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Background: Clostridium difficile is a natural resident of the intestinal microbiota; however, it becomes harmful
when the normal intestinal microbiota is disrupted, and overgrowth and toxin production occurs. The toxins
can cause bloating and diarrhoea, which may cause severe disease and have the potential to cause outbreaks in
hospitals and other healthcare settings. Normally, antibiotic agents are used for treatment, although for some
of the patients, these treatments provide only a temporary relief with a recurrence of C. difficile—associated
diarrhoea.

Objective: The effects of polydextrose (PDX), Lactobacillus acidophilus NCFM, and L. paracasei Lpc-37 on
the growth of C. difficile were investigated in an in vitro model of infected human large intestine.

Design: The semi-continuous colonic model is composed of four connected vessels inoculated with human
faecal microbes and spiked with pathogenic C. difficile (DSM 1296). PDX in two concentrations (2 and 4%),
NCFM, and Lpc-37 were fed to the system during the 2-day simulation, and the growth of C. difficile and
several other microbial groups were monitored using quantitative polymerase chain reaction (QPCR) and 16S
rDNA sequencing.

Results: The microbial community structure of the simulation samples was closely grouped according to
treatment, and the largest shifts in the microbial composition were seen with PDX. The microbial diversity
decreased significantly with 4% PDX, and the OTU containing C. difficile was significantly (p <0.01) decreased
when compared to control and lactobacilli treatments. The mean numbers of C. difficile also decreased as
detected by qPCR, although the reduction did not reach statistical significance.

Conclusions: The treatments influenced the colonic microbiota, and a trend for reduced numbers of C. difficile
as well as alterations of several microbial groups could be detected. This suggests that PDX may be able
to modulate the composition and/or function of the colonic microbiota in such manner that it affects the
pathogenic C. difficile.
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lostridium difficile is a natural resident of the

‘ intestinal microbiota in infants (up to 70%) (1) and
adults (up to 17%) (2), but it is also the most
common infectious agent in antibiotic-associated diar-
rhoea (AAD) (3). AAD occurs in about 10% of patients
receiving antibiotics, of which C. difficile infection (CDI)
accounts for 20% (4), when the antibiotic treatment offers
an opportunity for the pathogen to increase in numbers.
In addition, C. difficile produce toxins that can cause
bloating and diarrhoea. A dramatic change in the epide-
miology of CDI has occurred during the last two decades.
From being considered as an easily treated side effect of

antibiotic usage, it iS now concomitant with severe
nosocomial disease outbreaks with increased morbidity
and mortality. Most individuals with C. difficile symptoms
are elderly (>60 years), and increasing age has been
identified as a risk factor for both C. difficile acquisi-
tion and C. difficile—associated diarrhoea (CDAD) (5).
Moreover, elderly subjects are more likely to require anti-
biotic treatment, and community-acquired CDAD appears
to occur more commonly among elderly (6).
Polydextrose (PDX) is a randomly linked oligomer
synthesised by condensation of glucose. PDX is used as a
food ingredient classified as soluble fibre by the US Food
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and Drug Administration (FDA), Health Canada as well
as the European Union. It is commonly used to increase
the dietary fibre content of food, to provide bulk in the
replacement of sugar, and to reduce calories and fat
content. PDX is only partially fermented by the gut
microbiota and has been shown to develop a favourable
intestinal microbiota (bifidobacteria and lactobacilli) as
well as induce an increased production of short-chain
fatty acids (SCFAs), including butyrate, through micro-
bial fermentation in the colon, and thus, decrease colonic
pH (7). Probiotics on the other hand are able to inhibit,
displace, and compete with pathogens, although these
abilities are strain-dependent. Lactobacillus acidophilus
NCFM has been shown to have antimicrobial activity (8),
as well as the ability to inhibit the adhesion of and displace
pathogens (9). Lactobacillus paracasei Lpc-37 has been
shown to pose immunomodulatory properties in adults
(10, 11), suggested as being able to alter the activity
of intestinal microbiota (6) and reduce the risk for
community-acquired diarrhoea in children (12).

Different animal and in vitro models have been provid-
ing insight into disease pathophysiology for several decades
(13-15). Experimental studies using animal models have
major advantages over clinical studies, such as availability
of study subjects, standardisation of disease severity, the
ability to perform invasive tests, extensive tissue sampling,
and the possibility to test novel treatment strategies.
However, in vitro models of C. difficile have evolved into
a practical alternative to animal models in many respects.
These models offer the advantages of a high degree of
control, larger numbers of replicates, as well as elimina-
tion of ethical issues arising with animal models. However,
the interaction of host-related factors, for example,
immunological events in the disease process, cannot be
represented by the in vitro models.

The European Food Safety Authority (EFSA) has
published an opinion that states that reducing the numbers
of specific pathogenic microbes in the colon, for example,
C. difficile, is a beneficial physiological effect as such and
contributes to reduced risk for gastrointestinal infections
(16). The objective of the present study was to investigate
the effects of two probiotics (L. acidophilus NCFM and
L. paracasei Lpc-37) and a prebiotic (PDX) on the growth
of pathogenic C. difficile, by using an in vitro model of the
human large intestine infected by C. difficile.

Materials and methods

Human colon simulator

The Enteromix model of the human large intestine has
been previously used in several different studies that
have investigated the fermentation and function of pre-
biotic and probiotic ingredients in the colon (17-19). The
simulator consists of four different units, each of which
contains four semi-continuously connected glass vessels.

Therefore, it is possible to run quadruple simulations
simultaneously (i.e. to analyse four different treatments
in parallel). The vessels in one unit (V1-V4) model the
different compartments of the human colon from prox-
imal to the distal part, each having a different pH and
flow rates. At the start of a simulation, each unit was ino-
culated with pre-incubated faecal microbes, which form
the microbiota of the colonic model. In this study, fresh
faecal inoculum from healthy volunteers was spiked
with viable C. difficile (DSM 1296; 1.8 x 106+2.25 x 10°
CFU/ml) before inoculation. Faecal donors had not used
antibiotics or laxatives at least 3 months before donation,
nor had they used probiotic bacteria 3 weeks before
donation. Two concentrations of PDX (DuPont Reigate,
UK) (2 and 4%), Lactobacillus acidophilus NCFM (ATCC
700396, 3.6 x 10%+1.5 x 108 CFU/ml), and L. paracasei
Lpc-37 (ATCC SD5275,2 x 107 +1.9 x 10’ CFU/ml) were
tested. The test substrates were added to a synthetic
medium (20) and fed in 3-h cycles to simulated colon
model for 48 h, during which transition of fermented fluids
and microbes and feeding of fresh medium occurred.
Anaerobic conditions were maintained by flushing the
simulator with gaseous nitrogen. At the end of simula-
tions, the microbial slurry was collected from all vessels
and stored frozen until subjected to microbial and meta-
bolic analyses to investigate the composition and function
of the microbiota. Simulations were performed at least in
triplicate for each test component and control.

Flow cytometry and quantitative polymerase

chain reaction

Flow cytometry was utilised as previously described (21)
for enumeration of C. difficile cultures used for spiking
of the simulations as well as the L. acidophilus and
L. paracasei cultures, while quantitative polymerase chain
reaction (QPCR) was used for quantification of the follow-
ing bacterial groups or species as previously described:
Bifidobacterium spp, C. difficile, Clostridium leptum sub-
group 1V, Clostridium coccoides/ Eubacterium rectale
(clostridium cluster XIVa), Bacteroidetes, Lactobacillus spp.,
L. acidophilus, L. paracasei, Faecalibacterium prausnitzii,
and Roseburia intestinalis (19, 20, 22-25).

Barcoded 16S rRNA amplicon sequencing

Genomic DNA was isolated using the Wizard Genomic
DNA Purification Kit (Promega, Madison, WI), and
the microbial community composition was analysed
using barcoded pyrosequencing. For each simulation, the
donor inoculum and a control (no test substrates) were
sequenced in addition to samples containing the test
substrates. The V4 region of the 16S rRNA gene of
Bacteria and Archaea was amplified using primers 515F
(5 GTGCCAGCMGCCGCGGTAA 3’) and R806 (5
GGACTACVSGGGTATCTAAT 3’) including sequen-
cing adapters (Roche Applied Sciences, Indianapolis, IN)
and a unique 10-bp barcode that was added to the reverse
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primer (26). The 25 pl polymerase chain reaction (PCR)
reaction contained 2 pl of genomic DNA, a 2 x concentra-
tion of HotMaster Taq polymerase (SPrime, Gaithersburg,
MD), 10 uM of each primer, and PCR-grade water to
25 pl. The PCR reactions were amplified using the
following conditions: initial denaturation at 95°C for
2 min, followed by 30 cycles of 95°C for 30 s, 55°C for
60 s, 70°C for 60 s, and final extension at 70°C for 4 min.
Triplicate PCR reactions were pooled and checked for
amplification by gel electrophoresis, followed by PCR
purification using the QIAquick PCR purification kit
(QIAGEN, Valencia, CA) and quantification using the
Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA). The
barcoded PCR products were pooled in equimolar
amounts from each sample, gel purified using the QIA-
quick Gel Extraction kit (QIAGEN) and sequenced
at the W. M. Keck Center for Biotechnology at the
University of Illinois using the Roche GS-FLX 454
pyrosequencer with Titanium chemistry (Roche Applied
Sciences, Indianapolis, IN).

The sequencing data were analysed using the QIIME
(v. 1.6) pipeline (27). The sequences were de-multiplexed
and filtered for quality using the following criteria: no
more than two mismatches in the primer sequence,
minimum quality score of 25, maximum of six homo-
polymers, no ambiguous bases allowed, and a minimum
sequence length of 200 bp. The sequences were clustered
de novo into operational taxonomic units (OTUs) at a
97% similarity level using UCLUST (28), aligned to the
Greengenes core set (gg_12_10_otus; available from www.
greengenes.lbl.gov/) using PyNAST (29), filtered for
alignment gaps, and assigned a taxonomic identification
by retraining the Ribosomal Database Project (RDP)
Classifier (30) with the Greengenes core set.

Metabolite analysis

Metabolites produced by the microbiota during the 2-day
simulation were analysed with high-performance liquid
chromatography (HPLC) and gas chromatography (GC),
as previously described (31). The concentrations of SCFA,
branched fatty acids (BCFA), lactic acid, and biogenic
amines (BA) were determined.

Statistical analyses

The statistical differences between the treatments were
determined using paired z-test and obtained p-values
of 0.05 or less were considered statistically significant.
Comparisons were made against the control simulations.
In colon fermentation studies, the samples from all vessels,
V1-V4, were treated as one group when comparing the
treatments to each other. Statistical analyses for the 16S
rDNA pyrosequencing were done in the QIIME pipeline.
The relative abundance of the microbial taxa was calcu-
lated as a percentage of the total sequence reads for each
sample, and a false discovery rate (FDR)-corrected
ANOVA (32) was used to identify differences among the

Effect of polydextrose and probiotic lactobacilli

groups. Beta diversity was calculated using unweighted
UniFrac (33) on a rarefied (5,348 sequences per sample)
OTU table and visualised using principal coordinate
analysis (PCoA). The significance of sample groupings
based on the distance matrix was tested with permuta-
tional multivariate analysis of variance (PERMANOVA)
(34) using 999 permutations for derivation of p-values. For
all tests, p <0.05 was considered statistically significant.

Results

Based on results from the qPCR assays, the two
Lactobacillus strains did not have any significant effects
on the growth of C. difficile in the colonic model, as
the numbers of this pathogenic microbe were similar to
the levels measured in the control simulations (Fig. 1).
Differences were detected within a simulation unit, espe-
cially for Lpc-37 where the numbers of C. difficile were
fluctuating between the vessels. PDX had some effects on
the growth of this pathogenic microbe: the average
numbers of C. difficile decreased with both concentrations
(2 and 4%) with more than one log (from 8.5-9.0 logl0
to 4.5-6.9 logl0/ml simulation media in average) in the
distal part of the colonic model (vessels V3 and V4, data
not shown). However, this reduction was not statistically
significant. The effect of these substrates on the growth
of other microbial groups was also investigated. The
4% concentration of PDX had significant effects on the
growth of Bifidobacterium (p <0.001), C. leptum subgroup
IV (p <0.001), clostridium cluster XIVa (p <0.001),
Bacteroidetes (p <0.01), F. prausnitzii (p <0.001), and
R. intestinalis (p <0.01). A less pronounced effect was
detected for the 2% PDX concentration, for which a
small increase in the numbers of Clostridium histolyticum
(» <0.05) and clostridium cluster XIVa members
(» <0.001) were detected. The C. histolyticum group
contains pathogenic C. difficile in addition to the other
non-pathogenic clostridia. The tested probiotic lactoba-
cilli had fewer effects than PDX on the colonic model
microbiota composition. Both strains increased the num-
bers of total lactobacilli, as expected, as well as strains
resembling L. acidophilus NCFM and L. paracasei Lpc-37,
but other microbial groups remained mainly unaffected.
Only the abundance of Bacteroidetes (p <0.01) and F
prausnitzii (p <0.05) was increased by NCFM on the
whole length of the colon model.

Characterisation of the colonic microbiota

The relative abundance of microbial taxa derived from 16S
rDNA pyrosequencing was compared between the donor
faecal inoculum samples and the control vessels from each
simulation to validate the model system (Fig. 2). Overall,
the community composition was relatively consistent
between the donor inoculum and control samples from
each simulation (Fig. 3), as shown by significant (PER-
MANOVA, p=0.001) sample clustering by simulation
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Fig. 1. The quantity of microbial groups/species as log 10 per ml simulation media measured by qPCR showed as box plots for the
V1-V4 vessels combined. The top and the bottom of the box represent upper and lower quartiles, respectively, and the band within
the box is the median. The whiskers indicate the minimum and the maximum. Significant data are marked with asterisks, *p <0.05,

**p <0.01, and ***p <0.001.

based on the unweighted UniFrac distances. However,
it was noted that the Pseudomonadaceae were in higher
abundance in the control samples compared to the
inoculum, and Ruminococcus was less prevalent in the
controls compared to the inoculum. This may indicate
that the simulation conditions in the vessels were not ideal
for the growth of Ruminococcus species.

At the phylum level of classification, the faecal micro-
biota in all samples was dominated by Firmicutes (57.2%
abundance), followed by Bacteroidetes (23.7%), Actino-
bacteria (13.2%), Proteobacteria (4.9%) and less than
1% Verrucomicrobia, Tenericutes, and Lentisphaerae.
Interestingly, the Bacteroidetes were less abundant in the

ascending colon (4—5% in vessel V1) of the PDX treat-
ments, but were able to proliferate and increase along
the vessels of the simulated colon (32-35% in vessel V4).
The relative proportions of the other bacterial phyla were
relatively stable across all of the samples (data not shown).
There were no Archaea sequences detected in any of the
samples.

At a finer taxonomic resolution of family level, greater
differences amongst the treatments were evident, parti-
cularly in the PDX groups (Fig. 4). The proportion of
Lactobacillaceae was higher (p <0.001) in the probiotic
treatments, as explained by the addition of NCFM and
Lpc-37 in those groups. The 16S rDNA sequences from
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Fig. 2. Donor faecal inoculum (I) samples compared to the control for each vessel (V1-V4) at genus-level identification by 16S rDNA
pyrosequencing. For simulations 1 and 4, the same donor sampled 6 months ago was used.

the NCFM and Lpc-37 complete genomes were extracted
and compared to those derived from this amplicon study
to confirm the presence of both stains in the simulator
samples. On average, Lpc-37 comprised 5.66% of the
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Fig. 3. Principal coordinate plot of un-weighted UniFrac
distances for donor faecal inoculum and control samples.
Samples are coloured according to simulation 1 (red), 2 (blue),
3 (orange), and 4 (green). Sample clustering by simulation for
inoculum and control samples was significant (PERMANOVA
with 999 permutations, p =0.001).

community and NCFM 2.06% in the probiotic groups.
Other noted family-level taxonomic shifts were the
increased abundance of Coprobacillaceae, Lachnospira-
ceae, and Porphyromonadaceae and reduced amounts of
Ruminococcaceae and Bacteroidaceae in the PDX treat-
ments (p <0.001). The OTUs (minimum 1% abundance)
that differed significantly (p <0.05) by group are listed
in Table 1. Within the family Lachnospiraceae, several
OTUs were increased in PDX including Coprococcus and
Blautia spp. along with reduced amounts of Ruminococcus
sp. and Bacteroides spp.

SCFA, BCFA, and BA production

In this study, a significant increase in acetic (p <0.0006),
propionic (p <0.0295), and butyric (p <0.0004) acid
concentrations could be detected for the lower PDX
concentration as compared to the control (Table 2). For
the higher PDX concentration, a significant increase
could only be detected for butyric acid (p <0.0150). The
lower PDX concentration also had a significantly higher
(p <0.0076) acetic acid production as compared to the
L. acidophilus NCFM. No significant differences could be
detected in the concentrations of BA (Table 3). No lactic
acid could be detected in any of the samples.

Discussion

The Enteromix colon simulator mimicking the human
large intestine has been developed and used for a broad
area of different applications within human health. In the
current in vitro study, the effect of two concentrations
of PDX (2 and 4%) as well as two Lactobacillus strains

Citation: Microbial Ecology in Health & Disease 2015, 26: 27988 - http://dx.doi.org/10.3402/mehd.v26.27988

(page number not for citation purpose)


http://www.microbecolhealthdis.net/index.php/mehd/article/view/27988
http://dx.doi.org/10.3402/mehd.v26.27988

Sofia D. Forssten et al.

Alcaligenaceae

Ruminococcaceae

Peplostreptococcaceae

Porphyromonadaceae

Bacteroidaceae

V1 V2 V3 V4l 1 12 13 14 IV1 V2 V3 V4IV1 V2 V3 V4IV1 V2 V3 VaIVi V2 V3 V4
Lpc-37 |

Inoculum !

Control ! !

NCFM ' PDX2% !

PDX 4%

Fig. 4. Family-level taxonomy 16S rDNA pyrosequencing for donor Inoculum samples from simulations 1-4 and control, probiotic
(Lpc-37 and NCFM), and prebiotic (PDX2%, PDX 4%) samples from vessels V1-V4.

(L. acidophilus NCFM and L. paracasei Lpc-37) was
examined. The fresh faecal material was spiked with
C. difficile and the growth of this pathogen was monitored
amongst other microbial groups of the colonic microbiota.

Prebiotic carbohydrates, such as fructo- and galacto-
oligosaccharides (FOS and GOS), may have an impact on
the resistance to pathogenic microbes and gastrointestinal
infections through modifying the intestinal microbiota
(35). Many intestinal pathogens utilise mono- or short
oligosaccharide sequences on the mucus layer as recep-
tors, and these receptor sites can be mimicked by prebio-
tic carbohydrates (35). Some studies have demonstrated
the effectiveness of prebiotics to reduce the incidence
or duration of gastrointestinal infections, such as travel-
ler’s diarrhoea and AAD (36-38). In the current
study, PDX was shown to reduce the average numbers
of pathogenic C. difficile in the distal part of the

colonic model; however, the reduction did not reach
the level of statistical significance.

Probiotic microbes, such as Lactobacillus and Bifido-
bacterium strains, may have an impact on the growth of
pathogens in a number of different potential mechanisms.
First, they are able to produce metabolic end products that
lower the gut pH below the levels at which the pathogens
are able to effectively compete. Such metabolites are, for
example, lactic acid and acetate, but many lactobacilli and
bifidobacteria are also able to produce antimicrobial
compounds that have direct effects on the pathogenic
microbes (35, 39, 40). Bifidobacteria excrete proteinaceous
compounds that, alongside with lowered colonic pH,
control the growth of a wide range of both Gram-negative
and Gram-positive bacteria (41). More recent evidence
also demonstrates that especially the acetate produced by
bifidobacteria has a significant role in protection against

Tuable 1. Relative abundance (%) of OTUs present at least 1% abundance that differed (p <0.05) amongst groups

OoTU OTU classification Control Lpc-37 NCFM PDX 2% PDX 4%
16155 Unclassified Coprobacillaceae 0.52 0.19 0.42 6.80 6.37
6394 Coprococcus spp. 0.43 0.37 0.60 3.10 4.84
8547 Blautia spp. 0.48 0.29 0.34 1.63 3.10
17045 Blautia spp. 2.54 2.52 2.72 5.55 2.23
11070 Blautia sp. 0.18 0.03 0.03 0.95 1.69
24251 Bacteroides spp. 415 4.96 7.22 1.24 1.38
8452 Parabacteroides sp. 0.23 0.19 0.19 5.67 1.07
6303 Ruminococcus sp. 1.09 1.02 1.15 0.41 0.37
16538 Lactobacillus sp. (incl. Lpc-37) 0.01 5.66 0.01 0.01 0.01
14054 Lactobacillus sp. (incl. NCFM) 0.01 0.00 2.06 0.00 0.00
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Table 2. Average (+SD) production of the main SCFAs as well as the branched fatty acids for the different test substances
L. acidophilus NCFM; NCFM, L. paracasei Lpc-37; Lpc-37 and polydextrose; PDX during the simulation

Acetic acid Propionic acid  Butyric acid  Isobutyric acid 2-Methylbutyric acid Isovaleric acid Valeric acid

Sum of Sum of Sum of Sum of Sum of Sum of Sum of

vessels SD vessels SD vessels SD vessels SD vessels SD vessels SD vessels SD
Control 59.32 3.21  20.61 0.33 2946 126 4.16 0.24 2.52 0.17 4.42 0.16 4.97 0.64
NCFM 90.61* 4.43 3054 0.56 61.43 0.77 4.47 0.29 2.94 0.2 5.09 0.19 4.5 0.32
Lpc-37 89.38 462 3278 072 5293 246 453 0.09 2.87 0.22 4.80 0.22 5.32 0.25
PDX 2%  151.40° 6.32 51.65° 545 66.79° 2.38 2.26 0.31 0.47 1.66 0.19 2.82 0.52
PDX 4% 56.22 16.11 16.47 3.75 25.69° 5.24 bdl bdl bdl bdl
Some of the PDX 2% and PDX 4% SCFA were below detection limit (bdl); therefore, no SD values are available. Significant data

are marked with letters, °PDX 2% vs. NCFM, p <0.001; PPDX 2% vs. control, p <0.001; °PDX 2% vs. control, p <0.05 and 9PDX 4%

vs. control, p <0.05.

invading pathogenic microbial strains (42). Second,
probiotics may also improve the immune stimulation,
compete for nutrients, and block binding sites to prevent
pathogenic growth (35). In the present study, the probiotic
Lactobacillus strains were, however, not able to suppress
the growth of C. difficile in the human colon model. This
may be due to strain-specific features or possibly too low
inoculation levels. However, as the numbers of pathogenic
C. difficile were not increased, it may be concluded that
the other clostridia in this group were responsible for
the increased group numbers measured from qPCR. In
previous clinical studies, L. acidophilus NCFM (together
with Lactobacillus rhamnosus HNOO1 in probiotic cheese)
was shown to be effective in reducing faecal C. difficile
numbers in elderly that harboured this microbe in the
beginning of the intervention (22). In a study with L.
paracasei Lpc-37 in healthy elderly, although the detected
levels of C. difficile were very low, a non-significant
decrease could still be detected (25).

PDX in a higher concentration was able to modify the
composition of the microbiota significantly, as the growth
of several other microbial groups was modulated in the
whole length of the colon model. This effect could derive
from the slow degradation of PDX; it is known from

previous studies that PDX is slowly fermented in the
colon and some 10% of the consumed amount is still
found in the faeces (43, 44), which differentiates PDX
from other rapidly fermented oligosaccharidic prebiotics
such as FOS (17). From the 16S pyrosequencing, some
species occurred at a higher abundance in the PDX
treatment samples including members of Coprobacillaceae,
Porphyromonadaceae, and Lachnospiraceae. The OTU
that most distinguished the PDX samples belonged to the
group Coprobacillaceae. Coprobacillaceae is a proposed
new family within the order Erysipelotrichales and little
has been published about this group of organisms. The
closest taxonomic match to this OTU was Clostridium
saccharogumia, but the sequence similarity was less than
90% to the type strain indicating that it may be novel
species within this group. C. saccharogumia was originally
isolated from human faecal samples and may be involved
in the conversion of the secoisolariciresinol diglucoside,
a dietary phytoestrogen from plant lignin linked to the
prevention of diseases, such as breast and colon cancer,
atherosclerosis, and diabetes (45). Porphyromonadaceae
was present in the greatest abundance in PDX vessels
representing the distal colon (V3-V4). Within this family,
an OTU classified as Parabacteroides differed significantly

Tuble 3. Average (+SD) production of BA during the colon simulations with the test substances L. acidophilus NCFM; NCFM,

L. paracasei Lpc-37; Lpc-37 and polydextrose; PDX

Methylamine Putrescine Cadaverine Histamine Tyramine Spermidine

Sum of Sum of Sum of Sum of Sum of Sum of

vessels SD vessels SD vessels SD vessels SD vessels SD vessels SD
Control 277.9 73.0 529.3 157.4 521.6 461.1 48.5 2.1 113.8 30.5 55.5 1.9
NCFM 283.8 21.8 586.8 184.5 406.9 301.1 47.9 2.7 87.5 3.9 55.3 6.8
Lpc-37 282.6 160.9 535.1 311.6 625.9 532.4 48.1 30.0 116.6 64.0 58.6 36.5
PDX 2% 225.0 28.6 194.8 73.3 483.9 183.1 43.6 6.9 129.3 35.4 79.1 8.7
PDX 4% 216.2 569.5 91.7 bdl 99.9 bdl

For PDX 4%, part of the BA was below detection limit; therefore, no SD values are shown. Some of the PDX 4% BA were below detection

limit (bdl).
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amongst the groups. The closest reference strain match
to this OTU was Parabacteroides distasonis, which has
shown immunomodulatory effects and decreased intest-
inal inflammation in DSS-induced murine colitis (46). A
significantly higher amount of butyric acid (p <0.01) was
detected in the PDX samples, and one of the dominant
OTUs differentiating the PDX group was assigned to the
genus Coprococcus within Lachnospiraceae. This OTU
was found at 3—4% relative abundance in the PDX groups,
but at less than 1% abundance in the probiotic and
control groups. The closest type strain match to this
OTU was Eubacterium hadrum (Anaerostipes hadrus),
which is a known butyrate producer. Other members
of Lachnospiraceae, such as Blautia were also higher in
the PDX treatment. Several recently published papers
(47-50) have implicated Lachnospiraceae and butyrogenic
bacteria likely play a role in CDI and recovery. In one
study, faecal samples from patients with recurring CDI
were shown to have reduced amounts of Lachnospiraceae
and Ruminococcaceae compared to healthy controls. Fol-
lowing successful faecal microbiota transplantation from
a healthy donor, Lachnospiraceae and Ruminococcaceae
were restored and comparable to the levels of their
healthy counterparts (50). Antharam et al. (47) impli-
cated butyrogenic bacteria belonging to Clostridium clus-
ters IV and XIVa and members of the Lachnospiraceae
and Ruminococceae families, as being absent or de-
pleted in patients with nosocomial diarrhoea and CDI.
They identified several genera as being the most differ-
entially depleted in the CDI group: Blautia, Pseudo-
butyrivibrio, Roseburia, Faecalibacterium, Anaerostipes,
Subdoligranulum, Ruminococcus, Streptococcus, Dorea,
and Coprococcus. Several of these genera also appear to
be key taxa in differentiating the PDX treatment in this
study. It was also reported that wild-type mice challenged
with C. difficile that only developed mild disease were
found to have a high proportion of Lachnospiraceae
compared to their moribund counterparts. Subsequently,
a murine isolate of Lachnospiraceae was able to provide
colonisation resistance against C. difficile in germ-free
mice (49). Both in vitro and animal studies aimed at
directly linking butyrate to the inhibition of C. difficile
have yielded mixed results. There are several other plausible
modes of action that could explain this correlation, in-
cluding colonisation resistance (nutrient-niche hypothesis)
or production of antimicrobials and metabolites by these
closely related organisms. Nonetheless, further research
into the role they may play in CDI is warranted, as well as
additional studies to determine whether the growth of
these bacterial groups would be induced in our model
with PDX substrate, but in the absence of C. difficile.
Although the molecular methods (16S rDNA sequen-
cing and qPCR) used here for the microbiota analyses
are biased from the PCR and might fail to amplify

some targets for unknown reasons, and thus are unable
to identify unknown species, the combination of the
methods give a good overall picture of the microbiota.
Sequencing based on 16S rDNA is a good approach
for phylogenetic identification, while certain groups or
species can be quantified by qPCR. In this study,
although primer sets and target area were different with
the methods, a similar prevalence profile of the groups
that were detected with both methods was seen, for
example, the increase of the lactobacilli for the probiotic
treatments. In addition, the increase in L. acidophilus
NCFM and L. paracasei Lpc-37 suggests that the strains
survived the gastrointestinal model.

Conclusions

The statement from EFSA has highlighted the impor-
tance of reducing the numbers of potentially disease-
causing microbes or their toxins for the health of the gut.
Reducing the numbers of established pathogenic mi-
crobes subsequently reduces the risk of gastrointestinal
infections and may be a beneficial physiological effect.
These in vitro studies give indications that PDX may have
beneficial effects on the growth of intestinal C. difficile, as
the average numbers of C. difficile were decreased in the
last two vessels of the model. Nevertheless, this effect
requires further investigations and also possible clinical
beneficial outcomes resulting from the reduced numbers
of the pathogen should be demonstrated. PDX in the
higher concentration (4%) did have significant effects
on the composition of the microbiota of the colonic
simulator model as the growth of several investigated
microbial groups; bifidobacteria, butyrate-producing
clostridium groups, R. intestinalis, and F. prausnitzii
numbers were significantly increased in the whole length
of the colonic model. The lower concentration (2%) of
PDX was not as effective in modulating the microbiota
composition implying that a high enough dose is needed
for PDX to be an active, prebiotic substrate.
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