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1. Abstract 

Lacticaseibacillus paracasei DSM 34154, commercially known as L. casei DG® (LC-DG), 

served as the fil rouge of the whole PhD thesis, which investigates its genetic stability over a 

decade of industrial biomass production, as well as its effects in preclinical and clinical studies. 

LC-DG, a well-characterized probiotic strain, has been included in the dietary supplement 

Enterolactis® on the market for over 20 years because of its proven health benefits. This PhD 

project initially examined the genetic stability of LC-DG across various industrial production 

batches through comparative genomic analysis at the single nucleotide level. The findings 

demonstrate that LC-DG maintains substantial genetic and phenotypic equivalence across all 

examined lots, effectively mitigating the risk of genetic drift that could compromise probiotic 

properties. These results highlight the effectiveness of current industrial production practices 

in preserving the genetic integrity of LC-DG, assuring both producers and consumers that its 

health benefits are maintained over time, thereby ensuring product reliability. Further 

preclinical evaluations emphasize LC-DG's ability to effectively survive gastrointestinal transit 

(GIT) and modulate host immune responses. Then, in vitro studies conducted in a human 

intestinal cell line model on the AminoAlta™ probiotic formulation (AApf), which combines L. 

casei DG® with another Lacticaseibacillus paracasei strain, have demonstrated LC-DG's ability 

to reduce reactive oxygen species (ROS), exhibit anti-inflammatory properties, stimulate 

macrophage activity, adhere to the differentiated cell layer, and maintain the integrity of the 

epithelial barrier. These beneficial effects of probiotic supplementation could be crucial in 

protecting athletes from the physiological stress caused by intense physical activity. The 

subsequent clinical study (ESA-19) investigated LC-DG's therapeutic potential for treating 

irritable bowel syndrome (IBS). In this pilot, multicenter, randomized, double-blind, cross-over, 

placebo-controlled study, the administration of Enterolactis® Ultra significantly influenced the 

intestinal microbial ecosystem in non-constipated IBS patients, notably by altering short-chain 

fatty acids (SCFAs) relative proportion, indicating its potential role in alleviating IBS symptoms. 

This study also highlights the need to identify predictive biomarkers for tailoring personalized 

probiotic management strategies. Overall, the results of this PhD thesis enhance our 

understanding of LC-DG, reinforcing the quality, efficacy, and reliability of the probiotic products 

containing this strain and ensuring that health benefits can be consistently provided to 

consumers over time.  
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2. Introduction 

2.1. Genomic and phenotypic stability in probiotics’ industrial production 

process 

The term “probiotic” is widespread, but few people are aware of the importance that this 

category of microorganisms holds in human health, as well as the multitude of studies that 

have explored their clinical efficacy, safety, and mechanisms of action over the years. 

Probiotics, according to the official FAO/WHO (Food and Agriculture Organization/World 

Health Organization) definition, are “live microorganisms which, when administered in 

adequate amounts, confer a health benefit on the host” (C. Hill et al., 2014). In recent years, 

technological advancements have played a crucial role in promoting a significant evolution in 

scientific research, resulting in an increased understanding of the effects of probiotics on 

human physiology. These effects are mainly mediated by the modulation of the resident 

microbial community at the intestinal level and by its interactions with the immune system 

(Suez et al., 2019).  

Along with bifidobacteria, the most well-known and tested probiotic strains belong to the lactic 

acid bacteria (LAB) group, which have been isolated from various sources (Salvetti et al., 

2012). That was previously known as the Lactobacillus casei group (LCG), comprising some 

of the most studied species due to their commercial, industrial, and applied health potential, 

was composed mainly of the closely related Lactobacillus casei, Lactobacillus paracasei, and 

Lactobacillus rhamnosus species. One member, Lactobacillus rhamnosus GG (LGG), is 

perhaps one of the most marketed and studied bacterial strains in health applications (Segers 

& Lebeer, 2014).  

The propagation of strains isolated from the intestinal tract, such as many probiotics, including 

LGG, likely leads to the loss of genes related to their probiotic functionality. A practical example 

can be seen in the industrial processing of probiotics, where strains are cultivated over several 

generations in large volumes without the selective pressure needed to maintain genes 

responsible for probiotic functionality (Muller et al., 2009). Moreover, in an industrial-scale 

production process using batch fermentation, bacteria may be subjected to stressful 

conditions, such as the production of acidic metabolites and nutrient depletion. These 

conditions can increase mutation and recombination rates, potentially affecting genomic 

stability. When nutrients are depleted, bacterial growth declines and the bacteria are harvested 

to balance the shortest production time with the highest yield. Subsequently, the bacteria are 

concentrated, and cryoprotective agents are added to protect them from harmful conditions 
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during the freezing and freeze-drying processes (Lacroix & Yildirim, 2007). Despite measures 

taken to optimize for fast growth and high survival rates, bacteria may still encounter periods 

of acid stress and cold shock. For these reasons, the genomic stability of LGG grown under 

different stress conditions for approximately 1,000 generations was investigated (Douillard et 

al., 2016). This study demonstrated that the LGG genome is generally highly stable. However, 

in some samples continuously exposed to bile stress, a mutation led to significant genomic 

changes that appeared after approximately 900 generations. 

Comparative genomics of LGG has revealed a gene cluster encoding SpaCBA pili, which is 

absent in the dairy strain L. rhamnosus LC705. A human intervention study suggested that 

these pili may facilitate transient colonization, as LGG persisted longer in the gastrointestinal 

tract than LC705 (Kankainen et al., 2009). Then, Sybesma et al. (2013) conducted a 

comparative genomic analysis of three dairy isolates of LGG and the ATCC 53103 reference 

strain to investigate the stability of the LGG genome in commercial products. Among the 

missing genes is the spaCBA cluster, which encodes pili, a key factor in mucus adhesion and 

the strains' persistence in the human intestinal tract. These pili are essential probiotic 

properties of LGG, as they can mediate adherence to the host epithelium and influence 

mucosal immune responses (Lebeer et al., 2012). Therefore, given the observed loss of the 

spaCBA region in some LGG variants isolated from liquid dairy products, it is crucial to assess 

the genome stability and phenotype of LGG during large-scale production processes 

(Sybesma et al., 2013). However, Douillard et al. (2016) confirmed the stability of pilus 

production in LGG under stress-free conditions and offered mechanistic insights into the 

integrity of LGG, highlighting its reliability for extensive use in probiotics and other functional 

food products. Bacterial genomes primarily evolve through the loss, decay, or duplication of 

genes, which result from either small mutational events, such as single nucleotide 

polymorphisms (SNPs) and insertions/deletions (indels), or larger genomic rearrangements 

typically mediated by insertion sequence (IS) elements. It was found that these elements 

remained dormant in LGG when propagated in a stress-free environment, and LGG did not 

accumulate SNPs during the industrial production process. 

To assess the stability of the LGG genome during industrial production, Stage et al. (2020) 

recently sequenced samples of DSM 33156 collected at various stages of the process, 

including the culture collection stock, intermediate fermentations, and final freeze-dried 

products. They discovered that the genome sequence, including the spaCBA locus, remained 

unchanged throughout the production process. Thus, this study demonstrates that the 

production process does not induce measurable genetic drift, and the genome of LGG in the 
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original stock from 1994 has remained identical to that in the products currently produced. 

While genome stability is crucial for retaining all genes essential for strain functionality, the 

production process conditions can affect how these genes are expressed and, consequently, 

how the strain behaves phenotypically. Phenotypic assays, commonly used to assess probiotic 

functionality, demonstrated consistent characteristics in acid and bile tolerance, TEER, and 

cytokine response, with no significant differences observed among the production batches. 

Different production batches of LGG displayed consistent phenotypes, including pili, in the final 

freeze-dried products and stable characteristics of probiotic properties in the in vitro assays. 

Neither genomic nor phenotypic changes were observed in the samples, demonstrating 

excellent genomic and phenotypic stability throughout the industrial process examined. 

Industrial fermentations are highly regulated to maximize yield in minimal time. Therefore, the 

high inalterability observed during large-scale fermentation may be attributed to the optimal 

growth conditions (Stage et al., 2020). However, aside from LGG, the genetic stability of other 

probiotic strains during industrial production has only been partially assessed. 

A few years ago, the species within the genus Lactobacillus have been reassigned into 25 

separate genera; for example, the species Lactobacillus casei has been reclassified as 

Lacticaseibacillus paracasei (Zheng et al., 2020). L. paracasei strains exhibit significant 

diversity among isolates from different sources (Hill et al., 2018), so thoroughly investigating 

their whole genome sequences is even more essential to ensure their safety and probiotic 

properties for human applications. A recent study aimed to sequence the genome of L. 

paracasei isolated from fermented palm sap, evaluate its safety profile, and perform a 

comprehensive comparative genomic analysis with other Lacticaseibacillus species 

(Sornsenee et al., 2024). Similarly, considering all this background and the lack of experimental 

data in this field, this thesis first delved into the probiotic strain Lacticaseibacillus paracasei 

DG, reporting on its stability over a decade of industrial production. L. paracasei DG, 

commercially known as L. casei DG®, is a Sofar S.p.A. (which is now part of Alfasigma S.p.A.) 

proprietary strain and deposited in the German Collection of Microorganisms and Cell Cultures 

(DSM 34154). In this PhD work, the DG strain was isolated from several batches of the 

commercial probiotic product Enterolactis®, containing DG biomasses industrially produced by 

Chr. Hansen Holding A/S from 2013 to 2022. Therefore, this study aimed to assess the genetic 

and phenotypic stability of a probiotic bacterium commercially available for over 20 years 

through the Enterolactis® dietary supplement, one of Italy's most well-known and widely sold 

probiotic lines.  
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2.2. Lacticaseibacillus paracasei DSM 34154 (L. casei DG®) in 

preclinical studies 

L. paracasei strains are Gram-positive, non-spore-forming bacteria that commonly inhabit the 

human intestinal tract. Notably, the ability of these strains to interact with the host is at least 

partly associated with their capacity to synthesize a surface-associated exopolysaccharide 

(EPS). In a recent review, EPS from L. paracasei CIDCA 8339 and 83124 (both isolated from 

kefir grains) were characterized to highlight their role in protecting the probiotic against 

gastrointestinal conditions. These properties are crucial for enabling deep crosstalk between 

gastrointestinal epithelial cells and viable microorganisms producing in situ effector molecules, 

such as lactate and bacteriocins, which may contribute to creating a health-promoting 

microenvironment (Bengoa et al., 2021). Moreover, EPS altered short-chain fatty acids 

(SCFAs) concentration by increasing butyrate and propionate levels. It is also involved in the 

bacteria's association with epithelial cells, where lactate production modulates the 

inflammatory response via NF-κB activation (Bengoa et al., 2020).  

Specific strains of L. paracasei, including L. paracasei DG (LC-DG), have been used as 

probiotic dietary supplements due to significant clinical evidence supporting their health 

benefits, though the molecular mechanisms underlying these effects remain partially 

understood. Indeed, a study was conducted to identify the EPS molecules of DG to delve 

deeper into these mechanisms (Balzaretti et al., 2017). A comparative analysis with other 

genomes of the same species identified two different regions in the genome of strain DG that 

are putatively involved in the biosynthesis of EPS molecules (regions EPS-a and EPS-b). 

Notably, while the EPS-a region is common to all L. paracasei genomes investigated, the EPS-

b region did not match any other sequences in GenBank. Additionally, the formation of a pellet 

much weaker than those of other L. paracasei strains after centrifugation (Polak-Berecka et 

al., 2014) was considered an indication of the probable ability of strain DG to produce unique 

EPS molecules. Balzaretti et al. (2017) also demonstrated that DG-EPS exhibited 

immunostimulating properties by triggering the gene expression of proinflammatory cytokines 

TNF-α and IL-6 and chemokines IL-8 and CCL20 in the human monocytic cell line THP-1. 

Thus, DG-EPS is effectively a unique rhamnose-rich hetero-exopolysaccharide in LAB. Rather 

than being an inert molecule, it can be considered a bacterial product that enhances the 

immune system through the secretion or coating of the bacterium. 

LC-DG has been shown to exert strong antiviral effects against the SARS-CoV-2 virus by 

reducing viral replication and enhancing the antiviral activity of lactoferrin (LF) (Salaris et al., 
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2021). Although the mechanism underlying the antiviral activity of LC-DG observed in this 

study is not fully understood, it could be speculated that the unique rhamnose-rich hetero-

exopolysaccharide molecule that coats the cells of this bacterium may contribute to the 

peculiar crosstalk between DG and host cells (Balzaretti et al., 2017). Recently, a systematic 

review has evaluated the role of probiotics in preventing and treating COVID-19 

(SeyedAlinaghi et al., 2023). Probiotic use has been proposed to enhance the host immune 

response against COVID-19 through three potential mechanisms: lowering viral titers, 

reducing interferon production, and modifying interleukin (IL) levels (Mirashrafi et al., 2021). 

For example, an in vitro study showed that non-fermented milk, when fermented with the 

probiotic L. paracasei, significantly reduced levels of IL-1β, IL-6, and IL-15 (Paparo et al., 

2021). Proinflammatory cytokine levels are known to be elevated by SARS-CoV-2 infection, 

and in severe cases, this hyperproduction, defined as a “cytokine storm,” can significantly 

worsen a patient's prognosis. The in vitro study by Salaris et al. (2021) demonstrated that 

prophylactic treatment with LC-DG suppressed the inflammatory response induced by SARS-

CoV-2 infection in Caco-2 cells, significantly reducing the transcript levels of the 

proinflammatory cytokine IL-6 and the chemokine CXCL8 compared to the control. Additionally, 

the anti-inflammatory potential of strain DG was underscored in previous in vitro experiments, 

where it notably reduced the activation of NF-κB in Caco-2 cells (Balzaretti et al., 2015). 

Moreover, the probiotic treatment resulted in significant changes in the expression profiles of 

several genes involved in the antiviral immune response; specifically, LC-DG increased the 

levels of the antiviral cytokines interferon alpha (IFNA1) and beta (IFNB1). Notably, treating 

Caco-2 cells with LC-DG combined with LF significantly enhanced the antiviral immune 

response compared to treatment with the bacteria alone. This indicates that the combination 

of the bacteria and LF has additive antiviral and immunomodulatory effects, functioning 

independently without interfering with each other’s mechanisms. In fact, LAB probiotics such 

as LC-DG produce a variety of antimicrobial compounds, including hydrogen peroxide, lactic 

acid, and bacteriocin-like inhibitory substances, which have been shown to reduce viral loads 

(Al Kassaa et al., 2014).  

Vitamin D is essential for numerous biological processes, including also regulating innate and 

adaptive immune functions (Umar et al., 2018) and preventing and treating COVID-19 

(Boulkrane et al., 2020; Cutolo et al., 2020; Grant et al., 2020). The passive diffusion process 

through mixed micelles is likely the primary mechanism for absorbing non-hydroxylated forms 

of vitamin D (i.e., vitamin D3) at pharmacological concentrations (Borel et al., 2015; Maurya & 

Aggarwal, 2017). Furthermore, vitamin D is the only fat-soluble vitamin significantly affected 
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by probiotic intake (Jones et al., 2013). Given that dietary vitamin D absorption has been 

shown to increase at higher hydrogen ion concentrations (Hollander et al., 1978), it was 

hypothesized that the elevated serum levels of vitamin D could result from the acidification of 

the small bowel lumen due to microbial metabolism. However, no other studies have 

investigated the potential of probiotic microorganisms to enhance vitamin D absorption and 

bioavailability. So, in the pre-clinical study by Castagliuolo et al. (2021), six probiotic strains 

were evaluated for their ability to create a stable suspension of vitamin D3 in water, with LC-

DG showing the strongest vitamin D3 solubilization among the tested strains. It is speculated 

that once in the gut, biosurfactant-producing microorganisms may emulsify vitamin D, thereby 

enhancing its contact with the intestinal epithelium and improving its absorption. Notably, 

among the three L. paracasei strains tested, only strain DG significantly increased the amount 

of vitamin D in the aqueous phase. As a result, LC-DG was selected for in vivo testing in a 

murine model to evaluate its ability to enhance serum vitamin levels when co-administered 

with a commercial vitamin D3 preparation in oil. ELISA measurements demonstrated that the 

DG strain significantly increased serum levels of 25(OH)D, the primary circulating form of 

vitamin D, after being administered once daily for one week in combination with the vitamin D3 

supplement (Castagliuolo et al., 2021). A significant contribution is likely due to the unique 

rhamnose-rich hetero-exopolysaccharide (EPS) that strain DG accumulates on its outer cell 

surface (Balzaretti et al., 2017), as bacterial EPS macromolecules are well known for their 

effective emulsifying properties (Gutierrez et al., 2009, 2013). Another possibility is that the 

administered bacterial cells stimulate the secretion of bile and pancreatic juices, which leads 

to more efficient micelle formation and enhanced vitamin absorption.  

Supporting the last hypothesis, a recent study showed that LC-DG administration improved 

several amino acid absorption from plant proteins in physically active men (Jäger et al., 2020b). 

The probiotic formulation used in this clinical trial, named AminoAlta™ (AApf) and containing 

10 billion CFUs of two L. paracasei strains (5 billion CFUs of strain LC-DG and 5 billion CFUs 

of strain LPC-S01), was also characterized in the preclinical study presented in this PhD thesis. 

We aimed to evaluate that, besides enhancing amino acid absorption from plant proteins 

(Jäger et al., 2020b), AApf might also exert probiotic benefits that could improve athletes’ 

health. To achieve this, in vitro human cell line models were used to assess bacterial adhesion 

to enterocytes, anti-inflammatory potential, macrophage stimulatory activity, maintenance of 

epithelial permeability, and modulation of epithelial antioxidant capacity. Notably, the DG-EPS 

may contribute to the antioxidant properties of AApf (Balzaretti et al., 2017), similar to the EPS 

produced by Lactiplantibacillus plantarum C88, which Zhang et al. (2013) demonstrated to 
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significantly protect Caco-2 cells from oxidative damage by increasing SOD activity in a dose-

dependent manner. Moreover, AApf plausibly enhances the barrier function in Caco-2 cell 

layers, indicating its potential to prevent or reduce intestinal permeability. In support of this, a 

recent in vivo study has demonstrated that administering the probiotic strain DG in mice led to 

a reduction in colonic mucosal expression of zonulin (Taverniti et al., 2021), an enzyme known 

to regulate intestinal barrier function (Fasano, 2011). 

In their preliminary in vivo study, Taverniti et al. (2021) gavaged wild-type mice with viable cells 

from three bacterial strains (Bifidobacterium bifidum MIMBb23sg, Lactobacillus helveticus 

MIMLh5, and L. paracasei DG) representing the most used probiotic taxonomic groups. The 

study aimed to demonstrate their shared ability to modulate the intestinal microbiota. Strains 

MIMBb23sg and DG were significantly more abundant in the ileum than MIMLh5, while DG 

and MIMLh5 were more abundant than MIMBb23sg in the cecum and colon. The 

administration of MIMLh5 and DG led to a significant increase in bacterial load in the cecum 

compared to PBS-treated mice and in the colon compared to both PBS- and MIMBb23sg-

gavaged mice. Notably, probiotics can influence the host's gene expression in the gut, both 

directly and indirectly, by modulating the composition of the microbiota. This study focused 

specifically on the expression of genes involved in serotonin metabolism, including the TPH1 

gene, which encodes tryptophan hydroxylase-1 (a key enzyme in serotonin biosynthesis), the 

gene for the serotonin reuptake transporter SERT, and the genes encoding the functional 

serotonin receptors 5HTR3 and 5HTR4. LC-DG decreased the expression of genes coding 

TPH1 (both in the ileum and cecum) and the serotonin receptors (specifically, a reduction of 

5HTR3 in the colon and 5HTR4 in the ileum) while inducing an increased expression of the 

SERT-coding gene. Therefore, DG supplementation may reduce serotonin levels and activity 

in the gut, suggesting an effect on motility control. High serotonin levels resulting from SERT 

downregulation can exacerbate inflammation (Haub et al., 2010). Conversely, intestinal 

inflammation lowers colonic SERT levels (Tada et al., 2016; Te Velde et al., 2007). SERT has 

also been proposed to play a role in irritable bowel syndrome (IBS), as IBS patients exhibit 

reduced SERT expression in the gut, associated with decreased serotonin reuptake capacity 

by enterocytes (Faure et al., 2010; Jin et al., 2016). Accordingly, it was reported that IBS 

patients are characterized by increased serotonin availability in the colonic mucosa, notably 

associated with the severity of abdominal pain through mechanisms that include mucosal 

immune activation (Cremon et al., 2011).  

IBS research is focused on identifying causative factors, such as low-grade mucosal 

inflammation and local immune activation, both of which are triggered by disruptions in the gut 
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microbiota (DuPont, 2014). Given that IBS develops in up to 30% of individuals recovering 

from acute gastroenteritis, the pathogenetic role of gut microbiota has been well established, 

mainly for post-infectious (PI)-IBS, diarrhea (D) predominant subtype. As immune dysfunction 

and dysregulated immune interactions may predispose individuals to IBS (R. Spiller & Garsed, 

2009), an event like an infection can lead to permanent disturbances in the gut microbiota, 

including pathogen overgrowth and a significant reduction in bacterial diversity. Increasing 

evidence supports the idea that the beneficial effects of LAB strains may be linked to secreted 

probiotic-derived factors, identified as postbiotic (PB) mediators. The study conducted by 

Compare et al. (2017) aimed to evaluate the role of LC-DG and its PB in modulating the 

inflammatory immune response in an ex-vivo organ culture model from 10 PI-IBS D patients. 

Treatment of intestinal biopsies with LC-DG significantly reduced levels of all proinflammatory 

cytokines while increasing levels of the anti-inflammatory cytokine IL-10 in both the ileal and 

colonic mucosa. Interestingly, the protective effect was more pronounced with PB treatment 

than with LC-DG treatment (Tsilingiri et al., 2012), suggesting that the beneficial effects of 

probiotics may be mediated by their derived PB. These findings provide strong biological 

support for the therapeutic potential of this probiotic strain in the clinical management of PI-

IBS D. 

2.3. Lacticaseibacillus paracasei DSM 34154 (L. casei DG®) in clinical 

studies 

Before delving into the core of this PhD thesis, a literature review of the relevant clinical studies 

related to our strain of interest is presented. Table 1 outlines the effects of this probiotic 

supplementation in healthy humans, IBS patients, and gastrointestinal (GI) tract-related 

diseases. 

Reference Subjects’ 

characteristics 

Treatment Study 

duration 

Study design Outcome  

Tursi et al., 

2004 

70 patients 

with persistent 

Helicobacter 

pylori infection 

H. pylori quadruple 

therapy, with or 

without 

supplementation 

with 750 mg as two 

capsules containing 

8 × 109 each of 

viable lyophilized 

LC-DG 

10-days  Prospective, 

randomized 

study 

LC-DG supplementation 

reduces 

therapy’s side effects and 

permits a slight 

improvement in 

eradicating H. pylori 
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Tursi et al., 

2006 

85 patients 

with 

symptomatic 

uncomplicated 

DD in 

remission 

G1: 5-ASA 1.6 

g/day; G2: LC-DG 8 

× 109 CFU 15 

days/month; G3: 

LC-DG 8 × 109 CFU 

15 days/month + 5-

ASA 1.6 g/day 

12 

months 

Prospective, 

randomized, 

open-label 

study 

Symptom-free at 12 

months:  

G1 76.7% (23/27)  

G2 76.7% (23/27)  

G3 96.7% (29/29) 

Tursi et al., 

2008 

75 patients 

with 

symptomatic 

uncomplicated 

DD in 

remission 

G1: LC-DG 16 × 109 

CFU 10 days/month 

+ 5-ASA 800 

mg/day; G2: LC-DG 

16 × 109 CFU 10 

days/month + 5-

ASA 1600 mg/day; 

G3: 5-ASA 800 mg 

10 days/month; G4: 

5-ASA 1600 mg 10 

days/month G5: LC-

DG 16 × 109 CFU 

10 days/month 

24 

months 

Double-

blind, 

randomized, 

placebo-

controlled 

study 

Symptom-free at 24 

months:  

G1 93.7% (15/16)  

G2 92.3% (12/13)  

G3 84% (11/13)  

G4 80% (8/10)  

G5 86.9% (20/23) 

D’Incà et al., 

2011 

26 UC 

patients 

Rectally 

administered LC-

DG 8 x 108 CFU 

twice daily  

8 weeks RCT  LC-DG manipulates 

mucosal microbiota and 

is effective on the 

mucosal immune system 

Rosania et 

al., 2013 

40 patients 

with SIBO 

G1: Rifaximin 400 

mg/day for 7 

days/month 

followed by LC-DG 

capsules containing 

24 x 109 CFU for 7 

days more; G2: 

antibiotic followed 

by prebiotics  

6 

months 

RCT with 

two parallel 

groups 

The 

supplementation with LC-

DG and, to a lesser 

extent, with 

prebiotics to the antibiotic 

therapy for SIBO 

improves the 

clinical outcome 

Tursi et al., 

2013 

210 patients 

with 

symptomatic 

uncomplicated 

DD in 

remission 

G1: LC-DG 24 × 109 

CFU 10 days/month 

+ 5-ASA 1600 

mg/day; G2: LC-DG 

placebo + 5-ASA 

1600 mg/day for 10 

days/month; G3: 

LC-DG 24 × 109 

CFU 10 days/month 

12 

months 

Double-

blind, 

randomized, 

placebo-

controlled 

study 

Recurrence of 

symptomatic 

uncomplicated DD at 12 

months:  

G1 0% (0/54) p > 0.01 

vs. other arms  

G2 13.7% (7/51)  

G3 14.5% (8/55)  

G4 46.0% (23/50) 



11 
 
 

 

+ 5-ASA placebo; 

G4: LC-DG placebo 

+ 5-ASA placebo 

Ferrario et 

al., 2014 

34 healthy 

human 

volunteers 

Gelatin capsule 

containing at least 

24 × 109 CFU of 

LC-DG 

16 weeks Double-blind 

RCT, cross-

over trial 

with two 

parallel 

groups 

LC-DG impacts SCFAs 

and the microbiota, 

increasing the 

Blautia:Coprococcus 

ratio, potentially 

conferring a health 

benefit on the host 

Paoluzi, 

2015 

142 non-

responders to 

H. pylori 

eradication 

therapies 

7-day triple 

antibiotic therapy 

with or without LC-

DG 

8 weeks Open-label, 

single-center 

study 

Low H. pylori eradication 

efficacy, though 

probiotics enhance the 

success and tolerability 

of this treatment 

Balzaretti et 

al., 2015 

11 healthy 

adults 

Gelatin capsule 

containing about 24 

× 109 CFU of 

Lactobacillus 

paracasei LC-DG 

and LPC-S01 each 

10 weeks Double-blind 

RCT, cross-

over pilot 

trial with two 

parallel 

groups 

LC-DG and LPC-S01 

transiently colonize the 

GI tract of the host, 

persisting for at least 5 

days after the end of a 7-

day oral consumption 

Turco et al., 

2017 

30 patients 

with DD and 

10 HC 

Intestinal biopsies 

from patients with 

DD stimulated with 

LC-DG and/or EIEC 

24h Ex-vivo 

study 

LC-DG plays a role in 

counteracting the pro-

inflammatory effects 

exerted by EIEC 

Cremon et 

al., 2018 

40 IBS 

patients 

Gelatin capsule 

containing at least 

24 × 109 CFU of 

LC-DG 

administered twice 

daily 

18 weeks Double-blind 

RCT, cross-

over, 

multicenter, 

placebo-

controlled, 

pilot 

LC-DG can modulate gut 

microbiota 

structure/function and 

reduce immune activation 

in IBS 

Arioli et al., 

2018 

20 healthy 

adults 

Drinkable vials 

containing no less 

than 1 × 109 CFU of 

LC-DG at the end of 

shelf-life 

3 weeks Open-label, 

pilot, 

microbiologic

al recovery 

study 

LC-DG survives the GI 

transit and persists in the 

gut for up to 5 days after 

the end of product intake 

Altaha et al., 

2018 

30 healthy 

adults 

Gelatin capsule  

that contains at 

least 24 × 109 CFU 

of LC-DG 

4 weeks 

 

Prospective 

study 

LC-DG is detected in 

90% of these adults 

within a week of probiotic 

consumption, 



12 
 
 

 

whereas after stopping 

the probiotic 

consumption, LC-DG is 

detected only in 10% and 

6% of the fecal samples 

after one and two weeks, 

respectively 

Radicioni et 

al., 2019 

20 healthy 

children 

A pediatric probiotic 

drinkable solution 

containing 1 × 109 

CFU of LC-DG 

4 weeks Single-

center, open-

label, one-

arm, 

recovery 

study 

LC-DG survives the GI 

transit and persists in the 

gut up to 3 days after the 

end of product intake 

Jäger et al., 

2020 

15 physically 

active males 

5 × 109 CFU of LC-

DG and LPC-S01 

each (AApf), 

coingested with 20 

g pea protein daily 

58 days Double-blind 

RCT, cross-

over  

AApf increases 

methionine, histidine, 

valine, leucine, 

isoleucine, tyrosine, total 

BCAA, total EAA 

maximum concentrations, 

and AUC 

Cai et al., 

2021 

84 CBP 

patients 

Two capsules/day 

for 3 months of LC-

DG 

9 months Clinical, 

single-

center, 

phase IV 

study 

LC-DG prevents 

symptomatic recurrences 

and improves the quality 

of life in patients with 

CBP 

Gargari et 

al., 2024 

240 NC-IBS 

and 100 HC 

Hydroxypropyl 

cellulose capsule 

consisting of at 

least 24 × 109 CFU 

of LC-DG 

14 weeks Double-blind 

RCT, 

multicenter, 

parallel-

group, 

placebo-

controlled 

LC-DG is effective on 

NC-IBS patients with NC-

IBS with a greater 

abundance of potential 

pathobionts 

Table 1. The main characteristics  of the articles from the l i terature and corresponding research 

findings for LC-DG in cl inical studies are reported (by publication date) . RCT, randomized 

controlled trial;  BCAA, branched-chain amino acids; EAA, essential amino acids; AUC, area under 

the curve; NC-IBS, non-constipated IBS; HC, healthy controls; CD, celiac disease; GFD, gluten-

free diet; UC, ulcerative colit is ; DD, diverticular disease; EIEC, enteroinvasive Escherichia coli; 5-ASA, 

mesalazine; CBP, chronic bacterial prostatitis. 
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2.3.1. L. casei DG® in healthy humans 

Recovery studies that evaluate a probiotic's ability to survive the digestive process are crucial 

for determining its effectiveness and should be regarded as a mandatory step in their 

characterization process. The aim of the 1-week treatment study by Radicioni et al. (2019) was 

to confirm, for the first time, that the pediatric formulation of L. casei DG® (LC-DG), containing 

1 billion live bacteria, can successfully transit through the gastrointestinal tract of children aged 

3–12 years, both during and after the administration period. This preliminary study provided 

the first evidence in children that LC-DG survives gastrointestinal transit and persists in the gut 

for up to 3 days after probiotic consumption, demonstrating its resistance to gastric juices, 

hydrolytic enzymes, and bile acids. A similar study was conducted in healthy adults to evaluate 

the ability of LC-DG to survive gastrointestinal transit following a 1-week consumption of a 

single daily dose of 1 billion CFU from drinkable vials of the probiotic product Enterolactis® 

(Arioli et al., 2018). The main finding was that all 20 enrolled subjects tested positive at least 

once for live LC-DG cells in their fecal samples. The highest concentration of viable DG cells 

in the feces was observed between 4 and 8 days after the start of Enterolactis® intake and 

persisted for up to 5 days after the cessation of intake. The DG-EPS gives the colonies a 

distinctive sticky, filamentous appearance on MRS agar containing vancomycin and 

kanamycin, enabling easy differentiation of DG from other lactobacilli. The genetic region 

encoding the DG-EPS has a unique DNA sequence (Balzaretti et al., 2017), allowing strain-

specific primers to be designed. Therefore, viable count experiments conducted using a 

combination of ad hoc culture-selective conditions and strain-specific molecular biological 

protocols unambiguously demonstrated that strain DG can survive gastrointestinal transit in 

healthy adults when ingested as Enterolactis® in drinkable vials (Balzaretti et al., 2015). 

Additionally, the in vitro experiments conducted by Balzaretti et al. (2015) demonstrated that 

the probiotic properties of strain L. paracasei S01 (LPC-S01) are comparable to those of the 

well-known probiotic strains Shirota and DG in terms of bile tolerance and reduction of NF-κB 

activation in Caco-2 cells. Moreover, LPC-S01 showed superior tolerance to gastric juice and 

exhibited greater adhesion to Caco-2 epithelial cells. The ability of LPC-S01 to transiently 

persist in the gastrointestinal tract of healthy humans was evaluated through a pilot intervention 

trial using a double-blind, cross-over design compared with the probiotic strain L. paracasei 

DG. The results indicated that after seven days of oral consumption of capsules containing 

about 24 billion live cells, the fecal concentrations of strain LPC-S01 remained above the 

detection limit in volunteers for approximately five days, which is not significantly different from 

those observed with the commercial probiotic DG, a strain known to colonize the human gut 
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of healthy adults, as reported above, and induce specific modifications in microbiota 

composition (Ferrario et al., 2014).  

Through altering gut microbiota composition, probiotics have been linked to improved nutrient 

absorption, including enhanced protein utilization (Jäger et al., 2018). Compared to animal 

proteins, plant protein sources are generally incomplete, containing less branched-chain 

amino acids (BCAAs), and differ in absorption kinetics as well as the quantity of amino acids 

absorbed by the host, factors known to affect adaption effects important to athletes, such as 

skeletal muscle protein synthesis (Gorissen et al., 2018; Jäger et al., 2017). The primary aim 

of the Jäger et al. (2020b) study was to investigate the individual and potential synergistic 

effects of the above-mentioned AminoAlta™ probiotic formulation (AApf) composed of 10 

billion CFUs of Lacticaseibacillus paracasei cells (5 billion CFUs of strain LC-DG and 5 billion 

CFUs of strain LPC-S01) on the in vitro digestion of various plant protein sources. In addition, 

a randomized, double-blind, crossover pilot study was conducted with fifteen physically active 

men over two weeks to evaluate the amino acid concentration in the blood after administering 

20 g of pea protein, with or without probiotic co-administration. In vitro data showed enhanced 

proteolysis and a synergistic effect of the two strains when combined, compared to either strain 

alone, specifically for pea protein. Similarly, the human clinical trial showed significant 

improvements in postprandial blood amino acid levels, including increases in total BCAAs, 

methionine, histidine, valine, leucine, and isoleucine. This research is particularly noteworthy 

as it provides some of the first evidence that by optimizing gut microbiota composition, 

probiotics can help address the compositional shortcomings of plant proteins. 

Modulating gut microbiota is the first target to establish probiotic efficacy in a healthy 

population. However, the actual ability of probiotics to affect gut microorganisms is still being 

debated (Kim et al., 2013) due to various confounding factors, including differences in 

individual responses to probiotic consumption and variations among probiotic products. To 

address these challenges, Ferrario et al. (2014) employed a randomized, double-blind, 

crossover placebo-controlled study design to assess the effects of 4 weeks’ consumption of 

Enterolactis® Plus, a commercial probiotic supplement containing at least 24 billion viable DG 

cells, on healthy volunteers. Probiotic intake modulated gut microbiota, notably by increasing 

the Blautia:Coprococcus ratio, which could potentially confer health benefits to the host. 

Particularly affected were genera within Eubacteriales (formerly Clostridiales), a bacterial order 

of the phylum Bacillota known for its important role in the colonic fermentation of dietary fiber 

(Chinda et al., 2004), producing SCFAs as their main catabolites (Flint et al., 2012). However, 

the probiotic's impact on the microbiota and SCFAs, including a significant decrease in butyrate 
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concentration, appears to be closely dependent on the initial characteristics of the intestinal 

microbial ecosystem. Specifically, fecal butyrate levels may serve as an important biomarker 

for identifying individuals who could benefit from probiotic treatment. 

2.3.2. L. casei DG® and irritable bowel syndrome (IBS) 

The data on intestinal microbial ecology from the intervention study by Ferrario et al. (2014), 

which demonstrated the ability of LC-DG to modulate SCFAs and Clostridiales bacteria in 

healthy adults, are consistent with the findings of Cremon et al. (2018). Given the above 

evidence suggesting a role of intestinal microbiota-host interactions in the pathophysiology 

and symptoms of irritable bowel syndrome (IBS), this trial aimed to evaluate the effects of LC-

DG on clinical outcomes and gut microbiota-related factors in IBS patients. In this context, a 

multicenter, randomized, double-blind, placebo-controlled, cross-over pilot study was designed 

(PROBE-IBS/1 trial). Patients were randomly assigned to receive either Enterolactis® Plus 

twice daily for four weeks or a placebo. Following LC-DG treatment, the results showed a 

significant increase in SCFAs acetate and butyrate and a significant decrease in the genus 

Ruminococcus, whose members are increased in IBS patients (Taverniti & Guglielmetti, 2014). 

The observed reduction in the relative abundance of this genus, particularly in taxa related to 

Ruminococcus bromii, which have been proposed as potential microbial biomarkers for 

diagnosing IBS, may be considered beneficial for IBS patients. Additionally, the significant 

decrease in IL-15 observed in this study following treatment with LC-DG, but not with placebo, 

suggests that this product may also play an essential role in restoring intestinal regulation and 

mucosal integrity (Pagliari et al., 2013; Van Heel, 2006). Although the differences compared to 

placebo did not reach statistical significance, LC-DG improved IBS symptoms, and plausible 

biological mechanisms for this probiotic's effects were identified. Overall, this pilot study 

demonstrated that LC-DG can modulate gut microbiota structure and function and reduce 

immune activation in IBS. 

IBS is conventionally classified into four subtypes based on bowel habits: IBS with constipation 

(IBS-C), IBS with diarrhea (IBS-D), IBS with alternating constipation and diarrhea (mixed IBS, 

IBS-M), and unsubtyped IBS (IBS-U) (Lacy et al., 2016). Data on the differences in gut 

microbiota composition among IBS subtypes are contradictory and are often derived from 

methods with low discriminatory power (Taverniti & Guglielmetti, 2014). To address this issue, 

Gargari et al. (2018) conducted a study to determine whether specific fecal bacterial taxa and 

colonic SCFAs could be used to distinguish between IBS subtypes. The fecal samples 

analyzed were derived from the previously mentioned PROBE-IBS/1 trial, which was 
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conducted to assess the effect of the probiotic preparation LC-DG on 40 IBS patients (Cremon 

et al., 2018). This new assessment revealed significant differences in the distribution of 

Clostridiales among IBS subtypes, along with reduced levels of SCFAs in IBS-C patients 

compared to those with IBS-U and IBS-D. Specifically, IBS-C was distinguished from IBS-D by 

several OTUs associated with Clostridiales belonging to the family Ruminococcaceae, i.e., the 

genus Ruminococcus. The fecal levels of SCFAs also clearly distinguished the IBS-C samples 

from the IBS-D and IBS-U samples. In detail, the levels of acetate, butyrate, propionate, and 

valerate were significantly higher in IBS-D compared to IBS-C. Overall, these findings suggest 

that the differential representation of Clostridiales OTUs between IBS subtypes is linked to 

altered levels of intestinal SCFAs. The hypothesis was that intestinal Clostridiales and colonic 

SCFAs could serve as mechanistic biomarkers for IBS subtypes and represent therapeutic 

targets.  

The PROBE-IBS/1 study revealed that IBS-D patients exhibited chronically elevated levels of 

SCFAs in their feces compared to IBS-C patients and healthy controls (Gargari et al., 2018). 

The results of the PROBE-IBS/1 trial (Cremon et al., 2018) suggested that the clinical efficacy 

of LC-DG might be greater in non-constipated IBS (NC-IBS) patients, prompting the conduct 

of a larger study (PROBE-IBS/2) to assess the effect of Enterolactis® Plus capsules on 

abdominal symptoms in NC-IBS patients. Gargari et al. (2023) then investigated fecal SCFA 

levels and bacterial community structure in the PROBE-IBS/2 cohort of NC-IBS patients, 

comparing them to healthy control (HC) subjects. Overall, the results indicate that NC-IBS 

patients exhibit significant alterations in their fecal microbiome compared to HC, with an 

overrepresentation of the Actinobacteria genera Collinsella (particularly the species Collinsella 

aerofaciens), as well as several Firmicutes taxa, including the genera Clostridium and 

Ruminococcus. In analogy with the enterotype concept, which suggests that the gut 

microbiome can be classified into a few distinct community types based on the abundance of 

specific bacterial groups (Knights et al., 2014), the hypothesis here was that IBS patients could 

be stratified into “catabotypes,” distinct groups of subjects based on their fecal SCFA levels. 

IBS samples were classified into two distinct clusters, named fecal catabotype “high” (FC-H) 

and “low” (FC-L). Data showed that these fecal catabotypes are associated with different IBS 

symptom severity, with FC-H characterized by higher levels of abdominal pain and a greater 

degree of dysbiosis than FC-L. Supporting the hypothesis that FC-H may represent a subgroup 

of NC-IBS patients who could benefit most from a low-FODMAP diet, the findings indicate that 

adherence to the dietary guidelines provided in this trial, explicitly targeting the fiber-fermenting 

microbial components of the gut microbiota, resulting in a more significant improvement in 
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abdominal pain and fecal consistency within the FC-H subgroup. Therefore, FC-H may 

represent a distinct clinical phenotype of IBS, with potential implications for its diagnosis and 

treatment. 

Gargari et al. (2024) recently performed a post-hoc analysis of fecal samples collected from 

the probiotic arm-patients of the PROBE-IBS/2 study, aiming to identify potential markers that 

could distinguish patients who achieved the primary clinical endpoint of the trial (responders, 

R) from non-responders (NR). According to the primary endpoint of the PROBE-IBS/2 trial, the 

mean abdominal pain was significantly lower in the R group, with 13 taxa being 

overrepresented compared to the NR group. Notably, the probiotic intervention significantly 

reduced several taxonomic units that contributed to the distinction between R and NR, 

including Collinsella aerofaciens, Blautia wexlerae, and the genus Dorea. These results 

suggest that R patients are characterized by an increased abundance of potential pathobionts, 

which may be mechanistically linked to the onset of IBS symptoms and can be reduced by LC-

DG intake. To preliminarily evaluate whether the fecal abundance of C. aerofaciens could 

predict the clinical efficacy of Enterolactis® Plus, the data from the PROBE-IBS/1 study were 

reanalyzed. Indeed, when the analysis was focused exclusively on NC-IBS patients, a 

significant decrease in the abundance of C. aerofaciens was observed. The administration of 

LC-DG also led to a significant reduction in abdominal pain, suggesting that this condition in 

IBS may be inversely associated with variations in pathobionts, among which C. aerofaciens 

has emerged as a potential predictor of probiotic efficacy. 

2.3.3. L. casei DG® and gastrointestinal (GI) tract-related diseases 

Interestingly, in IBS, it has been demonstrated that a state of mucosal immune activation is 

responsible for the increased release of mediators that act on epithelial cells, ultimately leading 

to intestinal dysfunction and the development of symptoms (O’Leary & Cronin, 2002). This 

immune activation may result from a perturbation of gut microbiota, a factor that might also 

play a role in celiac disease (CD). In addition, a gluten-free diet (GFD) also influences gut 

microbiota composition (Bhattarai et al., 2017), primarily due to a reduction in polysaccharide 

intake, such as fructans, which are one of the primary energy sources for commensal 

components of the gut microbiota (De Palma et al., 2009). Building on this dysbiosis 

hypothesis, Francavilla et al. (2019) pursued the idea that a mixture of probiotic strains, 

formulated based on the deficiencies identified by microbiological data in CD (Di Cagno et al., 

2009, 2011; Francavilla et al., 2014), might be beneficial for this specific group of patients. The 

product, named Pentabiocel®, consisted of a mixture of two strains of lactic acid bacteria (LAB) 
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(5 billion CFU per sachet each) and three strains of bifidobacteria (10 billion CFU per sachet 

each), specifically selected to restore microbiota imbalance. Therefore, the efficacy of this 

newly developed probiotic mixture was evaluated in a randomized, double-blind, placebo-

controlled trial involving CD patients with IBS-type symptoms despite adherence to a strict 

GFD. Results indicate that the probiotic combination is superior to placebo in reducing the 

severity of IBS-type symptoms. Part of this effect may be attributed to a positive modification 

of the gut microbiota, as evidenced by the steady and persistent increase in bifidobacteria 

count in the fecal samples of CD patients. As alterations in gut microbiota are considered an 

environmental factor involved in the expression of CD, probiotic administration may be a 

strategy to counteract the overall manifestation of the disease. The positive results of this 

probiotic mixture, which has proven effective in restoring microbiota imbalances, inspired the 

last part of this PhD project, which was focused on developing a similar microbiological blend. 

In fact, given the abovementioned background, this blend comprises six proprietary strains 

from Alfasigma S.p.A., including L. casei DG®, and is therefore named Enterolactis® Ultra. 

Then, to assess the effects of this multi-strain combination in patients diagnosed with NC-IBS, 

we conducted a pilot, multicenter, randomized, double-blind, crossover, placebo-controlled 

study. 

IBS also occurs with increased prevalence in patients with ulcerative colitis (UC) (Isgar et al., 

1983), as an imbalance in gut microbiota seems to contribute to the development of chronic 

inflammatory disorders of the gastrointestinal tract. Since manipulation of intestinal microbiota 

utilizing probiotics is believed to influence the host’s immune system, it has been widely used 

to prevent and treat these disorders (Kelly et al., 2005). In this context, D’Incà et al. (2011) 

aimed to evaluate the effects of rectally administered L. paracasei DG (LC-DG) on colonic-

associated microbiota and mucosal cytokine balance. Indeed, the immune system activity 

associated with the colonic mucosa in UC patients was shown to be modulated through rectal 

administration of the probiotic strain LC-DG, which has been shown to alter colonic microbiota 

by increasing Lactobacillus spp. and reducing Enterobacteriaceae, thereby exerting an anti-

inflammatory effect. The possible mechanisms of action involve manipulating the colonic 

microbiota, which can contribute to modulating the mucosal immune response through 

signaling molecules, ultimately altering the overall cytokine balance (Sheil et al., 2007).  

Changes in gut microbiota have also been reported in patients with symptomatic diverticular 

disease (DD) (R. C. Spiller, 2015). For this reason, modifying the gut microbiota and reducing 

inflammatory patterns through probiotics could alter the course of the disease, disrupting the 

cycle in which dysbiosis and inflammation perpetuate one another. These data further support 
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the beneficial role of LC-DG in inflammatory conditions, as previously reported by D’Incà et al. 

(2011). The anti-inflammatory effects of LC-DG on patients with DD were examined in an ex-

vivo study conducted by Turco et al. (2017). Biopsies were treated with the probiotic LC-DG 

and/or the pathogen enteroinvasive Escherichia coli (EIEC). Given that previous studies have 

shown an increase in nitric oxide (NO)-mediated responses in patients with DD, the rationale 

was to assess NO release and inducible nitric oxide synthase (iNOS) expression before and 

after biopsies stimulation (Zamora et al., 2000; Golder et al., 2007; Jeyarajah & 

Papagrigoriadis, 2011; Espín et al., 2014). In all groups, iNOS expression and NO release 

were significantly increased by EIEC and reduced when LC-DG was added to the biopsies. In 

conclusion, this study demonstrated that LC-DG is effective in counteracting the pro-

inflammatory effects induced by EIEC, suggesting a potential beneficial role for this probiotic 

in the management of DD. To further support this finding, three clinical trials indicated that this 

probiotic strain significantly promoted remission and reduced the recurrence of symptomatic 

uncomplicated DD, mainly when combined with mesalazine (5-ASA) (Bretto et al., 2022; Tursi 

et al., 2006; Tursi et al., 2008; Tursi et al., 2013). 

Since microbiota can influence prostate inflammation (Porter et al., 2018), probiotics should 

also be considered in managing bacterial prostatitis, reducing antibiotic use, and maintaining 

normal gut homeostasis. In this context, Vicari et al. (2014) enrolled patients with chronic 

bacterial prostatitis (CBP) and IBS and administered rifaximin combined with a multi-strain 

probiotic (VSL#3). Their findings concluded that long-term treatment effectively reduces the 

progression of prostatitis into more complicated infections. The efficacy of probiotics in 

managing CBP may be linked to immune modulation of the bowel epithelium, leading to the 

suppression of low-grade inflammation (Camilleri, 2006). Subsequently, Cai et al. (2021) 

selected LC-DG due to its demonstrated ability to modulate the intestinal microbial ecosystems 

of both healthy adults and patients with IBD, to influence the host immune response through 

its unique EPS, and to show therapeutic potential for other dysfunctions and pathological 

conditions, such as enhancing the effectiveness of antibiotic eradication therapy against 

Helicobacter pylori (Paoluzi, 2015). Considering the ongoing rise in resistant bacterial strains, 

LC-DG has been shown to prevent symptomatic recurrences in CBP patients, improving their 

quality of life and reducing the need for antibiotic use. 

Finally, probiotics have also been suggested as potential antimicrobial agents against viruses 

responsible for respiratory tract infections (Al Kassaa, 2017). One proposed mechanism 

behind the bidirectional interaction between the gut and lung microbiota systems is that 

increased intestinal permeability permits the leakage and migration of gut microbiota to the 
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lungs, modulating the lung microbiota and, consequently, its immune responses (Fanos et al., 

2020). A recent study has revealed that the gut symptoms experienced by patients infected 

with COVID-19 may be attributed to tissue and organ damage resulting from immune 

responses (Tian et al., 2020). Moreover, some patients with COVID-19 exhibited intestinal 

microbial dysbiosis, characterized by reduced levels of Bifidobacterium and Lactobacillus. This 

could indicate weakened immunity, suggesting that probiotic supplementation may be suitable. 

In conclusion, boosting the natural immunity of the population with probiotics, such as LC-DG, 

which has been shown to increase TNF-alpha, IL-6, and IL-8 in the human monocyte cell line 

THP-1, is proposed as a rational approach for dealing even with the recent COVID-19 infection 

(Olaimat et al., 2020).  
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3. Project aims 

The main goal of this PhD thesis is to assess how the biomass of Lacticaseibacillus paracasei 

DSM 34154 (L. casei DG®), either alone or in combination with other microbes, impacts key 

aspects from both industrial, preclinical, and clinical perspectives.  

First, the commercialization of probiotic products assumes that the composition, in terms of 

microbial cells, remains consistent across all batches. Despite the continuous industrial 

production of bacterial strains, the evaluation of their genetic modifications (i.e., genetic drift, 

the divergence in the genome of cells from a single strain) and the potential subsequent 

differences in their probiotic properties have been minimally explored. In this context, ten 

isolates of L. casei DG® were analyzed to investigate the genetic and phenotypic stability 

throughout its industrial production. Specifically, the DG strain under study was isolated from 

seven different batches of the commercial probiotic product Enterolactis®, which contains DG 

biomasses produced industrially by Chr.-Hansen Holding A/S between 2013 and 2022. 

Then, a recent probiotic formulation named AminoAltaTM (AApf), based on L. casei DG® along 

with another Lacticaseibacillus paracasei strain (5 billion CFUs of strain LC-DG® and 5 billion 

CFUs of strain LPC-S01), has been shown to increase the maximum serum concentration of 

several amino acids when co-administered with plant protein. Part of this project aimed to 

evaluate whether AApf, besides enhancing the absorption of amino acids from plant proteins, 

may also possess probiotic properties that benefit athletes' health. To achieve this, preclinical 

studies using in vitro human cell line models were conducted to assess bacterial adhesion to 

enterocytes, anti-inflammatory potential, macrophage stimulatory activity, preservation of 

epithelial permeability, and modulation of epithelial antioxidant ability. 

L. casei DG® was subsequently included in the multi-strain probiotic supplement Enterolactis® 

Ultra, administered during the ESA-19 clinical study to patients with non-constipated irritable 

bowel syndrome (IBS). The final part of this PhD work involved an in vivo assessment of the 

effect of this six-strain probiotic blend on microbiota community structure and metabolite 

changes from baseline, analyzed through the collected fecal samples.  

Therefore, in vitro and in vivo studies were conducted to comprehensively characterize L. casei 

DG® biomass, a well-researched probiotic that has been on the market for over 20 years.  
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4. Genetic and phenotypic stability of Lacticaseibacillus 

paracasei DG (DSM 34154) over ten years of industrial 

production 

4.1. Abstract 

The commercialization of a probiotic microorganism assumes genetic and phenotypic 

consistency across production lots. However, the large-scale industrial production of probiotic 

microbial biomasses over years poses a risk of genetic drift, potentially affecting the probiotic's 

ability to confer health benefits. This study assessed the stability of Lacticaseibacillus 

paracasei DG (DSM 34154), a commercial probiotic. Seven isolates from different commercial 

lots over 10 years, one 8-year-old laboratory subculture, one isolate from human feces, and 

the DG strain deposited at DSMZ were analyzed. Shotgun and PacBio sequencing were 

combined to obtain the complete genome of the ten isolates. Comparative analysis showed 

that the seven commercial isolates had identical genomes, differing from the DSMZ isolate by 

one conservative nucleotide transition and substitution. The laboratory strain had two 

additional mutations. Phenotypic analyses, including antibiotic resistance, carbohydrate 

fermentation profile, survival to simulated gastrointestinal transit, immunomodulatory capacity, 

and radical scavenging ability, found no significant differences among isolates. Overall, this 

study demonstrates the substantial equivalence of L. paracasei DG during ten years of 

industrial production, indicating that the current industrial practices may prevent genome 

alterations that could compromise probiotic performance. Similar studies should be part of 

continuous monitoring and quality control measures for the probiotic products on the market. 

4.2. Introduction 

The market of probiotic products includes a high number of microbial strains, some of which 

have been commercialized for decades, such as Lacticaseibacillus rhamnosus GG, 

Bifidobacterium animalis subsp. lactis BB-12, and Lacticaseibacillus paracasei Shirota. The 

latter, considered the first probiotic in history, has been produced and used for over 80 years 

(Nanno et al., 2011). Various specific capabilities are attributed to these historical probiotic 

strains, derived from hundreds of scientific studies conducted in in vitro and animal models, as 

well as in clinical trials (Nanno et al., 2011; Dronkers et al., 2020; Jungersen et al., 2014; 

Capurso et al., 2014). The overall assessment of such historical probiotic strains, based on the 

results of multiple studies, is founded on the assumption that they have remained unchanged 

during the uninterrupted multi-decade productions on an industrial scale. However, bacterial 
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genomes are known for their rapid diversification within a short time frame. Following an 

evolutionary pattern characterized by "quantum leaps" (Hacker & Carniel, 2001), bacterial 

genome diversification primarily stems from mobile DNA elements, horizontal gene transfer, 

genome rearrangement, and related mechanisms (Juhas et al, 2009; Patel, 2016). Single 

nucleotide mutations, occurring randomly, also contribute to a stochastic process known as 

genetic drift. In contrast to natural selection, which is influenced by specific environmental 

pressures favoring certain traits, genetic drift involves random changes in the frequencies of 

gene variants within a bacterial population over time due to chance events (Franco et al., 

2021). Across generations, genetic drift can induce fluctuations in gene variant frequencies, 

leading to the fixation of a particular gene variant (i.e., it becomes the sole variant in the 

population), causing other gene variants to disappear (Star & Spencer, 2013).  

The genetic modifications that may occur in bacterial cells can impact the organism's 

performance, potentially altering its ability to provide benefits to the host. Therefore, to mitigate 

this risk, microbial biomass producers employ strategies to minimize the number of 

generations from the mother seed in their industrial practices through strict process control 

during scale-up and final fermentation (Fenster et al., 2019; Sanders et al., 2014). The issue 

of genetic instability has gained increasing attention also in the context of probiotics following 

the probable identification of different genotypes of the same strain in probiotic cultures 

(Sybesma et al., 2013, Feng et al., 2020). However, there is still a dearth of experimental data 

that can elucidate whether and to what extent genetic drift events may impact the stability of 

functional activities in probiotics over the numerous cycles of industrial productions. 

In this context, our study aimed to assess the genetic and phenotypic stability of a probiotic 

bacterium (Lacticaseibacillus paracasei DG, DSM 34154) that has been commercially 

available for more than 20 years through one of the most well-known lines of Italian probiotics 

(Enterolactis®). To achieve this, we obtained and analyzed the complete genome of several 

isolates of the strain DG, obtained from different commercial lots of Enterolactis® produced 

over approximately 10 years. Furthermore, in vitro functional characterization was conducted 

on the same isolates, analyzing some of the most relevant phenotypes for the probiotic 

properties of this bacterium, including the ability to survive gastrointestinal transit and the 

immunomodulatory activity. 
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4.3. Material and Methods 

4.3.1. Strains under study 

In this study, ten isolates of the Lacticaseibacillus paracasei DG (L. casei DG®) strain were 

analyzed (Fig. 1). In specific, we studied the L. paracasei DG deposited at the DSMZ culture 

collection (DSM 34154) (DG_DSMZ) and the DG strain isolated from seven different batches 

of the commercial probiotic product Enterolactis®, containing DG biomasses produced 

industrially by Christian-Hansen from 2013 to 2022 (DG_1-7) (Fig. 1). To assess whether 

small-scale laboratory cultivation conditions without control over the number of generations 

could promote the occurrence of mutations, an isolate of the DG strain obtained from a 

laboratory-preserved glycerol stock and derived from numerous subcultures over about eight 

years was also included in the study (DG_glic). Finally, to investigate whether gastrointestinal 

transit could induce genetic changes, an isolate of the DG strain was obtained from a fecal 

sample of a healthy adult who had consumed the Enterolactis® product (DG_F; ethic 

committee approval by the Research Ethics Committee of the Università degli Studi di Milano, 

opinion no. 37/16, 15th December 2016). The DG_DSMZ was provided in lyophilized form by 

DSMZ and was cultured in de Man-Rogosa-Sharpe (MRS) broth (Difco Laboratories Inc., 

Detroit, MI, United States). The seven isolates from Enterolactis® products were reactivated in 

Maximum Recovery Diluent (MRD, Scharlab Italia S.r.l., Riozzo di Cerro al Lambro, Italy), and 

subsequently cultured in MRS broth. The DG_glic isolate was obtained by inoculating an 

aliquot of a glycerol stock in 5 ml of MRS broth. Finally, to obtain the DG_F isolate, a fecal 

sample was serially diluted and plated on MRS agar plates containing kanamycin (10 µg/mL) 

and vancomycin (1 µg/mL) as described in Arioli et al. (Arioli et al., 2018). The identity of each 

isolate was tested via PCR with the strain-specific primer sets rtWELFf-rtWELFr, targeting the 

exopolysaccharide-coding region (Balzaretti et al., 2015) and 8F-8R1, targeting the DG’s major 

plasmid (Taverniti et al., 2021). 
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Fig. 1. Isolates of Lacticaseibacil lus paracasei  DG used in this study and temporal scale 
indicating when their respective industrial biomass was produced (DG_1 -7) or when the isolation 
occurred (DG_F).  

 

4.3.2. DNA extraction by spooling method 

The cell biomass for DNA extraction was obtained culturing L. paracasei DG isolates in ten ml 

of 90 % (w/w) ISO-Sensitest Broth (Oxoid, Fisher Scientific Italia, Rodano, Italy) and 10 % 

(w/w) deMan-Rogosa-Sharpe (MRS; Difco Laboratories Inc., Detroit, MI, USA) (ISO-MRS 

broth). The following day, a 0.1% inoculum was made in 50 ml of ISO-MRS broth and incubated 

overnight at 37°C in anaerobic conditions. Afterwards, cells were collected through 

centrifugation and washed first with ten ml of a solution containing SDS 0.5%-EDTA 50 mM, 

and then with ten ml of sterile distilled water. The pellet was resuspended in 2.5 ml of reagent 

1 (containing 125 µl of Tris-HCL 1M pH 8, 5 µl of EDTA 0.5 M pH 8, and 0.17 g of sucrose) and 

incubated at 37°C for five min in a thermostat-controlled water bath. Subsequently, 625 µl of 

reagent 2 (containing 15 µl of Tris-HCL 1M pH 8, and 30 mg of lysozyme) were added, and 

the mixture was incubated at 37°C for 30 min. Then, 100 µl of 1 mg/ml RNase solution were 

added, followed by incubation at 37°C for 30 min. At the end of the incubation, 300 µl of reagent 

3 (containing 15 µl of Tris-HCl 1M, and 150 µl of EDTA 0.5 M, pH 8) were added and vortexed; 

then, 200 µl of 20% SDS were added. The resulting suspension was then incubated at 37°C 

for ten min. Subsequently, 475 µl of 5 M NaCl were added to the suspension in centrifuge 

tubes that were then immediately hand-shaken for two min. The contents of the centrifuge 

tubes were transferred to 15 ml Corex glass tubes, and 4 ml of chloroform-isoamyl alcohol 

(24:1) were added. Then, the samples were incubated overnight at 4°C in the dark. The next 

day, the Corex tubes were centrifuged at 10’000 rcf for 20 min at 8°C. The upper phase was 

extracted and transferred into a clean 15 ml Corex tube, adding an equal volume of chloroform-

isoamyl alcohol (24:1), and centrifuged again at 10’000 rcf for 20 min at 8°C. The upper phase 

was carefully extracted and transferred to a 25 ml cylinder to which 2 volumes of -20°C-cold 

ethanol were added. The DNA was collected on a glass rod by quickly shaking it from top to 

bottom of the tube. The glass rod was left to dry for 2 h in a laminar flow cabinet, and the DNA 

was resuspended in 200 µl of 1× TE buffer (containing 10 mM Tris-HCl, and 1 mM EDTA, pH 

8). 

4.3.3. Whole-genome determination and SNP detection analysis 

The DNA of isolates, extracted and purified as described above, was utilized for shotgun and 

PacBio sequencing at CD Genomics (Shirley, NY, USA). For shotgun sequencing, an Illumina 
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NovaSeq 6000 (2×150 bp) was employed, with paired-end and shotgun libraries. The number 

of high-quality paired-end reads (quality Phred score > 30) obtained after trimming and filtering 

steps was 44,268,368 (average: 2,213,418; median: 1,688,979; standard deviation: 

1,162,179). The reads underwent assembly using SPAdes v.3.15.4 algorithm (Bankevich et 

al., 2012). PacBio Single Molecular Real-Time (SMRT) sequencing was performed, achieving 

> 50× coverage. The Illumina NovaSeq 6000 derived sequences were used to correct raw 

PacBio reads with the LoRDEC program (Salmela & Rivals, 2014). LoRDEC, designed for 

correcting sequencing errors in long reads from 3rd generation sequencing with a high error 

rate, utilized two sets of reads: the reference read set (Illumina reads), assumed to have a 

small error rate, and the PacBio read set, which was corrected using the reference set. PacBio-

corrected sequences were employed for assembly using the Flye v2.9.1 program (Lin et al., 

2016), a de novo assembler for single-molecule sequencing reads. Assembly quality was 

assessed using QUAST (Quality Assessment Tool for Genome Assemblies) (Gurevich et al., 

2013). 

To uncover differential single nucleotide polymorphisms (SNPs) among L. paracasei DG 

genomes, we employed two different methods. One operated a suite of bioinformatics tools, 

including bcftools, bwa, and samtools. The variant calling command utilized was bcftools 

mpileup (Gurevich et al., 2013). The other method used snippy, a rapid haploid variant calling 

and core genome alignment tool specialized in bacterial variant calling from NGS reads 

(https://github.com/tseemann/snippy). Both pipelines produced a VCF file outlining all SNPs 

distinct from the reference DG_DSMZ. Genes hosting detected differential SNPs underwent 

annotation through BLAST. The point mutations identified in DG genomes were confirmed by 

PCR amplification and Sanger sequencing of the surrounding DNA region. 

4.3.4. Antibiotic resistance profiles 

L. paracasei DG isolates were tested for their sensitivity to eight antibiotics with the method 

suggested by EFSA (EFSA, 2012). In specific, minimum inhibitory concentrations (MICs) were 

assessed using the broth microdilution method in accordance with the ISO 10932/IDF223:210 

protocol. After a pre-inoculation in MRS broth, the ten isolates of L. paracasei DG were 

inoculated into 10 ml of ISO-MRS and incubated overnight at 37°C under anaerobic conditions. 

Then, the bacterial suspensions were dispensed in commercial 96-well microtiter plates. The 

antibiotics tested included ampicillin (0.03 to 16 μg/ml), gentamicin (0.5 to 256 μg/ml), 

kanamycin (2 to 1024 μg/ml), chloramphenicol (0.125 to 64 μg/ml), erythromycin (0.01 to 8 

μg/ml), tetracycline (0.125 to 64 μg/ml), clindamycin (0.03 to 16 μg/ml), and streptomycin (0.5 
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to 256 μg/ml). For each isolate, a positive control (i.e., inoculated medium without antibiotic) 

and a negative control (i.e., medium without inoculum) were placed within each plate. Bacterial 

cells were quantified by flow cytometry and inoculated at a concentration of 105 AFU/ml. 

Lacticaseibacillus paracasei LMG12586 was used as the reference strain according to 

ISO10932. Finally, turbidity was assessed at O.D.600 nm after 48 h of incubation at 37°C under 

anaerobic conditions. All isolates were tested in triplicate. Additionally, the presence of putative 

antibiotic resistance genes within the genome of L. paracasei DG was investigated using the 

bioinformatic tool Resistance Gene Identifier (RGI) available on the Comprehensive Antibiotic 

Resistance Database (CARD; (Alcock et al., 2019)). 

4.3.5. Carbohydrate metabolization profiles 

The carbohydrate fermentation abilities of the ten isolates of L. paracasei DG were assessed 

using the API 50 CHL kit (bioMerieux, Durham, NC, USA), following the manufacturer's 

instructions. In brief, once centrifuged, the microbial cells in liquid culture were resuspended 

in Suspension Medium (SM), provided by the kit, to obtain a cell density of 2 in the McFarland 

Standard scale of turbidity. Approximately 200 µl of this suspension were inoculated into 10 ml 

of CHL medium, with bromocresol purple used as a pH indicator. Finally, 150 µl of inoculated 

medium were placed inside each well of the API strip and covered with paraffin. Then, strips 

were incubated at 37°C. Readings of the strips were taken at both 24 and 48 h. A positive 

result was indicated by the medium turning yellow due to acidification, as detected by the pH 

indicator. In the case of esculin metabolization, a black color was observed. A shift from purple 

to green indicated weak acidification. 

This kit allowed the assessment of the following 49 substrates: GLY, Glycerol; ERY, Erythritol; 

DARA, D-arabinose; LARA, L-arabinose; RIB, D-ribose; DXYL, D-xylose; LXYL, L-xylose; 

ADO, D-adonitol; MDX, Methyl-beta-D-xylopyranoside; GAL, D-galactose; GLU, D-glucose; 

FRU, D-fructose; MNE, D-mannose; SBE, L-sorbose; RHA, L-rhamnose; DUL, Dulcitol; INO, 

Inositol; MAN, D-mannitol; SOR, D-sorbitol; MDM, Methyl-alpha-D-mannopyranoside; MDG, 

Methyl-α-D-glucopyranoside; NAG, N-acetylglucosamine; AMY, Amygdalin; ARB, Arbutin; 

ESC, Esculin ferric citrate; SAL, Salicin; CEL, D-cellobiose; MAL, D-maltose; LAC, D-lactose 

(bovine origin); MEL, D-melibiose; SAC, Sucrose; TRE, D-trehalose; INU, Inulin; MLZ, D-

melezitose; RAF, D-raffinose; AMD, Starch; GLYG, Glycogen; XLT, Xylitol; GEN, Gentiobiose; 

TUR, D-turanose; LYX, D-lyxose; TAG, D-tagatose; DFUC, D-fucose; LFUC, L-fucose; DARL, 

D-arabitol; LARL, L-arabitol; GNT, Potassium gluconate; 2KG, Potassium 2-ketogluconate; 

5KG, Potassium 5-ketogluconate. 
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4.3.6. Survival to simulated gastrointestinal transit 

The resistance of the ten isolates of L. paracasei DG to the gastrointestinal tract (GIT) was 

assessed following the INFOGEST 2.0 protocol for in vitro static simulation of gastrointestinal 

digestion (Brodkorb et al., 2019) as previously described (Mantegazza et al., 2023). In brief, 

after cultivation overnight in MRS broth, 3×109 active fluorescent units (AFUs, as determined 

via flow cytometry with propidium iodide and SYTO™24 labeling) were added to 3 ml of 

simulated salivary fluid. Then, after performing the oral, gastric and intestinal phases as 

detailed in the original protocol, the final volume was adjusted to 30 ml using MRD, and serial 

dilutions were carried out in MRS with the addition of kanamycin (10 µg/ml) and vancomycin 

(1 µg/ml). All plates were incubated for 48 h at 37°C under anaerobic conditions. All isolates 

were tested non-aseptically and in triplicate. Lacticaseibacillus paracasei Shirota and 

Streptococcus thermophilus mim078 were used as reference control strains. 

4.3.7. Immunomodulatory activity 

The immunomodulatory activity was studied through the activation of the nuclear factor κB 

(NF-κB) using a stable transfected recombinant Caco-2 cell line with the pNiFty2-Seap vector 

(InvivoGen, Labogen, Rho, Italy), as described by Brunelli et al. (2022). In summary, 

recombinant Caco-2 monolayers at a concentration of 2×105 cells/well were cultured for 15 

days in the presence of 50 μg/ml zeocin. Subsequently, the monolayers were washed with 

PBS and incubated with bacterial cells from ten DG isolates suspended in fresh DMEM 

containing 100 mM HEPES (pH 7.4), with a multiplicity of infection (MOI) of approximately 100. 

Pro-inflammatory stimulation of Caco-2 cells was conducted by adding 2 ng/ml interleukin (IL)-

1β. After incubation at 37°C for 6 h, the activity of secreted embryonic alkaline phosphatase 

(SEAP) reporter enzyme was quantified in the supernatant using the QuantiBlue reagent 

(Invivogen) following the manufacturer's protocol with a microplate reader (Multiskan SkyHigh, 

Thermo Fisher Scientific, Waltham, MA) at O.D.620 nm. Pure SEAP protein directly added to 

wells in the presence of different treatments was used as a control. Three independent 

experiments were conducted in technical duplicate for each condition, except for IL-1β (n=6). 

4.3.8. Radical scavenging activity 

The 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay was used to assess the 

free radical scavenging activity of the ten isolates of L. paracasei DG. This activity was 

measured by combining 500 μl of each bacterial cell concentration (1.0×1010, 5.0×109, 2.5×109, 

1.0×109 cells/ml) with 500 μl of 0.4 mM DPPH-ethanol solution. The control group included 0.1 

M phosphate buffer and DPPH-ethanol solution, while the blank group contained suspensions 
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at different concentrations and ethanol. N-acetyl-L-cysteine (NAC) was used as the positive 

control. All mixtures were incubated at 37°C in the dark for 30 min. Samples were centrifuged 

at 10’000 rcf for 3 min, and the optical absorbance of the supernatant was measured at 517 

nm using a Multiskan GO microplate reader (Thermo Fisher Scientific, Waltham, MA). The 

DPPH radical scavenging ability was calculated using the following equation: 

Scavenging activity (%) = [1 − (As − Ab)/Ac] × 100 %, 

where As, Ab and Ac represent the optical absorbance at 517 nm of the sample, blank, and 

control, respectively. All isolates were analyzed in triplicate. 

4.3.9. Statistical analysis and software 

Statistical calculations were performed using the software program GraphPad Prism 8. A 

Mann-Whitney test was used to find the significant differences in data of the experiments for 

assessing survival to simulated gastrointestinal transit and immunomodulatory activity. Two-

ways analysis of variance (ANOVA) was performed for data from the experiment of radical 

scavenging activity. P value <0.05 was considered for statistical significance. The AI-powered 

language model ChatGPT-3.5 (https://chat.openai.com/) was used in order to improve 

readability and language. 

4.4. Results 

4.4.1. Analysis of the genome of the DG isolates 

Shotgun and PacBio sequencing data were combined to obtain the complete genome of 

Lacticaseibacillus paracasei DG isolates. For isolate DG_7, however, only a draft genome was 

obtained since only shotgun data were available. The obtained results revealed that L. 

paracasei DG is a bacterial strain with a genome consisting of a 3,057,879 bp chromosome 

and two plasmids measuring 38,048 bp (pDG-L) and 10,711 bp (pDG-S), respectively (Figure 

2). Comparative genomic analysis revealed that the only mutations among the isolates’ 

genomes were nucleotide substitutions, with a total of five different substitutions compared to 

the reference isolate DG_DSMZ (three transitions and two transversions; Table 1; 

Supplementary Figure S1). All mutations were observed in the chromosome, while the DNA 

sequences of the two plasmids were identical among isolates. Notably, six out of nine isolates 

shared an identical complete genome (i.e., DG_2, DG_3, DG_4, DG_5, DG_6, and F). 

Among the five observed mutations, four putatively lead to amino acid substitutions in the 

respective putative gene, whereas one is in a putative non-coding region (Table 1B). In 

specific, two mutations affected exclusively the DG isolate “glic”: (i) the mutation in the non-
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coding region, and (ii) a G > T transversion resulting in Asn > Lys substitution in a putative 123 

amino acid-long protein sharing significant homology with the large-conductance 

mechanosensitive channel protein MscL, which was shown in Escherichia coli to be involved 

in the transduction of membrane osmotic stress (mechanical or osmotic) into an 

electrochemical response (for references see GenBank gene ID: 947787). Other two 

mutations were present in all isolates compared to DG_DSMZ: (i) A > G silent transition (Asp 

/ Asp) in a putative 554 amino acid-long dihydrolipoyllysine-residue acetyltransferase (E2) 

component of the pyruvate dehydrogenase complex that catalyzes the conversion of pyruvate 

to acetyl-CoA (accession code PRK11855 in the NCBI conserved domain database), and (ii) 

C > G transversion resulting into Pro > Arg substitution in a putative 635 amino acid-long 

protein with a significant similarity with the NADH dehydrogenase (Ndh)-like protein YjlD 

(GenBank gene ID: 11639487). However, this mutation was found in a region outside the 

putative catalytic domain (Supplementary Figure S1). Finally, we found in DG_1 a T > C 

transition resulting into Ile > Val substitution in a putative alpha subunit of the FoF1-type ATP 

synthase (Table 2; Supplementary Figure S1). 

 

Fig. 2. Circular genome maps i l lustrating the chromosome (a),  plasmid pDG -L (b), and plasmid 
pDG-S (c) of the probiotic strain Lacticaseibacil lus paracasei  DSM 34154 (L. casei DG®).  



45 
 
 

 

 

 

 

Table 1. Comparative genomics of the Lacticaseibacil lus paracasei  DG isolates. The complete 
genome has been determined by combining shotgun and PacBio sequencing data for al l  isolates 
except for DG_7, for which only shotgun sequencing data were available. A. General genome 
features. NA, data not available.  B. Summary o f the mutations observed in the complete 
genomes. The nucleotide substitutions compared to the reference sequence (DSM 34154) are 
indicated with a red background. Asp, aspartic acid; Arg, arg inine; Lys, lysine; Pro, proline.  

 

A 1 

Isolate 
Chromosome 

size (bp) 
Large plasmid 

pDG-L size (bp) 
Small plasmid 

pDG-S size (bp) 
GC content 

(%) 
Alignment against 

DSM 34154 (%) 
nr. of point 
mutations1 

DSM 34154 3057879 38048 10711 46.4 100.000000 reference  

DG_1 3057879 38048 10711 46.4 99.999934 2 

DG_2 3057879 38048 10711 46.4 99.999902 2 

DG_3 3057879 38048 10711 46.4 99.999934 2 

DG_4 3057879 38048 10711 46.4 99.999934 2 

DG_5 3057879 38048 10711 46.4 99.999934 2 

DG_6 3057879 38048 10711 46.4 99.999934 2 

DG_72 NA NA NA NA NA NA 

glic 3057879 38048 10711 46.4 99.999869 4 

F 3057879 38048 10711 46.4 99.999934 2 
1, number of mutations compared to DSM 34154. 2 
2, only the draft genome obtained by shotgun sequencing is available. 3 

B 1 

Mutation Position1 
DSM 

34154 

L. paracasei DG isolates 
  
 Putative function 

Amino 
acid 
replacem
ent 

1 2 3 4 5 6 72 glic F 

G → T 1304422 G G G G G G G G T G 
 large-conductance mechanosensitive channel 
protein MscL 

Asn > Lys 

C → G 1567535 C G G G G G G G G G  NADH dehydrogenase-like protein YjlD Arg > Pro 

G → A 2198112 G G G G G G G G A G  putative noncoding region / 

A → G 2574335 A G G G G G G G G G  dihydrolipoamide acetyltransferase Asp > Asp 

T → C 2710129 T C T T T T T T T T  FoF1-type ATP synthase, alpha subunit Ile > Val 
1, positions on the chromosome are according to the map of Fig. 2. 2 
2, only shotgun sequencing data are available.3 
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Table 2. Minimum inhibitory concentrations (MICs) of Lacticaseibacil lus paracasei  DG isolates 
determined using the microdilution assay described in the ISO 10932 (IDF 223) document and 
recommended by EFSA (EFSA, 2012). Data are reported as μg/ml.  

 

4.4.2. Phenotypic and functional characterization of the DG isolates 

The 10 isolates of L. paracasei DG were subjected to functional characterization through 5 

assays conventionally used for the study of probiotic microbial strains. The obtained results 

are described below. 

Antibiotic resistance profiles. The results of the analysis of the antibiotic resistance profile, 

investigated according to ISO 10932 IDF223:210, have revealed that there are no significant 

differences among the ten isolates of L. paracasei DG (Table 2). The minimum inhibitory 

concentrations (MICs) calculated for strain DG fell within the EFSA breakpoints for ampicillin, 

chloramphenicol, clindamycin, erythromycin, streptomycin, and tetracycline. Compared to 

EFSA breakpoints, the resistance was significantly higher for gentamicin (7.6 ± 2.0 μg/ml 

compared to a breakpoint of 1-4 μg/ml) and kanamycin (124 ± 13 μg/ml compared to a 

breakpoint of 16-64 μg/ml). In addition, the use of the CARD bioinformatic tool revealed the 

presence of a putative gene coding for a multidrug transporter EmrE; nonetheless, the same 

gene is common within the members of the L. paracasei species, such as the well-known 

probiotic strains Shirota and CBA L74 (Supplementary Table S1). 

 
EFSA 

breckpo
ints1 

Streptomycin Kanamycin Ampicillin Erythromycin Gentamicin Chloramph. Clindamycin Tetracycline 

8-32 16-64 0,5-2 0,062-0,25 1-4 1-4 0,062-0,25 1-4 

LMG 
125862 

8; 16; 16 32; 32; 32 1; 0.5; 0.5 0.03; <0.01; <0.01 2; 1; 2 4; 4; 4 <0.03; <0.03; <0.03 1; 2; 0.5 

DSM 
34154 

32; 32; 32 128; 128; 128 2; 2; 1 0.03; 0.06; <0.01 4; 4; 8 8; 4; 4 <0.03; 0.06; <0.03 1; 1; 1 

DG_1 32; 32; 32 128; 128; 128 1; 2; 2 0.06; 0.06; <0.01 8; 4; 16 8; 4; 4 0.06; <0.03; <0.03 2; 1; 1 

DG_2 32; 32; 32 128; 128; 128 1; 2; 1 0.06; 0.06; <0.01 8; 4; 16 4; 4; 4 <0.03; <0.03; <0.03 1; 1; 1 

DG_3 32; 32; 32 128; 128; 128 2; 2; 1 0.06; 0.03; <0.01 8; 8; 8 4; 4; 4 <0.03; 0.06; <0.03 1; 1; 1 

DG_4 32; 32; 64 64; 128; 128 1; 2; 2 0.03; 0.03; <0.01 4; 4; 4 4; 4; 4 <0.03; <0.03; <0.03 1; 1; 1 

DG_5 32; 32; 32 128; 128; 128 2; 2; 1 0.03; 0.06; <0.01 4; 8; 8 4; 8; 4 <0.03; 0.06; <0.03 1; 1; 0.5 

DG_6 32; 64; 32 128; 128; 128 1; 2; 1 0.06; 0.06; <0.01 8; 8; 8 4; 4; 4 0.06; <0.03; <0.03 1; 1; 0.5 

DG_7 32; 32; 32 64; 128; 256 2; 2; 1 0.03; 0.03; <0.01 4; 8; 8 4; 8; 4 <0.03; 0.06; <0.03 1; 2; 0.5 

DG_F 32; 32; 32 64; 128; 128 1; 1; 1 0.06; 0.06; <0.01 16; 8; 8 8; 4; 4 0.06; <0.03; <0.03 2; 1; 1 

DG_glic 32; 32; 32 128; 128; 64 1; 2; 0.5 0.06; 0.06; <0.01 4; 4; 16 4; 4; 4 <0.03; 0.06; <0.03 1; 1; 1 

1, Cut-off values defined by EFSA for distinguishing resistant strains from susceptible strains within the taxonomic group 

Lactobacillus casei/paracasei. 

2, Technical reference strain. 
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Carbohydrate metabolization profiles. According to the analysis conducted with the API 50 CHL 

kit, all L. paracasei DG isolates displayed an identical carbohydrate utilization profile both after 

24 h and 48 h. In specific, all DG isolates were able to metabolize the following carbohydrates: 

RIB, ADO, GAL, GLU, FRU, MNE, SBE, MAN, SOR, NAG, ARB, ESC, SAL, CEL, MAL, SAC, 

TRE, INU, MLZ, TUR, and TAG. A weak positive reaction was also observed for INO, AMY, 

AMD, GEN, LYX, and GNT. The other 22 substrates present in the kit were not metabolized 

(Table 3). 

 

Table 3. Results of the biochemical tests carried out by means of the API 50 CHL system. +, 
positive result in the test; w, weak positivity; -, the substrate is not metabolized. C, negative 
control, GLY, Glycerol; ERY, Erythritol; DARA, D -arabinose; LARA, L-arabinose; RIB, D-ribose; 
DXYL, D-xylose; LXYL, L-xylose; ADO, D-xylose; MDX, Methyl-beta-D-xylopyranoside; GAL, D-
galactose; GLU, D-glucose; FRU, D-fructose; MNE, D-mannose; SBE, L-sorbose; RHA, L-
rhamnose; DUL, Dulcitol; INO, Inositol; MAN, D-mannitol;  SOR, D-sorbitol; MDM, Methyl -alpha-
D-mannopyranoside; MDG, Methyl -α-D-glucopyranoside; NAG, N-acetylglucosamine; AMY, 
Amygdalin; ARB, Arbutin; ESC, Esculin ferric citrate; SAL, Salicin; CEL, D -cellobiose; MAL, D-
maltose; LAC, D-lactose (bovine origin); MEL, D-melibiose; SAC, Sucrose; TRE, D-trehalose; 
INU, Inulin; MLZ, D-melezitose; RAF, D-raffinose; AMD, Starch; GLYG, Glycogen; XLT, Xylitol; 
GEN, Gentiobiose; TUR, D-turanose; LYX, D-lyxose; TAG, D-tagatose; DFUC, D-fucose; LFUC, 
L-fucose; DARL, D-arabitol ; LARL, L-arabitol; GNT, Potassium gluconate; 2KG, Potassium 2 -
ketogluconate; 5KG, Potassium 5-ketogluconate.  

 

Survival of L. paracasei DG during Gastrointestinal Transit Simulation. We utilized the 

INFOGEST static in vitro simulation of gastrointestinal digestion to assess the capability of the 

ten isolates of L. paracasei DG under digestive tract conditions. The results showed that the 

ten isolates exhibited similar abilities to survive the simulation of gastrointestinal transit. 

Specifically, starting from a mean of 7.9×109 CFU/ml, the ten isolates had a reduction of 

approximately 3 logs, reaching a final count of 6.3×106 CFU/ml. No significant difference was 

recorded among the ten DG isolates. The positive control Lacticaseibacillus paracasei Shirota 

exhibited a slightly lower reduction than DG isolates (-2.6 log), while no survival in the 

gastrointestinal tract was recorded for the negative control, S. thermophilus mim078 (Fig. 3). 
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Fig. 3. Survival of Lacticaseibacil lus paracasei  DG isolates was evaluated using in vitro  static 
simulated gastrointestinal digestion (INFOGEST protocol). Lacticaseibacil lus paracasei  Shirota 
and Streptococcus thermophilus  mim078 were uti l ized as positive and negative controls for 
survival, respectively. Grey histograms represent the bacterial load before INFOGEST, while 
white, black, and colored histograms indicate the corresponding bacterial load after INFOGEST. 
Data for DG isolates are derived from n=6 independent experiments, while data for strains Shirota 
and mim078 are derived from n=5 and n=2 independent experiments, respectively. The statistical 
analysis, conducted using the Mann-Whitney test on the variations in microbial load before and 
after INFOGEST, showed no significant differences among the DG isolates.  

 

Immunomodulatory activity. The ability of DG isolates to modulate host immune 

responses was studied, assessing the activation of the transcriptional factor NF-

κB in differentiated epithelial Caco-2 cells stably transfected with the pNiFty2-

SEAP vector. In specific, DG cells at a MOI of 100 were incubated with 

recombinant Caco-2 cells in the presence of the pro-inflammatory cytokine IL-1β 

(2 ng/ml). All DG isolates significantly reduced NF-κB activation in this cell model. 

Specifically, we observed an average reduction of 66.9 ± 6.9% in NF-κB activation, 

with no statistically significant differences among isolates (Fig. 4).  
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Fig. 4. Activation of the nuclear factor κB (NF-κB) in intestinal epithelial cells. The experiment 
was conducted using a recombinant Caco-2 cell l ine stably transfected with the pNiFty2 -SEAP 
vector containing an alkaline phosphatase reporter gene. Pro -inflammatory stimulation of the 
Caco-2 cells was achieved by adding 2 ng/ml of interleukin (IL) -1β. A multipl icity of infection 
(MOI) of 100 was used. Three independent experiments were performed in technical duplicate for 
each condition, except for the contro l (n=6). Asterisks (*) indicate significant differences 
compared to the control.  Statistical analysis was performed using the Mann -Whitney test. *, 
P<0.05.  

 

Radical scavenging activity of Lacticaseibacillus paracasei  DG. We evaluated the 

antioxidant properties of L. paracasei DG isolates by assessing their ability to 

scavenge DPPH radicals. The results revealed that the highest quantity of 

bacterial cells tested (10 billion cells) exhibited radical scavenging activity 

comparable to that of the positive control (10 mg/ml N-acetyl cysteine). As the 

bacterial cell numbers decreased, the radical scavenging activity progressively 

diminished. However, the DG isolates did not demonstrate significant differences 

among each other (Fig. 5). 
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Fig. 5. Radical scavenging activity of Lacticaseibacil lus paracasei  DG. The experiment was 
carried out incubating three different concentrations of DG cells with 0.4 mM 2,2 -diphenyl-1-
picrylhydrazyl (DPPH) at 37°C in the dark for 30 min. Data reported in the histogram derive from 
three independent experiments. The negative control ( -) consisted of a DPPH solution without DG 
cells, while the positive control (+) comprised 10 mg/ml N -acetyl cysteine. No significant 
differences were found among isolates according to two -ways ANOVA (P=0.753).  

 

4.5. Discussion 

Commercializing a probiotic strain relies on the assumption that microbial cells within 

production lots are identical. However, continuous industrial productions may lead to DNA 

mutations, which can progressively accumulate during generations, potentially generating 

novel genetic variants. Such potential genetic drift in industrial probiotic strains is not 

considered a safety risk, but it may impact probiotic performance and compromise the intended 

health benefits. Nonetheless, while historical probiotic strains have been widely used and 

investigated for decades, the genetic drift in these microbes was largely understudied. 

Based on what is known about genetic drift in bacterial populations, two theoretical frameworks 

can be considered, leading to divergent conclusions for industrial biomasses of probiotic 

microbes. (i) The first hypothesis starts from the premise that genetic drift is more pronounced 

in smaller bacterial populations, where chance events can exert a greater influence on genetic 

makeup, whereas an increase in population size determines a dilution effect that reduces drift. 

Therefore, it can be argued that genetic drift may have a limited impact on probiotic biomasses, 

which are produced industrially in thousand liters bioreactors in very large populations of 

microbial cells. (ii) The second hypothesis is based on the assertion that the rate of 

nonsynonymous substitution per site is typically lower than the rate of synonymous substitution 

per site in functional genes. This is because point mutations that lead to amino acid 
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replacements are often deleterious. In the context of industrial cultivation conditions, a higher 

number of genes, particularly those involved in interactions with the environment (including 

host and other microorganisms), may not become necessary anymore for survival. Therefore, 

the condition of limited selective pressures in industrial bioreactors for these genes could 

theoretically result in an increased overall rate of nonsynonymous substitution and nucleotide 

deletion per site. This, in turn, may lead to a reduction in gene density through the creation of 

pseudogenes, potentially involving genes contributing to the manifestation of probiotic 

properties. Given the very limited research in this area, it is not possible to establish the actual 

impact of these mutation events on industrial probiotic microorganisms. 

The fact that genetic drift could be a concrete issue for probiotics is suggested by only a few 

studies, the most notable of which is that of Sybesma et al. (Sybesma et al., 2013), who 

reported the presence of genetic variants of the Lacticaseibacillus rhamnosus GG strain 

characterized by the deletion in the spaCBA-srtC1 gene cluster. This operon encodes the 

protein subunits that constitute the pili of strain GG, which have been shown to be involved in 

adhesion and immunomodulation properties of this bacterium (Lebeer et al., 2012). 

Importantly, the spaCBA-srtC1 gene cluster resides in a region abundant in insertion 

sequences, which can induce instability. This was also observed in another study where 

deletions of the spaCBA-srtC1 gene cluster occurred in some isolates after 1,000 generations 

under laboratory conditions with continuous exposure to bile or mechanical stress (Douillard 

et al., 2016). A subsequent study, however, evaluated the genetic stability of this bacterium 

under industrial production conditions, concluding that L. rhamnosus GG is highly stable 

genetically and phenotypically, considering strongly unlikely that the genetic loss observed by 

Sybesma et al. could occur as a result of the production process of L. rhamnosus GG (Stage 

et al., 2020). However, the Stage et al. study was conducted over a reduced time scale (i.e., 

with a reduced number of generations). The same authors reported good genome 

conservation when the GG strain was co-fermented in yogurt (Strickertsson et al., 2021). 

Besides L. rhamnosus GG, the genetic stability during industrial productions was only limitedly 

assessed in other probiotic strains. Due to a lack of experimental data in this field, we initiated 

an investigation into the stability of the probiotic strain Lacticaseibacillus paracasei DG. In 

particular, we isolated the bacterium from 7 commercial Enterolactis® products containing 

industrial biomasses produced between August 2013 and March 2022. We isolated the 

bacterium from the final product in order to test what is actually assumed by the end consumer. 

These isolates were then compared with the same strain obtained from the DSMZ strain 

collection (DSM 34154) and with an isolate obtained from a glycerol stock of a culture used in 
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the laboratory for several years, to assess whether continuous subculturing in small-scale 

laboratory conditions in MRS medium may have influenced the genetic variation rate. The 

study then included a fecal isolate, to evaluate the stability of the bacterium of interest also in 

vivo in the host. 

Lacticaseibacillus paracasei DG (DSM 34154) is the bacterial strain used in the Enterolactis® 

line of dietary supplements, which represents one of the most widely sold probiotic products 

in Italy. Previous studies have demonstrated that L. paracasei DG effectively survives 

gastrointestinal transit in both adults (Arioli et al., 2018) and children (Radicioni et al., 2019). 

In our study, we evaluated this ability in vitro, using the standardized protocol of in vitro 

simulation of gastrointestinal digestion (INFOGEST; (Brodkorb et al., 2019)), through which we 

confirmed the good survival capabilities of the DG strain and did not find any significant 

difference among the 10 isolates. 

Antibiotic resistance is another crucial aspect for probiotics (Li et al., 2020), and in this study, 

it was assessed using the ISO/IDF microdilution assay recommended by EFSA, applying 

EFSA breakpoints for the identification of potential acquired antibiotic resistance genes (EFSA, 

2012). We found resistance to gentamycin and kanamycin modestly higher than the EFSA 

breakpoints. We previously reported a similar result for kanamycin with strain DG (Arioli et al., 

2018). High natural resistance to aminoglycosides, such as gentamicin and kanamycin, has 

often been observed in lactobacilli (Abriouel et al., 2015). This, coupled with the abundant EPS 

in strain DG (Balzaretti et al., 2017), suggests that the observed resistance to kanamycin is 

plausibly an intrinsic (non-transmissible) feature of L. paracasei DG. These conclusions are 

corroborated by the fact we did not find any known putative transmissible antibiotic resistance 

genes when we analyzed in silico the DG genome. 

Feng et al. studied the phenotypic stability of a Lactiplantibacillus plantarum strain following 

daily subculture in laboratory medium (10% MRS and 90% ISO-Sensitest broth) over a 90-day 

period. Notably, API 50 CHL kit analysis revealed a change in carbohydrate metabolism 

patterns after 30 subcultures (Feng et al., 2020). In our study, we used the same biochemical 

assay, yet we observed no differences in substrate utilization characteristics among the 10 DG 

isolates. 

To assess immunomodulatory activity, we tested the ability of DG to reduce NF-κB activation 

in Caco-2 cells, given its previously demonstrated anti-inflammatory potential in the same in 

vitro model (Balzaretti et al, 2015; Brunelli et al., 2022). Additionally, we also recently reported 

the ability of an industrial preparation of two L. paracasei strains, including the DG strain, to 
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exert cellular antioxidant activity in Caco-2 cells (Brunelli et al., 2022). Building on these 

findings, we assessed the same properties for DG isolates also in this study. Similarly to 

previous characterization experiments, we did not observe any significant differences among 

DG isolates in terms of immunomodulation and antioxidant properties, further supporting the 

functional stability of the probiotic strain L. paracasei DG. 

A limitation of our study is that we focused on a single isolate from each commercial product, 

without accounting for the potential heterogeneity in the original industrial biomasses, i.e., the 

presence of genetic variants. However, considering that all isolates were found to be 

substantially isogenic to the reference DG strain, the data obtained allow us to state that the 

genetic stability of the strain under study is very high under the adopted industrial production 

conditions and that even if any genetic variants had been generated, these are not such as to 

have supplanted the original genotype and have not become predominant. 

4.6. Conclusion 

Our study is the only one, to our knowledge, reporting the genetic stability at the single 

nucleotide level of a probiotic bacterium over several years of industrial production, based on 

a complete genome analysis. 

Our findings establish the substantial equivalence of the L. paracasei DG strain from industrial 

productions over the past decade, ensuring the consistency of its probiotic properties. 

Therefore, our study emphasizes the effectiveness of current industrial practices in producing 

the DG strain, preventing genome alterations that could compromise the performance of this 

probiotic bacterium. This assures both producers and consumers of the preservation of the 

intended health benefits over time of the probiotic products containing this bacterium. 

Understanding genetic drift in probiotics is crucial to ensure product stability, emphasizing the 

importance of continuous monitoring and quality control measures. We believe there is a need 

for similar studies on other commercially significant probiotic strains to reinforce probiotic 

product reliability in the market. 
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4.8. Supplementary Material 

 

 

(A) 

 
 
DG_DSM          MLKEFQKFIMRGNVLDLAVGVIIGSAFTGLVTSLTKNLINPILSMFAGKADLSGLYFTIL 

DG_1            MLKEFQKFIMRGNVLDLAVGVIIGSAFTGLVTSLTKNLINPILSMFAGKADLSGLYFTIL 

DG_2            MLKEFQKFIMRGNVLDLAVGVIIGSAFTGLVTSLTKNLINPILSMFAGKADLSGLYFTIL 

DG_3            MLKEFQKFIMRGNVLDLAVGVIIGSAFTGLVTSLTKNLINPILSMFAGKADLSGLYFTIL 

DG_4            MLKEFQKFIMRGNVLDLAVGVIIGSAFTGLVTSLTKNLINPILSMFAGKADLSGLYFTIL 

DG_5            MLKEFQKFIMRGNVLDLAVGVIIGSAFTGLVTSLTKNLINPILSMFAGKADLSGLYFTIL 

DG_6            MLKEFQKFIMRGNVLDLAVGVIIGSAFTGLVTSLTKNLINPILSMFAGKADLSGLYFTIL 

DG_7            MLKEFQKFIMRGNVLDLAVGVIIGSAFTGLVTSLTKNLINPILSMFAGKADLSGLYFTIL 

DG_F            MLKEFQKFIMRGNVLDLAVGVIIGSAFTGLVTSLTKNLINPILSMFAGKADLSGLYFTIL 

DG_glic         MLKEFQKFIMRGNVLDLAVGVIIGSAFTGLVTSLTKKLINPILSMFAGKADLSGLYFTIL 

                ************************************:*********************** 

 

DG_DSM          GAKFTYGNFINDVLNFLIIAFVVFLLVKGINRILPSKPAKPAGPTQEELLTEIRDLLKQD 

DG_1            GAKFTYGNFINDVLNFLIIAFVVFLLVKGINRILPSKPAKPAGPTQEELLTEIRDLLKQD 

DG_2            GAKFTYGNFINDVLNFLIIAFVVFLLVKGINRILPSKPAKPAGPTQEELLTEIRDLLKQD 

DG_3            GAKFTYGNFINDVLNFLIIAFVVFLLVKGINRILPSKPAKPAGPTQEELLTEIRDLLKQD 

DG_4            GAKFTYGNFINDVLNFLIIAFVVFLLVKGINRILPSKPAKPAGPTQEELLTEIRDLLKQD 

DG_5            GAKFTYGNFINDVLNFLIIAFVVFLLVKGINRILPSKPAKPAGPTQEELLTEIRDLLKQD 

DG_6            GAKFTYGNFINDVLNFLIIAFVVFLLVKGINRILPSKPAKPAGPTQEELLTEIRDLLKQD 

DG_7            GAKFTYGNFINDVLNFLIIAFVVFLLVKGINRILPSKPAKPAGPTQEELLTEIRDLLKQD 

DG_F            GAKFTYGNFINDVLNFLIIAFVVFLLVKGINRILPSKPAKPAGPTQEELLTEIRDLLKQD 

DG_glic         GAKFTYGNFINDVLNFLIIAFVVFLLVKGINRILPSKPAKPAGPTQEELLTEIRDLLKQD 

                ************************************************************ 

 

DG_DSM          QQV 

DG_1            QQV 

DG_2            QQV 

DG_3            QQV 

DG_4            QQV 

DG_5            QQV 

DG_6            QQV 

DG_7            QQV 

DG_F            QQV 

DG_glic         QQV 

                *** 
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(B) 

 
DG_glic         MAKTNIVVVGAGFAGVYATKHLAKHYKRNKDVTITLIDRHSYFTYVTELHEIAADRVPED 

DG_F            MAKTNIVVVGAGFAGVYATKHLAKHYKRNKDVTITLIDRHSYFTYVTELHEIAADRVPED 

DG_7            MAKTNIVVVGAGFAGVYATKHLAKHYKRNKDVTITLIDRHSYFTYVTELHEIAADRVPED 

DG_6            MAKTNIVVVGAGFAGVYATKHLAKHYKRNKDVTITLIDRHSYFTYVTELHEIAADRVPED 

DG_5            MAKTNIVVVGAGFAGVYATKHLAKHYKRNKDVTITLIDRHSYFTYVTELHEIAADRVPED 

DG_4            MAKTNIVVVGAGFAGVYATKHLAKHYKRNKDVTITLIDRHSYFTYVTELHEIAADRVPED 

DG_3            MAKTNIVVVGAGFAGVYATKHLAKHYKRNKDVTITLIDRHSYFTYVTELHEIAADRVPED 

DG_2            MAKTNIVVVGAGFAGVYATKHLAKHYKRNKDVTITLIDRHSYFTYVTELHEIAADRVPED 

DG_1            MAKTNIVVVGAGFAGVYATKHLAKHYKRNKDVTITLIDRHSYFTYVTELHEIAADRVPED 

DG_DSM          MAKTNIVVVGAGFAGVYATKHLAKHYKRNKDVTITLIDRHSYFTYVTELHEIAADRVPED 

                ************************************************************ 

 

DG_glic         AIQYDLQRLFNRRKNVKVVTDNVTGIDRDKKEVVTENGSFPYDYVILGIGSQPNDFGTPG 

DG_F            AIQYDLQRLFNRRKNVKVVTDNVTGIDRDKKEVVTENGSFPYDYVILGIGSQPNDFGTPG 

DG_7            AIQYDLQRLFNRRKNVKVVTDNVTGIDRDKKEVVTENGSFPYDYVILGIGSQPNDFGTPG 

DG_6            AIQYDLQRLFNRRKNVKVVTDNVTGIDRDKKEVVTENGSFPYDYVILGIGSQPNDFGTPG 

DG_5            AIQYDLQRLFNRRKNVKVVTDNVTGIDRDKKEVVTENGSFPYDYVILGIGSQPNDFGTPG 

DG_4            AIQYDLQRLFNRRKNVKVVTDNVTGIDRDKKEVVTENGSFPYDYVILGIGSQPNDFGTPG 

DG_3            AIQYDLQRLFNRRKNVKVVTDNVTGIDRDKKEVVTENGSFPYDYVILGIGSQPNDFGTPG 

DG_2            AIQYDLQRLFNRRKNVKVVTDNVTGIDRDKKEVVTENGSFPYDYVILGIGSQPNDFGTPG 

DG_1            AIQYDLQRLFNRRKNVKVVTDNVTGIDRDKKEVVTENGSFPYDYVILGIGSQPNDFGTPG 

DG_DSM          AIQYDLQRLFNRRKNVKVVTDNVTGIDRDKKEVVTENGSFPYDYVILGIGSQPNDFGTPG 

                ************************************************************ 

 

DG_glic         VAEHGFTLGKWEDAIRLKRHIEDVVRRGSEEHDPAKRKALLSIVIVGSGFTGTETIGELR 

DG_F            VAEHGFTLGKWEDAIRLKRHIEDVVRRGSEEHDPAKRKALLSIVIVGSGFTGTETIGELR 

DG_7            VAEHGFTLGKWEDAIRLKRHIEDVVRRGSEEHDPAKRKALLSIVIVGSGFTGTETIGELR 

DG_6            VAEHGFTLGKWEDAIRLKRHIEDVVRRGSEEHDPAKRKALLSIVIVGSGFTGTETIGELR 

DG_5            VAEHGFTLGKWEDAIRLKRHIEDVVRRGSEEHDPAKRKALLSIVIVGSGFTGTETIGELR 

DG_4            VAEHGFTLGKWEDAIRLKRHIEDVVRRGSEEHDPAKRKALLSIVIVGSGFTGTETIGELR 

DG_3            VAEHGFTLGKWEDAIRLKRHIEDVVRRGSEEHDPAKRKALLSIVIVGSGFTGTETIGELR 

DG_2            VAEHGFTLGKWEDAIRLKRHIEDVVRRGSEEHDPAKRKALLSIVIVGSGFTGTETIGELR 

DG_1            VAEHGFTLGKWEDAIRLKRHIEDVVRRGSEEHDPAKRKALLSIVIVGSGFTGTETIGELR 

DG_DSM          VAEHGFTLGKWEDAIRLKRHIEDVVRRGSEEHDPAKRKALLSIVIVGSGFTGTETIGELR 

                ************************************************************ 

 

DG_glic         DWRDTLAKQYKLDPNEIQFSLMEMAPTIMNMLDRSDADKAERYMEKRGIKVMKNTGVVGV 

DG_F            DWRDTLAKQYKLDPNEIQFSLMEMAPTIMNMLDRSDADKAERYMEKRGIKVMKNTGVVGV 

DG_7            DWRDTLAKQYKLDPNEIQFSLMEMAPTIMNMLDRSDADKAERYMEKRGIKVMKNTGVVGV 

DG_6            DWRDTLAKQYKLDPNEIQFSLMEMAPTIMNMLDRSDADKAERYMEKRGIKVMKNTGVVGV 

DG_5            DWRDTLAKQYKLDPNEIQFSLMEMAPTIMNMLDRSDADKAERYMEKRGIKVMKNTGVVGV 

DG_4            DWRDTLAKQYKLDPNEIQFSLMEMAPTIMNMLDRSDADKAERYMEKRGIKVMKNTGVVGV 

DG_3            DWRDTLAKQYKLDPNEIQFSLMEMAPTIMNMLDRSDADKAERYMEKRGIKVMKNTGVVGV 

DG_2            DWRDTLAKQYKLDPNEIQFSLMEMAPTIMNMLDRSDADKAERYMEKRGIKVMKNTGVVGV 

DG_1            DWRDTLAKQYKLDPNEIQFSLMEMAPTIMNMLDRSDADKAERYMEKRGIKVMKNTGVVGV 

DG_DSM          DWRDTLAKQYKLDPNEIQFSLMEMAPTIMNMLDRSDADKAERYMEKRGIKVMKNTGVVGV 

                ************************************************************ 

 

DG_glic         HEDHVDLKDGSTFPTCTLVWTAGVKATDQAKDFGLKQGRAGRILVKNNMESQDDPSIYVV 

DG_F            HEDHVDLKDGSTFPTCTLVWTAGVKATDQAKDFGLKQGRAGRILVKNNMESQDDPSIYVV 

DG_7            HEDHVDLKDGSTFPTCTLVWTAGVKATDQAKDFGLKQGRAGRILVKNNMESQDDPSIYVV 

DG_6            HEDHVDLKDGSTFPTCTLVWTAGVKATDQAKDFGLKQGRAGRILVKNNMESQDDPSIYVV 

DG_5            HEDHVDLKDGSTFPTCTLVWTAGVKATDQAKDFGLKQGRAGRILVKNNMESQDDPSIYVV 

DG_4            HEDHVDLKDGSTFPTCTLVWTAGVKATDQAKDFGLKQGRAGRILVKNNMESQDDPSIYVV 

DG_3            HEDHVDLKDGSTFPTCTLVWTAGVKATDQAKDFGLKQGRAGRILVKNNMESQDDPSIYVV 

DG_2            HEDHVDLKDGSTFPTCTLVWTAGVKATDQAKDFGLKQGRAGRILVKNNMESQDDPSIYVV 

DG_1            HEDHVDLKDGSTFPTCTLVWTAGVKATDQAKDFGLKQGRAGRILVKNNMESQDDPSIYVV 

DG_DSM          HEDHVDLKDGSTFPTCTLVWTAGVKATDQAKDFGLKQGRAGRILVKNNMESQDDPSIYVV 

                ************************************************************ 

 

DG_glic         GDVSLVDQDGTGKGQPQIVQGAEATALTALTNIEAKLENKQQVEYKANYSGFMVSLGSKY 

DG_F            GDVSLVDQDGTGKGQPQIVQGAEATALTALTNIEAKLENKQQVEYKANYSGFMVSLGSKY 

DG_7            GDVSLVDQDGTGKGQPQIVQGAEATALTALTNIEAKLENKQQVEYKANYSGFMVSLGSKY 
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DG_6            GDVSLVDQDGTGKGQPQIVQGAEATALTALTNIEAKLENKQQVEYKANYSGFMVSLGSKY 

DG_5            GDVSLVDQDGTGKGQPQIVQGAEATALTALTNIEAKLENKQQVEYKANYSGFMVSLGSKY 

DG_4            GDVSLVDQDGTGKGQPQIVQGAEATALTALTNIEAKLENKQQVEYKANYSGFMVSLGSKY 

DG_3            GDVSLVDQDGTGKGQPQIVQGAEATALTALTNIEAKLENKQQVEYKANYSGFMVSLGSKY 

DG_2            GDVSLVDQDGTGKGQPQIVQGAEATALTALTNIEAKLENKQQVEYKANYSGFMVSLGSKY 

DG_1            GDVSLVDQDGTGKGQPQIVQGAEATALTALTNIEAKLENKQQVEYKANYSGFMVSLGSKY 

DG_DSM          GDVSLVDQDGTGKGQPQIVQGAEATALTALTNIEAKLENKQQVEYKANYSGFMVSLGSKY 

                ************************************************************ 

 

DG_glic         GVANIMGWLHLSGFFAMLMKHLVNMLYFIQVYSGYYLFQYFMHEFFRTRNGRNMFRGHLS 

DG_F            GVANIMGWLHLSGFFAMLMKHLVNMLYFIQVYSGYYLFQYFMHEFFRTRNGRNMFRGHLS 

DG_7            GVANIMGWLHLSGFFAMLMKHLVNMLYFIQVYSGYYLFQYFMHEFFRTRNGRNMFRGHLS 

DG_6            GVANIMGWLHLSGFFAMLMKHLVNMLYFIQVYSGYYLFQYFMHEFFRTRNGRNMFRGHLS 

DG_5            GVANIMGWLHLSGFFAMLMKHLVNMLYFIQVYSGYYLFQYFMHEFFRTRNGRNMFRGHLS 

DG_4            GVANIMGWLHLSGFFAMLMKHLVNMLYFIQVYSGYYLFQYFMHEFFRTRNGRNMFRGHLS 

DG_3            GVANIMGWLHLSGFFAMLMKHLVNMLYFIQVYSGYYLFQYFMHEFFRTRNGRNMFRGHLS 

DG_2            GVANIMGWLHLSGFFAMLMKHLVNMLYFIQVYSGYYLFQYFMHEFFRTRNGRNMFRGHLS 

DG_1            GVANIMGWLHLSGFFAMLMKHLVNMLYFIQVYSGYYLFQYFMHEFFRTRNGRNMFRGHLS 

DG_DSM          GVANIMGWLHLSGFFAMLMKHLVNMLYFIQVYSGYYLFQYFMHEFFRTRNGRNMFRGHLS 

                ************************************************************ 

 

DG_glic         RQGNVLWTLPARLTLGAMWLIDCWPKIQGKESWFIDKLRLPFTWLQPAATSGASAAGADA 

DG_F            RQGNVLWTLPARLTLGAMWLIDCWPKIQGKESWFIDKLRLPFTWLQPAATSGASAAGADA 

DG_7            RQGNVLWTLPARLTLGAMWLIDCWPKIQGKESWFIDKLRLPFTWLQPAATSGASAAGADA 

DG_6            RQGNVLWTLPARLTLGAMWLIDCWPKIQGKESWFIDKLRLPFTWLQPAATSGASAAGADA 

DG_5            RQGNVLWTLPARLTLGAMWLIDCWPKIQGKESWFIDKLRLPFTWLQPAATSGASAAGADA 

DG_4            RQGNVLWTLPARLTLGAMWLIDCWPKIQGKESWFIDKLRLPFTWLQPAATSGASAAGADA 

DG_3            RQGNVLWTLPARLTLGAMWLIDCWPKIQGKESWFIDKLRLPFTWLQPAATSGASAAGADA 

DG_2            RQGNVLWTLPARLTLGAMWLIDCWPKIQGKESWFIDKLRLPFTWLQPAATSGASAAGADA 

DG_1            RQGNVLWTLPARLTLGAMWLIDCWPKIQGKESWFIDKLRLPFTWLQPAATSGASAAGADA 

DG_DSM          RQGNVLWTLRARLTLGAMWLIDCWPKIQGKESWFIDKLRLPFTWLQPAATSGASAAGADA 

                ********* ************************************************** 

 

DG_glic         TSAATGAAAGAAKATKTVFSLSYQYGNDPMMVFEKMPNWYYSITKALIPNQQVAFFMQKA 

DG_F            TSAATGAAAGAAKATKTVFSLSYQYGNDPMMVFEKMPNWYYSITKALIPNQQVAFFMQKA 

DG_7            TSAATGAAAGAAKATKTVFSLSYQYGNDPMMVFEKMPNWYYSITKALIPNQQVAFFMQKA 

DG_6            TSAATGAAAGAAKATKTVFSLSYQYGNDPMMVFEKMPNWYYSITKALIPNQQVAFFMQKA 

DG_5            TSAATGAAAGAAKATKTVFSLSYQYGNDPMMVFEKMPNWYYSITKALIPNQQVAFFMQKA 

DG_4            TSAATGAAAGAAKATKTVFSLSYQYGNDPMMVFEKMPNWYYSITKALIPNQQVAFFMQKA 

DG_3            TSAATGAAAGAAKATKTVFSLSYQYGNDPMMVFEKMPNWYYSITKALIPNQQVAFFMQKA 

DG_2            TSAATGAAAGAAKATKTVFSLSYQYGNDPMMVFEKMPNWYYSITKALIPNQQVAFFMQKA 

DG_1            TSAATGAAAGAAKATKTVFSLSYQYGNDPMMVFEKMPNWYYSITKALIPNQQVAFFMQKA 

DG_DSM          TSAATGAAAGAAKATKTVFSLSYQYGNDPMMVFEKMPNWYYSITKALIPNQQVAFFMQKA 

                ************************************************************ 

 

DG_glic         MTIMEILIGLALVAGLFTWLTSAATIAFVGVFCLSGMFYWVNIWMIPMAFACMNGSGRAF 

DG_F            MTIMEILIGLALVAGLFTWLTSAATIAFVGVFCLSGMFYWVNIWMIPMAFACMNGSGRAF 

DG_7            MTIMEILIGLALVAGLFTWLTSAATIAFVGVFCLSGMFYWVNIWMIPMAFACMNGSGRAF 

DG_6            MTIMEILIGLALVAGLFTWLTSAATIAFVGVFCLSGMFYWVNIWMIPMAFACMNGSGRAF 

DG_5            MTIMEILIGLALVAGLFTWLTSAATIAFVGVFCLSGMFYWVNIWMIPMAFACMNGSGRAF 

DG_4            MTIMEILIGLALVAGLFTWLTSAATIAFVGVFCLSGMFYWVNIWMIPMAFACMNGSGRAF 

DG_3            MTIMEILIGLALVAGLFTWLTSAATIAFVGVFCLSGMFYWVNIWMIPMAFACMNGSGRAF 

DG_2            MTIMEILIGLALVAGLFTWLTSAATIAFVGVFCLSGMFYWVNIWMIPMAFACMNGSGRAF 

DG_1            MTIMEILIGLALVAGLFTWLTSAATIAFVGVFCLSGMFYWVNIWMIPMAFACMNGSGRAF 

DG_DSM          MTIMEILIGLALVAGLFTWLTSAATIAFVGVFCLSGMFYWVNIWMIPMAFACMNGSGRAF 

                ************************************************************ 

 

DG_glic         GLDKWVVPYLQKVFGKWRYGTPRSLYGTDTLK 

DG_F            GLDKWVVPYLQKVFGKWRYGTPRSLYGTDTLK 

DG_7            GLDKWVVPYLQKVFGKWRYGTPRSLYGTDTLK 

DG_6            GLDKWVVPYLQKVFGKWRYGTPRSLYGTDTLK 

DG_5            GLDKWVVPYLQKVFGKWRYGTPRSLYGTDTLK 

DG_4            GLDKWVVPYLQKVFGKWRYGTPRSLYGTDTLK 

DG_3            GLDKWVVPYLQKVFGKWRYGTPRSLYGTDTLK 

DG_2            GLDKWVVPYLQKVFGKWRYGTPRSLYGTDTLK 

DG_1            GLDKWVVPYLQKVFGKWRYGTPRSLYGTDTLK 

DG_DSM          GLDKWVVPYLQKVFGKWRYGTPRSLYGTDTLK 

                ******************************** 
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(C) 

 
 

DG_glic         VNRMSIKTEEISSLIKKQLEGYQDDLAAEEVGTVTYIGDGIARATGLENAMANELLQFSN 

DG_F            VNRMSIKTEEISSLIKKQLEGYQDDLAAEEVGTVTYIGDGIARATGLENAMANELLQFSN 

DG_7            VNRMSIKTEEISSLIKKQLEGYQDDLAAEEVGTVTYIGDGIARATGLENAMANELLQFSN 

DG_6            VNRMSIKTEEISSLIKKQLEGYQDDLAAEEVGTVTYIGDGIARATGLENAMANELLQFSN 

DG_5            VNRMSIKTEEISSLIKKQLEGYQDDLAAEEVGTVTYIGDGIARATGLENAMANELLQFSN 

DG_4            VNRMSIKTEEISSLIKKQLEGYQDDLAAEEVGTVTYIGDGIARATGLENAMANELLQFSN 

DG_3            VNRMSIKTEEISSLIKKQLEGYQDDLAAEEVGTVTYIGDGIARATGLENAMANELLQFSN 

DG_2            VNRMSIKTEEISSLIKKQLEGYQDDLAAEEVGTVTYIGDGIARATGLENAMANELLQFSN 

DG_DSMZ         VNRMSIKTEEISSLIKKQLEGYQDDLAAEEVGTVTYIGDGIARATGLENAMANELLQFSN 

DG_1            VNRMSIKTEEISSLIKKQLEGYQDDLAAEEVGTVTYIGDGIARATGLENAMANELLQFSN 

                ************************************************************ 

 

DG_glic         GSYGMALNLETNDVGIIILGDFDEIREGDQVKRTGRIMEVPVGDAMIGRVVNSLGQPVDG 

DG_F            GSYGMALNLETNDVGIIILGDFDEIREGDQVKRTGRIMEVPVGDAMIGRVVNSLGQPVDG 

DG_7            GSYGMALNLETNDVGIIILGDFDEIREGDQVKRTGRIMEVPVGDAMIGRVVNSLGQPVDG 

DG_6            GSYGMALNLETNDVGIIILGDFDEIREGDQVKRTGRIMEVPVGDAMIGRVVNSLGQPVDG 

DG_5            GSYGMALNLETNDVGIIILGDFDEIREGDQVKRTGRIMEVPVGDAMIGRVVNSLGQPVDG 

DG_4            GSYGMALNLETNDVGIIILGDFDEIREGDQVKRTGRIMEVPVGDAMIGRVVNSLGQPVDG 

DG_3            GSYGMALNLETNDVGIIILGDFDEIREGDQVKRTGRIMEVPVGDAMIGRVVNSLGQPVDG 

DG_2            GSYGMALNLETNDVGIIILGDFDEIREGDQVKRTGRIMEVPVGDAMIGRVVNSLGQPVDG 

DG_DSMZ         GSYGMALNLETNDVGIIILGDFDEIREGDQVKRTGRIMEVPVGDAMIGRVVNSLGQPVDG 

DG_1            GSYGMALNLETNDVGIIILGDFDEIREGDQVKRTGRIMEVPVGDAMIGRVVNSLGQPVDG 

                ************************************************************ 

 

DG_glic         LGAIKTDKTRPIEFKAPGVMQRKSVSEPLQTGLKAIDALVPIGRGQRELIIGDRKTGKTS 

DG_F            LGAIKTDKTRPIEFKAPGVMQRKSVSEPLQTGLKAIDALVPIGRGQRELIIGDRKTGKTS 

DG_7            LGAIKTDKTRPIEFKAPGVMQRKSVSEPLQTGLKAIDALVPIGRGQRELIIGDRKTGKTS 

DG_6            LGAIKTDKTRPIEFKAPGVMQRKSVSEPLQTGLKAIDALVPIGRGQRELIIGDRKTGKTS 

DG_5            LGAIKTDKTRPIEFKAPGVMQRKSVSEPLQTGLKAIDALVPIGRGQRELIIGDRKTGKTS 

DG_4            LGAIKTDKTRPIEFKAPGVMQRKSVSEPLQTGLKAIDALVPIGRGQRELIIGDRKTGKTS 

DG_3            LGAIKTDKTRPIEFKAPGVMQRKSVSEPLQTGLKAIDALVPIGRGQRELIIGDRKTGKTS 

DG_2            LGAIKTDKTRPIEFKAPGVMQRKSVSEPLQTGLKAIDALVPIGRGQRELIIGDRKTGKTS 

DG_DSMZ         LGAIKTDKTRPIEFKAPGVMQRKSVSEPLQTGLKAIDALVPIGRGQRELIIGDRKTGKTS 

DG_1            LGAIKTDKTRPIEFKAPGVMQRKSVSEPLQTGLKAIDALVPIGRGQRELIIGDRKTGKTS 

                ************************************************************ 

 

DG_glic         IAIDTILNQKDQNMICVYVAIGQKDSTVRAQVETLKKYGAMDYTIVLTAGPSEPAPMLYI 

DG_F            IAIDTILNQKDQNMICVYVAIGQKDSTVRAQVETLKKYGAMDYTIVLTAGPSEPAPMLYI 

DG_7            IAIDTILNQKDQNMICVYVAIGQKDSTVRAQVETLKKYGAMDYTIVLTAGPSEPAPMLYI 

DG_6            IAIDTILNQKDQNMICVYVAIGQKDSTVRAQVETLKKYGAMDYTIVLTAGPSEPAPMLYI 

DG_5            IAIDTILNQKDQNMICVYVAIGQKDSTVRAQVETLKKYGAMDYTIVLTAGPSEPAPMLYI 

DG_4            IAIDTILNQKDQNMICVYVAIGQKDSTVRAQVETLKKYGAMDYTIVLTAGPSEPAPMLYI 

DG_3            IAIDTILNQKDQNMICVYVAIGQKDSTVRAQVETLKKYGAMDYTIVLTAGPSEPAPMLYI 

DG_2            IAIDTILNQKDQNMICVYVAIGQKDSTVRAQVETLKKYGAMDYTIVLTAGPSEPAPMLYI 

DG_DSMZ         IAIDTILNQKDQNMICVYVAIGQKDSTVRAQVETLKKYGAMDYTIVLTAGPSEPAPMLYI 

DG_1            IAIDTILNQKDQNMICVYVAIGQKDSTVRAQVETLKKYGAMDYTIVLTAGPSEPAPMLYI 

                ************************************************************ 

 

DG_glic         APYAGAAMGEEFMYNGKHVLIVYDDLSKQATSYRELSLLLRRPPGREAYPGDIFYTHSRL 

DG_F            APYAGAAMGEEFMYNGKHVLIVYDDLSKQATSYRELSLLLRRPPGREAYPGDIFYTHSRL 

DG_7            APYAGAAMGEEFMYNGKHVLIVYDDLSKQATSYRELSLLLRRPPGREAYPGDIFYTHSRL 

DG_6            APYAGAAMGEEFMYNGKHVLIVYDDLSKQATSYRELSLLLRRPPGREAYPGDIFYTHSRL 

DG_5            APYAGAAMGEEFMYNGKHVLIVYDDLSKQATSYRELSLLLRRPPGREAYPGDIFYTHSRL 

DG_4            APYAGAAMGEEFMYNGKHVLIVYDDLSKQATSYRELSLLLRRPPGREAYPGDIFYTHSRL 

DG_3            APYAGAAMGEEFMYNGKHVLIVYDDLSKQATSYRELSLLLRRPPGREAYPGDIFYTHSRL 

DG_2            APYAGAAMGEEFMYNGKHVLIVYDDLSKQATSYRELSLLLRRPPGREAYPGDIFYTHSRL 

DG_DSMZ         APYAGAAMGEEFMYNGKHVLIVYDDLSKQATSYRELSLLLRRPPGREAYPGDIFYTHSRL 

DG_1            APYAGAAMGEEFMYNGKHVLIVYDDLSKQATSYRELSLLLRRPPGREAYPGDIFYTHSRL 

                ************************************************************ 
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Supplementary Fig. S1. ClustalW multiple sequence alignment of the aminoacidic sequence translated from the 
three putative genes where non-conservative mutations have been identified. (A) Large-conductance 
mechanosensitive channel protein MscL. (B) Ndh, NADH dehydrogenase, FAD-containing subunit; DocX, 
Uncharacterized membrane protein YphA, DoxX/SURF4 family. (C) FoF1-type ATP synthase, alpha subunit. The 
pictures before the alignments derive from the output of the NCBI Conserved Domain Database search 
(https://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). The vertical red arrows indicate the position of the mutation. 
ClustalW symbols: "*" means that the residues or nucleotides in that column are identical in all sequences in the 
alignment; ":" means conserved substitutions. 

DG_glic         LERAAKLSDKLGGGSMTALPVIETQAGDISAYIPTNVISITDGQIFLQSDLFYAGTRPAI 

DG_F            LERAAKLSDKLGGGSMTALPVIETQAGDISAYIPTNVISITDGQIFLQSDLFYAGTRPAI 

DG_7            LERAAKLSDKLGGGSMTALPVIETQAGDISAYIPTNVISITDGQIFLQSDLFYAGTRPAI 

DG_6            LERAAKLSDKLGGGSMTALPVIETQAGDISAYIPTNVISITDGQIFLQSDLFYAGTRPAI 

DG_5            LERAAKLSDKLGGGSMTALPVIETQAGDISAYIPTNVISITDGQIFLQSDLFYAGTRPAI 

DG_4            LERAAKLSDKLGGGSMTALPVIETQAGDISAYIPTNVISITDGQIFLQSDLFYAGTRPAI 

DG_3            LERAAKLSDKLGGGSMTALPVIETQAGDISAYIPTNVISITDGQIFLQSDLFYAGTRPAI 

DG_2            LERAAKLSDKLGGGSMTALPVIETQAGDISAYIPTNVISITDGQIFLQSDLFYAGTRPAI 

DG_DSMZ         LERAAKLSDKLGGGSMTALPVIETQAGDISAYIPTNVISITDGQIFLQSDLFYAGTRPAI 

DG_1            LERAAKLSDKLGGGSMTALPVIETQAGDISAYIPTNVISITDGQIFLQSDLFYAGTRPAI 

                ************************************************************ 

 

DG_glic         DAGASVSRVGGDAQVKAMKKVAGTLRLDLASFRELEAFTQFGSDLDAATQAKLNRGRRTV 

DG_F            DAGASVSRVGGDAQVKAMKKVAGTLRLDLASFRELEAFTQFGSDLDAATQAKLNRGRRTV 

DG_7            DAGASVSRVGGDAQVKAMKKVAGTLRLDLASFRELEAFTQFGSDLDAATQAKLNRGRRTV 

DG_6            DAGASVSRVGGDAQVKAMKKVAGTLRLDLASFRELEAFTQFGSDLDAATQAKLNRGRRTV 

DG_5            DAGASVSRVGGDAQVKAMKKVAGTLRLDLASFRELEAFTQFGSDLDAATQAKLNRGRRTV 

DG_4            DAGASVSRVGGDAQVKAMKKVAGTLRLDLASFRELEAFTQFGSDLDAATQAKLNRGRRTV 

DG_3            DAGASVSRVGGDAQVKAMKKVAGTLRLDLASFRELEAFTQFGSDLDAATQAKLNRGRRTV 

DG_2            DAGASVSRVGGDAQVKAMKKVAGTLRLDLASFRELEAFTQFGSDLDAATQAKLNRGRRTV 

DG_DSMZ         DAGASVSRVGGDAQVKAMKKVAGTLRLDLASFRELEAFTQFGSDLDAATQAKLNRGRRTV 

DG_1            DAGASVSRVGGDAQVKAMKKVAGTLRLDLASFRELEAFTQFGSDLDAATQAKLNRGRRTV 

                ************************************************************ 

 

DG_glic         EVLKQPVHKPLPVEKQVIILYALTHGFLDPIPIEDITRFQDELFDFFDSNAADLLKQIRD 

DG_F            EVLKQPVHKPLPVEKQVIILYALTHGFLDPIPIEDITRFQDELFDFFDSNAADLLKQIRD 

DG_7            EVLKQPVHKPLPVEKQVIILYALTHGFLDPIPIEDITRFQDELFDFFDSNAADLLKQIRD 

DG_6            EVLKQPVHKPLPVEKQVIILYALTHGFLDPIPIEDITRFQDELFDFFDSNAADLLKQIRD 

DG_5            EVLKQPVHKPLPVEKQVIILYALTHGFLDPIPIEDITRFQDELFDFFDSNAADLLKQIRD 

DG_4            EVLKQPVHKPLPVEKQVIILYALTHGFLDPIPIEDITRFQDELFDFFDSNAADLLKQIRD 

DG_3            EVLKQPVHKPLPVEKQVIILYALTHGFLDPIPIEDITRFQDELFDFFDSNAADLLKQIRD 

DG_2            EVLKQPVHKPLPVEKQVIILYALTHGFLDPIPIEDITRFQDELFDFFDSNAADLLKQIRD 

DG_DSMZ         EVLKQPVHKPLPVEKQVIILYALTHGFLDPIPIEDITRFQDELFDFFDSNAADLLKQIRD 

DG_1            EVLKQPVHKPLPVEKQVIILYALTHGFLDPVPIEDITRFQDELFDFFDSNAADLLKQIRD 

                ******************************:***************************** 

 

DG_glic         TGNLPDTDKLDAQIKAFAGGFQTSKQLAAAKD 

DG_F            TGNLPDTDKLDAQIKAFAGGFQTSKQLAAAKD 

DG_7            TGNLPDTDKLDAQIKAFAGGFQTSKQLAAAKD 

DG_6            TGNLPDTDKLDAQIKAFAGGFQTSKQLAAAKD 

DG_5            TGNLPDTDKLDAQIKAFAGGFQTSKQLAAAKD 

DG_4            TGNLPDTDKLDAQIKAFAGGFQTSKQLAAAKD 

DG_3            TGNLPDTDKLDAQIKAFAGGFQTSKQLAAAKD 

DG_2            TGNLPDTDKLDAQIKAFAGGFQTSKQLAAAKD 

DG_DSMZ         TGNLPDTDKLDAQIKAFAGGFQTSKQLAAAKD 

DG_1            TGNLPDTDKLDAQIKAFAGGFQTSKQLAAAKD 

                ******************************** 
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Supplementary Table S1. Output of the bioinformatic tool Resistance Gene Identifier (RGI) available on the 
Comprehensive Antibiotic Resistance Database (CARD) used with the genome of the probiotic Lacticaseibacillus 
paracasei strains Shirota, CBA L74 and DG. 

 

 

Strain Start Stop

Orie

ntati

on

Cut_

Off

Pass_

Bitsco

re

Best_

Hit_Bi

tscore

Best_Hit

_ARO

Best_I

dentiti

es

ARO Model_type Drug Class
Resistance 

Mechanism

Shirota 1 321 + Strict 75 76,6 qacJ 38,24 3007014
protein homolog 

model

disinfecting 

agents and 

antiseptics

antibiotic 

efflux

CBA 

L74
1 321 + Strict 75 76,6 qacJ 38,24 3007014

protein homolog 

model

disinfecting 

agents and 

antiseptics

antibiotic 

efflux

DG 1059084 1059404 + Strict 75 76,6 qacJ 38,24 3007014
protein homolog 

model

disinfecting 

agents and 

antiseptics

antibiotic 

efflux
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AMR 

Gene 

Family

Predicted_Protein
CARD_Protei

n_Sequence

Percentage 

Length of 
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Sequence

ID
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Antibiot
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Shirota
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multidrug 

resistanc

e (SMR) 

antibiotic 

efflux 

pump

MQWFYLVLAGGFEVVWAT
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PLNVSYATWA
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LNVFGSSH
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ORD_ID|

4655|hsp

_num:0

5730 0 306

benzalk

onium 

chloride

CBA L74

small 

multidrug 

resistanc

e (SMR) 

antibiotic 

efflux 

pump

MQWFYLVLAGGFEVVWAT

FMKMSHGFSRLGFTLATLA

GMVLSFWFLALAVKHLPLS

LAYPVWTGIGAVGSIIVGVV

LFKDQLQPATWFFIALLVIG

IIGIKVTSGD

MPYLYLVIAIIT

EIIGTSFLKTA

EGFTKLWPT

LGTLISFGICF

YFLSVTMKYL

PLNVSYATWA

GLGLVLTTIVS

VVIFKESVNLI

SIFSIILIIIGVVL

LNVFGSSH
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gnl|BL_

ORD_ID|
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5730 0 306

benzalk

onium 

chloride

DG

small 

multidrug 

resistanc

e (SMR) 

antibiotic 

efflux 

pump

MQWFYLVLAGGFEVVWAT

FMKMSHGFSRLGFTLATLA

GMVLSFWFLALAVKHLPLS

LAYPVWTGIGAVGSIIVGVV

LFKDQLQPATWFFIALLVIG
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MPYLYLVIAIIT

EIIGTSFLKTA

EGFTKLWPT
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YFLSVTMKYL
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SIFSIILIIIGVVL
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99,07
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ORD_ID|

4655|hsp

_num:0
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benzalk

onium 
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5. In vitro assessment of the probiotic properties of an 

industrial preparation containing Lacticaseibacillus 

paracasei in the context of athlete health 

5.1. Abstract 

Intense physical activity is often associated with undesirable physiological changes, including 

increased inflammation, transient immunodepression, increased susceptibility to infections, 

altered intestinal barrier integrity, and increased oxidative stress. Several trials suggested that 

probiotics supplementation may have beneficial effects on sport-associated gastro- intestinal 

and immune disorders. Recently, in a placebo-controlled human trial, the AminoAlta™ probiotic 

formulation (AApf) was demonstrated to increase the absorption of amino acids from pea 

protein, suggesting that the administration of AApf could overcome the compositional 

limitations of plant proteins. In this study, human cell line models were used to assess in vitro 

the potential capacity of AApf to protect from the physiological damages that an intense 

physical activity may cause. The obtained results revealed that the bacteria in the AApf have 

the ability to adhere to differentiated Caco-2 epithelial cell layer. In addition, the AApf was 

shown to reduce the activation of NF-κB in Caco-2 cells under inflammatory stimulation. 

Notably, this anti-inflammatory activity was enhanced in the presence of partially hydrolyzed 

plant proteins. The AApf also triggered the expression of cytokines by the THP-1 macrophage 

model in a dose-dependent manner. In particular, the expression of cytokines IL-1β, IL-6, and 

TNF-α was higher than that of the regulatory cytokine IL-10, resembling a cytokine profile 

characteristic of the M1 phenotype, which typically intervenes in counteracting bacterial and 

viral infections. Finally, AApf was shown to reduce transepithelial permeability and increase 

superoxide dismutase activity in the Caco-2 cell model. In conclusion, this study suggests that 

the AApf may potentially provide a spectrum of benefits useful to dampen the gastro-intestinal 

and immune detrimental consequences of an intense physical activity. 

5.2. Introduction 

Both elite and recreational athletes commonly experience exercise-induced adverse health 

effects of too much exercise with the severity depending on the type and frequency of the 

physical activity. Strenuous exercise causes gastrointestinal symptoms in 30%-70% of athletes 

(Dimeo et al., 2004; Ter Steege et al., 2008; De Oliveira and Burini, 2009) and is associated 

with an increased risk of upper respiratory tract infections (URTIs) (Hull et al., 2012). Both 

adverse effects have been linked to an exercise-induced increase in intestinal permeability, 
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altered immune function, and enhanced oxidative stress (Reid, 2001; Sadowska-Krepa et al., 

2021). Several nutritional strategies have been proposed to treat or prevent the detrimental 

effects of physical activity, such as consuming beverages containing multiple transportable 

carbohydrates, limiting/avoiding fiber and solid foods hours/days before exercise, or 

supplementing the diet with vitamin C, D and E (Rowlands et al., 2012; Waterman and Kapur, 

2012; De Oliveira et al., 2014; Cicchella et al., 2021), and antioxidants (Peake et al., 2007; 

Bowtell and Kelly, 2019). Supplementation with probiotics (Diaz-Jimenez et al., 2021; Tavakoly 

et al., 2021), “live microorganisms that, when administered in adequate amounts, confer a 

health benefit on the host” (Hill et al., 2014), plays an important role in maintaining normal 

physiology during exercise and in managing the adverse effects of those physically active. 

Reportedly, probiotics can positively influence human health principally by affecting the 

intestinal microbial ecosystem, regulating the activity of the gut-associated lymphoid tissue 

(GALT), and modulating the gene expression in the intestinal mucosa, so contributing to gut 

barrier preservation (i.e., reducing gut permeability), immune homeostasis promotion, and gut 

motility restoration (Dimidi et al., 2017; Ibrahim et al., 2020). These properties of probiotic 

microorganisms may explain the health benefits observed in athletes following probiotic 

supplementation, which include reduction of gastrointestinal symptoms in elite cyclists 

(Schreiber et al., 2021) and during a marathon race (Pugh et al., 2019), alleviation of URTI 

incidence after a marathon race (Tavares-Silva et al., 2021), amelioration of cardiorespiratory 

fitness in long-distance runners (Smarkusz-Zarzecka et al., 2020), promotion of favorable 

effects on self-reported muscle soreness and sleep quality in rugby players (Harnett et al., 

2021), attenuation of circulating TNF-α in male baseball athletes (Townsend et al., 2018), and 

reduction of oxidative stress associated to exhaustive treadmill exercise in untrained subjects 

(Mooren et al., 2020). Moreover, recently, a probiotic formulation based on Lacticaseibacillus 

paracasei was shown to increase the maximum serum concentration of several amino acids 

when co-administered with plant protein (Jäger et al., 2020). The probiotic formulation used in 

this study, named AminoAlta™ (AApf), included 10 billion CFUs of two strains belonging to 

Lacticaseibacillus paracasei, which is one of the most commonly used bacterial species in 

commercial probiotic products. The species L. paracasei comprise numerous commercial 

strains, including the world’s first commercial probiotic, the Shirota strain, which was 

demonstrated to reduce infection incidence in athletes engaged in endurance-based physical 

activities (Gleeson et al., 2011) and to modulate the systemic and airways immune responses 

post-marathon (Vaisberg et al., 2019). Hundreds of other studies, also performed with the 

bacterial strains of the AApf, demonstrated that L. paracasei can provide a plethora of benefits 
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in a strain-specific fashion for different health conditions and through different mechanisms 

ranging from the modification of the bacterial community structure of the intestinal microbiota, 

the modulation of intestinal short-chain fatty acid levels, the regulation of evacuation frequency, 

and the cross-talk with the intestinal mucosal immune system (Ferrario et al., 2014; Balzaretti 

et al., 2015; Cremon et al., 2018; Taverniti et al., 2021). 

In this study, we assessed the hypothesis that the AApf, besides improving the absorption of 

amino acids from plant proteins, may also exert probiotic properties that can benefit athletes’ 

health. To this aim, in vitro human cell line models have been implemented to measure the 

bacterial adhesion on enterocytes, the anti-inflammatory potential, the macrophage stimulatory 

activity, the epithelial permeability preservation, and the modulation of epithelial antioxidant 

capacity. 

5.3. Materials and methods 

5.3.1. Composition of the AminoAlta™ probiotic formulation  

AminoAlta™ is a commercial probiotic product composed of 10 billion CFUs of 

Lacticaseibacillus paracasei cells [5 billion CFUs of strain L. paracasei LP-DG® (CNCM I-

15721) and 5 billion CFUs of strain L. paracasei LPC-S01 (DSM 26760)] dispensed in a sachet 

containing 2.4 g of lyophilized product. 

5.3.2. Bacterial adhesion to the Caco-2 cell layer 

The adhesion of AApf to a Caco-2 cell layer was assessed as previously described 

(Guglielmetti et al., 2008) with few changes. In brief, Caco-2 cells were grown at 37°C in an 

atmosphere of 95% air and 5% carbon dioxide in Dulbecco’s Modified Eagle’s Medium (MEM) 

supplemented with 10% (v/v) heat-inactivated fetal calf serum, 100 U/ml penicillin, 100 mg/ml 

streptomycin, 0.1 mM non-essential amino acids, 2 mM L-glutamine. For adhesion 

experiments, differentiated Caco-2 cells were used (i.e., 15 days after confluence). 

Approximately 2 × 108 bacterial cells were incubated with a monolayer of approximately 1 × 

106 Caco-2 cells for 1 h at 37°C. Monolayers were washed three times with phosphate-buffered 

saline pH 7.3 (PBS) to release unbound bacteria and incubated with 3 ml of methanol for 8 

min at room temperature to fix cells. Afterwards, cells were stained with 3 ml of Giemsa stain 

solution (1:20; Carlo Erba, Milano, Italy) and left 30 min at room temperature in the dark. 

Finally, monolayers were washed three times with PBS, dried in an incubator for 1 h, and 

 
1  Strain deposited in the Collection Nationale de Cultures de Microorganismes (CNCM) of the Institut 
Pasteur, now also deposited in the German Collection of Microorganisms and Cell Cultures (DSMZ) as 
Lacticaseibacillus paracasei DG, DSM 34154. 
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examined microscopically (magnification, ×400) under oil immersion. All experiments were 

performed in triplicate. 

5.3.3. Study of NF-κB activation in Caco-2 cells 

The activation of the nuclear factor κB (NF-κB) was studied by means of a recombinant Caco-

2 cell line stably transfected with vector pNiFty2-Seap (InvivoGen, Labogen, Rho, Italy) as in 

Taverniti et al. (Taverniti et al., 2013). In brief, recombinant Caco-2 monolayers (approximately 

5 × 105 cells/well), cultivated in the presence of 50 μg/ml zeocin, were washed with PBS and 

then incubated with 5 × 107 bacterial cells of the AApf suspended in fresh DMEM containing 

100 mM HEPES (pH 7.4), resulting in a “multiplicity of infection” (MOI) of approximately 100. 

In a different set of experiments, Caco-2 monolayers were also co-incubated with six different 

commercial supplements of partially hydrolyzed vegetal proteins (PHVP; 10 μg/ml final 

concentration) resuspended in PBS. The tested commercial supplements were as follows: 

NUTRALYS pea protein (consisting of pea proteins; code PHVP-A), Organic protein™ (pea, 

brown rice and chia seed proteins; PHVP-B), KOS® (pea, coconut milk and flax seed proteins; 

PHVP-C), Sunwarrior® (pea and hemp proteins; PHVP-D), Vega protein (pea and brown rice 

proteins; PHVP-E), Raw Organic Protein-Garden of life (pea and brown rice proteins; PHVP-

F). Pro-inflammatory stimulation of Caco-2 cells was carried out by adding 2 ng/ml of 

interleukin (IL)-1β. After incubation at 37°C for 4 h, the activity of the secreted embryonic 

alkaline phosphatase (SEAP) reporter enzyme was quantified in the supernatant using the 

Quanti- Blue reagent (Invivogen) according to the manufacturer’s protocol using a microplate 

reader (Multiskan SkyHigh, Thermo Fisher Scientific, Waltham, MA) at 655 nm OD. Three 

independent experiments were conducted in duplicate for each condition. 

5.3.4. THP-1 human macrophage cell line activation assessment: Cell culture, 

growth conditions, and stimulation protocol 

The growth medium for THP-1 cells consisted of RPMI 1640 medium (Lonza, Basel, 

Switzerland) supplemented with 10% (v/v) fetal bovine serum (FBS) (Gibco-BRL, Life 

Technologies, Milan. Italy), 2 mM L-glutamine, 100 units/ml penicillin and 100 μg/ml 

streptomycin (Sigma-Aldrich Pty Ltd., Darmstadt, Germany). Cells were seeded at a density 

of 1 × 106 cells/well in 12-well plates and incubated at 37°C in a humidified atmosphere of 95% 

air and 5% CO2. Differentiation was induced by treating cells with 20 ng/ml of phorbol-12- 

myristate-13-acetate (PMA; Sigma-Aldrich) for 24 h. Afterwards, cells were washed once with 

sterile PBS to remove non-adherent cells. One hour before the bacteria were added to the 

cells, the culture medium was replaced with RPMI 1640 medium without FBS to allow the cells 
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to adapt. Finally, differentiated THP-1 cells were stimulated with bacteria at MOIs 10 and 50 

for 4 h. 

5.3.5. Preparation of RNA and real-time quantitative reverse transcription PCR 

(qRT-PCR) 

After incubating THP-1 cells at 37°C for 4 h, the supernatant was carefully removed from each 

well and the total cellular RNA was isolated from adhered THP-1 cells with the RNeasy Plus 

Mini Kit-Qiagen (Qiagen). Afterward, RNA concentration and purity were determined by 

spectrophotometric analysis (Multiskan SkyHigh, Thermo Fisher Scientific) and through 

electrophoresis on 0.8% agarose gel stained with GelRed Nucleic Acid Staining (Millipore). 

Total mRNA reverse transcription to cDNA was performed with the RNeasy Mini Kit (Qiagen) 

with 1 µg of RNA, using the following thermal cycle: 2 min at 42°C for DNase activity, then 15 

min at 42°C, and 3 min at 95°C, as per the manufacturer’s instructions. qRT-PCR was carried 

out to measure the mRNA expression levels of cytokine genes using the SsoFast EvaGreen 

Supermix (Bio-Rad) on a Bio-Rad CFX96 system according to the manufacturer’s instructions. 

The primers used were as follows (5′-3′): IL-10 forward AGCAGAGTGAAGACTTTCTTTC; IL-

10 reverse CATCTCAGACAAGGCTTGG; TNF-α forward TCAGCTCCACGCCATT; TNF-α 

reverse CCCAGGCAGTCAGATCAT; IL-1β forward TGGCAATGAGGATGACTTGTTC; IL-1β 

reverse CTGTAGTGGTGGTCGGAGATT; IL-6 forward CGGTACATCCTCGACGGCAT; IL-6 

reverse TCACCAGGCAAGTCTCCTCAT. All primers were designed previously, and their 

specificity was assessed with melting curves during amplification and by 1% agarose gels 

(Taverniti et al., 2012). Quantitative PCR was carried out according to the following thermal 

cycle: initial hold at 95°C for 30 s and then 41 cycles at 95°C for 10 s and 60°C for 5 s. Gene 

expression was normalized to the reference genes β-actin (ACTB) and Ribosomal Protein 

L37a (RPL37A). The primers used were as follows (5′-3′): ACTB forward ATTGCCGACAGG 

ATGCAGAA; ACTB reverse GCTGATCCACATCTGCTGGAA; RPL37A forward 

ATTGAAATCAGCCAGCACGC; RPL37A reverse AGGAACCACAGTGCCAGATCC.  The 

amount of template cDNA used for each sample was 25 ng. All results regarding cytokine 

mRNA expression levels are reported as the fold of induction (FOI) respective to the control 

(namely unstimulated THP-1), to which we attributed a FOI of 1. 

5.3.6. Assessment of the transepithelial electrical resistance (TEER) in Caco-2 

The effect of the probiotic formulation on epithelial integrity was assessed with a Caco-2 cell 

layer by transepithelial electrical resistance (TEER) measured after 4 and 24 h. For the 

analysis, a fully differentiated Caco-2 cell layer obtained by growing cells in 6 well plate 
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transwell inserts for 21 days was used. The apical side of the Caco-2 cell layers was incubated 

with the AApf resuspended in DMEM medium without antibiotics at a MOI of 100. TEER was 

measured using an epithelial voltohmmeter (Milicell ERS-2 Voltohmmeter; World Precision 

Instruments, Hitchen, UK). This instrument uses a pair of electrodes (“chopsticks”): one 

electrode was placed inside the basolateral culture medium, and the shorter electrode was 

placed in the transwell insert within the apical culture medium. Cells were never in contact with 

the electrodes. Instrument calibration and the experiment were carried out according to the 

manufacturer’s instructions. 

5.3.7. Assessment of the cellular antioxidant activity in Caco-2 cells 

The cellular antioxidant activity (CAA) of AminoAlta™ was evaluated with the Caco-2 cell 

model by measuring the relative amount of intracellular reactive oxygen species (ROS) as 

described in Wolfe and Liu (Wolfe and Liu, 2007) and Xing et al. (Xing et al., 2015) with few 

modifications. In brief, Caco-2 cells were seeded at a density of 1 × 104 cells/well on a black 

96-well microplate with a clear bottom in 100 μl DMEM complete medium for 72 h at 37°C to 

reach 80% confluence. Then, Caco-2 cells were treated with 100 μl of 10 μM 2′,7′-

dichlorofluorescin diacetate (DCFH-DA, Sigma- Aldrich) up to 30 min at 37°C. Subsequently, 

the cells were washed with PBS and treated with 100 μl of different concentrations of 2,2ʹ-

azobis (2-methylpropionamidine) dihydrochloride (ABAP; from 0.2 to 2 mM), together with 

suspensions of AApf cells dissolved in Hanks’ balanced salt solution at multiplicity of infections 

(MOI) of 50, 100, 200, and 1,000. N-acetyl cysteine was used as positive control (not shown). 

Fluorescence was measured with Fluoroskan Ascent FL (Thermo Fisher Scientific) for 6 cycles 

at 5-min intervals (λ excitation =  485 nm and λ emission  =  538 nm). 

Fluorescence measurements of Caco-2 cells treated with DCFH-DA were used as blank, 

whereas measurements of cells treated with DCFH-DA and ABAP (without the treatment with 

AApf) were used as the control. Blank was subtracted from fluorescence measurements. For 

CAA assessment, the higher fluorescence emissions (expressed as relative fluorescence 

units, RFUs) were compered between samples (i.e., AApf-treated) and controls. 

5.3.8. Statistical analysis 

Statistical calculations were performed using the software program GraphPad Prism 5. A two-

tailed unpaired Student’s t-test was used to find the significant difference between the two 

groups. Before t-test, one-way analysis of variance (ANOVA) was performed for data with more 

than two groups. p value < 0.05 was considered for statistical significance. All the observed 
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significant differences had p < 0.05 also with a non-parametric test (Mann-Whitney U test; not 

shown). 

5.4. Results 

5.4.1. The bacteria in the AminoAlta™ probiotic formulation (AApf) possess the 

ability to adhere on Caco-2 enterocyte-like cells 

The differentiated Caco-2 epithelial cell layer was used to test the potential ability of the 

bacterial cells within the AApf to adhere on human enterocytes. The experiment was carried 

out including two control strains, Bifidobacterium bifidum MIMBb23sg and Lacticaseibacillus 

paracasei Shirota, which have been previously demonstrated to be strongly adhesive 

(Guglielmetti et al., 2009) and non-adhesive (Botes et al., 2008; Balzaretti et al., 2015), 

respectively. The reference bacteria performed as expected, with an adhesion index (i.e., 

bacterial cells per 100 Caco-2 cells) higher than 2000 for the B. bifidum strain and lower than 

100 for the Shirota strain (Fig. 1). Furthermore, also the bacterial cells within the AApf 

displayed an adhesive phenotype, corresponding to an adhesion index of about 600 (Fig. 1). 

  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Adhesion of the bacterial cells within the AminoAlta™ probiotic formulation to a Caco-2 
cell monolayer as observed with Giemsa staining under a l ight microscope. Adhesion 
quantif ication is reported as adhesion index (i.e., bacterial cells adhered to 100 Caco -2 cells).  
Histograms represent means of at least three independent experiments conducted in duplicate. 
The vertical bars indicate standard deviations. AA, AminoAlta ™ formulation; MIMBb23sg, 
Bifidobacterium bifidum  MIMBb23sg (positive control); Shirota, Lacticaseibacil lus paracasei  
Shirota (negative control) . White bar, 10 μm.  
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5.4.2. AApf prevents NF-κB activation in Caco-2 epithelial cells under inflammatory 

stimulation 

The anti-inflammatory activity of AApf was assessed using the Caco-2/NF-κB reporter system. 

The experiments were carried out by stimulating for 4 h the recombinant Caco-2 cell layer at 

baseline and in presence of a pro-inflammatory stimulation with IL-1β. At baseline, AApf only 

marginally affected NF-κB activation [relative units of NF-κB activation (RUNFA) of 0.8 ± 0.1, 

as mean ± standard deviation] (Fig. 2). The addition of IL-1β approximately doubled the 

activation levels of NF-κB (RUNFA = 2.4 ± 0.5). Notably, the presence of AApf significantly 

reduced NF-κB activation to levels close to those at baseline (RUNFA = 1.4 ± 0.3) (Fig. 2). 

Subsequently, the same test was carried out incubating the recombinant Caco-2 cell layer in 

the presence of six different commercial preparations of partially hydrolyzed vegetal proteins 

(PHVPs) together with the inflammatory stimulus IL-1β. NF-κB activation was slightly but 

significantly reduced by the PHVP formulations (RUNFA = 1.7 ± 0.6). Notably, the reduction 

was greater when AApf was added (RUNFA = 1.1 ± 0.2), suggesting an additive or synergistic 

action between AApf and PHVPs (Fig. 2). 

 

 

 

 

 

 

 

 

Fig. 2. Study of the activation of the NF-κB transcriptional regulator in a Caco-2 cell layer 
transfected with an alkaline phosphatase (SEAP) reporter vector. Measurements of the SEAP 
activity were carried out after incubation of the Caco -2 cell layer without or with stimulation with 
IL-1β (2 ng/ml), the AminoAlta™ probiotic formulat ion, and different partial ly hydrolyzed vegetal 
protein commercial preparations (PHVPs). RUNFA, relative units of NF -κB activation, calculated 
as normalized SEAP activity. Aster isks indicate statistically significant differences according to a 
two- tai led unpaired Student’s t -test. ***, p < 0.001; **, p < 0.01; *, p < 0.05; n. s., not significant.  
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5.4.3. AApf triggers the expression of cytokines by THP-1 cells  

We used the THP-1 cell line as a simplified human macrophage model (Tedesco et al., 2018) 

to test the immunostimulatory properties of AApf at two different concentrations of bacterial 

cells: MOI 10 and 50. To this aim, we quantified by RT-qPCR the gene expression of tumor 

necrosis factor (TNF)-α, IL-1β, IL-6, and IL-10. Both AApf concentrations triggered the 

expression of cytokines in a dose-dependent manner (Fig. 3). In particular, the AApf stimulus 

increased the expression of the cytokines IL-1β (FOI 5.7 ± 2.3 at MOI 10 and 17.5 ± 5.5 at 

MOI 50), IL-6 (FOI 12.5 ± 3.6 at MOI 10 and 25.6 ± 7.8 at MOI 50), and TNF-α (FOI 9.9 ± 4.9 

at MOI 10 and 17.9 ± 3.9 at MOI 50) more than that of the regulatory/anti-inflammatory IL-10 

(FOI 1.7 ± 1.6 at MOI 10 and 7.5 ± 4.9 at MOI 50) (Fig. 3), suggesting that THP-1 macrophages 

stimulated with AApf are more prone to express markers that characterize a M1 phenotype (IL-

1ß, TN-α, and IL-6) rather than a M2 phenotype (IL-10) (Chanput et al., 2013). 

 

 

 

 

 

 

 

 

Fig. 3. Gene expression analysis by qRT-PCR in THP-1 human macrophages unstimulated 
(Control) and after 4 h of stimulation with the AminoAlta ™ probiotic formulation (AApf) at a 
multipl icity of infection (MOI) of 10 and 50. Expression levels of IL -10, IL- 1β, IL-6, and TNF-α 
are shown as the fold change in induction (FOI) relative to expression by the control (unstimulated 
macrophages), which was set at a value of 1. Data are means of results from three (control and 
MOI 10) or two (MOI 50) independent experiments ± standard deviations. Asterisks indicate 
statistically significant differences (according to a two -tailed unpaired Student’s t -test) from 
results for unstimulated THP-1 cells. ***, p < 0.001; **, p < 0.01.  

 

5.4.4. AApf preserves the transepithelial permeability of the Caco-2 epithelial cell 

layer 

The ability of AApf to influence transepithelial permeability was assessed on Caco-2 monolayer 

as changes in the transepithelial electrical resistance (TEER) values at two incubation time 

points (4 and 24 h). To calculate the relative changes in TEER, the measurement was 

immediately performed after the stimulation of Caco-2 with AApf (TEERt0). Cell monolayers 
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without bacterial incubation were considered as a control group. The obtained results showed 

that AApf, employed at the same bacterial cell concentration adopted for the NF-κB activation 

test, can significantly enhance the TEER of the Caco-2 layer after 24 h of incubation (Fig. 4), 

suggesting its potential ability to ameliorate the epithelial barrier function. 

 

 

 

 

 

 

Fig. 4. Transepithelial electrical resistance (TEER) measurements of Caco -2 cell layers exposed 
to the AminoAlta™ probiot ic formulation (+) or unstimulated (−) after 4 and 24 h. Data are means 
of results from six independent experiments ± standard deviations. Asterisks indicate statistically 
significant differences according to a two-tailed unpaired Student’s t -test. ***, p < 0.001.  

 

5.4.5. AApf exerts an antioxidative activity in Caco-2 cells  

The CAA assay was used to reveal the total antioxidative capacity of the probiotic formulation 

under study by measuring ROS accumulation in Caco-2 cells. The experiment was carried out 

damaging Caco-2 cells with different concentrations of ABAP, and testing AApf at 4 different 

MOIs. The obtained results showed a dose-dependent ability of AApf to lower ROS in Caco-2 

cells, with a significant reduction already observed at the lowest bacterial cell concentration 

tested (MOI = 50) (Fig. 5). 

 

 

 

 

 

 

Fig. 5. Cellular antioxidant activity of AminoAlta™ assessed in Caco-2 cells damaged by different  
concentrations of 2,2′-azobis (2-methylpropionamidine) dihydrochloride (ABAP). Control, Caco -2 
cells without AminoAlta™ treatment. RFUs, relative fluorescence units. MOI, multipl icity of 
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infection. Asterisks indicate statistically significant difference s compared to the corresponding 
control as determined through a two-tailed unpaired Student’s t -test. *, p < 0.05; **, p < 0.01; ***,  
p < 0.001.  

 

5.5. Discussion 

Increasing attention is given to the use of probiotic supplements to protect from the undesirable 

physiological changes that may be induced by strenuous physical activity. According to the 

available scientific literature, the effectiveness of probiotic supplementation in athletes is 

associated with improved gut barrier function, the attenuation of inflammatory responses, and 

the improvement of the epithelial antioxidant status after exhaustive exercise (Marttinen et al., 

2020; Diaz-Jimenez et al., 2021). Thus, in a recent consensus document, the International 

Society of Sports Nutrition (ISSN) stated that certain probiotics may reduce URTIs and improve 

the integrity of the gut-barrier function in athletes (Jäger et al., 2019). Nonetheless, the ISSN 

also highlighted the importance of assessing the potential properties of probiotics in trials 

carried out for any specific formulation, since probiotic health-promoting capabilities are strain-

specific, particularly regarding immunomodulation (Hill et al., 2014); and depend on dose, 

delivery form, and method of administration (Jäger et al., 2019). In addition, any aspect of a 

probiotic formulation, including excipients and the protocol adopted in the industrial 

manufacturing process, may influence the properties of a probiotic product (Fiore et al., 2020). 

It is, in fact, demonstrated for a few well-known commercial probiotic strains that expression 

and presence of probiotic niche factors and effector molecules may be affected during 

industrial production (Duboux et al., 2021). For these reasons, in our study, we did not test 

microbial cells prepared in small laboratory scale (as often done in other studies), but we 

employed the industrial bacteria within the final commercial probiotic product. 

The ability to adhere on the intestinal epithelium is conventionally considered a primary 

prerequisite of probiotic microorganisms, which can favor the transient colonization, pathogens 

exclusion, and crosstalk with the intestinal mucosa. Thus, we first tested the ability of the 

bacterial cells within the AApf to adhere on the differentiated Caco-2 cell layer, which is a model 

for the intestinal epithelial barrier (Sambuy et al., 2005) commonly used to test the adhesion 

ability of probiotics (Guglielmetti et al., 2008; Guglielmetti et al., 2009). The obtained results 

demonstrated that the AminoAlta™ bacteria possess a significant adhesion ability, which is a 

feature reported to be strain-specific among members of the Lacticaseibacillus paracasei 

species (Balzaretti et al., 2015; Fonseca et al., 2021). 



76 
 
 

 

Subsequently, we tested the immunomodulatory properties of the AminoAlta™ formulation by 

assessing in epithelial Caco-2 cells the ability to reduce the activation of NF-κB, a 

transcriptional factor regulating the expression of proinflammatory cytokines (Baldwin, 1996) 

that is exploited as a therapeutic target in human inflammatory diseases (Yamamoto and 

Gaynor, 2001). Intense long physical exercise induces inflammation systemically and in the 

gut of athletes (Van Wijck et al., 2011). In our model, we used IL-1β to mimic a pro-inflammatory 

stimulus. The resulting increase in NF-κB activation was significantly mitigated by the presence 

of the AApf. This result confirms previous findings that showed that the L. paracasei bacteria 

contained in the AApf can reduce NF-κB activation in the same in vitro cell line under 

inflammatory stimulation (Balzaretti et al., 2015). Here, we additionally demonstrated that 

AminoAlta™ bacteria exert anti-inflammatory activity also when employed as industrial 

lyophilized biomass within the 4 h of experiment time. 

The anti-inflammatory properties of L. paracasei were proposed to be connected to an 

unidentified peptide factor produced by the bacterium during the fermentation process (Zagato 

et al., 2014; Balzaretti et al., 2015), which can potentially derive from the hydrolysis of the 

proteins/polypeptides present in the culture medium. Interestingly, we found an increase of the 

anti-inflammatory effect when the AApf was used in the experiment together with commercial 

preparations of partially hydrolyzed plant proteins (PHVPs). Animal and vegetable protein 

hydrolysates have been shown to exert anti-inflammatory properties in several studies (Kiewiet 

et al., 2018; Kim et al., 2021; Montserrat-De La Paz et al., 2021). 

Also, in our experiments, the different PHVPs exerted a mild but significant reduction of NF-

κB activation in Caco-2 cells, which was significantly enhanced by the presence of the AApf. 

The AminoAlta™ bacteria were shown in a previous publication to be able to hydrolyze plant 

(rice and pea) proteins (Jäger et al., 2020). 

Therefore, we can hypothesize that the bacteria in the AApf carried out a partial additional 

hydrolysis of the vegetal proteins during the 4 h of co-incubation in contact with Caco-2 cells, 

releasing peptides that may potentially exert anti-inflammatory activities. Reportedly, the ability 

of lactic acid bacteria to generate anti-inflammatory peptides from the hydrolysis of food 

proteins has already been reported, for instance, for casein (Stuknyte et al., 2011) and cereal 

proteins (Galli et al., 2018). 

Intense and prolonged (arduous) exercise is reported to provoke immunity suppression and 

increased susceptibility to infections (Simpson et al., 2020). Strenuous physical activity, in fact, 

has the potential to alter transiently (i.e., from hours to days) immune functionality, including 
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NK cell activity, and antigen presentation and cytokine production by monocytes/ macrophages 

(Woods et al., 2000; Nieman and Wentz, 2019). In our study, the AApf was shown to trigger 

cytokine gene transcription in macrophages in vitro. Macrophages are immune cells that sense 

the molecules and stimuli present in the microenvironment and polarize towards a specific 

phenotype depending on the surrounding conditions, with a high level of plasticity between the 

M1 and M2 phenotypes that, once activated, can permit the resolution of inflammation (Liu et 

al., 2020). Specifically, the observed increased expression of pro-inflammatory cytokines IL-

1β, IL-6, and TNF-α evokes a pattern of markers typical of the M1 phenotype. This population 

of activated macrophages is associated with increased phagocytic capacity, tumor regression, 

and defense against bacterial and viral infection (Ley, 2017). In particular, M1 polarized 

macrophages are the first line of defense against intracellular pathogens through mechanisms 

of endocytosis, production of reactive oxygen species (ROS), increase of antigen-presenting 

ability, and also by the induction of a Th1 switch on CD4 T cells, which in turn potentiate the 

response against infections (Atri et al., 2018). 

Our results show that AApf may exert both anti-inflammatory (reduced activation of NF-κB) 

and pro-inflammatory (enhanced expression of cytokines) activities. 

However, these results are not in contradiction, since they were obtained in different cell 

models. The NF-κB activation was assessed in Caco-2 cells, i.e. an enterocyte model, whereas 

the induction of pro-inflammatory cytokines in THP-1 cells, which are monocytes differentiated 

to macrophages. The intestinal epithelial cells are continuously exposed to different microbial 

cells, and for this reason, they are trained to mainly develop tolerogenic responses. On the 

contrary, macrophages are antigen presenting cells that work as sentinels of the immune 

system, in charge of patrolling the environment, being more prone to rapidly mount 

inflammatory responses upon the (first) encounter with microbial cells. The different 

immunomodulatory attitude in the cross-talk towards epithelial or proper immune cells have 

previously been reported for probiotic bacteria. For instance, Lacticaseibacillus paracasei 

strain DG displayed an anti-inflammatory phenotype on epithelial cells by reducing NF-κB in 

the Caco-2 model (Balzaretti et al., 2015), whereas it showed an immunostimulatory 

phenotype when used to stimulate THP-1 cells, by inducing IL-8, TNF-α and CCL20 (Balzaretti 

et al., 2017). Analogously Lactobacillus helveticus MIMLh5 was shown to strongly reduce NF-

κB activation in Caco-2 cell layer, while elicited a Th1 response in U937 macrophage cell line 

and in macrophages isolated from mouse bone marrow (Taverniti et al., 2013). 
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Strenuous exercise was also associated with the disruption of the intestinal barrier integrity, 

resulting in increased gut permeability (Janssenduijghuijsen et al., 2016; Ribeiro et al., 2021), 

causing local and systemic low-grade chronic inflammation, which is mechanistically linked 

with several pathological conditions ranging from inflammatory bowel diseases and metabolic 

syndrome to food allergy and celiac disease (Bischoff et al., 2014). Probiotic administration 

has often been proposed as a useful tool to improve intestinal barrier function, nonetheless 

convincing experimental data are still missing, and a wide variation exists among different 

microbial strains (Ramos et al., 2013; Bron et al., 2017). Reportedly, the probiotic mixture 

VSL#3 was shown to protect the epithelia barrier by preserving tight junction protein 

expression in a mouse model of colitis (Mennigen et al., 2009) and in a rat model of alcoholic 

intestinal injury (Chang et al., 2013). In a different study, the probiotic strain Escherichia coli 

Nissle 1917 was shown to up-regulate the expression of the junction-associated protein zonula 

occludens 1 (ZO-1) in the intestinal epithelial cells of DSS-treated mice (Ukena et al., 2007). 

Furthermore, some strains of Lactiplatibacillus plantarum were shown to enhance intestinal 

barrier function according to in vitro assays based on transepithelial electrical resistance 

(TEER) measurement (Anderson et al., 2010a) and tight junction genes expression analysis 

(Anderson et al., 2010b) in Caco-2 epithelial cell layers. Notably, the administration of the 

probiotic strain L. paracasei DG, which is included in the AApf, was recently shown in vivo to 

reduce in mouse colonic mucosa the expression of zonulin (Taverniti et al., 2021), an enzyme 

that regulates intestinal barrier function promoting intestinal permeability (Fasano, 2011). In 

our study, the AApf was shown to significantly increase the barrier function in Caco-2 cell layer 

after 24-h co-incubation, suggesting its potential capability of preventing or reducing intestinal 

permeability. The mechanisms behind the effects of the AApf or other probiotics on the 

intestinal epithelial permeability are not precisely known, but it was proposed that the probiotic 

ability to reduce inflammation at epithelial level can provide a substantial contribution. This 

hypothesis can be applied in our study, considering our data that showed the ability of the AApf 

to prevent the activation of the pro-inflammatory transcriptional regulator NF-κB in the Caco-2 

intestinal epithelial cell model. 

High-intensity physical activity increases the production of ROS, most of which are generated 

in the form of radical superoxide (O2•–). Experimental evidence showed that ROS, which are 

associated with various gastrointestinal inflammatory and metabolic disorders (Bhattacharyya 

et al., 2014), can be detoxified with the contribution of probiotic microorganisms (Wang et al., 

2017b). Reportedly, in fact, probiotics can exert significant antioxidant abilities (Lin and Yen, 

1999; Persichetti et al., 2014; Wang et al., 2017a). For instance, a high antioxidative effect was 
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reported for Lacticaseibacillus rhamnosus and Lactiplantibacillus plantarum in ABAP-damaged 

HepG2 and Caco-2 cell lines, respectively (Wolfe and Liu, 2007; Mu et al., 2019). We found a 

similar result with the AApf, which significantly reduced ROS accumulation in the Caco-2 cell 

layer in a dose-dependent fashion also in the presence of different concentrations of the 

peroxyl radical generator ABAP. Zhang et al. reported that the ability of Lactiplantibacillus 

plantarum C88 to protect Caco-2 cells against oxidative injury was determined by an 

exopolysaccharide (EPS), which was shown to raise the SOD activity in a dose-dependent 

manner (Zhang et al., 2013). Interestingly, strain L. paracasei DG, which is contained in the 

AApf, secrete a rhamnose-rich hetero-EPS that covers the outer cell surface (Balzaretti et al., 

2017). We can, therefore, speculate that similarly to strain C88, the EPS of strain DG could 

contribute to the antioxidant properties of AApf. 

In the intestinal mucosa, oxidative stress and inflammation are interconnected, and contribute 

to epithelial barrier damage (Chen et al., 2021). Potentially, the AApf ability of reducing ROS 

in enterocytes, together with the observed anti-inflammatory activity and epithelial barriers 

preservation, could contribute to protect the integrity of the intestinal mucosa under the stress 

conditions generated by the strenuous physical activity. Inflammation and oxidative stress are 

the underlying mechanisms of exercise-induced muscle damage, resulting in reduced muscle 

strength, range of motion, and increased muscle soreness. The extent of the muscle damage 

depends on the intensity and duration of the exercise. While the exercise-induced inflammatory 

response is crucial to muscle repair and regeneration, nutritional strategies to manage 

inflammation and oxidative stress are crucial for optimal recovery. Faster recovery allows 

athletes to train harder and more frequently and results in faster training adaptations and 

increased performance (Jäger et al., 2016). 

This study has several limitations, primarily consisting in the fact that only in vitro experiments 

have been performed, and that the conditions in the gut during physical exercise were only 

marginally mimicked in our tests. Nonetheless, we used in vitro models that are widely adopted 

in scientific studies and have been demonstrated to be good predictors of the in vivo activity. 

Furthermore, in our opinion, the possibility that the results of this study may effectively 

prognosticate an effect on human health in vivo is favored by two additional facts: 1) we used 

in the experiments the same industrial formulation available on the market, which has been 

already employed in a clinical trial (Jäger et al., 2020), and 2) the two bacterial strains in AApf 

have been already demonstrated in vivo to survive the gastrointestinal transit (Balzaretti et al., 

2015; Arioli et al., 2018; Radicioni et al., 2019; Koirala et al., 2020). 
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5.6. Conclusion 

This study suggests that the AminoAlta™ probiotic formulation may provide a range of benefits 

to counteract the gastro-intestinal and immune detrimental consequences of intense physical 

activity. Specifically, our study suggests that the AApf may exert the activities that are 

considered the mechanistic bases for the beneficial effects observed in athletes upon probiotic 

supplementation, such as the prevention of inflammation at the epithelial level, the stimulation 

of macrophage activity, the preservation of epithelial barrier integrity, and the enhancement of 

endogenous epithelial oxidant scavenging capacity. 

Although derived from in vitro experiments, the results of this study provide the rationale for 

further investigations that will be based on clinical trials aimed to confirm the health-promoting 

properties of the AminoAlta™ probiotic product in an athletic population. 
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6. Assessment of the effect of a six-probiotic-strain 

supplement in patients with irritable bowel syndrome (IBS): 

The PSC-DS-ESA-19 study (ESA-19)  

6.1. Abstract 

Irritable bowel syndrome (IBS) is a pathological condition characterized by symptoms such as 

abdominal pain, bloating, and altered stool patterns. With a global prevalence of around 10%, 

IBS considerably impacts the quality of life and imposes a significant economic burden. The 

central role of the gut microbiota in IBS has recently emerged, supported by clinical evidence 

highlighting the benefits of gut microbiota-targeting strategies, such as probiotics. For this 

reason, several proprietary strains of lactic acid bacteria (LAB) and bifidobacteria from 

Alfasigma, known for their ability to modulate the gut microbiota and alleviate IBS symptoms, 

were selected in this context to assess their probiotic potential. L. casei DG® was included in 

the six-strains supplement Enterolactis® Ultra and administered in a pilot, multicenter, 

randomized, double-blind, cross-over, placebo-controlled study (ESA-19) involving non-

constipated IBS patients. This in vivo trial analyzed fecal samples from 34 patients, revealing 

significant changes in specific bacterial taxa compared to the baseline of the fecal bacterial 

community structure. Moreover, the propionate/butyrate ratio was significantly reduced, 

indicating a beneficial modulation of short-chain fatty acid (SCFAs) levels. Overall, this blended 

product demonstrated its ability to modulate the gut microbiota and influence the production of 

SCFAs. These findings further support L. casei DG®’s potential to positively influence the gut 

microbiota in IBS patients. 

6.2. Introduction 

IBS, a common enigmatic functional gastrointestinal disorder (FGID), is characterized by 

abdominal pain, discomfort, bloating, and altered stool forms and frequency (Ghoshal, 2020). 

Its high global prevalence, around 10%, and chronic nature decrease patients’ quality of life 

and place a significant economic burden on the healthcare system (Herndon et al., 2020).  

There is a growing body of evidence suggesting a possible role for the gut microbiota in IBS' 

pathogenesis (Ghoshal U. C. & Ghoshal U., 2017; Thabane & Marshall, 2009; Oh et al., 2019), 

and multiple reports have linked IBS pathogenesis with dysbiosis, a condition that refers to 

decrease/loss of microbial diversity and richness (Chong et al., 2019). For example, the 

presence of lactic acid bacteria (LAB) and bifidobacteria is heavily compromised in IBS 

patients, as revealed by next-generation sequencing (Bellini et al., 2014; Liu et al., 2017). A 
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study published by Tap et al. (2017) also suggested that specific intestinal microbial signatures 

exist and that could be linked to the severity of IBS. Moreover, the beneficial effects of 

probiotics on alleviating visceral sensitivity, intestinal permeability, and inflammation further 

support the role of gut microbiota in IBS (Chong et al., 2019).  

The evidence shows that the heterogeneity of the effect of bifidobacteria on abdominal pain in 

IBS depends upon strain, dosage, and delivery method. However, consistent improvement in 

bloating and constipation is reported using Bifidobacterium longum subsp. infantis, 

Bifidobacterium animalis subsp. lactis, and Bifidobacterium bifidum (Herndon et al., 2020). 

Placebo-controlled trials investigating LAB probiotics have improved IBS symptoms following 

treatment with Lactiplantibacillus plantarum, Lacticaseibacillus rhamnosus, 

Lacticaseibacillus casei, and Limosilactobacillus reuteri (Herndon et al., 2020; Nobaek et al., 

2000; Niedzielin et al., 2001; Francavilla et al., 2010; Rosania et al., 2013). In 2018, a pilot 

study assessed the effects of Lacticaseibacillus paracasei CNCM I-1572 (L. casei DG®) on 

clinical and gut microbiota-related factors in IBS (Cremon et al., 2018). The authors 

demonstrated that this strain could modulate gut microbiota structure/function and reduce 

immune activation in IBS. In particular, it induced a significant reduction in the genus 

Ruminococcus and a significant increase in the fecal short-chain fatty acids (SCFAs) acetate 

and butyrate in patients with IBS. 

Several probiotics containing multiple bacterial strains have been studied to treat IBS. In 2019, 

a mixture of 5 strains was texted in a prospective, double-blind, randomized, placebo-

controlled study to assess its capability to decrease the severity of IBS-type symptoms in 

patients with Celiac Disease (CD) (Francavilla et al., 2019). The authors demonstrated that 

this 6-week daily treatment was superior to placebo in alleviating the IBS symptomatology. 

They speculated that part of this effect might be due to a positive modification of gut microbiota 

shown by the steady increase of the bifidobacteria count in fecal samples of CD patients, 

detectable six weeks after discontinuation of probiotics. Moreover, these bacteria could 

produce various beneficial effects because each species exerts a distinct action on 

gastrointestinal health from different mechanisms, like modulating the gut microbial community 

structure and the host immune system (Yoon et al., 2014, 2015). Those actions may be 

complementary or synergistic (Liang et al., 2019).  

All these aspects suggest the possibility of developing a new, effective microbiological blend 

of LAB and bifidobacteria. To this end, several of Alfasigma’s proprietary strains, including L. 

casei DG®, were selected to evaluate their probiotic potential in the context of IBS. 
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6.3. Material and Methods 

6.3.1. Scheme and endpoints of the study  

The ESA-19 is a pilot, multicenter, randomized, double-blind, cross-over, placebo-controlled 

study, with the study scheme represented in Fig. 1. The primary endpoint of the study was 

related to the fecal microbiome of enrolled patients, i.e., evaluation of the fecal microbiota 

changes from baseline, in terms of indices of microbial diversity (α and β diversity), relative 

taxonomic abundance and metabolites. Results were obtained from the bacterial microbiomic 

and metabolite analysis of the fecal samples collected during the ESA-19 study. Although this 

thesis only focused on the microbiota outcomes of this study, clinical endpoints were also 

planned, including relief of IBS symptoms, evaluation of daily abdominal pain/discomfort, and 

stool frequency and consistency, as measured by the Bristol Stool Form Scale (BSFS). 

 

Fig. 1. Study scheme.  

 

6.3.2. Participants and samples 

34 patients were included in the intention-to-treat (ITT) population (n=17 randomized to 

sequence probiotic-placebo); 21 patients were included in the per-protocol (PP) population 

(n=10 randomized to sequence probiotic-placebo). Consequently, 136 fecal samples (collected 

at each Visit from V1 to V4) were included in the ITT analysis, 84 of which were included in the 

PP analysis. 

6.3.3. Microbiomic analysis of fecal samples 

The bacterial community structure of fecal samples was studied through metataxonomics by 

16S rRNA gene profiling. Total DNA was extracted from 150 mg of feces using a QIAsymphony 

PowerFecal Pro DNA Kit (Qiagen, Milan, Italy) following the manufacturer's instructions. The 

extracted DNA was checked for quality by measuring absorbance at 260/280 nm and 260/230 
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nm and was quantified through the Qubit Broad Range kit (Thermo Fisher Scientific, Waltham, 

MA, USA). NovaSeq 6000, 2x250bp (NovaSeq 6000 SP Reagent Kit, 500 cycles) was used to 

sequence the 16S rRNA gene amplicons encompassing the V3 and V4 variable regions 

obtained with primers 341F (5’-CCT ACG GGN GGC WGC AG-3’) and 805R (5’-GAC TAC 

HVG GGT ATC TAA TCC-3’) (LC Sciences, Houston, TX). The obtained sequencing reads 

were managed with the bioinformatic pipeline Quantitative Insights Into Microbial Ecology 

(QIIME) 2 version 2022.2 through the Divisive Amplicon Denoising Algorithm (DADA2; 

Callahan et al., 2016) adopting the Greengenes database v. 13_8 for taxonomic assignment 

to amplicon sequence variants (ASVs). To limit technological bias, the 16S rRNA gene profiling 

analysis has been carried out simultaneously with all fecal samples considered in this study. 

6.3.4. Quantification of small organic acids in fecal samples 

The following organic acids were detected in fecal samples: acetate, butyrate, propionate, 

valerate, isovalerate, lactate, and succinate. These molecules were detected and quantified in 

fecal samples by Ultra-Performance Liquid Chromatography–High-Resolution Mass 

Spectrometry (UPLC-HR-MS) on Acquity UPLC separation module (Waters, Milford, MA) 

coupled with an Exactive Orbitrap MS through a HESI-II probe for electrospray ionization 

(Thermo Scientific, San Jose, CA), as previously described in detail (Gargari et al., 2018). 

6.3.5. Data analysis, bioinformatics and statistics 

Statistical calculations, including partial least squares discriminant analysis (PLSDA), were 

carried out using R programming language (version 3.4.2). For paired/unpaired matches, 

Student’s t test or Mann-Whitney-Wilcoxon test, and repeated measure parametric or 

nonparametric ANOVA were adopted depending on normal distribution assessed through 

Shapiro-Francia test. Correlation analyses were carried out calculating the Kendall's τ rank 

correlation coefficient. 

6.4. Results 

6.4.1. Effect of the probiotic treatment on fecal taxonomic diversity 

The analysis of intra-sample biodiversity (α-diversity) was carried out with four indexes: 

Pielou’s (measure of evenness), Shannon’s entropy (considering both evenness and 

richness), observed-feature (measure of richness), and Faith’s phylogenetic diversity (PD). 

The treatments did not significantly change α-diversity, according to non-parametric ANOVA 

(Fig. 2A); α-diversity did not significantly change also when the PP population was considered 

(not shown). 
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The analysis of inter-sample biodiversity (β-diversity) with the UniFrac algorithms revealed that 

the treatments did not induce a significant change of the overall bacterial community structure 

of fecal samples both in the ITT (Fig. 2B) and PP (not shown) populations. 

A 
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Fig. 2. Biodiversity analysis in the ITT population.  A. α-diversity analyzed with four di fferent 
indexes that differently consider the evenness, richness, and phylogenetic distance of the 
bacterial taxa within each sample. P is according to non -parametric ANOVA. B. β-diversity studied 
by unweighted and weighted UniFrac algorithms.  
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6.4.2. Impact of the probiotic intervention on specific fecal bacterial taxa 

Non-parametric ANOVA revealed 20 taxa with a significantly different abundance between 

probiotic and placebo in the ITT population (Fig. 3A). Notably, the probiotic intervention induced 

a significant decrease of the phylum Actinobacteriota (formerly Actinobacteria) (mostly due to 

the reduction of the family Coriobacteriaceae) and a significant increase of the phylum 

Bacteroidota (formerly Bacteroidetes), together with the increase of the family 

Odoribacteraceae and the genera Butyricimonas and Odoribacter (Fig. 3A). In addition, 

several taxa of the phylum Pseudomonadota (formerly Proteobacteria) were significantly 

reduced after probiotic compared to placebo treatment, including the genera Paracoccus 

(class Alphaproteobacteria), Ralstonia (class Betaproteobacteria), Halomonas and Vibrio 

(class Gammaproteobacteria), and an ASV ascribed to the species Escherichia fergusonii 

(Gammaproteobacteria) (Fig. 3A). 

Five of the taxa found to be significantly changed during the intervention in the ITT population 

were also found significantly modified in the PP population analysis, viz. the phylum 

Actinobacteriota, the families Coriobacteriaceae and Odoribacteraceae, the genus 

Butyricimonas and the species Rothia mucilaginosa (Fig. 3B). In addition, the analysis of the 

PP population revealed the significant change of six other Bacillota taxa [3 within the order 

Bacilli, and 3 Eubacteriales (formerly Clostridiales)] and one Pseudomonadota genus 

(Desulfovibrio) (Fig. 3B). 

A 

 



97 
 
 

 

 

B 

 

Fig. 3. Fecal bacterial taxa that significantly changed their abundance during the ESA -19 trial. A. 
ITT population. B. PP population. Taxa with significantly changed abundance both in ITT and PP 
are reported in bold. P values are according to nonparametric ANOVA c arried out with CLR-
transformed bacterial abundances. The background color of P values indicates the increase 
(reddish background) or decrease (cyan background) of the corresponding bacterial taxon over 
the probiotic intake compared to placebo. The  white-to-red heatmap represents the mean CLR-
transformed abundances of the reported taxonomic units. The taxonomic l ineage of each taxon is 
shown: p, phylum; c, class; o, order; f, family; g, genus; s, species. Taxonomic names written in 
blue were determined through a manual BLASTN search in GenBank using the sequence of the 
corresponding reads. bef = before; aft = after.  

 

6.4.3. Impact of the probiotic intervention on fecal organic acids  

UPLC-MS was used to quantify in fecal samples the short chain fatty acids (SCFAs) acetate, 

propionate, butyrate, valerate and isovalerate, and the organic acids succinate and lactate. 

We found that the probiotic administration induced a significant reduction of the 

acetate/butyrate and propionate/butyrate ratios (Table 1, Fig. 4A) in the ITT population. The 

significant decrease of the propionate/butyrate ratio was also observed during the analysis of 

the PP population (Table 1, Fig. 4B). In addition, in the ITT population, a trend to significance 

was found for the increase of butyrate and the decrease of propionate (Table 1). 

A 

         Probiotic   Placebo 
      P   Before After   Before After 

Acetate     0.725   4.61 4.24   4.08 4.36 
Butyrate   + 0.074   2.43 3.10   3.74 2.58 

Propionate     0.132   1.12 0.98   0.96 1.12 
Valerate     0.694   1.23 1.07   1.26 1.30 

Succinate   + 0.071   0.08 0.17   0.12 0.10 
Isovalerate     0.523   0.58 0.61   0.56 0.57 

Lactate     0.489   0.04 0.03   0.03 0.03 
Acetate/Butyrate   * 0.042   1.41 1.23   1.26 1.33 

Propionate/Butyrate   *** 0.0008   0.43 0.27   0.30 0.35 
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B 
          Probiotic   Placebo 
      P   Before After   Before After 

Acetate     0.537   3.66 4.21   4.03 3.93 
Butyrate     0.152   2.23 2.95   3.98 2.55 

Propionate     0.100   1.08 0.97   0.92 1.15 
Valerate     0.140   1.24 1.13   1.21 1.42 

Succinate     0.555   0.09 0.15   0.10 0.09 
Isovalerate     0.478   0.56 0.59   0.57 0.53 

Lactate     0.355   0.04 0.05   0.03 0.03 
Acetate/Butyrate     0.468   1.23 1.25   1.21 1.29 

Propionate/Butyrate   * 0.013   0.42 0.22   0.26 0.38 
 

Table 1. Fecal concentration of organic acids in patients participating to the ESA -19 study. A, ITT 
population (n=34). B, PP population (n=21). Organic acid concentrations are expressed as 
mmol/100 g of feces. The ratio of the molar concentrations acetate/ butyrate and 
propionate/butyrate are also shown. Shapiro -Francia test revealed that only valerate in the PP 
population (indicated in blue) had a normal distribution. All data represent median values, except 
for valerate in the PP population, which is indicated with mean values. P is according to non-
parametric ANOVA, with only exception of the P for valerate in the PP population, which was 
calculated with parametric ANOVA. ***, P<0.001; *,  P<0.05; +, 0.05<P<0.10.  

 

Fig. 4. Ratio between the molar concentrations of propionate and butyrate in fecal samples. A. 
ITT population. B, PP population. All data represent median values. Statistics is according to non -
parametric ANOVA. ***, P<0.001; *, P<0.05.  

 

6.4.4. IBS patients can be stratified in two groups according to their fecal bacterial 

community structure at baseline 

Unsupervised clustering based on the fecal microbiomic data at baseline (i.e., at visit 1 as 

shown in Fig. 1) permitted the stratification of the patients in the ITT population (n=34) in two 

microbiomic groups, C1 (n=12) and C2 (n=22) (Fig. 5A). Group C2 was characterized by lower 

α-diversity due to a decreased taxonomic richness compared to group C1 (Fig. 5B). In addition, 

the abundance of numerous bacterial taxa (n=158 ASVs) was significantly different between 

C1 and C2 (, with an overall overrepresentation in C2 of the phyla Pseudomonadota (formerly 

Proteobacteria), Fusobacteriota (formerly Fusobacteria; due to the increase of the genus 
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Cetobacterium), Bateroidota (formerly Bacteroidetes; due to the increase of the families 

Prevotellaceae and Paraprevotellaceae), and Euryarchaeota (due to the increase of the class 

Methanobacteria) (Fig. 5C). On the other hand, the family Ruminococcaceae was 

overrepresented in C1 (Fig. 5C). 

Notably, a PLSDA supervised clustering carried out with IBS clinical data (stool frequency, fecal 

type, pain NRS) at baseline allowed a precise discrimination of the two microbiomic groups 

(Fig. 5D). In specific, compared to cluster C1, C2 had higher stool frequency (3.5 vs 1.5 

evacuations per day; P<0.01), fecal type (6 vs 4.5; P=0.061), and pain (5.8 vs 2.4 in NSR 

scale; P<0.001) (Fig. 5D). On the other hand, we did not find any significant difference between 

C1 and C2 regarding the fecal levels of organic acids (not shown). 

 

Fig. 5. Comparative analysis of the microbiomic groups C1 and C2. A. Cluster plot of the 
unsupervised clustering analysis. B. α-diversity; statistics is according to Mann-Whitney test; *,  
P<0.05; +, 0.05<P<0.10. C. cladogram representing the taxonomic differences between C1 and 
C2 determined through the Mann-Whitney test on CLR-normalized abundances of bacterial taxa. 
D. PLS-DA supervised clustering based on cl inical data. NRS, Pain Numeric Rating Scale. 
Statistics is according to Mann-Whitney test or unpaired t -test (in blue); *, P<0.05; ***, P<0.001; 
**, P<0.01; +, 0.05<P<0.10.  
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6.4.5. Impact of the probiotic intervention on microbiomic groups of patients 

The probiotic intervention did not affect α-diversity (not shown) but modified different specific 

bacterial taxa in C1 and C2 patients. In specific, in the ITT population of the C1 group (n=12), 

the probiotic intervention induced the modification of 19 bacterial taxa, including the decrease 

of the class Bacilli, and the increase of the order Eubacteriales (formerly Clostridiales) and the 

family Ruminococcaceae; the significant modification of 9 of these taxa was also confirmed in 

the analysis of the PP population of the C1 group (n=7) (Fig. 6). In the ITT population of the 

C2 group (n=22), the probiotic intervention induced the significant change of 15 taxa, including 

the decrease of the family Coriobacteriaceae and the increase of the genus Parabacteroides. 

Both bacterial taxa resulted significantly modified also in the analysis of the PP population 

(n=14) (Fig. 6). 

 

Fig. 6. Fecal bacterial taxa that significantly changed their abundance during the ESA -19 trial in 
the microbiomic groups C1 (on the left) and C2 (on the right). A . ITT population. B. PP population. 
P values are according to nonparametric ANOVA carried out with CLR -transformed bacterial  
abundances. Taxa with signif icantly changed abundance both in ITT and PP are reported in bold. 
The background color of P values indicates the increase (reddish background) or decrease (cyan 
background) of the corresponding bacterial taxon over the probiotic intake compared to placebo. 
The white-to-red heatmap represents the mean CLR-transformed abundances of the reported 
taxonomic units. The taxonomic l ineage of each taxon is shown: p, phylum; c, class; o, order; f,  
family; g, genus; s, species. Taxonomic names writ ten in blue were determined through a manual 
BLASTN search in GenBank using the sequence of the corresponding reads. bef = before; aft = 
after. 
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Concerning the fecal levels of organic acids, the intervention only induced a significant 

increase of succinate for probiotic compared to placebo in the ITT population of the C1 group, 

whereas no significant differences were observed in the PP analysis of C1 patients (Table 2). 

On the contrary, in patients of the microbiomic group C2, the probiotic intervention decreased 

propionate fecal levels and induced a significant reduction of the propionate/butyrate ratio both 

in the ITT and PP analyses (Table 2). 

A 

      Microbiomic cluster C1     Microbiomic cluster C2 

          Probiotic   Placebo         Probiotic   Placebo 

      P   Before After   Before After     P   Before After   Before After 

Acetate     0.961   3.82 4.76   3.64 4.21     0.764   4.33 4.16   4.27 4.47 

Butyrate     0.597   2.03 2.89   2.82 3.32     0.122   2.57 3.05   3.91 2.37 

Propionate     0.929   0.89 1.18   1.17 1.15   + 0.063   1.17 0.94   0.95 1.08 

Valerate     0.978   0.98 1.12   1.27 1.22     0.939   1.24 1.01   1.25 1.35 

Succinate   * 0.019   0.06 0.09   0.12 0.09     0.628   0.13 0.22   0.13 0.16 

Isovalerate     0.236   0.58 0.53   0.49 0.5     0.386   0.56 0.81   0.58 0.66 

Lactate     0.683   0.03 0.03   0.02 0.03     0.438   0.05 0.04   0.04 0.04 

Acetate/Butyrate     0.981   1.35 1.48   1.21 1.22     0.225   1.38 1.20   1.33 1.38 

Propionate/Butyrate     0.967   0.41 0.37   0.31 0.32   ** 0.006   0.36 0.22   0.31 0.34 

 

B 

      Microbiomic cluster C1     Microbiomic cluster C2 

          Probiotic   Placebo         Probiotic   Placebo 

      P   Before After   Before After     P   Before After   Before After 

Acetate     0.198   3.07 4.92   3.19 3.22     0.920   3.75 4.16   4.11 4.3 

Butyrate     0.454   2.29 3.1   2.78 2.65     0.289   2.23 2.64   4.22 2.44 

Propionate     0.503   1.19 1.19   1.06 1.25   * 0.046   1.08 0.94   0.92 1.10 

Valerate     0.339   1.18 1.34   1.12 1.56     0.444   1.24 1.01   1.21 1.47 

Succinate     0.210   0.06 0.11   0.08 0.07     0.859   0.10 0.18   0.10 0.14 

Isovalerate     0.686   0.58 0.51   0.42 0.44     0.646   0.54 0.72   0.58 0.66 

Lactate     0.533   0.03 0.06   0.01 0.02     0.507   0.05 0.04   0.05 0.04 

Acetate/Butyrate     0.430   1.23 1.07   1.2 1.23     0.651   1.27 1.29   1.26 1.29 

Propionate/Butyrate     0.188   0.45 0.26   0.23 0.43   * 0.015   0.35 0.22   0.32 0.34 

 

Table 2. Fecal concentration of organic acids in different groups of patients participating to the 
ESA-19 study. A. ITT population. B. PP population. Organic acid concentrations are expressed 
as mmol/100 g of feces. The ratio of the molar concentrations ac etate/butyrate and 
propionate/butyrate are also shown. Shapiro -Francia test revealed that only valerate in the PP 
population (indicated in blue) had a normal distribution. All data represent median values, except 
for valerate in the PP population, which is  indicated with mean values. P is according to non -
parametric ANOVA, with only exception of the P for valerate in the PP population, which was 
calculated with parametric ANOVA. **, P<0.01; *, P<0.05; +, 0.05<P<0.10.  
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Finally, we performed correlation analyses between the variation of taxa abundance and the 

variation of organic acids in order to find potential associations between the observed 

fluctuations in SCFAs and specific bacteria whose abundance significantly changed during the 

trial. Kendall’s correlation analysis revealed significant positive associations of propionate and 

the propionate/butyrate ratio with several bacterial taxa that resulted significantly reduced by 

the probiotic intervention, including the genus Collinsella (Coriobacteriaceae family), the family 

Leuconostocaceae and the genus Coprobacillus, which resulted also negatively correlated 

with butyrate (Fig. 7). 

 

Fig. 7. Correlation analysis between the variation of the bacterial taxa significantly modified in 
the ESA-19 study and the variation of organic acids during the probiotic intake. The blue -white-
red heatmap represents the τ coefficient of Kendall rank correlation. Asterisks indicate 
significance in the Kendall rank correlation: *P < 0.05; **P < 0.01; ***P < 0.001. The taxonomic 
l ineage of each taxon is shown: p, phylum; c,  class; o, order; f, family; g, genus; s, species. 
Taxonomic names writ ten in blue were determined through a manual BLASTN search in GenBank 
using the sequence of the corresponding reads.  

 

6.5. Discussion  

Several reports have associated IBS pathogenesis with dysbiosis, characterized by reduced 

microbial diversity and richness due to a shift from beneficial symbionts to pathobiont microbes 

in the human gut (Chong et al., 2019). For instance, the composition and activity of lactobacilli 
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and bifidobacteria are significantly disrupted in IBS patients (Bellini et al., 2014). A 2017 study 

also tried to identify a distinctive intestinal microbiota signature that could be associated with 

the severity of IBS (Tap et al., 2017). However, regarding the effect of the probiotic blend 

administered in the ESA-19 study on fecal taxonomic diversity, no significant changes were 

observed in α-diversity. Additionally, inter-sample biodiversity (β-diversity) analysis showed 

that the treatments did not significantly alter the overall bacterial community structure in the 

fecal samples. Conversely, non-parametric ANOVA identified 20 taxa with significantly different 

abundances between the probiotic and placebo groups. Notably, probiotic administration led 

to a significant decrease in the phylum Actinobacteriota (formerly Actinobacteria) and a 

significant increase in the phylum Bacteroidota (formerly Bacteroidetes). Moreover, several 

taxa within the phylum Pseudomonadota (formerly Proteobacteria), including the genera 

Paracoccus, Ralstonia, Halomonas, and Vibrio, were significantly reduced following probiotic 

treatment compared to placebo. Therefore, the ESA-19 study demonstrated that the daily 

intake of a sachet of Enterolactis® Ultra modifies the intestinal microbial ecosystem of non-

constipated IBS patients. Similarly, a previous pilot study evaluated the effects of Lactobacillus 

paracasei CNCM I-1572 (L. casei DG®) on clinical and gut microbiota-related factors in IBS 

patients. The authors demonstrated that the DG strain could modulate gut microbiota 

structure/function and reduce immune activation in IBS. Specifically, it led to a notable 

decrease in the genus Ruminococcus, a significant increase in the fecal SCFAs acetate and 

butyrate, and a marked reduction in the proinflammatory cytokine interleukin-15 in IBS patients 

(Cremon et al., 2018).  

Furthermore, Enterolactis® Ultra significantly reduced the fecal ratio of short-chain fatty acids 

(SCFAs), specifically acetate/butyrate and propionate/butyrate. Several studies have 

suggested the propionate/butyrate ratio as a potential biomarker for IBS (Fredericks et al., 

2020; Ringel-Kulka et al., 2015). In particular, Farup et al. (2016) demonstrated that the 

difference between propionic acid and butyric acid (mmol/l) was significantly higher in diarrhea-

predominant IBS patients. 

In our study, the probiotic's effect was particularly pronounced in a subgroup of patients 

identified through unsupervised clustering based on 16S rRNA gene profiling data, according 

to their baseline fecal bacterial community structure (microbiomic group C2). C2 patients were 

characterized by reduced α-diversity, attributed to decreased taxonomic richness compared to 

group C1, and an overrepresentation of several bacterial taxa from the phylum 

Pseudomonadota and the families Prevotellaceae and Paraprevotellaceae, compared to those 

in the C1 microbiomic group. Reportedly, the bacteria overrepresented in C2 patients have 
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been shown to exhibit pro-inflammatory properties in numerous studies (Larsen, 2017; 

Iljazovic et al., 2021; Fransen et al., 2017; Rizzatti et al., 2017; Shin et al., 2015). In addition, 

C2 patients were also characterized at the baseline by higher levels of stool frequency, fecal 

type, and pain compared to C1 patients. Moreover, in the C2 microbiomic group, the probiotic 

intervention resulted in decreased fecal propionate levels and a significant reduction in the 

propionate/butyrate ratio. As the effect of the probiotic was particularly noticeable in this patient 

subgroup, these findings suggest that the C2 group represents a subgroup of non-constipated 

IBS patients with enhanced dysbiosis marked by an abnormal butyrate/propionate ratio 

favoring propionate, which could contribute to worsening abdominal symptoms. In line with 

this, a recent study by Gargari et al. (2023) categorized non-constipated patients into two 

distinct subgroups based on their fecal SCFA levels (fecal catabotype “high” and “low”). Each 

subgroup was associated with different bacterial taxonomic profiles, suggesting that a fecal 

catabotype with higher SCFA levels might represent a distinct clinical phenotype of IBS, 

potentially influencing its diagnosis and treatment. Moreover, these results indicate that non-

constipated IBS patients exhibit significant alterations in their fecal microbiome compared to 

healthy controls, with an overrepresentation of the genera Collinsella (particularly the species 

Collinsella aerofaciens), as well as the genera Clostridium and Ruminococcus.  

Correlation analysis revealed significant positive associations between propionate and the 

propionate/butyrate ratio with several bacterial taxa, significantly reduced by the probiotic 

intervention. These taxa include the genus Collinsella, the family Leuconostocaceae, and the 

genus Coprobacillus, which also exhibited negative correlations with butyrate levels. In a 

recent study focused on identifying markers to recognize non-constipated IBS patients who 

might experience significant clinical improvements with the probiotic strain L. casei DG®, C. 

aerofaciens was identified as a potential predictor of probiotic efficacy (Gargari et al., 2024). 

Indeed, the intake of the probiotic product investigated in this study could improve the 

butyrate/propionate ratio by decreasing the abundance of bacterial taxa, such as the 

Actinobacteriota family Coriobacteriaceae. 

6.6. Conclusions 

In this intervention trial, administering the multi-strain probiotic product Enterolactis® Ultra, 

which contains L. paracasei DG, to non-constipated IBS patients altered the intestinal microbial 

ecosystem and reduced the propionate/butyrate ratio in their feces. This ratio was observed to 

be significantly elevated in patients with diarrhea-type IBS and has been proposed as a 

potential biomarker for this condition. Consequently, this study highlights the importance of 
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identifying predictors for developing personalized management strategies for IBS. Numerous 

existing and emerging treatment options effectively exist, but each IBS patient may need a 

tailored approach. There are still gaps in understanding the extent of dysbiosis in the 

microbiota of IBS patients and the pathophysiological mechanisms through which targeted 

therapies can address these imbalances. Once these "missing links" are identified, precision 

medicine can be developed to address the various IBS subtypes and account for individual gut 

microbial ecosystem and dietary differences. 
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7. Conclusions and Future Perspectives 

An ideal probiotic should be of human origin, safe, and lack any genetic tract that could transfer 

antibiotic resistance. Furthermore, it should exhibit antagonistic activity against pathogens, 

stimulate the immune system, and, most importantly, as a consequence, deliver measurable 

benefits to the host. Furthermore, to provide health benefits in the human gut, a probiotic 

should possess a strong ability to survive the harsh conditions of the intestinal environment, 

including acidic pH, enzymes, and bile salts (Plaza-Diaz et al., 2019). In addition, to permit its 

employment at the industrial level, a probiotic strain must withstand various stress conditions, 

such as oxidative, osmotic, cold, and acidic environments, and long-term storage (Hill et al., 

2018). The properties mentioned above are mostly strain-specific. Therefore, the intrinsic high 

heterogeneity within the L. paracasei species makes these microbes an excellent source for 

identifying new probiotic candidates with distinct technological and health-promoting properties 

(Azaïs-Braesco et al., 2010). 

The probiotic strain L. paracasei DG (LC-DG) is particularly noteworthy for effectively surviving 

gastrointestinal transit (GIT) in adults and children. It has been shown to modulate the intestinal 

microbial ecosystems of healthy adults by influencing the gut microbiota's taxonomic 

composition (Ferrario et al., 2014) and to impact the host immune response through its unique 

exopolysaccharide (EPS) capsule (Balzaretti et al., 2017). LC-DG has also shown therapeutic 

potential for various dysfunctions and pathological conditions, including irritable bowel 

syndrome (IBS) (Compare et al., 2017; Cremon et al., 2011; Gargari et al., 2024), ulcerative 

colitis (UC) (D’Incà et al., 2011), and diverticular disease (DD) (Turco et al., 2017; Tursi et al., 

2013).  

In order to continuously provide its positive effects, any probiotic strain must be genetically 

stable over numerous years of industrial production. Nonetheless, such property has been 

very rarely investigated. In other words, it is necessary to confirm that strains marketed today 

have the same genetic makeup as those used in the clinical studies on which their health 

benefits have been assessed (Sybesma et al., 2013). Starting from this assumption, the first 

part of this thesis employed a quality assurance approach to evaluate and confirm the stability 

of the LC-DG genome. This study demonstrates that the LC-DG strain isolates remain 

substantially equivalent in genotype and phenotype across different industrial batches 

produced for over a decade. Our results contribute to the discussion on the effectiveness of 

current industrial production practices in preventing genome alterations that could compromise 

the performance of probiotics, ensuring both producers and consumers. However, to mitigate 
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the risk of genetic drift during industrial production and guarantee probiotic product reliability, 

we recommend periodically extending similar quality control measures for all microbial strains. 

To our knowledge, this is the first study to report on the genetic stability of a probiotic bacterium 

for over ten years of biomass production, based on a complete genome analysis at the single 

nucleotide level and supported by phenotypic evidence.  

A robust body of scientific literature, including studies conducted with the bacterial strains of 

the AminoAlta™ probiotic formulation (AApf), has shown that L. paracasei delivers a wide 

range of benefits in a strain-specific manner across various health conditions and through 

multiple mechanisms (Balzaretti et al., 2015; Cremon et al., 2018; Ferrario et al., 2014; 

Taverniti et al., 2021). Besides enhancing the absorption of amino acids from plant proteins 

(Jäger et al., 2020), the second part of this PhD project explored the hypothesis that AApf 

might also exhibit probiotic properties that benefit athletes' health. Inflammation and oxidative 

stress are closely linked and contribute to the disruption of the epithelial barrier, a key 

mechanism underlying exercise-induced muscle damage. With approximately 70% of the 

immune system located in the gut, administering specific anti-inflammatory probiotic strains 

has been associated with enhanced recovery from muscle-damaging exercise (Jäger et al., 

2016). Moreover, while probiotics are traditionally recognized for their gastrointestinal health 

benefits, a recent study has explored their potential ergogenic effects on exercise performance 

(Huang et al., 2019). Our study indicates that AApf may demonstrate the fundamental 

mechanisms underlying the beneficial effects observed with probiotic supplementation 

following intense physical activity, including the reduction of ROS in enterocytes, anti-

inflammatory activity, macrophage stimulation, and maintenance of the epithelial barrier. 

Although derived from in vitro experiments, the results of this study provide a rationale for 

further research to validate the health-promoting properties of AApf in an athletic population. 

One approach could be conducting a clinical trial administering AApf and protein supplements 

to athletes, aiming to achieve both benefits, i.e., enhanced amino acid absorption and the 

observed in vitro advantages. Two factors support the likelihood that the results of this study 

could accurately predict an impact on human health in vivo: First, the two bacterial strains in 

AApf have already been shown to survive gastrointestinal transit (Balzaretti et al., 2015). 

Second, our experiments utilized the same industrial formulation used in the clinical trial (Jäger 

et al., 2020), already available on the market. 

Detailed characterizations of probiotic bacteria, including the mechanisms involved, are 

essential for guiding consumers and clinicians in making more informed choices when 

selecting or recommending a product. Such characterizations must include evaluating the 
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probiotic strain’s ability to modulate the intestinal microbiota. The last part of this PhD project 

was inspired by the study of Francavilla et al. (2019), which evaluated the clinical and 

microbiological effects of multispecies probiotic supplementation in patients with celiac disease 

(CD) exhibiting IBS-type symptoms. The overlap in the clinical manifestations of these two 

conditions (Verdu et al., 2009) might partly be explained by the similarity in microbiota 

modifications among patients with CD and IBS (Rajilić–Stojanović et al., 2011). Moreover, it is 

essential to demonstrate the efficacy of a probiotic mixture, as different strains can act as 

antagonists, inhibiting the probiotic activity of other microorganisms and slowing the rate of 

microbial growth (Toscano et al., 2017). Based on this background, our in vivo intervention trial 

ESA-19 showed that the daily intake of a sachet of Enterolactis® Ultra containing LC-DG in 

non-constipated IBS (NC-IBS) patients altered the intestinal microbial ecosystem, resulting in 

a significant reduction in the ratio between fecal levels of the short-chain fatty acids (SCFAs) 

propionate and butyrate. This ratio was found to be significantly elevated in patients with 

diarrhea-predominant IBS (IBS-D) and has been proposed as a potential biomarker for IBS 

(Farup et al., 2016). Furthermore, Ferrario et al. (2014) have concluded that the effect of LC-

DG intake on the microbiota might protect the host in physiological conditions linked to altered 

butyrate levels (Bourdu et al., 2005; Duncan et al., 2007; Jeffery et al., 2012; Leonel & Alvarez-

Leite, 2012; Payne et al., 2011; Teixeira et al., 2013; Turnbaugh et al., 2006). Consequently, 

our study emphasizes the need to identify predictors for personalized IBS management 

strategies, such as fecal butyrate content, which could serve as an important biomarker for 

determining individuals who may benefit from probiotic treatment. 

Overall, the results of this PhD thesis contribute to evaluating the stability and efficacy of the 

industrial biomass of L. casei DG® in both preclinical and clinical contexts, whether used alone 

or in combination with other bacterial strains. It can be concluded that the in vitro and in vivo 

studies carried out during this PhD project have helped enhance the quality and expand the 

body of knowledge concerning one of the most well-characterized probiotic strains available 

on the market.  
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