLIS M18. We observed a consistent trend amongst certain sugars; namely—raffinose, galactose, lactose, and lactulose—interestingly, all of which contained at least one galactose monomer within their structures. This suggests a potential regulatory role of galactose in controlling the production of specific lantibiotics by BLIS K12 and BLIS M18, aligning with findings from Cheigh et al. [27] who found that lactose and galactose induced transcription of the nisZ pre-peptide gene in Lactococcus lactis subsp. lactis A164, indicating a concentration-dependent induction mechanism unique to the nisZ promoter.



The varying performance of these galactose-containing sugars likely stems from two key factors; (1) differences in the molar amounts of galactose within the tri/disaccharide; and (2) the metabolic capabilities of the bacteria and the specific sugar breakdown processes involved. Cheigh et al.’s [27] study further emphasizes this point, showing that cells grown on lactose produced significantly more nisin Z compared to those grown on other carbon sources, suggesting the importance of carbon source selection in optimising antimicrobial peptide production.



In this study, the monosaccharide galactose exhibited optimal performance at lower concentrations, while the trisaccharide raffinose showed superior efficacy at higher concentrations. This trend aligns with Cheigh et al.’s [27] findings on the differential induction by lactose and galactose. Conversely, sugar alcohols such as xylitol and isomalt showed minimum enhancement, likely due to the inability of BLIS K12 and BLIS M18 to metabolize them effectively.



The concentration-dependent response of raffinose and galactose on antimicrobial activity suggests the presence of a tightly controlled, concentration-dependent genetic switch governing these effects, similar to the regulation of nisZ by lactose and galactose in Cheigh et al.’s [27] study. Interestingly the metabolic utilisation of galactose has two potential pathways; the Leloir and Tagatose pathways, each with distinct regulatory control systems [28]. GalR, the key repressor of Leloir pathway, emerges as the potential regulator responsible for the observed transcriptional changes, as it is known to influence gene expression beyond galactose metabolism in other bacterial species [29]. Alternatively, the other potential regulator candidates are LacR and LacT, the repressor and activator, respectively, of key genes within the tagatose pathway [30]. A future investigation should delve into the genetic mechanisms of GalR, LacR and LacT in BLIS K12 and BLIS M18 to precisely identify how this antimicrobial activity is triggered.



Supplementation with raffinose and galactose resulted in improved inhibition profiles of BLIS K12 and BLIS M18, opening new avenues for utilising these strains as probiotics. BLIS K12 and BLIS M18 are currently marketed for oral cavity probiotic applications targeting various conditions such as pharyngitis, halitosis, periodontal disease, tooth caries, and overall oral health. Our findings suggest that incorporating raffinose or galactose into BLIS K12 and BLIS M18 probiotics could enhance their efficacy against these conditions, given the increased susceptibility of relevant etiologically implicated bacteria to inhibition observed. Moreover, our results indicate the potential application of BLIS K12 and BLIS M18 probiotics beyond the oral cavity, particularly for the gut and skin, especially when combined with synbiotic sugars like raffinose or galactose. This is supported by the observed inhibition against key undesirable bacteria in these sites, including Clostridium difficile and Cutibacterium acnes, respectively.



The regulatory mechanisms governing the upregulation of the lantibiotic genes salA, salB, and sal9 warrant further investigation. Although previous studies have implicated galactose in the upregulation of nisin A production in Lactococcus lactis ATCC 11454 [31], the exact regulatory pathways remain elusive. GalR or LacR/T emerges as potential candidate regulators, although the involvement of other regulators cannot be discounted given the diverse metabolic pathways associated with galactose metabolism. Our observations of differential regulation of salA, salB, and sal9 between BLIS K12 and BLIS M18 underscore the complexity of regulatory networks governing lantibiotic production, a complexity echoed in Cheigh et al.’s [27] study regarding the unique induction mechanisms observed for nisin Z biosynthesis.



The lack of perfect correlation between regulatory upregulation and phenotypic results suggests additional layers of regulation beyond RNA expression levels. Furthermore, the influence of various sugars on the lantibiotic susceptibility of undesirable bacteria within the microbiome also warrants additional consideration, as observed in the diverse fermentation capabilities of raffinose and galactose by bacteria either persistently inhabiting or adventitiously interacting with the human microbiome.



Elucidating the precise mechanisms by which raffinose and galactose modulate the expression of salA, salB, and sal9, as well as exploring their interaction with bacteria susceptible to BLIS K12 and BLIS M18 within the microbiome, requires further investigation. Clinical trials demonstrating enhanced in vivo performance against susceptible pathogens would provide strong clinical support for using raffinose and galactose as synbiotics for BLIS K12 and BLIS M18 in oral health applications.



Our work suggests two potential mechanisms by which raffinose and galactose may enhance the potency and inhibitory spectrum of BLIS K12 and BLIS M18 (Figure 4). Pathway 1 proposes that these synbiotic sugars are recognized by BLIS K12 or BLIS M18, leading to increased expression of lantibiotic genes and ultimately enhanced production of lantibiotics against various pathogens. Pathway 2 suggests that raffinose and galactose influence the metabolism of pathogenic bacteria, making them more susceptible to the lantibiotics produced by BLIS K12 and BLIS M18. This translates to increased potency of the probiotic strains against these pathogens. Consequently, the overall activity of the synbiotic is enhanced.




5. Conclusions


Our study demonstrates that supplementing BLIS K12 and BLIS M18 with 2.5% (w/v) raffinose or 0.5% (w/v) galactose significantly enhances the antimicrobial activity. This enhanced activity is partially mediated by the upregulation of the lantibiotic peptides genes (salA, salB and sal9) in both strains. Furthermore, raffinose and galactose may also influence the susceptibility of undesirable bacteria to these lantibiotics. Notably, this synergistic effect broadens the spectrum of activity against undesirable bacteria across diverse body sites, including the mouth, skin and gut. These findings strongly suggest that raffinose and galactose act as synbiotics, enhancing the potency and spectrum of inhibitory activity against pathogens of BLIS K12 and M18 probiotics.




6. Patents


This work is work is covered by patent WO/2023/053073.
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Figure 1. (A) Sum of the mean zones of inhibition for different sugars (left Y-axes, Bars) and the number of species inhibited (right Y-axes, square points) for BLIS K12 and BLIS M18 at both 2.5% (w/v) and 0.5% (w/v) of different sugars (Data points are mean (n = 3, ±SD). For the sum of the average mean zones of inhibition, a two-way ANOVA with Dunnett’s multiple comparisons tests compared raffinose in the 2.5% samples and galactose in 0.5% to the other sugars was completed. * = p < 0.05 for all sugars, # = p < 0.05 for all sugars except lactulose and lactose and ^ = p < 0.05 for all sugar except raffinose. (B) Mean growth of BLIS K12 and BLIS M18 in M17 media supplemented with different types and concentrations of sugars after 18 h. (n = 3, ±SD). (C) Dose response of raffinose and galactose at different concentrations measuring the mean increase in zones of inhibition and number of species of bacteria inhibited compared to a non-sugar control across S. constellatus T29, S. salivarius K34b, S. pyogenes 71-698, S. mutans OMZ175, S. pneumoniae D39, S. saprophyticus ATCC 13505, S. aureus A222, S. sobrinus OMZ176. Lines with dots represent the mean increase in the size of the inhibition zone with a line of non-linear fit (left Y axes) and bars represent the number of species inhibited (right Y axes). 
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Figure 2. Size of the inhibition zone for BLIS K12 and BLIS M18 on CABCa agar plates, containing 2.5% (w/v) raffinose or 0.5% (w/v) galactose or no sugar, across a range of bacterial species and strains associated with (A) pharyngitis, otitis media, pneumonia, and neonatal sepsis infections. (B) Teeth (C) periodontitis, halitosis, and gut (D) skin. Bars are means of biological replicates (n = 3, ±SD). (A–D) A two-way ANOVA with Dunnett’s multiple comparisons tests compared raffinose and galactose to the no sugar control. *, p < 0.05, **, p < 0.01, ***, p < 0.001, ****, p < 0.0001. 
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Figure 3. Mean expression levels of (A) salA (B) salB in BLIS K12 and (C) salA (D) sal9 in BLIS M18, when grown on CABCa agar medium supplemented with different sugars relative to a no sugar control. Bars represent mean values with individual values shown as symbols (n = 3, ±SD). 
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Figure 4. Illustrates the potential mechanisms by which the synbiotic sugars, raffinose and galactose enhance the probiotic performance of BLIS K12 and BLIS M18. Created with Created in BioRender. Hale, J. (2024) BioRender.com/g80w234 (accessed on 13 September 2024). 
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	Indications
	Bacterial Strains





	Pharyngitis, Otitis media, Pneumonia, and Neonatal sepsis infections
	Streptococcus pyogenes ATCC 19615

S. pyogenes ATCC 49117

S. pyogenes 71-698

Streptococcus pneumoniae D39

S. pneumoniae PK8

S. pneumoniae RX1

S. dysgalactiae 1240662

S. dysgalactiae T277

S. agalactiae ATCC 12386

S. agalactiae MOH 49

S. agalactiae P3

Moraxella catarrhalis ATCC 25238



	Dental caries
	Streptococcus mutans ATCC 10449

S. mutans OMZ175

S. mutans FW75

S. sobrinus ATCC 27351

S. sobrinus OMZ176

S. sanguis ATCC 10557

S. sanguis K11

Actinomyces viscosus T14

A. viscosus ATCC 15987



	Halitosis/periodontitis and gut
	Prevotella intermedia ATCC 25611

P. intermedia JK45

Porphyromonas gingivalis ATCC 33277

P. gingivalis W50

Fusobacterium nucleatum ATCC 25586

Enterococcus faecalis ATCC 19433

E. faecalis #98

Clostridium difficile ATCC 9689

C. difficile C7



	Skin
	Staphylococcus aureus A222

S. aureus Oxford ATCC 9144

S. aureus #19

S. aureus #14

Corynebacterium minutissimum ATCC 23348

C. jeikeium NHI SB79/0064

C. striatum NZRM 3283

S. cohnii ATCC 29974

S. cohnii, 79-6-D

S. saprophyticus ATCC 15305

S. saprophyticus 79-6-F

S. simulans ATCC 27848

Micrococcus luteus ATCC 7468

M. luteus ATCC 14452

Cutibacterium acnes DSM 16379

C. acnes MK



	Other
	Streptococcus constellatus T29

S. salivarius K34b
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	Primer
	Forward Primer
	Reverse Primer





	M18K12salA
	TGATTGCCATGAAAAACTCAA
	TTGCAAACCAACCTGTACCTC



	K12salB
	CTCGTTGAGATTGAAGCAATGA
	TTCGTGTGAAATGGTTTGGA



	K12recA
	TGAGTCAAGCCATGCGTAAG
	CAGGGGTCGTTTCTGGATTA



	K12gyrA
	CCGTTACATGTTGGTTGACG
	ATCACGAAGCATTTCCAAGG



	M18sal9
	TCGCAGAAATTGCAGCAGTA
	GTCCAAGTTGCTAGGTTACATTCA



	M18recA
	GGAGATGAGCGTCGTAAAGC
	TGCACCAAGAGCAATATCCA



	M18gyrA
	TAAAATCGCCTTGGAAATGC
	GTGACGGAAGAACGATTGGT
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