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The thermophilic lactic acid bacterium Streptococcus ther-
mophilus is widely and traditionally used in the dairy indus-
try. Despite the vast level of consumption of S. thermophilus
through yogurt or probiotic functional food, very few data are
available about its physiology in the gastrointestinal tract
(GIT). The objective of the present work was to explore both
the metabolic activity and host response of S. thermophilusin
vivo. Our study profiles the protein expression of S. thermo-
philus after its adaptation to the GIT of gnotobiotic rats and
describes the impact of S. thermophilus colonization on the
colonic epithelium. S. thermophilus colonized progressively
the GIT of germ-free rats to reach a stable population in 30
days (108 cfu/g of feces). This progressive colonization sug-
gested that S. thermophilus undergoes an adaptation process
within GIT. Indeed, we showed that the main response of
S. thermophilus in the rat’s GIT was the massive induction of
the glycolysis pathway, leading to formation of lactate in the
cecum. At the level of the colonic epithelium, the abundance
of monocarboxylic acid transporter mRNAs (SLC16A1 and
SLC5A8) and a protein involved in the cell cycle arrest
(p27%1y increased in the presence of S. thermophilus com-
pared with germ-free rats. Based on different mono-associ-
ated rats harboring two different strains of S. thermophilus
(LMD-9 or LMG18311) or weak lactate-producing commen-
sal bacteria (Bacteroides thetaiotaomicron and Ruminococcus
gnavus), we propose that lactate could be a signal produced by
S. thermophilus and modulating the colon epithelium.

Streptoccocus thermophilus belongs to the group of the ther-
mophiliclactic acid bacteria and is traditionally and widely used
as a starter in manufacturing dairy products (Emmental, Gru-
yere, Parmigiano, mozarella, yogurt, etc.). Yogurt, which results
from the fermentation of milk by S. thermophilus and Lactoba-
cillus delbrueckii sp. bulgaricus (L. bulgaricus), fulfills the cur-
rent specifications required to be recognized as a probiotic
product (1). The health beneficial effect of yogurt consumption
is linked to the metabolic properties of S. thermophilus and
L. bulgaricus. As such, it improves lactose digestion in the gas-

* This work was supported by Syndifrais-CNIEL (Paris, France).
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trointestinal tract (GIT)® through their lactose-hydrolyzing
activity present in yogurt and in the GIT, thus reducing symp-
toms of lactose intolerance (2, 3).

Yogurt cultures have been shown to induce other health ben-
efits, such as reduction of diarrhea or allergic disorders as well
as modulation of the immune system (1, 4). S. thermophilus is
also present at high concentration in VSL#3, a probiotic mix-
ture of eight different bacterial strains that possesses beneficial
effects in several intestinal conditions (5, 6).

Recent data indicate that strains related to S. thermophilus
LMD-9 are among the 57 bacteria species found in the intesti-
nal microbiota of 90% of 124 European individuals (7). In com-
parison with the overall human intestinal microbiota, S. ther-
mophilus is a numerically nondominant species with variable
levels (7-10). At birth, the Streptococcus genus, with in some
studies a precision at the level of S. thermophilus species, is
among the first colonizers of the GIT because it has been
detected in infant feces and breast milk (11-13). Thus, Strepto-
coccus, as pioneer bacteria colonizing a yet immature GIT, may
impact the maturation and homeostasis of the intestinal epithe-
lium after birth.

Convergent data show that intestinal bacteria modulate pro-
liferation and differentiation processes of the intestinal epithe-
lium (14 -16), which is one of the most dynamic tissues of the
whole organism. Moreover, we have recently demonstrated
that microbiota increases colonic epithelium crypt depth in
concordance with a well orchestrated modulation of the level
of proteins involved in life cycle steps like PCNA, Bcl2, and
p21°¢#1, p27%P1 (markers of proliferation, antiapoptotic path-
way, and cell cycle arrest, respectively) (17). Despite its large
utilization and consumption, its probiotic-associated traits,
and its presence in the intestinal microbiota, the role of S. ther-
mophilus in the gut is still largely unknown. A previous study
(18) showed that, in mono-associated animals, S. thermophilus
produced an active -galactosidase in the GIT, which is respon-
sible for lactose hydrolysis. Therefore, the aim of the present
study was to expand our view of the metabolic activity of S. ther-
mophilus in the intestinal environment and to investigate its
relationship with the host. To do this, we assessed the behavior
of two sequenced strains of S.thermophilus, LMD-9 and
LMG18311, in gnotobiotic rats. We established the first global
protein profile of S. thermophilus after its survival in GIT in
mono-associated rats. We also described how S. thermophilus
influences colonic epithelium, focusing on monocarboxylic

3 The abbreviations used are: GIT, gastrointestinal tract; PCNA, peripheral cell
nuclear antigen; GF, germ-free.
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acid transporters and cell cycle arrest proteins. In view of our
findings using different mono-associated models, we propose
that lactate resulting from the adaptive metabolic activity of
S. thermophilus may serve as a biological signal to communi-
cate with host epithelium.

EXPERIMENTAL PROCEDURES

Bacterial Strains, Media, and Culture Conditions—The
strains S. thermophilus LMD-9 (ATCC BAA-491), S. thermo-
philus LMG18311 (Belgian Coordinated Collections of Micro-
organisms collection), L. bulgaricus ATCC11842, Bacteroides
thetaiotaomicron (BtlI8), and Ruminococcus gnavus (FRE1)
were used.

Stock cultures of S. thermophilus LMD-9, S. thermophilus
LMG18311, and L. bulgaricus ATCC11842 were prepared in
reconstituted 10% (w/v) Nilac skim milk (NIZO, Ede, The
Netherlands) as described previously (19). S. thermophilus
monocultures and S. thermophilus/L. bulgaricus co-cultures
were obtained by inoculating Nilac milk with 10° cfu/ml stock
cultures of each species and incubated at 42 °C until pH 5.4 —
5.5. One ml of culture was used for rat gavage, and the remain-
ing was liquid nitrogen-frozen and stored at —20 °C until pro-
tein extraction. The cultures were enumerated a posteriori by
plating appropriate dilutions on M17 agar lactose (10 g/liter)
for S. thermophilus or on acidified MRS agar lactose (20 g/liter)
(pH 5.2) for L. bulgaricus. After 16 h (S. thermophilus) or
24 h (L. bulgaricus), incubation at 42 °C under anaerobiosis
(Anaerocult A, Merck), colonies were counted.

Animals and Experimental Design—All procedures were car-
ried out according to European and French guidelines for the
care and use of laboratory animals (permission 78-123, dedi-
cated to M.T.).

Atthe age of 2 months, germ-free (GF) rats (male, Fisher 344)
were inoculated either with S. thermophilus LMD-9 (Ino-
LMD9, n = 11), with S. thermophilus LMG18311 (Ino-
LMG18311, n = 4), or with a mix of S. thermophilus and L. bul-
garicus (Ino-LMD9+Lb, n = 5) according to the following
protocol. 1 ml of a culture of S. thermophilus in Nilac milk (5 X
108 S. thermophilus/ml) or 1 ml of a co-culture with S. thermo-
philus (2 X 10° S. thermophilus/ml) and L. bulgaricus (8 X 107
L. bulgaricus/ml) were transferred to GF rat by oral gavage. As a
control, GF rats were also inoculated with 1 ml of sterile Nilac
milk (without bacteria). GF, mono-associated, and di-associ-
ated rats were housed in sterile Plexiglas isolators (Ingénia,
Vitry-sur-Seine, France). Rats mono-associated with either
B. thetaiotaomicron (Ino-Bt) or R. gnavus (Ino-Rg) were de-
scribed previously (17). All groups of rats received the same
standard diet (UAR, Villemoisson, France) which was sterilized
by <y-irradiation. Throughout the experiment and two times a
week, S. thermophilus (and L. bulgaricus in the case of Ino-
LMD9+Lb) was enumerated by plating serial dilutions of the
feces. All rats were euthanized at 3 months of age (i.e. 30 days
after inoculation).

At 9:00 a.m., rats were anesthetized with isoflurane, and tis-
sues were recovered. The colon was immediately used either for
cell isolation or for histological procedures. The luminal con-
tent of jejunum, ileum, cecum, and feces was diluted in 10 vol-
umes of M17 and vigorously vortexed with sterile glass beads
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(3.5-mm diameter), and bacteria were enumerated. All results
were expressed as log;, (cfu/g).

HT29 Cell Line—HT?29 cells were cultivated as described
previously (20) and incubated with 0, 20, or 50 mM L-lactate for
18 h.

Scanning Electron Microscopy—Scanning electron micros-
copy (21) analyses were performed on the MIMA2 platform
(available on the World Wide Web) with 0.2 g of cecal samples
being suspended in 1 ml of Tris buffer (0.1 M, pH 7.5) and
mixed. Debris were removed by centrifugation at 1000 X g for 5
min at 4 °C. Supernatant of cecal samples was centrifuged to
recover bacteria, and the pellets were suspended in 0.1 M Tris
buffer (pH 7.5) and washed twice in the same buffer by centri-
fugation at 5000 X g for 5 min at 4 °C. The bacterial pellets were
suspended and fixed in 200 ul of glutaraldehyde, 3% ruthenium
red and stored at 4 °C. Scanning electron microscopy was per-
formed as reported previously (22).

Protein Extraction—Bacteria were isolated as follows. 500 ml
of frozen milk cultures (three replicates) were homogenized
with an Ultra-turrax (Bioblock, Paris, France). The suspension
was centrifuged at 8000 X g for 10 min at 4 °C and washed three
times in sodium phosphate buffer (5 mm) containing 1 mm
EDTA, pH 7; bacteria were suspended in 2 ml of sodium phos-
phate buffer (20 mm, pH 7). Frozen feces from three Ino-LMD9
rats were pooled, and 12 g of feces were suspended in 25 ml of
sodium phosphate buffer (20 mm, pH 6.4), homogenized with
an Ultra-turrax, and fecal debris was removed by two successive
centrifugations at 400 X g for 5 min at 4 °C. The bacteria were
then collected by centrifugation at 5000 X g for 10 min at 4 °C
and washed three times with sodium phosphate buffer (20 mwm,
pH 6.4), and the pellets were suspended in 2 ml of this buffer.
Bacterial pellets from milk cultures and feces were then submit-
ted to a high speed centrifugation on a Nycodenz density gra-
dient as described previously (23). After ultracentrifugation,
the bacterial suspensions were washed with 14 ml of sodium
phosphate buffer (20 mm, pH 6.4), and the bacteria were recov-
ered by centrifugation at 5000 X g for 10 min at 4 °C.

The bacterial pellets were suspended in 0.5 ml of sodium
phosphate buffer (20 mm, pH 6.4) containing protease inhibitor
mixture (Sigma-Aldrich), 40 units/ml catalase, and 10 mm
tributylphosphine (Applied Biosystems). Cells were mechani-
cally disrupted with an FP120 FastPrep cell disruptor (Bio 101
Systems, Qbiogen, Irvine, Canada) by two 30-s cycles of
homogenization at maximum speed (6.5) at a 1-min interval
at 4 °C. Supernatants were collected by centrifugation at
5000 X g, 15 min at 4 °C, and centrifuged (200,000 X g,
30 min, 4 °C); they corresponded to cytoplasmic proteins,
whereas the pellet was a fraction enriched with envelope-
associated proteins. The protein concentrations were deter-
mined by the Coomassie protein assay reagent (Pierce),
using bovine serum albumin as a standard.

One-dimensional Electrophoresis Coupled to Liquid Chroma-
tography-Tandem Mass Spectrometry (LC-MS/MS) Analysis—
Proteins of the cell envelope-enriched fraction (4.7 ug) from
fecal sample were separated and identified by one-dimensional
electrophoresis (SDS-PAGE) coupled with liquid chromatogra-
phy-tandem mass spectrometry as described previously (24).
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Comparative Two-dimensional Protein Analysis and Image
Analysis—A volume of cytosolic fraction corresponding to 250
pg of proteins was treated as described previously (25). Frac-
tions of three independent cultures in milk were analyzed. Frac-
tions of two fecal batches were used, each batch resulting from
the pool of feces of three rats. Isoelectric focusing was per-
formed with a 24-cm pH 4 -7 immobilized pH gradient strip,
and 12% SDS-PAGE was used for the second dimension. The
gels were stained with BioSafe colloidal Coomassie blue (Bio-
Rad) for 1 h and rinsed out with three successive washes in
deionized water. Gels were digitized using an Epson Expression
1640XL scanner set (at 256 gray levels) controlled by the Silver
Fast software and analyzed using the Progenesis SameSpot soft-
ware (Nonlinear Dynamics). The relative volume of each spot
was obtained from its intensity and normalized with the inten-
sity of all spots. Only spot volume differences of at least 2-fold
between the milk and fecal samples were further analyzed.
276 different protein spots on pH 4 -7 two-dimensional elec-
trophoresis gels were detected. MS analyses were performed
using a Voyager-DE-STR (Applied Biosystems, Framing-
ham, MA) on the PAPSSO proteomic platform (available on
the World Wide Web). The proteins were identified using
MS-FIT (available on the World Wide Web).

Western Blot Analysis—Colonic epithelial cells were isolated
from the whole colon according to the method described by
Cherbuy et al. (26). Cell pellet from whole colon or from HT29
cells was immediately used for protein extraction. Western blot
analysis was performed as described previously (17) by using a
denaturing (SDS)-polyacrylamide gel. Proteins were analyzed
using anti-PCNA (GeneTex; diluted 1:1000), anti-p21°#’
(Oncogene (diluted 1:200) or Santa Cruz Biotechnology, Inc.
(Santa Cruz, CA) (diluted 1:200)), anti-p27*% (Santa Cruz Bio-
technology, Inc.; diluted 1:500), or anti-Bcl2 (Santa Cruz Bio-
technology, Inc.; diluted 1:400). Several loading controls were
used, either GAPDH, Skp1, or cullinl (17). Signals imprinted on
autoradiography films were quantified by scanning densitome-
try of the autoradiograph using Biovision 1000 and logiciel
biolD (Vilber Lourmat, France).

Dosage of p- and L-Lactates—D- and L-lactates were mea-
sured in cecal contents and feces of GF and mono-associated
rats by 2X diluting of 50 —~100-mg samples in 0.1 M triethanol-
amine buffer (pH 9.15). Samples were centrifuged at 13,000 X g
for 5 min at 4 °C, and the supernatants were precipitated with
trichloroacetic acid (10%) and centrifuged at 4500 X g for 20
min at 4 °C. The lactates were measured in the supernatants
with Biosentec p/L-lactic acid enzymatic kits according to the
manufacturer’s instructions (Biosentec, Toulouse, France).

Histology and Immunohistochemistry—Colon samples were
cut into 2-cm sections, fixed in 4% paraformaldehyde (4 h,
room temperature), dehydrated, and embedded in paraffin
according to standard histological protocols. 4 —5-um sections
were mounted on SuperFrost® Plus slides. Slides were stained
with hematoxylin and eosin for histological analysis. Crypt
depths were analyzed with Image]. Only U-shaped longitudi-
nally cut crypts with open lumina along the crypt axis were
evaluated. Immunological staining was done with primary
antibody anti-PCNA (GeneTex; dilution 1:5000) and with
the Envision+ system-HRP (Dako, France) according to the
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recommendations of the manufacturer. Antigen retrieval
was performed by boiling slides for 40 min in 0.01 mol/liter
sodium citrate, pH 6.0. Results were expressed as a percent-
age of PCNA-positive cells relative to total colonic crypt
cells. Results were the mean obtained by analysis at least 20
crypts/rat (n = 2).

RNA Isolation and Quantitative RT-PCR Analysis—Total
RNAs were extracted from colon epithelial cells of GF and
mono-associated with S. thermophilus LMD-9 strain by the
guanidinium thiocyanate method (27). The RNA yield was
quantified by spectrophotometer analysis, and the RNA purity
was determined by an Agilent 2100 Bioanalyzer analysis using
the RNA 6000 nanoassay kit. Reverse transcription was per-
formed with 1 ug of total rat RNA using the iScript™ cDNA
synthesis kit (Bio-Rad).

For the p27%%?! gene, quantitative RT-PCR was performed
on the Opticon Monitor 3 (Bio-Rad) using specific primers
and Master Mix (2X) Universal (KAPA SYBR® FAST qPCR
Kits, Kapa Biosystems). Primers were 5'-GGCGGCAAGAT-
GTCAAACGTG-3' and 5'-GGGCCGAAGAGGTTTCTG-
3'. Primers were validated to ensure efficient amplification
of a single product at 60 °C (annealing temperature). Com-
parisons were made by using GAPDH as the reference gene
and the p27*7! gene as the target gene.

For SLC16A1, SLC16A2, and SLC5A8 genes, real-time quan-
titative PCR was performed on cDNAs in an ABI PRISM 7000
sequence detection system. Rn00562332-m1, Rn00596041-m1,
and Rn01503812-m1 TagqMan references were used for
SLC16A1, SLC16A2, and SLC5AS, respectively (Applied
Biosystems). 18 S rRNA was used as a reference gene and
measured with an Hs99999901-s1 TaqgMan gene expression
assay. Results obtained on each transporter were normalized
to 18 S rRNA (reference gene) and compared with the mean
target gene expression of GF rats as calibrator sample. At
least four rats were used for each group of rats (GF and
Ino-LMD?9). The formula used was the equation, -fold change =
27 AACt where AACE = (Ct, - Ct Ct

target reference)sample - ( target
Ct,

reference)calibrator sample*

Statistical Analysis—Results are presented as means * S.E.
for the number of animals indicated. Comparisons of group
data between different batches of rats were performed using
one-way analysis of variance, followed by Tukey’s Student
range test where appropriate. Significance was a p value lower
than 0.05. Statistical analysis was performed using the JMP®
software (version 7, SAS Institute, Inc.).

RESULTS

Progressive Adaptation of S. thermophilus to the GIT—After a
single gavage, S. thermophilus LMD-9 progressively colonized
the GIT of GF rats, leading to Ino-LMD9 mono-associated rats
(Fig. 1A). The implantation of S. thermophilus LMD-9 occurred
in a three-step way: 1) initiation phase with implantation of 10°
cfu/g of feces; 2) growth period between weeks 2 and 3, where it
reached a population of 10® cfu/g of feces; and 3) maintenance
phase (post-third week). Thus, 4 weeks were necessary to reach
alevel of 10® cfu/g of feces. At day 30, the population of S. ther-
mophilus LMD-9 was higher in the distal digestive compart-
ment with an increasing gradient of population from jejunum
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FIGURE 1. S. thermophilus in the digestive tract. Shown is enumeration of
viable S. thermophilus isolated from feces (A) and different rat digestive tract
sections (B) of Ino-LMD9 rats. Fecal or luminal samples were diluted and
immediately plated on culture medium M17 + lactose. Colonies were num-
bered after a 24-h anaerobic culture. Results are expressed on a log scale. n,
number of rats used. C, snapshot of S. thermophilus isolated from cecum of
Ino-LMD9 rats obtained by scanning electron microscopy. Error bars, S.E.

(1.6 X 10® cfu/ml) to colon (9.3 X 10® cfu/ml) (Fig. 1B). The
progressive implantation curve was also observed with another
strain of S. thermophilus, LMG18311 (Ino-LMG18311 rats). In
Ino-LMG18311 rats, the final implantation of LGM18311
was similar to that obtained with LMD-9, with 2 X 10® cfu/g
(n = 4). To mimic the levels present in yogurt, GF rats were
inoculated with a co-culture containing 10° cfu/ml S. ther-
mophilus LMD-9 and 107 cfu/ml L. bulgaricus, in accor-
dance with the relative proportion of both strains in yogurt.
24 h after gavage, L. bulgaricus was undetectable in feces,
whereas the implantation curve of S. thermophilus LMD-9
was similar to that observed with Ino-LMD9 (data not
shown). The progressive implantation of S. thermophilus
suggested that an adaptation of S. thermophilus occurred in
the GIT.

It has been previously shown that the morphology of Lacto-
bacillus sakei changed after its survival through the GIT (28).
Thus, the global morphology of S. thermophilus recovered from
cecum of Ino-LMD?9 rats was observed by scanning electron
microscopy (Fig. 1C). In cecum, S. thermophilus exhibited the
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expected ovococcus-shaped chains and was present as dividing
cells with visible septa.

Proteomic Profiles of S. thermophilus in the Digestive Tract—
In the feces of Ino-LMDO rats, proteins of S. thermophilus were
analyzed by LC-MS/MS, listed (see supplemental Table 1), and
classified into different functional categories (Fig. 2). This result
showed that the main S. thermophilus LMD-9 proteins ex-
pressed in the GIT are involved in staple cellular functions,
such as translation, carbon metabolism, nitrogen metabolism,
nucleic base metabolism, or transport. This indicated that
S. thermophilus LMD-9 was metabolically active in the rat GIT
30 days after inoculation.

Using a comparative proteomic analysis, we then identi-
fied the proteins that were differentially produced when
S. thermophilus LMD-9 was grown in milk (inoculum) or
when it was recovered from feces of Ino-LMD9 rats (day 30).
In both conditions, bacterial populations were similar (i.e.
1-5 X 10® cfu/ml) (Fig. 1). 52 proteins displayed different
abundances between the two conditions; 11 were up-regu-
lated (induction from 2- to 11-fold), and 41 were down-reg-
ulated (repression from 3- to 25-fold) in feces compared with
milk (Table 1).

Of'the 11 up-regulated proteins, three are related to environ-
mental signal responses: SodA (superoxide dismutase) and
GroEL, which are stress proteins, and EF-Tu (elongation factor
Tuf), which is a translation/adhesion-related protein. The
remaining up-regulated eight proteins in the gut played a role in
carbon metabolism, specifically in the glycolytic pathway. We
have also verified that these proteins involved in glycolysis were
more abundant in feces of Ino-LMG18311 than in milk (data
not shown). Thus, proteins involved in glycolysis that are
already expressed at a high level in milk (25) were overex-
pressed after survival in GIT. The proteins down-regulated in
feces compared with milk were involved in protein synthesis,
cell division (FtsZ), nucleotide biosynthesis and salvage (PyrG,
PurC, PurL, and GuaB), energy provision (F,-F;-ATP synthase
AtpD), and iron metabolism (Dpr bacterioferritin). Overall, the
proteins of the two strains of S. thermophilus that were overex-
pressed in the GIT compared with milk are devoted to the gly-
colytic pathway.

Production of Lactate by S. thermophilus in the Digestive
Tract—Considering the preponderant abundance of enzymes
involved in glycolysis, L-lactate concentration was measured in
the cecum of gnotobiotic rats. Although no lactate (neither p-
nor L-lactate) was found in GF rats, 13.6 = 0.9 and 9.8 = 2.5 mm
L-lactate was detected, respectively, in cecum and feces of
Ino-LMD9 rats. Note that only the L-form was detected in
cecum of Ino-LMD? rats, as expected due to the well known
capacity of S. thermophilus to produce this isoform. This pro-
duction of L-lactate did not induce any acidification of the cecal
content of Ino-LMD9 rats (mean pH 7.7 * 0.08, n = 11; versus
pH 7.7 = 0.2, n = 6 GF). Acetate, propionate, and butyrate
levels in Ino-LMD?9 (1.8 £ 0.7, <0.1, and <0.1 mM respectively)
were not statistically different from that obtained with GF rats
(1.7 = 1, <0.1, and <0.1 mm). Similar cecal concentration of
lactate was measured in Ino-LMG18311 rats (10.02 = 3.0 mm)
and in Ino-LMD9+Lb rats (9.91 = 0.99 mm); thus, lactate was
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FIGURE 2. Functional distribution of the proteins of S. thermophilus LMD-9 isolated from rat feces. Proteins from the envelope-enriched fraction were
separated and identified by LC-MS/MS. Transport and Regulators, proteins involved in transport and regulators, other than those involved in carbon metabo-
lism, nitrogen metabolism, and nucleic base metabolism. The numbers of proteins are shown in parentheses.

found in GIT of mono-associated rats with two different S. ther-
mophilus strains.

Cross-talk between S. thermophilus and the Colonic Epithelium—
In the intestine, epithelial cells expressed a set of carriers
involved in the transport of luminal metabolites, such as short
chain fatty acids (29). Thus, we quantified at the mRNA level in
GF and Ino-LMD9 rats three transporters that are able to shut-
tle monocarboxylic acid as lactate (SLC16A1, SLC16A2, and
SLC5A8). In both lots of rats, the three RNAs were differently
abundant, with the following hierarchy of expression levels:
SLC16A1 > SLC5A8 > SLC16A2 (data not shown). The
SLC16A1 mRNA amount was statistically different (p < 0.05)
between GF (mean ACt = 14.9 = 0.1, n = 6) and Ino-LMD?9 rats
(ACt = 13.8 = 0.1, n = 8), that represented a 2.2-fold stimula-
tion in the presence of LMD-9. SLC5A8 was significantly
1.7-fold more expressed in Ino-LMD?9 (n = 8) than in GF rats
(n = 5), whereas SLC16A2 tended to be more expressed in
Ino-LMD9, but it was not statistically different. This observa-
tion suggests that lactate produced in lumen by LMD-9 may be
transported inside the colonic cells. Because of the pivotal role
of bacterial metabolites in colonic tissue homeostasis, we stud-
ied in Ino-LMD?9 and GF rats the global structure of colonic
epithelium and the content of cell cycle-related proteins. The
colonic tissue of Ino-LMD9 rats was structured in crypts (Fig.
3A), witha 196 = 26-um crypt depth mean and the detection of
bifurcating crypts (noted with arrows in Fig. 3, A and B); the
global histological trait of colonic epithelium in Ino-LMD?9 rats
was thus similar to that we have previously observed in GF rats
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(17). Because it is well established in colon tissue, the prolifer-
ating cells, stained by PCNA (Fig. 3B) or by Ki67 (data not
shown), were located at the bottom of crypt in Ino-LMD? rats.
The PCNA-positive cells represented 60 = 5% of total cells
inside a crypt structure (n = 2 rats, 20 measures/rat). This per-
centage was similar to what we obtained with GF rats (17).
When comparing the amount of colon proteins involved in cell
cycle between Ino-LMD9 and GF rats, we noticed that PCNA,
Bcl2, and p21°?! were similar between GF and Ino-LMD?9 rats
(Fig. 3B), whereas p27*7! abundance was significantly higher
(1.8-fold induction) in the presence of S. thermophilus LMD-9.
The induction of p27*#! was also observed in Ino-LMG18311
(2-fold) and Ino-LMD9+Lb (1.5-fold) (Fig. 4). In contrast to the
protein level, the p27*”/ mRNA amount was not statistically
different between GF (mean ACt = 4.8 = 0.3, n = 3) and Ino-
LMDO rats (ACt = 4.7 = 0.1, n = 4). Thus, the induction of
protein p27*7! was observed in vivo with two different strains
of S. thermophilus and did not result from a parallel induction
at the p27*?? mRNA level.

In the epithelial keratinocyte cell line, p27“#” is induced by
lactate in vitro (30). By using intestinal line cells (HT29), we also
observed that 20 -50 mm L-lactate for 18 h increased 1.5-fold
p27X%! protein amounts (see Fig. 44). Taken together, our data
suggest that lactate accumulates in the GIT of mono-associated
rats, is transported by carriers inside colonic cells, and may
increase p27%%? abundance. In order to demonstrate the pre-
ponderant role of lactate, we have tried to inactivate in LMD-9
the ldh gene encoding the lactate dehydrogenase responsible
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TABLE 1

-Fold changes in protein abundance (two-dimensional electrophoresis)
of S. thermophilus LMD-9 between feces and late growth phase in milk

Protein
identification

Sequence Fold
coverage (%) change

Gene/locus pla’ MW, Peptide
(kDa) number®

Higher level in TD

Carbohydrate metabolism

eno 467 47 2 63 3.06 Phosphoenolpyruvate carboxylase

gapAl 576 37.2 18 60 4.69 Glyceraldehyde-3-phosphate
dehydrogenase

hdhL 5.09 34.4 11 41 297 Putative L-2-hydroxy
isocaproate/malate/lactate
dehydrogenase

malQ 52 57.6 13 28 239 4-alpha-glucanotransferase

pek 486 422 17 54 3.02 3-phosphoglycerate kinase

prkA 5.09 36.0 13 38 7.67 6-phosphofructokinase

pyk 521 56.6 17 49 3.01 Pyruvate kinase

ster_1876 4.81 315 9 47 6.05 Fructose/tagatose bisphosphate
aldolase
Stress

sodA 51 24.7 6 48 244 Superoxide dismutase (Mn)

2roEL 4.7 56.9 35 69 2.46 Chaperonin GroEL (HSP60 family)
Translation

tuf 49 439 15 45 11.76 GTPase - translation elongation factor

Lower level in TD
Transcription, translation

alaS 5.03 96.7 25 31 0.12 Alanyl-tRNA synthetase
asnS 4.93 51.1 27 51 0.1 Asparaginyl-tRNA synthetase
aspS 4.81 65.9 21 37 0.19 Aspartyl-tRNA synthetase
fus 4.88 76.6 37 62 0.25 Translation elongation factor
(GTPase)
glX 497 553 26 47 0.29 Glutamyl- and glutaminyl-tRNA
synthetase
e 491 349 9 33 o011 Glycyl-tRNA synthetase, alpha
subunit
alyS 5.05 78.5 22 38 0.09 Glycyl-tRNA synthetase, beta subunit
hisS 5.44 48.4 8 49 0.23 Histidyl-tRNA synthetase
leuS 4.99 94.4 13 17 0.11 Leucyl-tRNA synthetase
plJ 5.36 17.5 7 43 0.33 Ribosomal protein L10
rplL 442 12.4 9 81 0.1 Ribosomal protein L7/L12
rpoB 5.02 29.2 13 50 0.33 DNA-directed RNA polymerase, beta
subunit/140 kD subunit
1psA 4.88 439 21 55 0.1 Ribosomal protein S1
psB 53 28.4 12 43 0.12 30S ribosomal protein S2
ster_1166 5.02 29.2 13 50 0.33 Putative translation factor
thrS 539 748 36 45 0.06 Threonyl-tRNA synthetase
lig 441 46.7 22 53 0.16 FKBP-type peptidyl-prolyl cis-trans
isomerase (trigeer factor)
tsf 4.75 374 15 60 0.04 Translation elongation factor Ts
Nitrogen metabolism
Amino acids biosynthesis
asnA 5.1 375 13 31 0.14 asparagine synthetase A
beaT 49 37.5 9 30 0.22 branched chain amino acid
aminotransferase
cysM1 52 323 15 51 0.31 cysteine synthase
lysA 4.81 46.4 10 38 0.17 diaminopimelate decarboxylase
metk 4.93 447 15 44 0.33 S-adenosylmethionine synthetase
ster 1751 4.87 50.1 1 32 0.16 glutamine synthetase
Peptidases
pepC 485 50.4 9 17 0.16 aminopeptidase C
pepN 459 96.3 15 19 0.18 aminopeptidase N
Nucleotide biosynthesis and
salvage
prG 5.51 59.1 12 28 0.26 CTP synthase (UTP-ammonia lyase)
purC 5.00 27 22 80 025 phosphoribosylaminoimidazole —
succinocarboxamide synthase
purl, 493 136 19 19 0.05 phosphoribosylformylglycinamidine
synthase Il (FGAM synthetase)
guaB 531 52.9 13 29 0.07 IMP dehydrogenase/GMP reductase
Cell division protein
fisZ 4.6 46.5 17 43 0.38 Cell division GTPase
Carbohydrate metabolism
gdhA 521 489 19 56 0.13 Glutamate dehydrogenase/leucine
dehydrogenase
Miscellaneous
atpD 4.73 50.9 11 32 0.14 FOF1-type ATP synthase, beta subunit
dpr 4.59 19.2 5 29 0.18 DNA-binding ferritin-like protein
murC 523 49.6 15 44 0.17 UDP-N-acetylmuramate-alanine
ligase
pank 5.6 36.1 13 42 0.40 ketopantoate reductase
secA 522 96.4 28 41 0.09 Preprotein translocase subunit SecA

ster_0157 4.77 46.4 15 38 0.22 hypothetical protein

ster_1854 4.41 59.5 17 32 0.21 Predicted kinase related to
dihydroxyacetone kinase

ster_1995 4.74 60.9 23 49 0.18 ATPase component of ABC
transporter with duplicated
ATPase domain

npA 49 68.7 21 38 0.09 Predicted membrane GTPase involved

in stress response

“ Theoretical isoelectric point.
® Theoretical molecular weight.
¢ Number of peptides identified.
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for lactate production. We have failed to generate this mutant
(data not shown), confirming previous unsuccessful attempts
to obtain this probably lethal mutant (31). However, in rats
mono-associated with Bacteroides tethaiotaomicron (Ino-Bt)
or Ruminococcus gnavus (Ino-Rg) (17) containing 0 and 3.2 =
0.7 mM of cecal lactate, respectively, no p27ki”1 induction was
observed in comparison with GF (Fig. 4B).

DISCUSSION

In order to gain a better understanding of the behavior of
lactic acid bacteria within the intestinal environment and the
complex bacterium/host cross-talk system, here we combined
in vivo characterization of S. thermophilus metabolism and the
resulting host response. This study led to novel insights into the
interplay between S. thermophilus and the host through its
major metabolite product, lactate.

The implantation of S. thermophilus in GF rats occurred pro-
gressively, and this trend was observed with both strains stud-
ied, LMD-9 and LMG18311. These two strains differ in partic-
ular by the presence of a cell wall protease, PrtS, and a sortase,
A1, present in the LMD-9 strain. This suggests that the latter
proteins were probably not essential for the kinetics of implan-
tation of this bacterium. In contrast to S. thermophilus, the
implantation was maximal in a few days for Escherichia coli
(32), R gnavus and B. thetaiotaomicron (17), Lactobacillus
casei and Bifidobacterium breve (33), and Lactococcus lactis
(23). This adaptive response of S. thermophilus was not accom-
panied by significant morphological changes, contrary to what
was observed with L. sakei or E. coli (28, 34). The proteomic
analysis of S. thermophilus before (milk inoculum) and after
GIT transit (feces) shed light on its adaptive metabolic profile.
Indeed, we showed that the main response to the passage of
S. thermophilus through the rat GIT was the massive induction,
at the maintenance phase, of the glycolysis pathway leading to
formation of lactate in cecum. Here, we propose that S. thermo-
philus modulates p27*#! through production of lactate. This
hypothesis stems from five observations: 1) the main S. thermo-
philus metabolic pathway enhanced in GIT compared with a
milk culture was the glycolysis leading to production of lactate;
2) two transporters of monocarboxylic acids were induced in
Ino-LMD9, suggesting that lactate may be shuttled in colonic
cells; 3) the increase of p27%7” level in the colon was observed in
the presence of two S. thermophilus strains producing equiva-
lent amounts of lactate; 4) the increase of p27“” level in the
colon did not appear in the presence of non-lactate-producing
or low lactate-producing bacteria (B. thetaiotaomicron and
R. gnavus); and 5) p27*7* was induced in vitro by the presence
of lactate in intestinal epithelial cells (Fig. 4A4) and in keratino-
cytes (30). Obviously, our hypothesis does not exclude other
underlying mechanisms involved in the interplay between
S. thermophilus and the host (see below).

The massive induction of glycolysis in GIT compared with
milk was unexpected for S. thermophilus because these pro-
teins are already present at high levels in the milk (25). The
capacity for a bacterium to diversify its carbon sources seems to
be essential for the colonization in GF rodents (23, 32, 35-37).
S. thermophilus is particularly well adapted to milk, in particu-
lar via the assimilation of lactose, which is its preferential sugar
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FIGURE 3. Histological and molecular analysis of the colonic epithelium of Ino-LMD?9 rats. A, representative photomicrograph of colonic sections obtained
from Ino-LMD9 rats stained with hematoxylin and eosin. The arrows indicate a bifurcating crypt in the colonic epithelium. B, representative photomicrograph
of immunohistochemical staining with PCNA in the colon of Ino-LMD?9 rats. C, representative autoradiography films of Western blot revealing p27%7’, PCNA,
p21°7, and Bcl2 from colonic epithelial cells of GF (n = 2) and Ino-LMD9 (n = 4) rats. D, quantifications of Western blot by densitometric analysis are means =+
S.E. (error bars) obtained with eight Ino-LMD9 rats and eight GF rats. Values are expressed as -fold induction considering the mean of the GF group (n = 8) as

1. %, statistically significant differences (p < 0.05) between groups.

and is present at high and non-limiting concentrations in milk
(4.5 g/liter). However, we showed here that S. thermophilus
may develop an efficient ability to use other sources of saccha-
rides present in GF rat (38) because the rat diet did not contain
lactose. This flexibility is rather unexpected because S. thermo-
philus has a small genome with a large proportion of nonfunc-
tional genes (10% of pseudogenes), in particular genes involved
in carbon utilization, in line with the paucity of carbon sources
in milk (39). Therefore, it would be of interest to determine
whether the implantation level and the adaptive responses of
S. thermophilus may be improved by using mono-associated
rats receiving a diet enriched with lactose, as previously sug-
gested (40).

The use of mono-associated rats is an efficient tool to reveal
the activity of bacterial proteins, especially those with dual
functions. For example, EF-Tu is an elongation factor playing a
key role in protein synthesis but also in the maintenance in the
GIT. The up-regulation of EF-Tu was observed in vivo for
L. lactis (41) and Bifidobacterium (42) and in vitro for L. plan-
tarum (43). Although S. thermophilus reduced most of its
translation and protein synthesis machinery, EF-Tu was the
sole protein belonging to protein synthesis pathway that was
increased at a high level in digestive tract compared with milk
(induction factor 12). We thus propose that in Ino-LMD9 rats,
EF-Tu, which displays the characteristics of an adhesion factor
(21), is mainly involved in the maintenance of S. thermophilus
rather than in the protein synthesis.

We have recently demonstrated that the colonization of GF
rats with a complex microbiota leads to an increase in the
absorptive surface by deepening crypts and splitting bifurcated
crypts by a crypt fission process (17). This trophic effect of
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microbiota is associated with a modulation of several cell cycle-
related proteins. Along the colonization with a complex micro-
biota, we have previously described a precocious hyperprolif-
erative phase at the level of colonic epithelium that is
counterbalanced by an induction of proteins restraining the
proliferation and a decrease of antiapoptotic proteins (17). In
contrast to what was observed with a complex microbial popu-
lation, the presence of S. thermophilus did not trigger deeper
crypts and the division of bifurcating crypts. Thus, as we
reported previously (17), a single strain is not sufficient to
switch on proliferation and the associated greater absorptive
surface. In contrast, the induction of cell cycle arrest proteins
could be triggered by a single bacterium. Indeed, B. thetaiotao-
micron and R. gnavus increased p21°#* (17), whereas S. thermo-
philus increased p27%7!, p21°?* and p27*#* are inhibitors of
cyclin-dependent kinases and are preponderant cell cycle reg-
ulators in the GIT (44). In particular, p27*#* is involved in the
capacity of epithelium and host to attenuate deleterious effects
of environmental stimuli (45). Thus, we have shown that
p27%#! is stabilized in vivo by a complex microbial population
(17) and by S. thermophilus (Figs. 3 and 4). The induction of
p27%7! by a complex microbiota or by S. thermophilus may not
result from similar mechanisms because no lactate was
detected in luminal content of conventional rats (data not
shown). It has also been observed that p27“?* was enhanced
by a bacterial cyclomodulin like Cif (cyclin inhibitor factor)
(46). Thus, p27*%?? seems to be sensitive to different bacterial
effectors.

The expression levels of the two transporters, SLC16A1 and
SLC5A8, were stimulated in Ino-LMDO9 rats, where luminal lac-
tate was around 10 mm. Our observation is in accord with pre-
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FIGURE 4. p27%i" detection in the HT29 cell line and in different mono-
associated rats. A, typical autoradiography films of Western blot revealing
p27%PT from HT29 incubated with 0, 20, or 50 mm L-lactate for 18 h (two
independent experiments are shown). B, typical autoradiography films of
Western blot revealing p27“?" and loading control from colonic epithelial
cells of GF (n = 2) and four different mono-associated lots of rats. Ino-
LMG18311 (n = 4), Ino-Bt (n = 3), and Ino-Rg (n = 3), respectively, harbored
S. thermophilus strain LMG18311, B. thetaiotaomicron, and R. gnavus. Ino-
LMD9+Lb rats (n = 5) have been inoculated with a mixture of S. thermophilus
and L. bulgaricus. At the end of the experiment (30 days after the gavage), rats
were only mono-associated with S. thermophilus because L. bulgaricus did
not efficiently implant.

vious reports suggesting that monocarboxylic acid transporters
provide a link between bacteria and the host (47—49). In human
healthy adults, no or low (0—-2 mm) lactate is detected in fecal
samples (50, 51) because the luminal lactate is absorbed by host
and is also used as an energy source by other commensal bac-
teria (52—54). However, increased fecal lactate has been associ-
ated with intestinal malabsorption and colitis (55). It could also
be of interest to measure fecal lactate in humans with short
bowel syndrome because we have shown that their microbiota
is deeply enriched in lactobacilli at the expense of other bacte-
rial members (22). Thus, the effect of lactate that we evidenced
here by using a model of lactic acid bacteria in an experimental
model may have significance in human digestive diseases.
Because S. thermophilus is able to adapt its global metabo-
lism to the gut environment and to induce monocarboxylic acid
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transporters and p27*%#7, this work provides new insights into
the functional “panoply” of one of the two yogurt bacteria.
Finally, the fact that S. thermophilus emphasizes its carbohy-
drate metabolism in the digestive tract is in accord with the
beneficial role of fermented milk consumption in improving
lactose intolerance.
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