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ABSTRACT
Bacteria of the genus Lactobacillus are widely used as oral probiotics due to their putative health benefits. In this study,
we compared the colonization ability of two Lactobacillus strains that were identified as autochthonous to the human
gastrointestinal tract (Lactobacillus reuteri ATCC PTA 6475 (MM4-1a) and Lactobacillus mucosae FSL-04) with that
of an allochthonous strain (Lactobacillus acidophilus DDS-1). Colonization ability was tested in a single-blinded,
cross-over study, with twelve human subjects. The test strains were quantified in fecal samples by two independent
methods, selective plating and molecular typing and quantitative real time PCR. The study revealed that the two
autochthonous strains (L. reuteri ATCC PTA 6475 and L. mucosae FSL-04) reached higher population levels in fecal
samples and were recovered more frequently from subjects compared to the allochthonous strain (L. acidophilus
DDS-1). All three strains became undetectable 8 days after the end of consumption with one exception, showing that
persistence of all three strains remains short term in most individuals. In conclusion, this study showed that autochthonous Lactobacillus strains can be established more efficiently, albeit temporarily, in the human gastrointestinal tract,
suggesting that evolutionary and ecological characteristics could be valuable criteria for the selection of probiotic
strains.
Keywords: Lactobacillus; Probiotic; Lactobacillus reuteri; Lactobacillus mucosae; Lactobacillus acidophilus; Gut
Microbiology; Microbial Ecology; Colonization Resistance

1. Introduction
Probiotic bacteria are defined by the FAO/WHO “as live
organisms which when administered in adequate amounts
confer a health benefit to the host.” Implied in this definition is the expectation that these orally ingested organisms would reach the intestinal tract alive and at physiologically relevant levels [1]. Probiotic microorganisms
are hypothesized to be functionally active in the human
gut, such that they can influence the host through a variety of physiological mechanisms, including direct effects
on the host immune system, in situ production of bioactive compounds, and competition with the resident microbiota and pathogens [2]. Some probiotic functions,
such as in vivo production of bioactive compounds and
competition with pathogens, also require that probiotic
bacteria are metabolically active in the human gut and
competitive under the prevailing conditions. Accordingly,
it is often considered an important prerequisite of probiotic cultures that they originate from humans in order to
*
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ensure adaptation and persistence in the human gut [1,
3,4].
Although many of the commercially available probiotic strains are of human fecal origin and are capable of
surviving gastrointestinal passage, they are still rapidly
eliminated after administration has ended [5-12]. The
inability of probiotic bacteria to persist in the human intestinal tract has been attributed to the phenomenon of
colonization resistance, whereby the resident gut microbiota restricts access of allochthonous organisms [13].
Moreover, even strains that are true autochthonous members of the microbiota of specific human subjects may
not be able to colonize the gastrointestinal tract (GIT) of
other humans due to individual differences [14].
However, it is also important to recognize that many
strains currently used as probiotics belong to species
which are considered allochthonous to the human intestinal tract [14,15]. Species often used as probiotics such
as Lactobacillus acidophilus, Lactobacillus casei, Lactobacillus paracasei, Lactobacillus rhamnosus, Lactobacillus delbrueckii, Lactobacillus brevis, Lactobacillus
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johnsonii, Lactobacillus plantarum, and Lactobacillus
fermentum, although commonly found in fecal samples,
have never been shown to form stable populations in the
human gut and are likely to originate from food or the
oral cavity [14,16]. In contrast, other species of Lactobacillus, in particular, Lactobacillus reuteri, Lactobacillus
ruminis, Lactobacillus gasseri, and Lactobacillus salivarius, have been reported to be autochthonous to the
human gastrointestinal tract [15,16]. As autochthonous
members of the gut microbiota, these species are likely to
occupy specific niches that allow their replication and the
establishment of stable population over long periods [17].
Recent comparative genome studies have begun to characterize the molecular basis of autochthony in the species
L. gasseri, L. reuteri, and L. ruminis, and these studies
identified adaptive traits that might contribute to the
ecological success of lactobacilli in the human GIT [1820].
In this study, our goal was to compare survival and
persistence rates of orally-consumed autochthonous and
allochthonous Lactobacillus strains in human subjects.
Three strains were included in this study, L. reuteri
ATCC PTA 6475 (MM4-1a), L. mucosae FSL-04, and L.
acidophilus DDS1. L. reuteri is a species long considered
to be an autochthonous member of the human gut microbiota [16]. Strain ATCC PTA 6475 is a member of the
MLSA lineage II of L. reuteri, which is almost completely composed of strains of human fecal origin, indicating that this subpopulation is adapted to the human
GIT [21]. The second strain, L. mucosae FSL-04, was
continuously isolated from fecal samples from a single
healthy adult subject in high numbers during a 15-week
period (see below). The third strain, L. acidophilus
DDS-1, is a commonly-consumed probiotic [4,22] belonging to the species L. acidophilus which is considered
allochthonous to the human GIT [14-16,23,24]. To com-

pare establishment and persistence of these three strains
in the human gastrointestinal tract, we performed a human cross-over study in which healthy individuals consumed the test strain and provided fecal samples that
were then analyzed by cultural enumeration, molecular
typing of isolates, and quantitative real-time PCR (qPCR).

2. Materials and Methods
2.1. Use of Human Subjects
The human trial of this study was approved by the Institutional Review Board of the University of Nebraska
(IRB Approval Number: 2009079919FB), and written
informed consent has been obtained from all subjects.

2.2. Bacterial Strains and Culture Conditions
Strains used in this study are listed in Table 1. All strains
were grown in Mann-Rogosa-Sharpe (MRS) (Difco) supplemented with 1.0% Maltose and 0.5% Fructose under
anaerobic conditions at 37˚C. L. acidophilus DDS-1
was provided by Nebraska Cultures (Walnut Creek, CA
USA). L. reuteri ATCC PTA 6475 (MM4-1a) was obtained from BioGaia (Stockholm, Sweden). L. mucosae
FSL-04 was isolated from the feces of a healthy adult
human during a previous human trial as described below
[29].

2.3. Molecular Typing and Identification of
Isolates
The molecular typing of strains was performed by Random Amplification of Polymorphic DNA (RAPD) using
the primer M13V (Table 2) as described by Meroth et al.
[32]. Isolates were assigned to species by 16S rRNA
gene comparisons as described by Hammons et al. [33].
To obtain around 1300 bp of the 16S rRNA gene for ex-

Table 1. Strains used in this study.
Strain

Origin

Reference or source

L. reuteri ATCC PTA 6475 (MM4-1A)

Human

BioGaia AB (Stockholm, Sweden)

L. reuteri 100-23

Rat

[25]

L. reuteri mlc3

Mouse

[21]

L. reuteri lpuph

Mouse

[21]

L. mucosae FSL-04

Human, fecal sample

This study

L. mucosae S5 (DSM 13346)

Porcine, small intestine

[26]

L. mucosae 1028

Porcine, small intestine

[27]

L. mucosae 1031

Porcine, small intestine

[27]

L. acidophilus DDS-1

Milk

Nebraska cultures (Walnut Creek, CA)

L. acidophilus ATCC 4356

Human

[28]

Copyright © 2012 SciRes.
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Table 2. Primers used in this study.
Primer name

Sequence 5’ - > 3’

Target

Reference

16S/p2

CTTGTACACACCGCCCGTC

1388-1406 16S rRNA

[30]

23S/p10

CCTTTCCCTCACGGTACTG

546-474 23S rRNA

[30]

F_acidophilus_IS

GAAAGAGCCCAAACCAAGTGATT

16S-23S rDNA spacer

[31]

R_acidophilus_IS

CTTCCCAGATAATTCAACTATCGCTTA

16S-23S rDNA spacer

[31]

L. mucosae_For

CACAATTAAACCGAGAACACC

16S-23S rDNA spacer

This Study

L. mucosae_Rev

ATGATCTTACGATCACCTCAGTTA

16S-23S rDNA spacer

This Study

L. reuteri_For

AACAATAAACCGAGAACACC

16S-23S rDNA spacer

This Study

L. reuteri_Rev

CCTTCATAACTTAACCTAAACAA

16S-23S rDNA spacer

This Study

M13V

GTTTCCCCAGTCACGAC

--

act classification, PCR products were generated and sequenced with primers 8F (5’-AGAGTTTGATCCTGGCTCAG-3’) and 1391R (5’-GACGGGCGGTGWGTRCA-3’).

2.4. Preparation of Lactobacillus Doses
Food-grade freeze-dried powders of L. reuteri ATCC
PTA 6475, L. mucosae FSL-04, and L. acidophilus
DDS-1 were prepared by Culture Systems, Inc (Mishawaka, Indiana USA) and stored at –20˚C throughout the
study. Upon receipt, viable cell counts and purity of all
three preparations were determined and strain identity
was verified by RAPD. Prior to each feeding period, viable cell counts were determined in the powders to adjust
the daily dose of 109 cells, for each strain, where necessary. Subjects were provided with pre-dosed freeze-dried
preparations of lactobacilli and instructed to store the
preparations at 4˚C and reconstitute the powder in 40 mL
cold or room-temperature milk and consume at their own
convenience, with a meal.

2.5. Human Trial
A blinded, crossover study was performed with twelve
healthy adult humans (six male and six female, age 21 27). Subjects were selected to be tolerant of milk products, free of chronic gastrointestinal disorders, nonvegetarians, and had not consumed antibiotics in the two
months prior to the study. No dietary restrictions were
placed on participants, except to avoid probiotic supplements, cultured dairy products, or products advertised as
having “live and active cultures”. The study was conducted over three separate 8-week periods (each period
separated by 3 to 4 weeks) where the individual strains
were tested in succession. Each feeding period began
with a two-week baseline period (no change in diet). The
subjects then consumed a daily dose of 109 viable bacteCopyright © 2012 SciRes.

rial cells for 7 days, followed by a 5 week wash out period. Fecal samples were collected weekly, resulting in 2
fecal samples during the baseline period, and fecal samples taken at day 1, 8, and 15 of the wash out periods.
The human trial of this study was approved by the Institutional Review Board of the University of Nebraska
(IRB Approval Number: 20090-79919FB), and written
informed consent was obtained from all subjects.
Subjects completed a symptoms diary to assess the
potential side effects of experimental strain administration. The symptoms included were bowel movement,
stool consistency, discomfort, flatulence, abdominal pain,
and bloating, and subjects were asked to score them on a
scale from 1 (none, normal, good well-being) to 5 (severe
symptoms and discomfort). All twelve subjects completed the trials, and self-reported compliance with the
experimental treatments was 100%.

2.6. Microbial Analysis of Fecal Samples
Subjects provided fresh fecal samples in sterile fecal
sample collection containers, and samples were processed within four hours of defecation. A ten-fold dilution
of each sample in sterile phosphate buffered saline (PBS)
(pH 7.0) was immediately frozen at –80˚C for later DNA
extraction (see below). Furthermore, a 10-fold dilution
series was made with sterile saline (0.9% NaCl), and
aliquots were plated on Rogosa SL Agar, which is selective for lactobacilli.
Plates were incubated anaerobically for 48 hours at
37˚C before enumeration. To analyze the total Lactobacillus population, 10 colonies were picked at random
from a dilution agar plate containing about 100 colonies.
Selection of colonies was randomized by drawing intersecting lines across the plate, and picking colonies along
the lines until ten had been recovered, in order to remove
operator bias. The isolates were differentiated after subculture by RAPD analysis through direct comparison
AiM
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with the molecular fingerprint obtained with the test
strains (Figure 1), a strategy which has been effectively
used to differentiate Lactobacillus isolates from oral and
fecal samples [33,34].
To determine the bacterial population of the test
strains in fecal samples, total counts of lactobacilli (on
Rogosa SL Agar) were multiplied by the percentage of
the strain among the 10 typed colonies.
Although this analysis would under-estimate the numbers of the test strains in fecal samples from subjects
with background Lactobacillus counts, the analysis still
allowed the detection of a significant increase due to the
administration of the strain during the test period.

2.7. Quantitative Real-Time PCR (qPCR)
Lactobacillus strains were quantified in human fecal
samples by qPCR. Strain specific PCR systems could not
be designed for the human L. reuteri strains of the MLSA
lineage II and for L. acidophilus strains, as these strains
are clonal at all loci that were tested [20]. Therefore,
species-specific primers that targeted the 16S-23S rDNA
intergenic spacer region (Table 2) were used. Specific
primers for L. acidophilus targeting this region were previously described by Haarman and Knol [31]. Primers for
L. reuteri and L. mucosae were designed to also target
the same region within the 16S-23S rDNA spacer. For L.
mucosae, the 16S-23S rDNA spacer region was amplified from four strains (Table 1) by primers 16S/p2 and
23S/p10 [30] (Table 2) and sequenced (Table 3). Sequences for L. reuteri were obtained from available ge-

nome sequences (L. reuteri ATCC PTA 6475, 100-23,
mlc3, and lpuph), and sequences were aligned using
CLUSTALW to generate consensus sequences from which
species-specific primers were constructed. Primers were
validated for target specificity using DNA from lactobacilli-negative fecal samples (<102 CFU/g lactobacilli)
and DNA isolated from strains of each of the species of
Lactobacillus used (Table 1).
Specificity for all primers was further validated in silicio using the NCBI database.
Genomic DNA was extracted from fecal samples as
described previously [24]. qPCR was performed in a
Mastercycler Realplex2 (Eppendorf AG, Hamburg, Germany) using the Quanti-Fast SYBR Green PCR system
(Qiagen, Düsseldorf, Germany) as directed by the manufacturer. The PCR program consisted of a single 95˚C
step for 5 mins, followed by 40 cycles of a two-step PCR
reaction, beginning with a 10-second 95˚C denaturation
step and a 30 second 60˚C annealing/extension step.
Melting curves were also performed, consisting of a denaturation step of 15 s at 95˚C, an increase from 60˚C 95˚C over a 20-min period, and a final step of 15 s at
95˚C. Reactions were performed in 25 µL volumes containing 0.5 µm each primer and 1 µL of extracted DNA.
Standard curves for absolute quantification were prepared from overnight cultures (14 h) of each organism (L.
reuteri ATCC PTA 6475, L. mucosae FSL-04, and L.
acidophilus DDS-1) that were plated in triplicate and
enumerated, in parallel to DNA extraction from 1 ml of
the culture. A tenfold dilution series was generated with
this DNA in 10 mM Tris-Cl pH 8.0 to generate a range of
DNA concentrations representing 109 cells to 104 cells,
based on culture-based enumeration from the original
culture. Reactions were performed in triplicate for the
standard curves and in duplicate for fecal DNA samples.
The correlation coefficient, r2, for the three standard
Table 3. Sequences determined during this study.
Strain

Sequence determined

Accession number

L. mucosae
FSL-04

16S/23S intergenic
spacer region

JN368428

Partial 16S rRNA gene JN092131
(a)

(b)

(c)

(d)

Figure 1. Identification of Lactobacillus strains by RAPD
typing. RAPD patterns from L. reuteri MM4-1a (a); L. mucosae FSL-04 (b); and L. acidophilus DDS-1 (c). Each lane
represents a RAPD-typed culture obtained from the original stock culture (lane 1), the freeze-dried powders used in
the human trial (lane 2), and from colonies isolated from
subject fecal samples after consumption of the strain (lane 3
- 5). Examples of isolates obtained by fecal culture during
this study from multiple subjects indicating banding patterns are distinct between strains (d). Lane m: 1kb DNA
ladder (New England Biolabs, Massachusetts USA).

Copyright © 2012 SciRes.

L. mucosae S5

16S/23S intergenic
spacer region

JN592586

L. mucosae 1028

16S/23S intergenic
spacer region

JN592585

L. mucosae 1031

16S/23S intergenic
spacer region

JN592584

L. acidophilus DDS-1

16S/23S intergenic
spacer region

JN368427

L. acidophilus DDS-1

Partial 16S rRNA
gene

JN368429
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curves were 0.99 and PCR efficiencies were 0.93 (L.
mucosae), 0.98 (L. reuteri) and 1.00 (L. acidophilus).
The qPCR systems were validated by spiking a lactobacilli-negative fecal sample (less than 102 CFU per
gram lactobacilli as determined by selective culture on
Rogosa SL Agar) with 10 to 108 cells per gram of each of
the three test strains. DNA was extracted and qPCR was
performed in duplicate as described above. Predicted
numbers of lactobacilli demonstrated a linear dynamic
range closely reflecting the number of known added cells
(r2 > 0.98 for MM4-1a, 0.99 for FSL-04, and 0.93 for
DDS-1) from 104 cells per g to 108 CFU per gram. Below
104 cells per gram fecal samples, background signal prevented accurate quantification. Within the dynamic range,
cell numbers determined by qPCR were in agreement
with the cell numbers that were spiked to the samples as
indicated by the slopes of the trend line in linear regression (b = 0.91 for ATCC PTA 6475, b = 0.86 for FSL-04
and b = 1.01 for DDS-1) when predicted cell numbers
were plotted against cells added.

2.8. Statistical Analysis
Results are presented as means ± standard deviations.
Statistical tests for treatment effects of test strain administration on the abundance of individual strains or abundance of Lactobacillus species were performed either by
one-way analysis of variance (ANOVA) with repeated
measure or by one-way ANOVA, followed by Tukey

(a)
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post-hoc test.

3. Results
3.1. Selection of Lactobacillus mucosae FSL-04 as
an Autochthonous Member of the Human
Intestinal Tract
To identify human autochthonous lactobacilli, we screened fecal samples from 11 human subjects that had participated in a previous study [29]. Fecal Lactobacillus
populations were quantified over the duration of four
months by plating serial dilutions on Rogosa SL Agar
plates. As observed in previous studies [14,15,24,34],
most of the subjects harbored low numbers of lactobacilli
in fecal samples (less than 106 CFU/g). However, one
subject consistently shed high levels of lactobacilli in
fecal samples (Figure 2(a)) over the entire 4 month study.
Two dominant colony types were identified, and 28 isolates were picked randomly during the 15 week duration
of the trial representing both colony morphologies.
Molecular typing of these isolates by RAPD revealed
the presence of two unique strains. One strain was detected throughout the entire 15 week time period by
RAPD-typing (Figure 2(b)) and classified as L. mucosae
by 16S rRNA sequence analysis (>99.9% homology to
16S rRNA gene from L. mucosae CCUG 43179T). Given
that this strain was found in the fecal samples of this human subject in high numbers, we concluded that it represented an autochthonous member of the gut microbiota.

(b)

Figure 2. Identification of Lactobacillus mucosae FSL-04 as an autochthonous member of the human gut microbiota. (a) Total
Lactobacilli (CFU/gram feces) enumerated from Rogosa SL agar over several weeks during isolation of FSL-04 from a single
healthy adult human; (b) RAPD patterns of isolates identified as Lactobacillus mucosae obtained from these fecal samples.
Lane m: 1kb DNA ladder (New England Biolabs, Massachusetts USA); Lane nc: Negative control. Numbered lanes correspond to the respective weeks isolates were obtained.
Copyright © 2012 SciRes.
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Importantly, no lactobacilli were cultured from saliva
samples obtained from this subject at three different time
points (data not shown), excluding the oral cavity as a
potential origin of this strain. A single isolate (L. mucosae FSL-04) was selected for use in this study.

subjects received the probiotic strains. Persistence was
tested at day 1, 8 and 15 of the post-test period by quantitative culture and qPCR. The proportion of each probiotic strain as a percent of the total cultivable Lactobacillus population was determined by RAPD typing of 10
random isolates at each time-point, a number of isolates
that has been shown to give a sufficient overview about
the Lactobacillus strain distribution in human fecal samples [15]. As shown in Figure 1, each strain had a distinct RAPD-pattern and could easily be distinguished
from other isolates obtained throughout the study.

3.2. Human Trial to Compare Persistence of
Lactobacillus Strains
We performed a human cross-over feeding study to
compare the intestinal establishment and persistence of L.
reuteri ATCC PTA 6475, L. mucosae FSL-04, and L.
acidophilus DDS-1 after oral administration of a daily
dose containing viable cells for 7 days to 12 human subjects. No adverse effects, as assessed by symptoms diaries querying bowel movement, stool consistency, general discomfort, flatulence, abdominal pain, and bloating,
were detected for any of the strains during the feeding
period (data not shown). The Lactobacillus population
was characterized in fecal samples two weeks before

3.3. Transient Recovery of Lactobacilli from
Humans after Administration of Three Test
Strains
The number of fecal lactobacilli varied markedly among
the 12 subjects during the baseline period, ranging from
<102 to 109 CFU/gram, with an average of around 104
CFU/gram (Table 4). RAPD analysis revealed that none

Table 4. Log10 total lactobacilli populations in subject fecal samples before (baseline 1 and 2) and post-test (Day 1, 8, and 15).
Percentages of isolates typed as the respective probiotic strain by RAPD are shown in parentheses (nd, not determined).
Total Lactobacilli in Log10 CFU/g Feces (percent of isolates typed as the probiotic strain)
Subject
Strain

1

2

3

4

<2 (nd)

<2 (nd)

<2 (nd)

5

6

7

8

9

10

11

12

Mean

Baseline 1
ATCC PTA
8.64 (nd)
6475

<2 (nd) 2.77 (nd) 3.29 (nd) 3.47 (nd) <2 (nd)

<2 (nd) 3.57 (nd) 4.21 (nd) 3.16 (nd)

FSL-04

4.30 (nd) 3.20 (nd) 3.00 (nd) 5.85 (nd) 5.30 (nd) 5.76 (nd) <2 (nd) 6.79 (nd) <2 (nd)

<2 (nd) 4.43 (nd) 2.84 (nd) 3.96 (nd)

DDS < 21

2.60 (nd) 2.30 (nd) 5.95 (nd) 7.59 (nd)

<2 (nd) 5.68 (nd) 3.55 (nd) 3.00 (nd) <2 (nd)

<2 (nd) 4.65 (nd) <2 (nd) 3.61 (nd)

<2 (0)

<2 (0)

<2 (0)

Baseline 2
ATCC PTA
6475

<2 (0)

6.39 (0)

<2 (0)

6.94 (0)

<2 (0)

3.96 (0) 3.55 (0)

<2 (0)

3.30 (0) 3.18 (0)

FSL-04

5.84 (0)

<2 (0)

6.82 (0)

7.92 (0)

<2 (0)

4.70 (0) 4.75 (0) 3.41 (0)

4.63 (0)

<2 (0)

4.19 (0)

DDS-1

5.40 (0)

4.74 (0)

6.30 (0)

7.16 (0)

6.48 (0)

2.30 (0) 3.30 (0) 2.30 (0)

<2 (0)

<2 (0)

3.58 (0) 4.77 (0) 4.19 (0)

<2 (0)

4.19 (0)

Day 1
ATCC PTA
7.37 (100) 6.79 (90) 6.45 (100) 7.46 (100) 5.09 (100) 4.34 (90) 3.51 (80) 6.21 (0) 3.57 (100) 3.90 (100) 4.44 (90) 5.03 (60) 5.35 (84)
6475
FSL-04
DDS-1

4.81 (100) 6.17 (40)

3.49 (0)

3.83 (0) 4.87 (100) 5.01 (20)

8.01 (10) 5.72 (70) 6.11 (40) 5.34 (90) 4.97 (80) 5.16 (90) 3.43 (100) 5.20 (0) 5.21 (90) 5.30 (59)
4.38 (0)

5.09 (90) 7.09 (0) 5.06 (70) 5.56 (10)

<2 (0)

4.52 (0)

<2 (0)

<2 (0)

5.13 (0) 5.76 (0) 4.86 (24)

Day 8
ATCC PTA
6475

4.90 (0)

<2 (0)

FSL-04

3.94 (0)

2.90 (0)

<2 (0)

7.15 (0)

2.90 (0)

3.77 (0) 2.84 (0) 4.89 (0)

5.05 (0)

2.47 (0)

DDS-1

4.22 (0)

<2 (0)

<2 (0)

8.18 (0)

2.47 (0)

5.28 (0)

<2 (0)

2.60 (0)

4.43 (0)

<2 (0)

4.03 (0)

4.54 (0)

<2 (0)

6.41 (40)

6.93 (0)

3.30 (0)

3.77 (0)

<2 (0)

3.82 (0)

4.73 (0)

<2 (0)

<2 (0)

FSL-04

<2 (0)

3.98 (0)

3.64 (0)

7.58 (0)

<2 (0)

5.38 (0)

<2 (0)

3.68 (0)

4.47 (0)

<2 (0)

6.93 (0) 4.13 (0) 3.98 (0)

DDS-1

2.84 (0)

2.47 (0)

4.03 (0)

7.51 (0)

<2 (0)

5.38 (0) 7.19 (0)

<2 (0)

4.25 (0)

<2 (0)

3.21 (0) 6.03 (0) 4.08 (0)

4.34 (100) 5.77 (0)

<2 (0)

<2 (0)

3.27 (0) 5.30 (0)

<2 (0)

4.95 (0) 3.38 (8)

4.41 (0) 4.05 (0) 3.86 (0)
<2 (0)

3.43 (0)

Day 15
ATCC PTA
6475

Copyright © 2012 SciRes.
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of the three test strains were detectable during the baseline. After subjects had consumed the test strains for 7
days, culture analysis of day 1 fecal samples showed an
increase in total Lactobacillus numbers to about 105
CFU/gram. The RAPD analysis of random isolates revealed that the test strains could be detected in a majority
of the subjects (Table 4), indicating that the increase in
total lactobacilli detected soon after consumption was a
result of administration of the respective experimental
strain.
We next estimated the fecal populations of the test
strains by multiplying total lactobacilli counts by the
relative proportions of each strain, as determined by
RAPD analysis (see Materials and Methods). Administration of L. reuteri ATCC PTA 6475 and L. mucosae
FSL-04 led to a significant increase in the numbers of the
respective strains at day 1 after consumption when compared to baseline, while administration of DDS-1 did not
result in a significant increase (Figure 3(a)). The populations of L. reuteri ATCC PTA 6475 (5.22 Log10 CFU/
gram) and L. mucosae (4.94 Log10 CFU/gram) were higher
than that of L. acidophilus (4.26 Log10 CFU/gram), but
differences did not reach statistical significance.
The number of total lactobacilli returned to baseline at
day 8 after consumption (Table 4 and Figure 3(a)), and
the probiotic strains were not detectable anymore with
one exception (L. reuteri ATCC PTA 6475 was detected
at day 8 and 15 of the washout period in one subject).

3.4. L. reuteri ATCC PTA 6475 and L. mucosae
FSL-04 Can be Established More Efficiently
and in Higher Numbers than L. acidophilus
DDS-1
All three test strains could be detected by the cultureRAPD method in a subset of subjects at day 1, but the
rate of recovery differed between strains (Table 4). At
day 1 after administration, 84% of the isolates were identified as L. reuteri ATCC PTA 6475 at day 1, compared
to 59% and 24% for L. mucosae FSL-04 and L. acidophilus DDS-1, respectively (Figure 3(b)). The difference in recovery rate of L. reuteri ATCC PTA 6475 was
significantly higher than that of L. acidophilus DDS-1
(Figure 3(b)). In addition, the autochthonous strains
were detectable in fecal samples of more subjects. L.
reuteri ATCC PTA 6475 was recovered from 11 out of
the 12 subjects, L. mucosae FSL-04 and was present in
10 subjects, while L. acidophilus DDS-1 was present in 5
subjects.
Although the background Lactobacillus populations in
human fecal samples were low, they still confounded the
culture-based analyses as they prohibited an exact quantification of the test strains. To determine the establishment of the test strains in the human gastrointestinal tract,
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samples taken during baseline, day 1 post-test, and day 8
post-test were analyzed by species-specific qPCR. We
used a species and not strain-specific primers for the
qPCR, as human L. reuteri and L. acidophilus isolates
are highly clonal, making the development of strain specific primers impractical. Furthermore, we chose to target
the same gene (the 16S-23S rRNA spacer region) in all
three strains used during this study to avoid PCR bias.
Population levels were determined by absolute quantification using standard curves obtained from bacterial cells.
While strain-specific primers would be advantageous, the
analysis of baseline fecal samples indicated that no confounding Lactobacillus populations were present in any
of the subjects. As shown in Figure 3(c), the levels of L.
reuteri, L. mucosae, and L. acidophilus were generally
below the detection limit (104 CFU/gram) in most of the
samples during baseline and at day 8 of wash-out, indicating that background levels of the species did not confound this technique.
At day 1 of wash-out, there was a statistically significant increase in each of the three species when compared
to the baseline and the day 8 wash-out, with L. reuteri
ATCC PTA 6475 reaching 5.14 Log10 cells/gram, L.
mucosae FSL-04 reaching 5.03 Log10 cells/gram, and L.
acidophilus DDS-1 4.32 Log10 cells/gram feces. The
qPCR analysis revealed that the two autochthonous
strains L. reuteri ATCC PTA 6475 and L. mucosae
FSL-04 reached significantly higher populations (p <
0.01) in fecal samples when compared to L. acidophilus
DDS-1 (Figure 3(c)).

4. Discussion
The objective of this study was to test whether autochthonous Lactobacillus strains (L. mucosae FSL-04 and L.
reuteri ATCC PTA 6475) can be established more efficiently in the human gastrointestinal tract than an allochthonous strain (L. acidophilus DDS-1) following a 7-day
feeding period. Accordingly, we characterized the Lactobacillus populations in fecal samples obtained from
humans that had consumed standardized, freeze dried
cell preparations of three test strains using both culture-based and molecular (qPCR) methods. As observed
in previous probiotic trials, all three Lactobacillus strains
survived gastric passage and were temporarily detectable
in the fecal samples [5,8,12,15,35]. Most importantly,
our findings indicate that the two autochthonous strains
(L. reuteri ATCC PTA 6475 and L. mucosae FSL-04)
reached higher populations and were generally more persistent than the allochthonous strain. In addition, the
autochthonous strains, and L. reuteri ATCC PTA 6475 in
particular, could be detected in a larger proportion of
subjects and represented a larger percentage of the total
Lactobacillus population (Table 4).
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(a)

(b)

(c)

Figure 3. Quantification of probiotic strains in fecal samples of subjects as determined by culture- and molecular-based
methods. (a) Culturable counts of L. reuteri MM4-1a, L. mucosae FSL-04, and L. acidophilus DDS-1 during baseline (second
sample) and day 1, 8, and 15 post-test. Populations were determined by multiplying total number of lactobacilli with the
proportion of the probiotic strain as determined by RAPD typing of 10 random colonies. Statistical analysis was performed
with One-way ANOVA with repeated measures and Turkey post-hoc tests; (b) Percentage of the probiotic strains to the total
Lactobacillus population at day 1 post-test as determined by RAPD typing of 10 random colonies. Statistical analysis was
performed with One-way ANOVA with repeated measures and Turkey post-hoc tests; (c) Quantification of the Lactobacillus
species L. reuteri (during treatment with strain MM41-1a), L. mucosae (during treatment with strain FSL-04), and L. acidophilus (during treatment with strain DDS-1) by qRT-PCR. Statistical analysis was performed with One-way ANOVA and
Turkey post-hoc tests.

We suggest here that the more efficient establishment
of autochthonous probiotic strains is due to their adaptation to the human gastrointestinal tract. The L. reuteri
strain that was used during this study, which reached the
highest levels of colonization and recovery, belongs to a
subpopulation of the species that has been shown to be
highly specific to the human gastrointestinal tract [21],
and which possesses a genome content that reflects its
adaptation to the human gastrointestinal tract [20]. L.
mucosae is a species that is ordinarily able to bind to
both mucus and human blood group antigens [26,36],
and the strain used in our study was routinely detected in
a human subject in high numbers over 4 months (Figure
2). It is unlikely that the population differences of L.
reuteri and L. mucosae, compared to L. acidophilus are
due to comparatively lower survival rate of L. acidophilus during gastric transit, as the latter species has been
shown to have high rates of tolerance towards low acidity
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and bile acids [5]. Instead, the restricted ability of L.
acidophilus to form stable populations in the human, as
shown previously [15,16,23,24] is likely due to the absence of specific adaptive features that are evidently present in L. reuteri and L. mucosae.
Although our data indicated that the two autochthonous Lactobacillus strains could be established in higher
numbers in the human gut, the strains were no more persistent than the allochthonous strain. That probiotic bacteria can only be transiently established in the gut has
been shown in many previous studies, and duration of
persistence does not seem to depend on differences in
inoculum dose, strain or species, carrier medium, and
even duration of consumption [5,9,15]. The data obtained
during our study indicates that autochthony does not increase the duration of persistence. This finding suggests
that it may be difficult, if not impossible, to establish a
probiotic strain long term in the gastrointestinal tract of
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most human subjects, even if that microbe was derived
from a stable component of one individual’s gut microbiota. Therefore, the ability of the microbiota to prevent
establishment of foreign organisms (colonization resistance), applies not only to pathogens, but to other gut
microbes as well.
The ecological principles that govern community assembly of the gut microbiota and determine which lineages can become established are not completely understood. Modern concepts of community ecology suggest
that a combination of niche-related and historic processes
(e.g. in situ evolution of early colonizers) govern the
process [37-39]. Historic factors such as colonization
order, transmission, and niche construction are inherently
stochastic, and therefore cause variation in individual
microbiomes, while in situ evolution of members ensures
that members are highly adapted to available niches [39].
These concepts have important implications if the goal is
to establish a probiotic organism in the gut. First, the
microbiome is individualized and composed of microbes
that are adapted to occupy specific niches within each
person’s particular community, and thus, members of microbiomes are not necessarily interchangeable. Second,
establishment of new microbes is only possible as long as
niches are still open (early during assembly) or if niches
become available (when community members are intentionally or accidentally removed from the community). If
community structure becomes disrupted, for example
through a high dose of antibiotics, microbes from another
individual can be successfully and more permanently
established [40]. Therefore, probiotic bacteria might be
more permanently established when administered after
antibiotic treatments or early in life.
Although our findings indicate the autochthony of
probiotic lactobacilli does not increase the duration of
their persistence in the human gastrointestinal tract, the
observation that autochthonous strains can be more efficiently established is clearly of practical importance. We
not only detected L. reuteri ATCC PTA 6475 and L.
mucosae FSL-04 in more subjects after administration,
but these strains also reached about ten times higher cell
numbers in fecal samples when compared to L. acidophilus DDS-1. These findings indicate that the effective dose of a probiotic is likely to be higher when an
autochthonous strain versus an allochthonous strain is
used. If probiotic action is dependent on the metabolic
functionality of the organisms in the gut, such as direct
antagonism or the production of bioactive substances,
then a higher dose of viable organisms present the gut is
likely to increase the success of a probiotic strategy. In
conclusion, the results described in this study support the
notion that evolutionary and ecological characteristics
are valuable criteria for the selection of probiotic strains
[14]. Future studies should be aimed to test persistence of
Copyright © 2012 SciRes.
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other autochthonous strains, especially L. ruminis, which
appears to be the dominant Lactobacillus species in the
human gut [15,16,41].
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