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Fabrizio Chiaramonte,1,2 Sébastien Blugeon,2 Stéphane Chaillou,1

Philippe Langella,2 and Monique Zagorec1*
Unité Flore Lactique et Environnement Carné, UR309,1 and Unité Ecologie et Physiologie du Système Digestif, UR902,2

INRA, Domaine de Vilvert, F78350 Jouy en Josas, France

Received 17 December 2008/Accepted 6 May 2009

A Lactobacillus sakei strain named FLEC01 was isolated from human feces and characterized genotypically.
Comparison of the genetic features of this strain with those of both the meat-borne L. sakei strain 23K and
another human isolate, LTH5590, showed that they belong to different but closely related clusters. The three
L. sakei strains did not persist and only transited through the gastrointestinal tracts (GITs) of conventional
C3H/HeN mice. In contrast, they all colonized the GITs of axenic mice and rapidly reached a population of 109

CFU/g of feces, which remained stable until day 51. Five days after mice were fed, a first subpopulation,
characterized by small colonies, appeared and reached 50% of the total L. sakei population in mice. Fifteen to
21 days after feeding, a second subpopulation, characterized by rough colonies, appeared. It coexisted with the
two other populations until day 51, and its cell shapes were also affected, suggesting a dysfunction of the cell
division or cell wall. No clear difference between the behaviors of the meat-borne strain and the two human
isolates in both conventional and axenic mice was observed, suggesting that L. sakei is a food-borne bacterium
rather than a commensal one and that its presence in human feces originates from diet. Previous observations
of Escherichia coli strains suggest that the mouse GIT environment could induce mutations to increase their
survival and colonization capacities. Here, we observed similar mutations concerning a food-grade gram-
positive bacterium for the first time.

Although initially characterized from rice wine (28), the
lactic acid bacterium species Lactobacillus sakei is considered
the main representative flora of meat products, representing
the major population of many fermented meat products and of
raw meat stored under vacuum-packaged conditions (10, 12,
13). L. sakei is naturally present in many fish and meat prod-
ucts that are traditionally processed without the use of starter
cultures (33). In addition, when small-scale facilities producing
traditional dry fermented sausage were searched, L. sakei was
detected only in the meat matrix, suggesting that meat is con-
taminated by this species mainly during the early processing
steps (certainly by hide or feces of the animals) and not later
on or by contact with the environment or materials within the
facilities (2).

L. sakei shows high degrees of phenotypic and genomic
diversity (11–13) that may explain the difficult detection and
misidentification of it in the past. For instance, although the
human gut microbiota has been intensively investigated by
different microbial and molecular methods for many years, the
presence of L. sakei in the feces of healthy humans was re-
ported only recently (16, 17, 26, 39). The presence of the
meat-borne species L. sakei in human feces, similar to that of

several other lactobacilli, could be correlated to human diet,
including raw and fermented meat (or fish), for millennia (37).
Considering its relatively high concentration in human feces
(106 per g) that was previously reported (16), L. sakei was
considered as one of the predominant food-associated Lacto-
bacillus species present in human feces. Its natural reservoir
and its origin prior to meat contamination are still not known.
One can hypothesize that it belongs to the intestinal micro-
biota of animals used for meat production, although its pres-
ence has not yet been reported in mammals and has been
reported only recently in the intestines of salmonids (5).

Most of the available literature on L. sakei deals with its
physiology in relation to preservation, fermentation, or spoil-
age of meat products (see references 10 and 13 and the refer-
ences therein). Since its use as an ingredient or additive bio-
protective culture, to ensure microbial safety of nonfermented
meat products, has been proposed (8, 10), information on its
behavior in the gastrointestinal tract (GIT) after ingestion of
foodstuffs is required. The purpose of this study was thus to
evaluate the ability of L. sakei to survive and transit in the GIT.
Therefore, we compared two independent L. sakei strains iso-
lated from human feces to the meat-associated L. sakei 23K
model strain and analyzed their behaviors in the GITs of both
conventional and axenic mice.

MATERIALS AND METHODS

Media, growth conditions, and isolation from feces. Bacteria were routinely
grown at 30°C in MRS medium (18) or in the chemically defined medium MCD
(29) for physiological studies. When required, plates were incubated under
anaerobiosis for 2 days, either in anaerobic jars (Gaspak; BBL) with anaerobic
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bags (Oxoid) or in incubators with a modified atmosphere (90% N2, 5% CO2,
and 5% H2).

For mutant or transformant propagation, MRS medium was supplemented
with the following concentrations of antibiotics: 5 mg liter�1 erythromycin, 10 mg
liter�1 chloramphenicol, or 100 mg liter�1 rifampin (rifampicin). In order to
isolate L. sakei from human feces, we used a modified MRS medium derived
from those in the studies of Dal Bello et al. in 2006 (17) and Najjari et al. in 2008
(33), containing 10 g liter�1 polypeptone (Difco), 8.0 g liter�1 beef extract
(Difco), 5 g liter�1 yeast extract (Difco), 2 g liter�1 K2HPO4, 2 g liter�1 diam-
monium citrate, 0.1 g liter�1 MnSO4, 0.05 g liter�1 MgSO4, 0.1% (vol/vol)
Tween 80 (Merck), 12% (wt/vol) agar (Gibco), 20 g liter�1 glucose, and 0.025 g
liter�1 bromocresol green, pH 6.2. The same medium, with the addition of
rifampin (100 mg liter�1) and nalidixic acid (40 mg liter�1), was used to select
and determine the L. sakei population present in the feces of conventional mice.
Spores of Bacillus subtilis were counted by plating serial dilutions of fecal samples
on brain heart infusion medium and incubating at 55°C for 48 h.

Fecal samples from 13 different healthy subjects living in France, males and
females between 25 and 60 years of age, were collected and refrigerated at 4°C.
Ten grams of feces was diluted in 90 ml of phosphate buffer (0.1 M K2HPO4, pH
6.8) and homogenized in a stomacher for 2 min. Serial dilutions in tryptone salt
buffer were plated in duplicate on the modified MRS medium described above
and incubated anaerobically for 48 h at 30°C.

A Bioscreen C system (Labsystems) was used to study the growth behavior of
various clones when cultivated in liquid MRS medium. Fifteen microliters of
bacterial precultures in early stationary phase was inoculated in 275 �l of fresh
medium. The temperature was 30°C, and the cell density was measured every 20
min for 44 h.

Bacterial strains and plasmids. L. sakei 23K is a plasmid-free strain obtained
from a natural isolate originating from fermented sausage (7). L. sakei LTH5588,
LTH5589, and LTH5590 (16), as well as L. sakei FLEC01 (isolated in this study),
were isolated from feces of healthy humans. Spontaneous mutants resistant to
rifampin (FLEC01rifR, LTH5590rifR, and 23KrifR) were obtained from corre-
sponding L. sakei strains by plating 0.5 and 1 ml of an overnight culture onto
MRS plates containing 100 mg liter�1 rifampin. Resistant clones appearing after
4 to 5 days of incubation were subcultured and then stored. Plasmids pRV566,
carrying an erythromycin resistance gene (1), and pRV620, derived from
pRV566 and carrying a chloramphenicol resistance cassette (15), were intro-
duced by electroporation as previously described (7) into LTH5590 and 23K
strains, respectively.

Clones presenting different morphotypes after passage through the GIT were
collected and named following a nomenclature indicating their parent strain, the
time after transit, the colony morphotype, and the isolation incubation condi-
tions. For instance, L. sakei 23K J10SN2 (day 10, small [S] phenotype, isolated
under anaerobic conditions) and L. sakei 23K J30RO2 (day 30, rough [R] phe-
notype, isolated under aerobic conditions) were issued from strain 23K. All
strains were stored frozen at �80°C in MRS medium in the presence of 25%
glycerol.

Experiments with conventional mice. Twelve male adult C3H/HeN conven-
tional mice, 6 to 8 weeks of age, born and bred in the facilities of Unité
Expérimentale Animalerie Rongeurs at the INRA center of Jouy en Josas,
France, were used following established methods (14). Mice were fed with
powdered ground rodent chow (food no. R03-40; SAFE, Augy, France) in
powdered food hoppers for mice (UAR, Epinay/Orge, France). The animals
were permanently maintained in Trexler-type isolators (La Calhène, Vélizy,
France). Autoclaved tap water and pelleted standard chow sterilized by gamma
irradiation at 45 kGy were given ad libitum. The room housing the isolators was
maintained at a constant temperature (21°C � 1°C) and constant humidity
(50% � 5%) with a cycle consisting of 12 h of light and 12 h of darkness. Four
mice were housed in each cage. L. sakei LTH5590rifR, RV2002rifR, and
FLEC01rifR strains were cultivated in MRS liquid medium containing 100 mg
liter�1 of rifampin. Fifty milliliters of 24-h bacterial cultures was washed with the
same volume of peptone water, resuspended in 0.5 ml of phosphate-buffered
saline (PBS) buffer, and mixed with 600 �l of a solution of B. subtilis spores. Two
hundred microliters of this bacterial suspension (corresponding to an L. sakei
population of approximately 109 CFU) was administered to mice by a unique
intragastric gavage at time zero. Fresh fecal samples (between 0.1 g and 0.3 g)
were collected from each mouse every 12 h until day 5, 10-fold diluted in LCY
medium (2 g liter�1 N-Z Amine A [Sigma-Aldrich], 5 g liter�1 NaCl, 2 g liter�1

yeast extract, 1 g liter�1 K2HPO4), mixed, and homogenized with a sterile
pipette. Serial dilutions were prepared in LCY medium, and 100-�l volumes of
10�3, 10�4, 10�5, and 10�6 dilutions were plated on MRS medium containing
rifampin and nalidixic acid and on brain heart infusion medium (Difco).

Experiments in germfree mice. Twenty-four male adult C3H/HeN mice, 6 to
8 weeks of age, born and bred in germfree conditions in the facilities of Unité
Ecologie et Physiologie du Système Digestif, were used and treated as described
above. In order to prevent contaminations, the animals were permanently main-
tained in sterilized Trexler-type isolators (La Calhène, Vélizy, France). Mice
were acclimatized for 1 week (including PBS pretreatment during the last 4
days). Bacteria from 50 ml of 24-h MRS cultures were washed in peptone water
and resuspended in 1 ml of PBS buffer. Two hundred microliters of the bacterial
suspension (corresponding to a population of approximately 109 CFU) was
administered to mice via a unique intragastric gavage at time zero. Fecal samples
were collected and plated on MRS medium as described above every 12 h for 7
days and then on days 10, 15, 21, 30, and 40. After 51 days, mice were killed by
cervical dislocation, and the GIT was sectioned in five parts (duodenum, jeju-
num, ileum, cecum, and colon). The luminal content of each section was
weighed, diluted, and plated on MRS medium as described for feces.

All procedures were carried out in accordance with the institutional guidelines
for the care and use of laboratory animals.

Scanning electron microscopy sample preparation. Scanning electron micros-
copy was performed in the Laboratoire Bioadhésion et Hygiène des Matériaux,
UMR/INRA-AgroParisTech, Massy, France. Samples for scanning electron mi-
croscopy were treated as described in reference 25. Briefly, samples were im-
mersed in a fixative solution containing 2% glyceraldehyde for 48 h and put onto
sterile tinfoil discs. Samples were rinsed with cacodylate buffer (0.2 M, pH 7.4)
and then dehydrated in a graded ethanol series, air dried, placed on aluminum
stubs with graphite paint, and coated with gold-palladium sputtering coater
(Polaron SC7640; Elexience, Verrières-le-Buisson, France) for 140 s at 10 mA
and 80 mtorr. Samples were visualized by field emission gun scanning electron
microscope, and the resulting secondary electron images were analyzed (8 kV) by
use of Hitachi S4500 equipment (Elexience).

DNA manipulations. Purification of genomic DNA to be used in PCR exper-
iments was performed as described in reference 4. DNA of small or medium-
sized plasmids (�6 kb) was isolated from L. sakei by using the GenElute plasmid
miniprep kit (Sigma-Aldrich) according to the recommendations of the manu-
facturer and following the modifications suggested by Hüfner et al. (27). Stan-
dard methods were used for electrophoresis and PCR DNA fragment purifica-
tion (36). The presence of specific PCR products and of plasmids was monitored
by electrophoresis on gels containing 1.5% and 0.8% agarose, respectively.

The analysis of large plasmids (�6 kb) was performed by pulsed-field gel
electrophoresis (PFGE) after digestion with S1 nuclease as described in refer-
ence 6. Bacteria were collected from 1-ml exponential MRS cultures by centrif-
ugation at room temperature, suspended in 0.5 ml TEE buffer (10 mM Tris-HCl,
pH 9.0, 100 mM EDTA, 10 mM EGTA), and embedded in an equal volume of
2% low-melting-point agarose (Sigma). Plugs were then incubated 1 h at 37°C
with 1 U S1 nuclease from Aspergillus oryzae (Sigma), and migration was carried
out at 14°C for 15 h at 200 V with an angle of 120°. The switch time was 50 s to
90 s. After this, a second migration was performed for 4 h with the same
parameters, except there was a switch time of 1 s to 12 s.

The size and structure of a chromosome was determined by PFGE after
digestion with I-CeuI (New England Biolab), an enzyme that cuts a DNA se-
quence specific for rrn genes. Lysis and digestion were performed as described
previously (20). Restriction digestion was performed using 2 U I-CeuI per plug.
After PFGE migration, gels were stained with Vistra-Green (Amersham) ac-
cording to the recommendations of the manufacturer and analyzed on a Fluor-
Imager (Molecular Dynamics), with a filter at 488 nm. Three independent gel
electrophoreses were performed.

PCR conditions and DNA sequencing. The 16S rrn genes were amplified by
PCR as 1.5-kb DNA fragments with universal primers pA and pH* (9). PCR
amplification was performed with a PCT-200 thermocycler (MJ Research). The
50-�l PCR mixture contained PCR buffer, 1.5 nmol liter�1 MgCl2, 0.2 nmol
liter�1 of each deoxynucleoside triphosphate, 0.5 �mol liter�1 of each primer, 1
�g ml�1 of chromosomal DNA, and 1 U of Taq polymerase (Fermentas). The
program used was as follows: 95°C for 4 min, 35 cycles of 94°C for 45 s, 55°C for
45 s, and 72°C for 1 min, and a final elongation step at 72°C for 5 min.

To detect the presence of the L. sakei katA gene, primers 702F and 310R (3)
were used to amplify a 410-bp DNA fragment. Ten microliters of an overnight
culture of L. sakei in MRS broth were deposed on FTA membranes (Whatman).
Small discs (2-mm diameter) were cut and washed twice for 3 min with Tris-
EDTA buffer, dried for 1 h and used as chromosomal DNA templates in a 50-�l
PCR mixture containing PCR buffer, 1.5 nmol liter�1 MgCl2, 0.2 nmol liter�1 of
each deoxynucleoside triphosphate, 0.8 �mol liter�1 of each primer, and 2 U of
Taq polymerase. An initial denaturation step was performed at 94°C for 5 min,
followed by 30 cycles of 94°C for 1 min, 56°C for 1 min, and 72°C for 1 min, and
a final extension step at 72°C for 5 min.
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For 16S rRNA gene product sequencing, the PCR fragment was treated with
0.1 U shrimp alkaline phosphatase (USB) and 1 U exonuclease I (Biolabs) in 20
mM Tris-HCl (pH 8.0)–10 mM MgCl2 buffer for 1 h at 37°C and then sequenced
in both directions. Genotyping of strain FLEC01 and creation of a clustering
dendrogram were carried out as previously described (11).

Nucleotide sequence accession number. The sequence of the FLEC01 16S
rRNA gene has been deposited in GenBank under accession number EU867793.

RESULTS

Isolation of L. sakei FLEC01 from human feces. In order to
compare human and meat-borne L. sakei isolates, we used
strains L. sakei 23K (7), issued from a sausage isolate, and L.
sakei LTH5588, LTH5589, and LTH5590, isolated from hu-
man feces (16). In addition, we isolated a new L. sakei human
strain. For that purpose, the feces of 13 healthy humans were
collected and lactobacilli were isolated by using a method
derived from previously described protocols (17, 33). Clones
showing a putative L. sakei morphology were purified, and the
presence of the specific L. sakei katA gene was determined by
PCR amplification. Only one positive clone was found. Its 16S
rRNA gene was then amplified and sequenced. The 1,438-
nucleotide sequence showed 99% identity to the 16S rRNA
gene of L. sakei and this clone, hereafter called FLEC01, was
thus considered to belong to this species. From the feces dilu-
tions used to isolate L. sakei FLEC01, its presence was esti-
mated as approximately 106 per g of feces.

Comparison of genetic features of human and meat-borne
L. sakei strains. We first determined the plasmid contents of
the two human isolates: LTH5590 and FLEC01 strains carry
two (66- and 14-kb) and three (29-, 14-, and 11-kb) plasmids,
respectively. We then compared their genome sizes and orga-
nizations. PFGE analysis showed that L. sakei FLEC01 har-
bored seven rrn operons distributed on the chromosome, as
previously observed for L. sakei (11, 20, 32). The genome size
of L. sakei FLEC01 was evaluated to be 1,966 � 5 kb, thus,
comparable to those of L. sakei 23K (1,885 kb) (20) and
LTH5590 (1,915 � 22 kb) (11).

Currently, the natural L. sakei population can be divided
into 10 genotypic clusters (A to J), and new L. sakei isolates
can be rapidly genotyped by using PCR-based detection of a
few genetic markers (11). This method was used to examine
the genotypic clustering of L. sakei FLEC01 regarding the two
other strains. We observed that FLEC01, like LTH5588, an-
other GIT isolate, and two well-characterized industrial start-
ers for sausage (strains L110 and 205) belonged to cluster B. In
contrast, L. sakei 23K belongs to cluster A, and LTH5590 and
LTH5589 belong to cluster C (see Fig. S1 in the supplemental
material). The three strains belong, thus, to three different but
closely related clusters.

L. sakei only transits and does not persist in gastrointestinal
tract of conventional mice. Spontaneous rifampin-resistant
mutants, derived from the meat-borne strain L. sakei 23K and
from the two human isolates, L. sakei LTH5590 and FLEC01,
were inoculated independently in conventional mice in order
to determine their ability to survive in the GIT by monitoring
their presence in feces. The bacterial population of fecal sam-
ples before the mice were fed with L. sakei was determined on
MRS selective medium containing rifampin and nalidixic acid.
After 48 h of incubation at 30°C, no colonies were detected. Six
hours after gavage, the L. sakei population reached �108 CFU

per g of feces, depending on the strain, and then rapidly de-
creased (104 CFU per g of feces after 24 h) and became
undetectable after 2 days (Fig. 1). The three strains showed
similar behaviors: all survived in the GIT, but none was able to
durably persist and colonize it. Consequently, their survival in
axenic mice was therefore investigated.

Administration of L. sakei strains in axenic mice led to the
appearance of subpopulations. As our aim was to compare
human and meat-borne strains, with the idea of measuring
their competitiveness when mixed together, we used various
antibiotic-resistant derivative strains. Several attempts to
transform LTH5588, LTH5589, and FLEC01 strains with dif-
ferent plasmids were unsuccessful; however, LTH5590 could
be transformed with pRV566, leading to erythromycin resis-
tance. Therefore, L. sakei 23K carrying pRV620 (Cmr),
LTH5590 carrying pRV566 (Emr), and a FLEC01rifR sponta-
neous mutant were first administered independently in axenic
mice to compare their behaviors. Fecal samples were plated
either on MRS medium or on MRS medium containing anti-
biotics. Colonies of L. sakei 23K and LTH5590 strains were not
detected on MRS medium with antibiotics at 2 weeks after the
mice were fed, indicating that the two strains had grown but
lost the plasmid in the absence of antibiotic-selective pressure.
In contrast, counts of L. sakei FLEC01rifR on MRS medium
and MRS medium with rifampin remained identical until the
end of the experiment (data not shown). Therefore, we con-
sidered only the CFU obtained on MRS plates without anti-
biotic, and when repeated, experiments were performed by
using MRS medium without antibiotics.

We observed that the three strains were rapidly detected in
feces of germfree mice and that the populations remained
stable over 51 days after ingestion (Fig. 2A). The population
rapidly reached �109 per g for each strain. However, we ob-
served that the colony morphology observed on MRS plates
became heterogeneous between days 4 and 5: a subpopulation
appeared and reached approximately half of the total popula-
tion, and it persisted until day 40 (Fig. 2A). The colonies of this
subpopulation are smaller than the average colony size for L.
sakei (Fig. 2B). Similar results were observed for the three
strains in all treated mice. At days 15 to 21, a second popula-

FIG. 1. Transit of L. sakei in the GITs of conventional C3H/HeN
mice. Counts of L. sakei strain FLEC01 (black symbols) at different
time points are shown. B. subtilis spores (white symbols) were used as
a marker. Similar results were obtained with L. sakei 23K and
LTH5590 (not shown). Data are the means of the cell counts obtained
by plating feces excreted by four mice. Error bars indicate standard
deviations.
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tion appeared, characterized by R colonies on MRS medium
(Fig. 2C and D). The emergence of this subpopulation oc-
curred for all three strains (L. sakei 23K, LTH5590, and
FLEC01rifR) but not in all treated mice, in contrast to the
subpopulation harboring an S colony phenotype. One hundred
twelve clones of different morphologies (normal [N], S, and R)
were collected at various times and stored for further studies.
The presence of the specific L. sakei katA gene was checked by
PCR amplification on those clones. All were positive, attesting
that they were not contaminants but indeed derived from the
initial L. sakei strains that were fed to the mice. In addition,
PFGE analysis, performed on one S clone and one R clone
issued from mice fed with L. sakei 23K, LTH5590, and
FLEC01 showed that the patterns obtained for S and R colo-
nies were identical to that of the original strains (data not
shown). The R colony morphotype was stable after several
plating steps. However, for some S clones, we could observe
that plating on MRS medium led to the appearance of colonies
with an N phenotype at a low frequency (�10�6), suggesting a
reversion to the normal size and, thus, that these morpholog-
ical changes might result from mutations.

Distribution of L. sakei in the lumen of the GITs of axenic
mice. We investigated the segmental distribution of strains
23K, FLEC01, and LTH5590 in the murine GIT, in order to
identify the putative preferred colonization sites for L. sakei.
Mice were killed 51 days after being fed, and the luminal

contents of the small intestine (divided into duodenum, jeju-
num, and ileum), cecum, and colon were spread on MRS
medium. The bacterial CFU obtained for each segment ranged
from 104 to 109 CFU/g, and the highest cell counts were found
in the cecum and colon (Fig. 3), indicating that these are the
preferred colonization sites for L. sakei. Amounts of bacterial
CFU in the small intestine (especially the duodenum and je-
junum) differed significantly between the different mice. This
suggests that the presence of L. sakei in these segments is
transitory and probably due to the ingestion of feces and re-
contamination of the mouse. In addition, we noticed that S and
R clones were recovered from all segments.

Characterization of S and R L. sakei morphotypes. We fur-
ther analyzed phenotypic traits of S and R clones. The growth
of both S and R colonies in MRS medium was affected com-
pared to that of the original strains (Fig. 4). Even after 44 h of
incubation, S clones could not reach the cell density of parent
strains, whereas R clones could. All the 112 clones were
screened and, although the growth was always slower in S and
R clones, a wide variability of curves could be noticed. This
suggests that these clones were affected in different ways.

Images obtained by scanning electron microscopy of the
cultures showed that for the three strains, cells issued from S
clones were longer than wild-type cells. Cells issued from R
clones of L. sakei strains FLEC01 and LTH5590 showed a

FIG. 2. Implantation of L. sakei in the GITs of axenic mice and appearance of a subpopulation. (A) Counts of L. sakei 23K (black symbols)
at different time points are shown. White symbols represent a subpopulation showing an S colony morphology. Data are the means of the cell
counts obtained by plating feces excreted by four mice. Error bars indicate standard deviations. (B) L. sakei S and N colony morphotypes on MRS
plates. (C) Counts of the original L. sakei LTH5590 strain (black symbols) and the appearance of two subpopulations characterized by S (white
symbols) and R (multiplication signs) colony morphologies. The R population appeared in only some mice. (D) An example of the R population
in one mouse is shown. The image shows an L. sakei LTH5590 R colony morphotype on MRS medium.
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filament structure, whereas cells issued from 23K R clones
showed a mix of short and long cells (Fig. 5).

According to the growth curves and the stability of the col-
ony morphotype, one S clone (23K J10SN2) and one R clone

(23K J30RO2) showing a stable phenotype were chosen for an
investigation of their behavior in mice. Both strains colonize
the GITs of axenic mice, and both reached 109 CFU/g at 2 to
3 days after the feeding, as shown Fig. 6 for clone 23K J10SN2.
None of the S and R clones returned to N colonies after GIT
passage. Interestingly, in mice fed with the S strain 23K
J10SN2, R colonies appeared after only 2 days and persisted
until the end of the experiment (Fig. 6). These results indicate
that R colonies are probably issued from S colonies.

DISCUSSION

The presence of several food-associated lactic acid bacteria
(Lactobacillus curvatus, Leuconostoc mesenteroides, Leuconos-
toc argentinum, Pediococcus pentosaceus, and Pediococcus aci-
dilactici), including L. sakei, in human feces has been previ-
ously demonstrated (26, 39) but not further investigated.
Although L. sakei could be detected in human fecal samples by
using PCR-specific primers for lactobacilli coupled with dena-
turing gradient gel electrophoresis analysis, these human L.
sakei strains were not characterized. In 2003, Dal Bello et al.
(16) isolated L. sakei strains from human feces (at �106 CFU
per g of feces) and showed that this species was actually the
dominant lactobacillus in some subjects when alternative incu-
bation conditions were applied to isolate strains. In this study,
we tried to better understand the behavior of L. sakei in
the GIT.

We first isolated L. sakei strain FLEC01 from human feces
by using incubation conditions similar to those previously de-
scribed (16) and adapted from a phenotypical screening
method (33). L. sakei FLEC01 was found to be present at �106

FIG. 3. Distribution of L. sakei FLEC01 (lanes A), 23K (lanes B), and LTH5590 (lanes C) strains along the GITs of axenic mice. Cell counts
obtained by plating the intestinal content of duodenum, jejunum, ileum, colon, and cecum of four mice (�, mouse 1; f, mouse 2; ‚, mouse 3; �,
mouse 4) are shown for the three strains. In the duodenum, jejunum, and ileum, the presence of L. sakei strains was sometimes detected in only
two or three mice.

FIG. 4. Growth curves of L. sakei 23K and of various S and R
clones in MRS medium. Wild type (�) and L. sakei 23K N clone
J7NN2 (Œ), S clone J7SO2 (}), S clone J40SO2 (�), S clone J10SN2
(*), R clone J40RN2 (E), and R clone J30RO2 (�).
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CFU per g of feces in one subject. The presence of this species
in only some subjects is not unexpected, since differences be-
tween subjects were previously reported (26, 39). However, its
detection in only one subject out of 13 might be due to the
different incubation conditions used in our protocol (90% N2,
5% CO2, and 5% H2), suggesting that a low percentage of
oxygen (2%) could be important for the isolation of L. sakei.

The plasmid contents of the two human L. sakei strains are
different, and they also differ from that of L. sakei 23, the
parent strain of 23K, isolated from sausage and harboring a
unique large (�42-kb) plasmid (7). In this study, the genomic
analysis and the phylogenomic classification of three L. sakei
strains revealed that although the L. sakei 23K, LTH5590, and
FLEC01 strains were isolated from different environments,
they possess chromosomes of similar sizes and belong to
closely related genotypic clusters. The three strains have rela-
tively small genomes indeed, considering that genome sizes in

the species L. sakei can range from 1,814 � 12 kb to 2,308 �
79 kb (11).

Interestingly, we noticed that strains L. sakei L110 and 205,
used as starters for the production of French dry sausages and
their genotypic clusters previously determined (11), belong to
the same group as FLEC01 and show highly similar genetic
fingerprints. In addition, LTH5588, a human isolate, also clus-
tered in the same group, whereas another human isolates
LTH5589 and LTH5590 cluster tag either in a different group.
The observation that human isolates and commercial meat
starter strains belong to closely related clusters suggests that
the presence of L. sakei in human feces may result from in-
gestion of dry sausages.

So far, little is known about the behavior of L. sakei in the
GIT. It was recently shown that L. sakei could persist in the
intestines of brown trout (5). In the present study, we evalu-
ated whether the fitness in the mouse GIT of strains isolated
from human feces, thus, from the GIT, was higher than that of
a strain isolated from food. The three strains showed the same
behavior: they all transited in the GITs of conventional CH3/
HeN mice (as fast as the spores of B. subtilis, used as a transit
control), but none was able to persist in the presence of a
preexisting microbiota. It is thus probable that L. sakei belongs
to the transient microbiota of humans rather than to the res-
ident one.

In contrast, the three strains of L. sakei were able to colonize
the GITs of axenic mice, and as already shown for other lactic
acid bacteria such as Lactobacillus acidophilus (34), Lactoba-
cillus johnsonii (19), Lactobacillus plantarum (31), and Lacto-
coccus lactis (35), the favorite sites of implantation are gener-
ally the cecum (intestine) and the proximal colon.

Mutants of the gram-negative bacterium Escherichia coli
better adapted to the GIT environment were previously iso-

FIG. 5. Morphologies of cells issued from S and R clones of L. sakei LTH5590 or 23K observed by scanning electron microscopy. L. sakei
LTH5590 wild type (A) and S (B) or R (C) clones and the L. sakei 23K rough clone (D) grown in MRS liquid medium.

FIG. 6. Implantation of small clones in the GITs of germfree mice.
Counts of L. sakei 23K J10SN2 at different time points (S colony, black
symbols) are shown. White symbols represent R colony morphotypes.
Data are the means of the cell counts obtained after plating feces
excreted by four mice. Error bars indicate standard deviations.
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lated after transit in conventional mice (30), and it was re-
ported that E. coli mutates during the transit through the GITs
of streptomycin-treated mice, giving rise to a different colony
morphology (23, 24). Similarly, in axenic mice, we observed the
appearance of subpopulations characterized by a different col-
ony morphotype. Until now, this phenomenon has never been
described for gram-positive bacteria. The occurrence of this
phenomenon was observed with the three L. sakei strains,
indicating that it can be considered a feature of the species.
The subpopulations characterized by abnormal morphotypes
had a selective advantage in the mouse GIT environment, since
they could rapidly reach an equilibrium with the preexisting L.
sakei population. However, they could not completely displace
it. In a study of adaptive evolution of bacteria in the mouse gut,
and based on previous results (21, 38), it was proposed that in
addition to accumulating rare adaptive mutations, hypermuta-
tor bacteria rapidly accumulate numerous detrimental muta-
tions (22). Many of the accumulated mutations may not affect
growth in the GIT but may reduce bacterial fitness in a sec-
ondary environment. In our case, although well adapted to the
GIT environment, S and R colonies grew poorly in MRS me-
dium, supporting what was described for E. coli.

The S morphotype was conserved for subcultures of most
but not all S clones in MRS medium. In contrast, the R colony
phenotype was stable for all R clones tested, and R clones
appeared rapidly after axenic mice were fed with S clones. The
reversion of some of the S clones could indicate that the S
phenotype is due to a single mutation or at least requires only
a single suppressor mutation, whereas others are the result of
a number of sequential mutational events providing a selective
advantage in this environment.

The necessity for an accumulation of mutations to adapt to
the GIT conditions provides one more indication that this
environment is not the preferred niche for L. sakei.

Finally, scanning electron microscopy observations showed
that bacterial cells issued from S and R clones had a strongly
modified cell shape. We can thus hypothesize that either cell
wall composition or the cell division system is affected. Exper-
iments to deeply investigate S and R clone physiology are in
progress in order to understand the reasons for the modified
phenotype and to identify eventual adaptive mutations that
occurred in L. sakei strains during transit through the GITs of
axenic mice.

In conclusion, our results established a basis to better un-
derstand how the representative species of bacteria in meat, L.
sakei, behaves during its transit to the GIT. We confirm pre-
vious results showing that L. sakei is indeed present in the
human GIT (23), and we isolated a new strain from human
feces. Human- and food-originating strains which are very
close genotypically did not display relevant differences in either
the survival or the colonization of the GITs of conventional
and axenic mice. In addition, our human strain, similar to some
other human isolates, belongs to genomic strain clusters that
also encompass industrial starters used for the fermentation of
dry sausages. Finally, the observation of phenotypic changes in
the colony morphology and in the cell shape of L. sakei during
GIT colonization, leading to a selective advantage in this en-
vironment, suggests that the GIT is not its preferred niche and
the presence of this species in the human GIT is probably diet
associated. The genetic and proteomic characterization of S

and R clones will give us useful information to understand how
L. sakei adapts to the GIT environment and to identify some of
the functions implicated in its survival.
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