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Abstract
OBJECTIVE The main objective was to verify the behavior of the probiotic  Pediococcus acidilactici UL5 and 
its bacteriocin – pediocin PA-1 – in simulated gastro-intestinal conditions. 

METHODS P. acidilactici UL5 was added to a multi-compartmental dynamic human digestion model.  
Samples were withdrawn in each compartment during the digestion process to assess P. acidilactici UL5  
viability, its pediocin PA-1 expression (using RT-qPCR) and production and the activity of the latter against  
Listeria sp.. Colonic conditions were  simulated in a Macfarlane-modified medium. A terminal ileum model 
was made by incubating a human microbiota sample in a glass reactor containing  immobilized P. acidilactici 
UL5. 

RESULTS P. acidilactici UL5 was shown to resist the simulated gastric, duodenal, jejunal and ileal envi-
ronments. P. acidilactici UL5 retained its  ability to produce the bacteriocin pediocin PA-1 throughout all 
 compartments when exposed to low pH, bile salts and degradative enzymes with a survival rate of 17%. It 
was also demonstrated that pediocin PA-1 operon genes remained active in the gastro-intestinal environment. 
Furthermore, P. acidilactici UL5 was able to grow and produce an active pediocin PA-1 in culture conditions 
mimicking the colonic environment. P. acidilactici UL5 did not affect the ileal microbiota composition. 

CONCLUSION P. acidilactici UL5 represents a promising candidate as a probiotic strain capable of survi-
ving the gastro-intestinal environment while producing, in situ, an active bacteriocin. Moreover, the absence 
of a negative impact of P. acidilactici UL5 on the ileal microbiota is in line with the observation that pediocin 
PA-1 did not affect the growth of several commensal intestinal bacteria.

Introduction
Probiotics’ benefits go beyond the bacterial cell itself. Indeed, various metabolites can be secreted from 
probiotic strains  impacting the whole microbiota and the host physiological responses. Bacteriocins represent 
an important category of such  metabolites. 

Bacteriocins are relatively short peptides and their production is a common trait of commensal bacteria 
colonizing the gut  microbiota. Primarily known for their antimicrobial activity, gut resident commensal bac-
teria produce and use bacteriocins to promote microbiota diversity, dynamism and stability. The production 
of bacteriocins may offer a competitive advantage over microbes that cause dysbiosis. In other words, the 
production of bacteriocins could strengthen the ecological fitness of the gut microbiota.

Proacticin™ PA is a system combining the probiotic strain Pediococcus acidilactici UL5, a member of the  
Lactic Acid Bacteria (LAB) group, with its secreted bacteriocin pediocin PA-1. Proacticin™ PA resists a 
gastro-intestinal simulated environment and possesses a targeted action against Listeria sp., a potentially 
dangerous foodborne pathogen.

Proacticin™ PA: A post-biotic system

• Pediococcus acidilactici UL5 possesses plasmidic gene clusters to synthesize pediocin PA-1

• Pediocin PA-1 is ribosomally synthesized as a pro-peptide and internally processed into  
a functional bacteriocin

• Pediocin PA-1 is secreted out through the trans-membrane ATP-binding cassette  
(ATP) transporter

Post-biotic secretion  
of pediocin PA-1
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Bacteriocin approach
The bacteriocin targets the mannose  
phosphotransferase (Man-PTS) in the 
membrane of sensitive cells. The Man-PTS 
serves as a sugar transporter of a variety 
of hexoses including mannose, glucose and 
fructose

Target recognition
The N-terminal portion of the bacteriocin 
interacts with the extracellular domain of the 
Man-PTS.  Subsequently, the more hydropho-
bic C-terminal inserts in the trans-membrane 
domain

Pore formation
The conformational change in the Man-PTS 
and the subsequent destabilization of the 
membrane integrity creates a pore through 
which an efflux of key metabolites leads to 
cell death
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The molecular action  
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TEM image of a Listeria bacterium  
targeted by pediocin PA-1

Transmission electron microscopy (TEM) was done in order to visualize intracellular morpholo-
gical changes in Listeria monocytogenes LMA 1045 during exposure to pediocin PA-1. A Listeria 
suspension was added a pediocin PA-1 solution.  After 5 min at 37°C, samples were fixed and 
processed for TEM observation with a 1200 EX microscope (JEOL) at 80KV.

Dynamic human digestion model:  
TIM-1*

Diagram of the dynamic simulator of the digestive conditions of the stomach 
and small intestine controlled by computer (TIM-1) 1: (A) compartment of the 
stomach; (B) pyloric sphincter; (C) duodenal compartment; (D) peristaltic 
valve; (E) jejunal compartment; (F) peristaltic valve; (G) ileal compartment; 
(H) ileocaecal sphincter; (I) pH electrodes; (J) bottles of gastric acid and  
enzyme secretions; (K) bottles of duodenal secretions with bile, pancreatin, 
bicarbonate; (L) bicarbonate to control intestinal pH; (M) prefilter system; (N) 
semi-permeable hollow fiber membrane system; (O) absorption system; (P) 
closed dialysis system.

* Gut 2008;57:25–32

Conclusions
• Proacticin™ PA survives a gastro intestinal tract modelized environment

• The strain Pediococcus acidilactici UL5 maintains the ability to produce the bacteriocin pediocin PA-1, in situ, in a gastro-intestinal tract modelized environment

• The bacteriocin pediocin PA-1 is active against pathogenic Listeria sp.

• Proacticin™ PA does not affect the ileal microbiota

• Proacticin™ PA could represent a key bio-active ingredient for probiotic formulations 

efficacy of enzymes and drugs for therapeutic use in the
gastrointestinal tract of humans, a dynamic, multicomparti-
mental in-vitro system was developed.27 Validation studies
demonstrated that this system, called TIM (TNO gastro-
intestinal model), allows a close simulation of in-vivo dynamic
physiological processes that occur within the lumen of the
stomach and small intestine of humans and reliably predicts in-
vivo data.28–30 The system is fully computerized and is based on
parameters obtained from data of healthy volunteers. The main
parameters of digestion, such as pH, body temperature,
peristaltic mixing and transit, salivary, gastric, biliary, and
pancreatic secretions, as well as the absorption of small
molecules (e.g. nutrients and drugs) and water are simulated.
Gastrointestinal passage and successive conditions can be
adjusted in order to mimic parameters in humans at different
stages (infant, adult, and elderly), different food intakes, and
physiological or pathological conditions (such as gastric
hyperacidity or pancreatic failure).30 31

The results of the present study demonstrated that gluten
degradation was strongly accelerated by the presence of AN-PEP
in the stomach compartment. AN-PEP was capable of degrading
all T-cell stimulatory epitopes of gluten tested to levels below
the detection limit of the methods used. The co-administration
of AN-PEP with a gluten-containing meal may thus be a feasible
approach to detoxify gluten before it can do harm in the small
intestine of coeliac disease patients. This may offer patients an
alternative to the strict gluten-free diet and thereby improve
their quality of life.

MATERIALS AND METHODS

Enzyme prolyl endoprotease from Aspergillus niger
AN-PEP was produced and purified by DSM Food Specialties
(Delft, the Netherlands) according to established procedures.32

Activity of the protein is expressed in proline protease units
(PPU). A PPU is defined as the quantity of enzyme that releases
1 mmol of p-nitroanilide per minute at 37uC in a citrate/
disodium phosphate buffer pH 4.6 and at a substrate concen-
tration of 0.37 mM Z-Gly-Pro-pNA (Bachem, Bubendorf,
Switzerland) and represents 10 mg of pure protein. The reaction
products were monitored spectrophotometrically at 405 nM.

TIM experiments
The TIM has been described in detail previously.27–31 This model
has compartments for the stomach, duodenum, jejunum and
ileum (fig 1). Each compartment has a flexible inner wall
surrounded by water at 37uC. Changing water pressure
squeezes the walls to simulate peristaltic mixing of the food
with the ‘‘secreted’’ electrolytes and enzymes. The transport of
the chyme is regulated by the peristaltic valves that connect the
successive compartments. Using various sensors in the compart-
ments, the pH values, temperature, volumes, and pressure, as
well as the gastric emptying and small intestinal passage of the
food are computer controlled according to pre-set curves. For
the present experiments all parameters in TIM were adjusted to
simulate the average physiological conditions in the gastro-
intestinal tract of young healthy adults after the intake of the
type of meal as described below. During 2.5 hours the gastric

Figure 1 Schematic diagram of the
dynamic, multi-compartmental model of
the stomach and small intestine (TIM
system). (A) Stomach compartment; (B)
pyloric sphincter; (C) duodenum
compartment; (D) peristaltic valve; (E)
jejunum compartment; (F) peristaltic
valve; (G) ileum compartment; (H) ileo-
caecal sphincter; (I) pH electrodes; (J)
gastrin secretion bottles with acid and
enzymes; (K) duodenal secretion bottles
with bile, pancreatin, bicarbonate; (L)
secretion of bicarbonate to control the
intestinal pH; (M) pre-filter system; (N)
hollow fibre semi-permeable membrane
system; (O) water absorption system; (P)
closed dialysing system. For 2.5 h the
gastric content was mixed by peristaltic
movements with added saliva and gastric
juice (NaCl (4.8 g/L), KCl (2.2 g/L), CaCl2
(0.22 g/L) and NaHCO3 (1.5 g/L) with
pepsin 500 KU/L (Sigma, P-7012) and
gradually delivered into the small intestine
via the ‘‘pyloric valve’’. Throughout the
transit in the duodenum compartment the
content was mixed by peristaltic
movements with bicarbonate up to
pH 6.4 (SD 0.2) and with ‘‘secreted’’ bile
and pancreatic juice. Also in the jejunum
and ileum compartments the content was
mixed with bicarbonate up to pH 6.8 (SD
0.2) and pH 7.1 (SD 0.2), respectively.
The digested compounds were dialysed
continuously from the jejunum and ileum
compartments via semi-permeable hollow
fibre membrane systems.

Coeliac disease

26 Gut 2008;57:25–32. doi:10.1136/gut.2006.111609
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Proacticin™ PA resists the dynamic human digestion model
Pediococcus acidilactici UL5 was placed (white dots) on 
a culture of Listeria sp. in a Petri dish. Growth inhibition 
is shown as dark zones around the white dots. The assay 
was made at least in duplicates.

• Pediocin PA-1 does not affect the integrity of the ileal microbiota
• P. acidilactici UL5 grows in colonic culture conditions while producing an active pediocin PA-1

P. acidilactici sample Listeria sp.  
growth inhibition zone 
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