Eur J Nutr (2013) 52:1669-1677
DOI 10.1007/s00394-013-0501-2

ORIGINAL CONTRIBUTION

Comparative in vitro inhibition of urinary tract pathogens
by single- and multi-strain probiotics

C. M. C. Chapman - G. R. Gibson *
S. Todd - I. Rowland

Received: 9 August 2012/ Accepted: 28 January 2013 /Published online: 8 February 2013

© Springer-Verlag Berlin Heidelberg 2013

Abstract

Purpose Multi-species probiotic preparations have been
suggested as having a wide spectrum of application,
although few studies have compared their efficacy with that
of individual component strains at equal concentrations.
We therefore tested the ability of 4 single probiotics and 4
probiotic mixtures to inhibit the urinary tract pathogens
Escherichia coli NCTC 9001 and Enterococcus faecalis
NCTC 00775.

Methods We used an agar spot test to test the ability of
viable cells to inhibit pathogens, while a broth inhibition
assay was used to assess inhibition by cell-free probiotic
supernatants in both pH-neutralised and non-neutralised
forms.

Results In the agar spot test, all probiotic treatments
showed inhibition, L. acidophilus was the most inhibitory
single strain against E. faecalis, L. fermentum the most
inhibitory against E. coli. A commercially available mix-
ture of 14 strains (Bio-Kult®) was the most effective
mixture, against E. faecalis, the 3-lactobacillus mixture the
most inhibitory against E. coli. Mixtures were not signifi-
cantly more inhibitory than single strains. In the broth
inhibition assays, all probiotic supernatants inhibited both
pathogens when pH was not controlled, with only 2 treat-
ments causing inhibition at a neutral pH.
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Conclusions Both viable cells of probiotics and super-
natants of probiotic cultures were able to inhibit growth of
two urinary tract pathogens. Probiotic mixtures prevented
the growth of urinary tract pathogens but were not signif-
icantly more inhibitory than single strains. Probiotics
appear to produce metabolites that are inhibitory towards
urinary tract pathogens. Probiotics display potential to
reduce the incidence of urinary tract infections via inhibi-
tion of colonisation.
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Introduction

Probiotics are defined as live organisms which, when
administered in sufficient amounts, can have a beneficial
effect on host health [1]. They have shown effectiveness in a
range of conditions including travellers’ diarrhoea, antibi-
otic-associated diarrhoea [2], upper respiratory tract infec-
tions [3], Helicobacter pylori infections [4], atopic
dermatitis [5, 6] and some inflammatory conditions [7, 8],
although there are species- and strain-specific aspects to
their activities [9, 10]. Potential mechanisms of action
include modulation of the intestinal immune system and
displacement of potential pathogens via competitive exclu-
sion [10] or production of antimicrobial agents including
organic acids such as lactic and acetic acids [11] and heat-
stable peptide bacteriocins [12]. In a recent study, we found
that despite the potential for probiotics within a mixture to
inhibit each other, in many cases, probiotic mixtures were as
effective as, or more effective than, their single-strain
components at inhibiting gastrointestinal pathogens.
Urinary tract infections (UTI) are the most common
bacterial infections [13] affecting one woman in three
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during her lifetime [14]. Causative organisms include
Klebsiella pneumoniae, Gardnerella vaginalis [15], Pseu-
domonas aeruginosa, E. faecalis, Staphylococcus epide-
rmidis. Uropathogenic E. coli (UPEC) is generally regarded
as the most common causative species, with these strains
differing from commensal strains via their virulence factors
such as toxins and fimbriae used for adhesion to host cells
[16]. The prevention of UTI is generally seen as difficult
[17], and standard treatment is by antibiotic therapy such as
metronidazole [18, 19]. In female populations, UTI are
generally characterised by abnormal vaginal microbiota [20]
among other symptoms. Analysis of the vaginal flora of
healthy women has revealed that up to 79 % have high
levels of lactobacilli [21, 22], and the lowest prevalence of
bacterial vaginosis (BV) has been correlated with colonisa-
tion of hydrogen peroxide-producing lactobacilli [23].

The use of probiotics as an alternative or adjunctive
treatment for UTI has been investigated for over a decade.
The rationale for this is several-fold. Firstly, the increasing
antibiotic resistance of uropathogenic species [24], coupled
with the fact that lactobacilli are resistant to Vancomycin
[20], suggests a treatment which takes these issues into
account. The lack of side effects with probiotic treatment
[25] alongside the frequency of UTI recurrence [26] may
indicate a treatment which can be used more frequently and
more safely.

Various criteria have been postulated for the efficacy
of probiotics in the treatment of UTI [27], and favourable
results have been seen using probiotics as a treatment
alongside antibiotics to treat UTI and restore a healthy
vaginal microbiota [18, 19] and also with probiotics
alone. For example, Anukam et al. used probiotics used as
both an effective adjunct [19] and alternative [18] to
traditional antibiotic therapy for UTI. Locally applied
probiotics such as Lactobacillus rhamnosus GR-1,
L. fermentum RC-14 [28] and L. acidophilus 61701 [22]
have been shown to both colonise the vaginal area and
reduce recurrence of BV [15]. Further to this, orally
administered probiotics have been shown to colonise the
vagina [28], possibly via the gut as a reservoir prior to
vaginal colonisation [23]. Probiotics have also been
observed to restore a more lactobacillus-dominant mic-
robiota in the vagina [25].

Given the species-specific effect of probiotics in their
inhibition of pathogens, it is reasonable to hypothesise that
different probiotics might have a variety of effects against
different urogenital pathogens. Because some of the strains
used in our previous study [29] demonstrated inhibitory
effects against gastrointestinal pathogens, it is suggested
that some of these strains may display similar patterns of
inhibition towards uropathogens. Further, since different
orally administered probiotics show different patterns of
vaginal colonisation [25], it can be hypothesised that a
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mixture of probiotic species may be more effective at
inhibiting UTI-causing species.

In a recent review [30], it was noted that many studies
comparing the effectiveness of single- and multi-species
probiotics were confounded due to the use of probiotic
treatments at different cell densities. Since optical density
(OD) is used as a rapid measurement of bacterial biomass
[31], in this study for the agar spot test, we used the method
of equalising the OD at 650 nm (ODgsg) to provide treat-
ments of approximately equal cell densities for both the
mixtures and single strains.

This study had several aims. The first was to test the
in vitro effectiveness at inhibiting two uropathogens of four
potential probiotics (for brevity’s sake, these will hence-
forth be referred to as ‘probiotics’.). The second was to
compare the inhibitory effect of these strains in various
mixtures containing these strains at equal cell densities and
to attempt to correlate levels of acid production between
these single- and multi-strain probiotics, with inhibition of
uropathogens. A broth inhibition assay was used to estab-
lish levels of growth inhibition of such pathogens in the
presence solely of both neutralised and non-neutralised
probiotic supernatants, obviating competition for nutrients
and pH-lowering effects as potential causes of inhibition.

Materials and methods
Microorganisms used

Probiotics used were L. acidophilus NCIMB 30184 (PXN
35), L. fermentum NCIMB 30188 (PXN 54), L. plantarum
NCIMB 30187 (PXN 44) and L. rhamnosus NCIMB 30226
(PXN 44). The following mixtures were tested: 2 lactoba-
cilli mixture (L. acidophilus and L. plantarum), 3 lacto-
bacilli mixture (L. acidophilus, L. fermentum and
L. rhamnosus), 4 lactobacilli mixture (L. acidophilus, L. fer-
mentum, L. rhamnosus and L. plantarum), and the com-
mercially available Bio-Kult® mixture. Its constituent
strains are, at various percentages of total volume, L. aci-
dophilus, L. delbrueckii subsp. bulgaricus, L. casei,
L. plantarum, L. rhamnosus, L. salivarius ssp. salivarius,
L. helveticus, B. bifidum, B. breve, B. infantis, B. longum,
Str. thermophilus, Lactococcus lactis, Bacillus subtilus.

Pathogens tested were Enterococcus faecalis NCTC
00775 and E. coli NCTC 9001.

Agar spot test

The method used by Barbosa et al. [32] was adopted.
Probiotic strains were cultured overnight in de Man Rogosa
Sharpe (MRS) broth. Overnight cultures were then adjusted
to optical density 0.8 at 650 nm. In preliminary studies of
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OD versus viable counts, an OD of 0.8 corresponded to
5-8 x 10’ CFU/ml. Mixtures were made using equal
volumes of component strain cultures so that the final OD
of both the single strains and the mixtures was 0.8. Pro-
biotics were then spotted onto plates of MRS agar (Oxoid,
Basingstoke, United Kingdom) in 5-pl aliquots—these
spots represented the test strain or mixture. After 24-h
incubation at 37 °C in anaerobic conditions (DW Scien-
tific, Shipley, UK), these plates were overlaid with 0.7 %
(w/v) pathogen-appropriate agar inoculated with 5 pl of
overnight culture of the respective pathogen. After 24-h
incubation at 37 °C in an aerobic atmosphere, zones of
inhibition were measured. A clear ring around the spotted
test strain was taken to indicate the zone of inhibition.
Mean inhibition scores for each probiotic preparation were
taken to give an indication of that preparation’s inhibitory
nature, relative to the others tested.

Detection of acid production

Overnight cultures of probiotics and mixtures were cen-
trifuged for 10 min at 2,050x g, then filter-sterilised using
2-pm filters (Whatman, Maidstone, United Kingdom). The
pH of the resulting culture supernatant was measured
(Mettler Toledo, Leicester). The change in pH was
expressed as the pH of the culture supernatant subtracted
from the pH of unused MRS broth.

Broth inhibition assay

Overnight cultures of probiotics in MRS broth, incubated
as above, were centrifuged at 2,050xg for 10 min. The
resulting supernatant was removed and the pellet discarded.
Half of each supernatant was neutralised to pH7 using 1-M
sodium hydroxide. Neutralised and non-neutralised super-
natants were frozen in aliquots until use and defrosted
overnight at room temperature before use. Pathogens were
cultured overnight at 37 °C under aerobic conditions in
nutrient broth for E. coli and Tryptone Soy broth for
E. faecalis. An aliquot (5 pl) of the overnight cultures was
added to 9 ml of fresh broth and 1 ml of the cell-free
probiotic supernatant was added to each pathogen culture.
This was carried out using both neutralised and non-neu-
tralised supernatants for each probiotic treatment to
account for pH-lowering effects of the probiotics as a
potential mechanism of inhibition. ODgso (254 Colorime-
ter, Sherwood Scientific, Cambridge, UK) was measured at
0, 4 and 8 h to determine inhibition of pathogen growth
compared with a negative control containing broth culture
of pathogen with no added supernatant. At time points 8 h
and 24 h, serial dilutions were performed and viable counts
of each culture determined.

Statistical analysis

For the agar spot test, one-way analysis of variance
(ANOVA) was performed with post hoc tests for least
significant difference to determine the effect on the size of
inhibition zone of single- or multi-strain treatments. Fur-
ther analysis of variance with post hoc tests for least sig-
nificant difference was performed to rank performances of
each probiotic mixture against all pathogens.

For the broth inhibition assay, a two-way ANOVA was
fitted, using time and treatment as fixed factors. As
expected, in both models, time was highly significant.
Treatment was also significant overall. Further analysis
was done using Dunnett’s test to compare each treatment
with the control.

For both tests, p values of < 0.05 were considered sig-
nificant. Calculations were made using the SPSS software,
v.18 (Chicago, ILL, USA).

Results
Agar spot test
Testing against E. coli

Mean zones of inhibition for four single-strain probiotics
(8.3-16.3 mm) and the four mixtures (5.7-20.3 mm) tested
against E. coli are shown in Fig. 1. The most inhibitory single
strain compared with control was L. fermentum (p < 0.01),
while the most inhibitory mixture was the 3-lactobacillus
mixture (mean inhibition zone 20.3 mm, p < 0.01). Initial
analysis suggested that a single-strain preparation was more
effective than a probiotic mixture, although ANOVA deter-
mined that this difference was not significant.

Figure 2 shows mean inhibition zone diameter plotted
against acid production by probiotic treatments. An R*
value of 0.1425 was obtained, suggesting a weak correla-
tion between acid production by a probiotic treatment, and
its ability to inhibit this strain of E. coli.

Testing against E. faecalis

Figure 3 shows the mean zones of inhibition of the four
single-strain probiotics and the four mixtures when tested
against E. faecalis. Single- and multi-strain probiotic
treatments produced a similar range of inhibition zones.
Initial analysis revealed that L. acidophilus appeared to be
the most effective inhibitor of E. faecalis (mean inhibition
zone 9.2 mm), but this difference was not significant. Bio-
Kult® was significantly (p < 0.01) the most inhibitory
mixture (9.6 mm). Mixtures (mean inhibition 8.0 mm)

@ Springer



1672

Eur J Nutr (2013) 52:1669-1677

Fig. 1 Agar spot test inhibition 25.0 1
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exhibited a similar inhibitory activity as single strains
(7.6 mm).

Figure 4 shows mean inhibition zone diameter plotted
against production of acid by probiotic treatments. There
was an R* value of 0.237, suggesting a very weak corre-
lation between the acid production of a probiotic treatment
and its inhibition of E. faecalis NCTC 00775.

Table 1 shows results of ANOVA tests comparing
all probiotic treatments in their inhibition of both
pathogens.

When compared against both pathogens, inhibition
caused by single species (mean zone 9.9 cm) was greater
than that of the mixtures (9.0 mm), although ANOVA
showed that this did not reach significance (p = 0.237).
L. plantarum was the non-significantly most inhibitory
single strain. The 3-lactobacillus mixture was the most
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pH

4.90 4.95 5.00

effective multi-species treatment, although again the dif-
ference did not reach significance (p = 0.219).

Broth inhibition assay
Testing against E. coli

Figure 5 shows the growth patterns for E. coli when incubated
with non-pH-controlled probiotic supernatants. Table 2
indicates that all treatments caused significant (p < 0.001)
growth inhibition of E. coli compared with pathogen-only
culture, when the treatment was not pH-controlled.

Figure 6 shows growth of E. coli when incubated with the
same probiotic treatments which were adjusted to neutral pH.
In Table 2, it is seen that no pH-neutralised probiotic cultures
caused significant growth inhibition of E. coli NCTC 9001.
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Table 1 Summary results of one-way ANOVA for agar spot test.
p values of less than 0.05 were taken to be significant

Versus E. coli Versus
E. faecalis
Mixture more inhibitory No No
than single strains?

Most inhibitory single strain L. fermentum None

(» <0.01)
Most inhibitory mixture 3-lactobacillus Bio-Kult®

mixture (p < 0.01) (» <0.01)

Testing against E. faecalis

Figure 7 shows the growth patterns of E. faecalis when
incubated with supernatants of the 8 probiotic treatments
with no control for pH. The ANOVA results in Table 2
show that all treatments except for L. rhamnosus and the 3

Lb mixture showed significant inhibition of the pathogen
under these growth conditions.

Figure 8 shows growth of E. faecalis when cultured with
pH-neutralised probiotic supernatants. In these circum-
stances, none of the probiotic treatments displayed signif-
icant reduction in pathogen growth (Table 2).

Discussion

The first aim of this study was to assess the inhibitory
ability of four single-strain and four multi-strain probiotic
treatments. Results from the agar spot tests showed that all
treatments were able to inhibit the growth of both patho-
gens, although there was variation between strains and
mixtures. L. acidophilus was the most inhibitory single
species against E. faecalis, which is consistent with the
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Fig. 5 All 8 non-pH-controlled 0.70 -
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Table 2 Summary results of statistical analysis (two-way ANOVA) comparing growth of pathogens incubated with probiotic treatments, with
control cultures. A p value of less than 0.05 was taken to show significant growth inhibition by the probiotic treatment

Pathogen tested

E. faecalis

pH non-controlled

pH-controlled

E. coli

pH non-controlled

pH-controlled

L. acidophilus p < 0.001 No significant difference p < 0.001 No significant difference
L. fermentum p <0.05 No significant difference p < 0.001 No significant difference
L. plantarum p < 0.001 No significant difference p < 0.001 No significant difference
L. rhamnosus No significant difference No significant difference p < 0.001 No significant difference
2 Lb mixture p < 0.001 No significant difference p < 0.001 No significant difference
3 Lb mixture No significant difference No significant difference p < 0.001 No significant difference
4 Lb mixture p < 0.001 No significant difference p < 0.001 No significant difference
Bio-Kult® p < 0.001 No significant difference p < 0.001 No significant difference
Fig. 6 All 8 pH-controlled 0.70 1

probiotic treatments were

incubated for 8 h with E. coli. 0.60 -

Growth curves for this period
are shown. Values shown are
means of 3 independent
experiments. ANOVA was used
to assess differences between 0.40 4
the treatments

0.50 ~

0.30 1

0.20 ~

0.10

0.00 +%

findings of McLean et al. [22] who tested 60 vaginal
lactobacilli isolates for their inhibitory activity against
BV-associated species.

Despite previously observed inhibition between com-
ponent strains [29], mixtures were as effective at inhib-
iting pathogens as their single components as there was
no statistical difference between mixtures and single
strains in inhibition of either pathogen. It is worth
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L. fermentum

e [, plantarum

=== |, rhamnosus
2 Lb mixture
3 Lb mixture
4 Lb mixture
Bio-Kult

Control

mentioning that in our previous assays, L. acidophilus
was the most inhibitory single strain [29]. It is feasible
that if this strain was removed from the mixtures used
here, it may result in the mixtures being less inhibitory
than the single strains. This ability to inhibit growth,
along with the breadth of activity of some mixtures
shown in our previous study, suggests that the use of
probiotic mixtures may be a more effective preventative
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method than single strains, since one treatment may be
effective against several pathogens.

Results in Figs. 2 and 4, which show only weak asso-
ciations between size of zone of inhibition and pH of the
culture, suggest that acid production is not necessarily a
critical element in the inhibition of either pathogen.
Therefore, the prevention of pathogenic invasion may be
largely due to other factors such as competition for nutri-
ents and production by the probiotics of other antimicrobial
compounds. This situation is somewhat complicated by the
results from the broth inhibition assay (Figs. 7, 8) which
suggest that pH does in fact play a role in the inhibition of
both pathogens. This may in part be due to the different
testing scenarios. In the agar spot test, live cells were used,
whereas in the broth inhibition assay, only supernatants
were incubated with pathogens. Since the supernatants
used came from 24-h broth cultures, it could be that they
contained greater concentration of acids than the viable
cells in the agar spot test were able to produce on the agar
plate.

Results from the broth inhibition assay showed that
probiotic supernatants were able to inhibit the growth of
urinary tract pathogens, particularly when the environment
allows for the pH-lowering effect. This suggests that

Control

lowering of the pH produces conditions which are hostile
to the growth of these 2 pathogens, and that this is an
important factor since in none of the 16 pH-controlled tests
did the probiotic treatment show significant inhibition
compared with control.

The probiotic treatments for the broth inhibition assays
were filter-sterilised supernatants rather than viable cells.
This provides evidence that competition for nutrients in
this in vitro environment, a potential mechanism in the agar
spot test assays, is not the only mechanism involved since
there are no organisms to compete with the pathogens in
this assay. Instead, it is likely that during their overnight
incubation, the probiotics produced bacteriocins, small
antimicrobial peptides which can act towards other bacte-
rial species with greater potency via such mechanisms as
pore formation and inhibition of cell wall synthesis [33].

From Figs. 5, 6, 7, 8, it can be seen that the exponential
phase of growth for the pathogens begins between 3 and
4 h after inoculation. In the case of both pathogens, this
phase is delayed or reduced by the presence of the probiotic
supernatant. Given that mean urination frequency is every
3 h [34], this suggests that probiotic bladder colonisation
may reduce risk of urinary tract infection by delaying the
onset of the exponential-phase growth of pathogens so that
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they may be excreted before this phase. However, some
caveats are appropriate here. Firstly, this does depend on
the ability of the probiotic to colonise the same area within
that timeframe. Secondly, results from these in vitro assays
cannot be fully extrapolated to the in vivo environment,
given the multi-factorial nature of bacterial infection in the
human body when compared with growth on an agar plate.
For instance, one of the known mechanisms of probiotic
action on UTI-causing pathogens is the enhancement of
activation of NF-kappa-B and tumour necrosis factor-o
within host bladder cells. Since in our study this mecha-
nism is ruled out, the mechanisms above, postulated by
Cadieux et al. [35], are likely to have caused inhibition
here.

This study adds to existing evidence on the effect of
probiotics on the risk of urinary tract infection. There have
been few comparison studies relating the effects of single-
and multi-strain treatments, especially at equal doses;
however, in this study, we have shown that several species
of lactobacilli can inhibit urinary tract pathogens, and that
mixtures can be as effective as single strains at preventing
growth. In a previous study [29], we showed that inhibition
can occur between probiotic species within a mixture,
although here the data show that despite this mutual inhi-
bition, mixtures can still inhibit pathogens. Further to this,
we have shown that it is not necessarily the presence of
viable probiotic cells which causes such inhibition, since
the cell-free supernatant, especially when it creates an
acidic environment, can delay and reduce exponential-
phase growth. However, it should be noted that normal
bladder pH is 6.0 [36], and lowering this pH too far may
lead to acidosis and therefore dysbiosis. The test organisms
chosen for this study have been previously identified as
potential urinary tract pathogens. Despite this, it is difficult
to extrapolate our in vitro results to the in vivo environment
due to the complexity of the in vivo location compared
with the relatively simple in vitro medium.
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