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I

ncreasing evidence is substantiating the utilization of beneficial
microbes in functional foods, dairy products, or other dietary
supplements aimed at maintaining and promoting human health
(23). The consumer market for probiotic foods is ⬎1.4 billion
Euros, with an estimated annual growth of ⬃7 to 8% for the period of 2008 to 2013 (41), and in particular, up to 20% of fermented dairy products contain probiotics (48). Probiotics have
been demonstrated to exert health-promoting effects through several proposed mechanisms, including short-chain fatty acid
(SCFA) production, the enhancement of the barrier function of
the intestinal epithelium, the suppression of the growth and binding of pathogenic bacteria, and alterations of the immune activity
of the host (1, 45). Furthermore, probiotics can alter colonic fermentation and stabilize symbiotic microbiota (42), improving the
dynamic interplay between the resident bacterial community and
the host.
Adhesion to the intestinal epithelium is an important requisite
for allowing probiotics to modulate the immune system. Since the
adhesion ability is strongly strain dependent, an evaluation of this
characteristic is required as a selection criterion for novel probiotics (8). Probiotics can interact with mucosa-associated lymphoid tissues and bind to epithelial surface receptors, inducing
humoral and cellular immune responses. The establishment and
maintenance of a well-balanced ratio between pro- and antiinflammatory cytokines are crucial for human health. Therefore,
study of the dynamic cytokine modulation elicited by a microorganism represents a hot topic in the selection of novel probiotic
strains. A wide strain-specific variation in the immune responses
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stimulated by probiotics has been described, and several in vitro
cell models have been developed to evaluate their immunomodulatory effects (12). Even if these cellular models lack the complexity of the human immune system, they aid in elucidating the
mechanisms involved in different means of bacterial sensing by
human colonocytes and immunocompetent cells (4).
Functional foods commonly contain specific strains of lactic
acid bacteria (LAB), belonging mainly to the genus Bifidobacterium or Lactobacillus. Less frequently used organisms are strains of
Propionibacterium freudenreichii, bacilli, or yeasts (48). Kluyveromyces marxianus (formerly Kluyveromyces fragilis) is a lactic yeast
isolated from different dairy products, mainly kefir (5, 15, 24).
While the importance of this species in food development and
fermentation is well documented, characterizations of its putative
probiotic activities have been very limited (27, 38).
Due to the interest of the food industry in the selection of novel
candidate probiotic strains, we evaluated for the first time the
probiotic potential of K. marxianus B0399, a strain isolated from
whey and curds of cow’s milk and deposited at the Belgian Coor-
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Considering the increase in the consumption of yeasts as human probiotics, the aim of this study was to broadly investigate the
beneficial properties of the lactic yeast Kluyveromyces marxianus (formerly Kluyveromyces fragilis) B0399. Several potential probiotic traits of K. marxianus B0399 were investigated by using in vitro assays, including adhesion and immune modulation, and
the effect of the administration of 107 CFU/day of K. marxianus B0399 on the composition and metabolic activity of the human
intestinal microbiota was investigated in a 3-stage continuous-culture system simulating the human colon. We demonstrated
that this strain was highly adhesive to human enterocyte-like Caco-2 cells and modulated the immune response, inducing proinflammatory cytokines in peripheral blood mononuclear cells (PBMCs). In the presence of inflammatory stimulation with lipopolysaccharide (LPS), K. marxianus B0399 provoked decreases in the levels of production of proinflammatory cytokines in
PBMCs and Caco-2 cells, thus ameliorating the inflammatory response. Furthermore, K. marxianus B0399 impacted the colonic
microbiota, increasing the bifidobacterial concentration in the stages of the colonic model system simulating the proximal and
transverse colon. The amounts of the short-chain fatty acids acetate and propionate also increased following yeast supplementation. Finally, K. marxianus B0399 was found to induce a decrease of the cytotoxic potential of the culture supernatant from the
first stage of the colonic model system. The effects of K. marxianus B0399 on adhesion, immune function, and colonic microbiota demonstrate that this strain possesses a number of beneficial and strain-specific properties desirable for a microorganism
considered for application as a probiotic.

Probiotic Potential of K. marxianus B0399

MATERIALS AND METHODS
Culture conditions for K. marxianus B0399. K. marxianus B0399 was
routinely grown aerobically at 37°C in MV2 broth (40 g liter⫺1 lactose, 20
g liter⫺1 casein, 7.5 g liter⫺1 peptone, 1.5 g liter⫺1 yeast extract). The
ability of K. marxianus B0399 to survive under the conditions of the colonic model was assessed by incubating 7.0 log CFU ml⫺1 of the actively
growing culture in complex colonic model growth medium (CMGM)
(29) at 37°C under anaerobic conditions for 24 h.
The resistance of the yeast strain in an environment simulating the
upper gastrointestinal tract was further evaluated in vitro, as previously
described by Maragkoudakis and colleagues (30). Briefly, an actively
growing culture was harvested (10,000 ⫻ g for 5 min at 4°C) and washed
twice in phosphate-buffered saline (PBS). Resistance to the environmental conditions of the stomach was assessed by resuspending the cell pellet
(final concentration, 6.0 to 7.0 log CFU ml⫺1) in 0.1 mol liter⫺1 PBS
adjusted with HCl to pH 2 containing pepsin (3 mg ml⫺1; Sigma-Aldrich,
St. Louis, MO) and by evaluating the viable colony counts after 3 h of
incubation at 37°C. Bile salt tolerance was tested by assessing colony viability after 3 h of incubation in MV2 broth supplemented with 0.3%
(wt/vol) Oxgall (Sigma).
Eukaryotic cell culture conditions. Human enterocyte-like Caco-2
cells were grown in Dulbecco’s modified Eagle medium (DMEM) supplemented with 1.5 g liter⫺1 glucose, 10% heat-inactivated fetal calf serum
(Cambrex, Walkersville, MD), 1% nonessential amino acids (Sigma),
penicillin (50 IU ml⫺1), and streptomycin (50 g ml⫺1) at 37°C in an
atmosphere of 5% CO2. The growth medium was changed to fresh medium without the addition of antibiotics for the last 24 h of incubation
prior to the performance of the immunoassay and the adhesion assays.
Human colon adenocarcinoma HT29 cells were grown in DMEM
supplemented with 10% (wt/vol) fetal bovine serum, penicillin (50 IU
ml⫺1), and streptomycin (50 g ml⫺1) at 37°C in an atmosphere of
5% CO2.
PBMCs were isolated from healthy volunteers by density gradient cen-
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trifugation (Lymphoprep; Nycomed Pharma, Oslo, Norway). Cells were
resuspended in RPMI 1640 culture medium (Life Technologies, Paisley,
United Kingdom) supplemented with 10% (wt/vol) fetal bovine serum
(Thermo Fisher Scientific Inc., Waltham, MA) and 0.23 mmol liter⫺1
sodium pyruvate solution (Sigma). PBMCs (106 cells ml⫺1) were cultured
at 37°C in a humidified atmosphere containing 5% CO2.
Evaluation of adhesion of K. marxianus B0399 cells to Caco-2 cells
by qPCR. The adhesion of K. marxianus B0399 cells to Caco-2 cells was
evaluated by the quantification of Caco-2 cell-bound microorganisms via
quantitative PCR (qPCR), as reported previously by Candela and colleagues (6). Stationary-phase-grown cells of the yeast and bacterial strains
were washed and resuspended at a cell density of approximately 8 log CFU
ml⫺1 in DMEM. Caco-2 cells were washed with DMEM, and 1 ml of
DMEM containing the yeast-bacterial suspension was added. After incubation for 1.5 h at 37°C under a humidified atmosphere, unattached yeast
or bacteria were removed by washing the monolayers four times with
sterile PBS. After the detachment of Caco-2 cells from the plastic surface
by treatment (15 min at 37°C) with 200 l trypsin-EDTA (Cambrex) per
well, Caco-2 cells and adhesive yeast or bacteria were transferred into a
1.5-ml reaction tube. To quantify microbial cells by qPCR, cell suspensions were boiled for 5 min, and after mixing, an aliquot of 20 l was
transferred into a 0.2-ml reaction tube and incubated for 10 min at room
temperature with 3.8 l of trypsin inhibitor solution (type I-S from soybean, at 1 mg ml⫺1 in H2O). Strongly adhesive enterotoxigenic Escherichia
coli strain H10407 and mildly adhesive Leuconostoc mesenteroides strain
C5 were used as reference bacterial strains. The quantification of the reference bacterial strains was performed with E. coli species-specific primer
set ECO-1/ECO-2 (47) and LAB-specific PCR primer set Bact-0011f/Lab0677r (20), whereas yeast-specific primer set NL1/LS2 (8) was used to
quantify K. marxianus B0399 cells. qPCR was performed with a LightCycler instrument (Roche, Mannheim, Germany), and a SYBR green I
fluorophore was used to correlate the amount of PCR product with the
fluorescence signal. The quantification of bacterial and yeast DNAs was
carried out by using standard curves made from known concentrations of
genomic DNA from the reference bacterial strains and K. marxianus
B0399. The experimental protocol consisted of the following programs:
(i) a starting preincubation step at 95°C for 10 min; (ii) amplification for
30 cycles of 4 steps each at a temperature transition rate of 20°C s⫺1,
consisting of denaturation at 95°C for 15 s, annealing at 63°C (Bact-0011f/
Lab-0677r) or 60°C (ECO-1/ECO-2 and NL1/LS2) for 25 s, extension at
72°C for 30 s, and fluorescence acquisition at 85°C (Bact-0011f/Lab-0677r
and NL1/LS2) or 88°C (ECO-1/ECO-2) for 5 s; and (iii) melting-curve
analysis consisting of heating at 20°C s⫺1 to 95°C, cooling at 20°C s⫺1 to
60°C with a 15-s hold, and then heating at 0.2°C s⫺1 to 99°C. Chromosomal DNAs of the strains used as standards were extracted by using a
DNeasy tissue kit (Qiagen, Hilden, Germany) and were serially diluted
from 106 to 103 CFU l⫺1. The data reported represent mean values
obtained in 3 to 5 independent experiments. Each experiment was performed in duplicate.
Immunoassay. K. marxianus B0399 cells, corresponding to a concentration of 1 ⫻ 106 CFU ml⫺1, were applied to confluent Caco-2 cells or
PBMCs (adjusted to a final concentration of 1 ⫻ 106 CFU ml⫺1) and
incubated at 37°C for 24 h. Unstimulated cells were used as a negative
control, whereas lipopolysaccharide (LPS) (1 g ml⫺1; Sigma) was used to
stimulate eukaryotic cells. After incubation, supernatants from Caco-2
cell and PBMC cultures were collected, centrifuged at 400 ⫻ g for 15 min
at 4°C, and used to determine levels of several immune mediators by using
a multiplexed bead immunoassay. Caco-2 cells and PBMCs were checked
for viability by trypan blue exclusion.
The concentrations of 27 immune mediators (Table 1) were measured
by using the Human Ultrasensitive Cytokine 27-plex antibody bead kit
(Bio-Rad, Los Angeles, CA). The assays were performed with 96-well filter
plates, as previously described (46). The concentrations of the samples
were estimated from the standard curve by using a fifth-order polynomial
equation and are expressed as picograms per milliliter after adjusting for
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dinated Collection of Microorganisms (BCCM) (accession number MUCL 41579). This strain is of particular interest for several
reasons: (i) it is included in the European Food Safety Authority
(EFSA) list of qualified presumption of safety (QPS) biological
agents added to food and feed (13), (ii) it is included in different
functional foods currently marketed in several countries, and (iii)
it is capable of survival during gastric transit, maintaining its vitality and fermentation capacity (34).
In this study, K. marxianus B0399 was assessed for its ability to
adhere to the human enterocyte-like Caco-2 cells. Furthermore,
we evaluated its capacity to modulate the production of 27 immune mediators (cytokines, chemokines, and growth factors) in
Caco-2 cells and peripheral blood mononuclear cells (PBMCs).
Finally, the effect of the daily administration of 107 CFU of K.
marxianus B0399 on the fecal microbiota of 2 individuals affected
by irritable bowel syndrome (IBS) constipation was investigated
by using a continuous-culture system simulating the human colon. IBS patients are generally considered an appropriate study
group to support claims on gastrointestinal discomfort intended
for the general population (14). The 3-stage continuous-culture
colonic model system used in this study provides a controlled environment that can be maintained in a steady state and that simulates
the complexity and diversity of the microbiota. Therefore, it represents a useful tool for monitoring the ecology and the metabolic activities of colonic microbiota in relation to different external perturbations (2, 28, 29). The main bacterial groups of the human intestinal
microbiota, the production of SCFAs, principal end products of gut
bacterial metabolism, and the cytotoxic activity of the fermentation
supernatants were evaluated during the study.

Maccaferri et al.

TABLE 1 Immune mediators evaluated in this study
Immune mediators evaluateda

Chemical class

IL-1␤, IL-1Ra, IL-2, IL-4, IL-5, IL-6, IL-7, IL-9,
IL-10, IL-12(p70), IL-13, IL-15, IL-17,
IFN-␥, TNF-␣
MCP-1, MIP-1␣, MIP-1␤, RANTES, eotaxin,
IL-8, IP-10
PDGF-BB, FGF basic, G-CSF, GM-CSF, VEGF

Cytokines

Chemokines
Growth factors

a

MCP-1, monocyte chemotactic protein 1; RANTES, regulated upon activation,
normal T-cell expressed and secreted; PDGF-BB, platelet-derived growth factor BB;
FGF, fibroblast growth factor; G-CSF, granulocyte colony-stimulating factor; GM-CSF,
granulocyte-macrophage colony-stimulating factor; VEGF, vascular endothelial growth
factor.
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RESULTS

Adhesion of K. marxianus B0399 cells to Caco-2 cells. The ability
of K. marxianus B0399 cells to adhere to Caco-2 cells was evaluated by qPCR. Notably, K. marxianus B0399 cells showed an adhesion value of 4.13 ⫻ 103 cells/100 Caco-2 cells, whereas the
reference bacterial strains L. mesenteroides C5 (a mildly adhesive
bacterial strain) and E. coli H10407 (a strongly adhesive bacterial
strain) showed adhesion values of 7.61 ⫻ 102 and 10.56 ⫻ 104
cells/100 Caco-2 cells, respectively. According to criteria described
previously by Candela and colleagues (6), who defined strongly
adhesive strains as those with more than 40 cells adhered to 1
Caco-2 cell, K. marxianus B0399 can be classified as a strongly
adhesive strain.
Immunomodulatory activity of K. marxianus B0399 toward
PBMCs and Caco-2 cells. The ability of K. marxianus B0399 to
modulate the secretion of 27 immune mediators in PBMCs and
Caco-2 cells was tested. Unstimulated cells were used as a negative control, while LPS-stimulated cells were used as a positive
control.
The incubation of PBMCs with K. marxianus B0399 cells pro-
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the dilution factor (Bio-Plex Manager software, version 5.0). Samples
below the detection limit of the assay were recorded as zero, while samples
above the upper limit of quantification of the standard curves were assigned the highest value of the curve. The intra-assay coefficient of variation (CV) averaged 17%. Experiments were performed in triplicate. For
each single determination, 50 beads were read, and the standard deviation
was calculated.
Three-stage continuous-culture colonic model system. The threestage continuous-culture model of the human colon was comprised of
3 glass fermentors of increasing working volumes, simulating the
proximal (vessel 1 [V1], 280 ml), transverse (V2, 300 ml), and distal
(V3, 320 ml) colon. The 3 fermentors connected in series were kept at
37°C; the pH was stably maintained at pH 5.5 (V1), pH 6.2 (V2), and
pH 6.8 (V3); and anaerobic conditions were ensured by continuous
sparging with O2-free N2. V1 was fed with CMGM (29) by means of a
peristaltic pump.
Human fecal samples were collected on site, kept in an anaerobic
cabinet (10% H2, 10% CO2, 80% N2), and used within a maximum of 15
min after collection. This experiment was carried out in duplicate, using
fecal samples from two different volunteers suffering from IBS constipation. None of the volunteers had received antibiotics or probiotics for at
least 3 months before sampling. A 1:5 (wt/wt) fecal dilution in anaerobic
PBS (0.1 mol liter⫺1 PBS [pH 7.4]) was prepared, and the samples were
homogenized in a stomacher (Seward, Worthing, United Kingdom) for 2
min. Each stage of the colonic model was inoculated with 100 ml fecal
slurry. The total system transit time was set at 72 h, according to the mean
retention time for adults suffering from IBS constipation. Following inoculation, the colonic model was run as a batch culture for a 24-h period
in order to stabilize bacterial populations prior to the initiation of the
medium flow. After 24 h (time zero), the medium flow was initiated, and
the system was run for 8 full volume turnovers to allow steady state to be
achieved (steady state 1 [SS1]). Taking into account the operating volume
(900 ml) and the retention time (72 h) of the colonic model system, 3 ⫻
107 to 5 ⫻ 107 CFU of actively growing K. marxianus B0399 was added
daily to V1. The yeast strain was added to the system as described above for
a further 8 volume turnovers, after which SS2 was achieved. Each steady
state was confirmed by sampling on three consecutive days for SCFAs and
fluorescence in situ hybridization (FISH) analyses. Samples for FISH were
immediately fixed in 4% paraformaldehyde as previously described (32).
Samples for high-performance liquid chromatography (HPLC) and cytotoxicity analysis were centrifuged, and supernatants were frozen immediately, whereas cell pellets were resuspended in PBS-glycerol (1:1) and
stored at ⫺20°C prior to DNA extraction.
Evaluation of colonic microbiota composition by FISH, PCRDGGE, and qPCR. The concentrations of the main intestinal bacterial
groups in samples from the colonic model system were evaluated by FISH,
as previously described by Martín-Peláez and colleagues (32). The probes
used are reported in Table 2 and were commercially synthesized and 5=
labeled with Cy3 fluorescent dye (Sigma).
The dynamics of the yeast population during the study were assessed

by PCR-denaturing gradient gel electrophoresis (PCR-DGGE) and qPCR.
Frozen samples recovered from the colonic model system were thawed,
and aliquots (250 l) were processed for DNA extraction as previously
described by Maccaferri and colleagues (28). Approximately 250 nucleotides of the 5=-end region of the 26S rRNA gene were amplified by PCR
using the yeast-universal primers NL1 (or GC-clamped NL1 for PCRDGGE) and LS2, according to methods described previously by Cocolin
and colleagues (8). The PCR-DGGE experimental protocol was slightly
modified by performing annealing at 56°C for 25 s and extension at 72°C
for 30 s, in order to prevent the cross-amplification of bacterial DNA.
Band identities were confirmed by a comparison of the position in the gel
length with those of reference yeast DNAs as well as by band excision,
reamplification, and sequencing. qPCR was performed, as described
above, by using standard curves made from known concentrations of the
genomic DNA of K. marxianus B0399 in order to quantify modifications
in the concentrations of yeasts during the experiment.
Determination of short-chain fatty acid concentrations by HPLC.
Samples from each vessel of the colonic model system were centrifuged at
13,000 ⫻ g for 10 min to remove bacterial cells and any particulate material. SCFA (acetate, propionate, and butyrate) and lactic acid concentrations were determined by HPLC on an Aminex HPX-87H column (300 by
7.8 mm; Bio-Rad). Degassed 5 mM H2SO4 was used as the eluent at a flow
rate of 0.6 ml min⫺1 and at an operating temperature of 50°C. Organic
acids were detected by UV at a wavelength of 220 nm. Sample quantification was carried out by using calibration curve standards for lactate, acetate, propionate, and butyrate at concentrations of 12.5, 25, 50, 75, and
150 mM. An internal standard of 20 mM 2-ethylbutyric acid was included
in the samples and external standards.
Modulation of growth of HT29 cells by K. marxianus B0399. The
influence of colonic model supernatants, recovered before and after
the administration of K. marxianus B0399, on the growth and survival of
the HT29 human colon carcinoma cell line was determined by using a
growth curve assay, as previously described by Maccaferri and colleagues
(28). Results are expressed as the EC50, which represents the effective
concentration of colonic model supernatants resulting in a 50% reduction
of the cell number under the specified cell culture and treatment conditions compared to the growth of untreated cells.
Statistical analysis. All data were analyzed by one-way analysis of
variance (ANOVA), using Tukey’s posttest analysis when the overall P
value of the experiment was below the value of significance (P ⬍ 0.05). An
additional paired t test was applied in order to assess the significance of
results of single pairs of data. Analyses were performed by using GraphPad
Prism 5.0 (GraphPad Software, La Jolla, CA).

Probiotic Potential of K. marxianus B0399

TABLE 2 Oligonucleotide probes used in this study for FISH analysis
Probe

Sequence (5=–3=)

Pretreatmentc

Hybridizationwashing temp (°C)

Most bacteria
Most bacteria
Most bacteria
Atopobium, Collinsella, Olsenella, and Eggerthella
spp.; Cryptobacterium curtum; Mycoplasma
equigenitalium and Mycoplasma elephantis
Most Bacteroides sensu stricto and Prevotella spp.,
all Parabacteroides spp., Barnesiella viscericola,
and Odoribacter splanchnicus
Most Bifidobacterium spp.
Most of the Deltaproteobacteria and most of the
Gemmatimonadetes
Some of the Deltaproteobacteria
Some of the Deltaproteobacteria
Most members of Clostridium cluster XIVa;
Syntrophococcus sucromutans, Bacteroides
galacturonicus, Bacteroides xylanolyticus,
Lachnospira pectinoschiza, and Clostridium
saccharolyticum
Faecalibacterium prausnitzii and related sequences
Most Lactobacillus, Leuconostoc, and Weissella spp.;
Lactococcus lactis; all Vagococcus, Enterococcus,
Melissococcus, Tetragenococcus, Catellicoccus,
Pediococcus, and Paralactobacillus spp.
Most members of Clostridium cluster I; all
members of Clostridium cluster II; Clostridium
tyrobutyricum; Adhaeribacter aquaticus and
Flexibacter canadensis (family Flexibacteriaceae);
Eubacterium combesii (family
Propionibacteriaceae)
Clostridium cluster IX
Roseburia subcluster

EUB338a
EUB338IIa
EUB338IIIa
Ato291

GCTGCCTCCCGTAGGAGT
GCAGCCACCCGTAGGTGT
GCTGCCACCCGTAGGTGT
GGTCGGTCTCTCAACC

None
None
None
None

46–48
46–48
46–48
50–50

Bac303

CCAATGTGGGGGACCTT

None

46–48

Bif164
DELTA495ab

CATCCGGCATTACCACCC
AGTTAGCCGGTGCTTCCT

None
35% formamide

50–50
50–50

DELTA495bb
DELTA495cb
Erec482

AGTTAGCCGGCGCTTCCT
AATTAGCCGGTGCTTCCT
GCTTCTTAGTCARGTACCG

35% formamide
35% formamide
None

50–50
50–50
50–50

Fprau655
Lab158

CGCCTACCTCTGCACTAC
GTATTAGCAYCTGTTTCCA

None
Lysozyme

58–58
50–50

Chis150

TTATGCGGTATTAATCTYCCTTT

None

50–50

Prop853
Rrec584

ATTGCGTTAACTCCGGCAC
TCAGACTTGCCG(C/T)ACCGC

None
None

50–50
50–50

a

These probes were used together in equimolar concentrations.
These probes were used together in equimolar concentrations.
c Lysozyme treatment consisted of 100 U (20 l of a 1-mg ml⫺1 solution of 50,000 U mg⫺1 protein).
b

voked marked increases in the concentrations of the proinflammatory cytokines interleukin-1␤ (IL-1␤), IL-6, gamma interferon
(IFN-␥), macrophage inflammatory protein 1␣ (MIP-1␣), and
tumor necrosis factor alpha (TNF-␣) and a moderate yet significant increase in the concentration of the anti-inflammatory cytokine IL-1 receptor antagonist (IL-1Ra). Conversely, when LPS was
used to trigger an inflammatory response, coincubation with K.
marxianus B0399 elicited significant decreases in the concentrations of the proinflammatory cytokines TNF-␣, ⌱L-6, and MIP1␣, whereas the concentration of IL-1␤ was significantly increased. No significant variations in the concentrations of IFN-␥
and IL-1Ra were detected after coincubation (Fig. 1).
The incubation of Caco-2 cells with K. marxianus B0399 provoked a significant decrease in the level of secretion of the proinflammatory chemokine IFN-␥-induced protein 10 (IP-10). When
K. marxianus B0399 was coincubated with LPS, it induced a significant decrease in the levels of secretion of the proinflammatory
cytokines IP-10, IL-8, IL-12, and IFN-␥ (Fig. 2).
The production of the other immune modulators by PBMCs
and Caco-2 cells was not significantly modulated by K. marxianus
B0399 under all the tested conditions (data not shown).
Survival of K. marxianus B0399 under simulated gastrointestinal conditions. K. marxianus B0399 was confirmed to survive
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under simulated gastric conditions, since incubation for 3 h at pH
2 in the presence of pepsin provoked a moderate decrease of yeast
viability, from an initial concentration of 6.90 log CFU ml⫺1 to a
final value of 4.97 log CFU ml⫺1. Similarly, survival was maintained when the strain was incubated for 3 h with a physiological
concentration of bile salts, with a slight decrease from 6.96 log
CFU ml⫺1 to 6.63 log CFU ml⫺1. K. marxianus B0399 was further
able to grow anaerobically in the colonic model system medium
CMGM, reaching a final concentration of 8.38 log CFU ml⫺1 after
24 h (data not shown).
Impact of K. marxianus B0399 on the composition of the
colonic microbiota. The total yeasts populations in each vessel of
the colonic model system before (SS1) and after (SS2) the daily
administration of K. marxianus B0399 were evaluated by PCRDGGE. PCR-DGGE, the sensitivity of which (⬃105 yeast cells
ml⫺1) was not sufficient to detect yeasts in the fermentation system before the intervention, confirmed the presence of a clear
band corresponding to K. marxianus in V1 and V2 at SS2 (99%
identity with the K. marxianus 13MCHS 26S rRNA gene [see the
supplemental material]). Furthermore, qPCR analysis confirmed
that the total yeast population in V1, V2, and V3 at SS1 was below
the detection limit of the method (2.5 ⫻ 102 CFU ml⫺1), while at
SS2, yeasts reached the following concentrations: 3.7 ⫻ 107 ⫾
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Target genus or group
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0.9 ⫻ 107 CFU ml⫺1 in V1, 6.1 ⫻ 104 ⫾ 0.6 ⫻ 104 CFU ml⫺1 in V2,
and ⬍2.5 ⫻ 102 CFU ml⫺1 in V3.
The concentrations of the main bacterial groups constituting the core of the human intestinal microbiota were assessed
before and after supplementation with K. marxianus B0399 by
FISH (Fig. 3). The administration of yeasts did not mediate any
significant modification in the total bacterial counts (EUB338I,
EUB338II, and EUB338III) during the intervention. FISH
analysis showed that Clostridium cluster XIVa (Erec482) and
cluster IX (Prop853) were the predominant bacterial groups in
the colonic microbiota and that the addition of K. marxianus

B0399 did not significantly influence (P ⬎ 0.05) their concentrations. A similar behavior was demonstrated for Bacteroides
sp. (Bac303), Faecalibacterium prausnitzii (Fprau655), the
subdominant lactic acid bacteria (Lab158), the Roseburia
intestinalis-Eubacterium rectale group (Rrec584), Clostridium
clusters I and II (Chis150), the Atopobium cluster (Ato291),
and members of the Deltaproteobacteria (DELTA495a, DELTA495b,
and DELTA495c), whose concentrations were stably maintained
during the study.
Notably, the administration of K. marxianus B0399 provoked a
significant increase in the amounts of bacteria belonging to the

FIG 2 Levels of immune mediators secreted by Caco-2 cells whose concentrations significantly changed after stimulation with K. marxianus B0399 and
costimulation with LPS and the yeast strain. Measurements were performed in triplicate. Results are means (picograms of immune mediators per milliliter of
culture supernatant) ⫾ SEM. Bars not sharing a common letter are significantly different at a confidence level of a P value of ⬍0.05.
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FIG 1 Levels of immune mediators secreted by PBMCs after stimulation with LPS, stimulation with K. marxianus B0399 (Km B0399), and costimulation
with LPS and the yeast strain (Km B0399 ⫹ LPS). Measurements were performed in triplicate. Results are means (picograms of immune mediators per
milliliter of culture supernatant) ⫾ standard errors of the means (SEM). Bars not sharing a common letter are significantly different at a confidence level
of a P value of ⬍0.05.

Probiotic Potential of K. marxianus B0399

(SS2) the daily administration of K. marxianus B0399. Results are reported as means of the data from two colonic models (log10 CFU/ml) ⫾ SEM. For each
colonic model, measurements were performed in triplicate at SS1 and SS2. ⴱⴱ, P ⬍ 0.01; ⴱⴱⴱ, P ⬍ 0.001.

health-promoting genus Bifidobacterium (Bif164) in the first and
second stages of the colonic model system (7.57 to 7.96 log CFU
ml⫺1 in V1 [P ⫽ 0.0004] and 7.78 to 8.12 log CFU ml⫺1 in V2 [P ⫽
0.009]).
Impact of K. marxianus B0399 on production of SCFAs.
SCFAs (acetate, propionate, and butyrate) and lactic acid in the
three different stages of the colonic model systems, at SS1 and SS2,
were detected and quantified by HPLC.
The administration of K. marxianus B0399 induced a significant increase in the concentrations of acetate (64.58 to 76.02 mM;
P ⫽ 0.02) and propionate (57.42 to 70.16 mM; P ⫽ 0.0005) over
the course of the experiment. In particular, the concentration of
acetate increased significantly in the first stage of the colonic

model system, whereas the concentration of propionate increased
significantly in the first and second stages of the colonic model
system (Table 3). Conversely, no significant modification of the
lactate and butyrate concentrations occurred.
Cytotoxic effects of colonic model supernatants. EC50 values
were used to compare the effects of colonic model supernatants,
before and after the administration of K. marxianus B0399, on
HT29 cell growth (Fig. 4). No significant changes between
EC50(SS1) and EC50(SS2) were found in the second and third
stages of the colonic model system. Conversely, V1 colonic model
supernatants after the administration of the yeast strain were significantly less cytotoxic than those at SS1 [EC50(SS1) of 3.35 versus EC50(SS2) of 4.23; P ⬍ 0.05].

TABLE 3 Concentrations of short-chain fatty acids recovered in each colonic model system vessel before and after administration of K. marxianus
B0399 as assessed by HPLCa
Mean concn (mM) ⫾ SEM
V1

V2

V3

Metabolite

Before B0399
administration (SS1)

After B0399
administration (SS2)

Before B0399
administration (SS1)

After B0399
administration (SS2)

Before B0399
administration (SS1)

After B0399
administration (SS2)

Lactate
Acetate
Propionate
Butyrate

3.32 ⫾ 0.11
58.79 ⫾ 5.78
47.45 ⫾ 1.77
49.93 ⫾ 11.53

3.40 ⫾ 0.09
60.94 ⫾ 1.79b
63.09 ⫾ 2.33c
40.43 ⫾ 3.29

0.49 ⫾ 0.24
69.23 ⫾ 3.13
55.51 ⫾ 2.55
52.04 ⫾ 6.70

0.96 ⫾ 0.85
79.67 ⫾ 6.20
72.69 ⫾ 5.76b
50.12 ⫾ 6.85

0.0 ⫾ 0.0
68.01 ⫾ 2.14
69.31 ⫾ 4.89
62.97 ⫾ 5.29

1.52 ⫾ 0.96
80.70 ⫾ 8.24
74.71 ⫾ 2.69
61.58 ⫾ 2.05

For each sample, measurements were performed in triplicate. Results are means (mM) of the measurements in the two colonic models ⫾ standard errors of the means.
Significant differences between SS1 and SS2 at a confidence level of a P value of ⬍0.05.
c Significant differences between SS1 and SS2 at a confidence level of a P value of ⬍0.01.
a
b
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FIG 3 Bacterial groups detected by FISH in the culture broth recovered from each vessel (V1, V2, and V3) of the colonic model system before (SS1) and after

Maccaferri et al.

the administration of K. marxianus B0399. Cytotoxicity was assessed by coincubating HT29 cells with increasing concentrations (0%, 1%, 2.5%, 5%, and 10%)
of fermentation supernatants, followed by staining with DAPI (4=,6-diamidino-2-phenylindole). Results are expressed as means of relative HT29 cell growths
(percent) of 2 colonic models ⫾ SEM. For each colonic model, measurements were performed in triplicate. EC50 values were calculated from the growth curves
shown in panels A, B, and C for SS1 and SS2. (D) Comparison of EC50 values at SS1 and SS2 for each vessel. ⴱ, P ⬍ 0.05.

DISCUSSION

In recent years, an evolving number of studies suggested that the
administration of probiotics plays a role in the promotion of human health. In the present study, we assessed the probiotic potential of the food-grade yeast strain K. marxianus B0399, investigating a number of traits, such as (i) adhesion to the intestinal
epithelium, (ii) modulation of the immune response, (iii) impact
on the composition and fermentation potential of the human colonic microbiota, and (iv) modulation of the cytotoxicity of the
microbiota metabolites.
Using Caco-2 cells, a largely accepted in vitro model, we demonstrated that K. marxianus B0399 is a strongly adhesive strain. It
is noteworthy that the health-promoting effects of probiotic
strains might be partly dependent on their persistence in the intestine and adhesion to mucosal surfaces (10).
A further important characteristic of potential probiotic candidates is the capacity to modulate the immune response of the
host. In fact, a finely tuned balance between immune responses
and tolerance to the gut microbiota is required at the edge of the
colonic epithelium for preventing intestinal inflammation. Several in vitro and in vivo studies demonstrated two main effects of
probiotics on host immunity: (i) strengthening the immunological barrier by stimulating the development and maintaining the
state of alert of the innate and adaptive immune system, and (ii)
decreasing the immune responsiveness to unbalanced inflammatory conditions. Both of these health-promoting activities are accomplished through an effective modulation of the balance of
pro- and anti-inflammatory cytokine production (44). Many probiotic species have been demonstrated to share a relatively com-
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mon immune pattern, such as a reduction in Th2 cytokines (i.e.,
IL-4, IL-5, IL-6, IL-10, and IL-13) or a shift toward Th1-mediated
immunity (i.e., IL-2, TNF-␣, and IFN-␥ production). However,
distinctive effects are often strain specific, and therefore, the assessment of the immune potential of novel probiotics is a challenging research area in food microbiology (9, 12). Nowadays,
very little is known about the immune potential of the genus
Kluyveromyces (38). In the present study, we evaluated the immunomodulatory potential of K. marxianus B0399 toward human
PBMCs and Caco-2 cells. In PBMCs, K. marxianus B0399 induced
the production of the proinflammatory cytokines IL-1␤, TNF-␣,
IFN-␥, and IL-6, which are known to play a crucial role in host
defense mechanisms. A similar overproduction of IL-6 and
TNF-␣ was demonstrated for PBMCs exposed to well-established
probiotic strains of lactobacilli, streptococci, Leuconostoc spp.,
and Bifidobacterium breve (18, 26, 43). Notably, when K. marxianus B0399 was coincubated with LPS, the concentrations of
TNF-␣ and IL-6 decreased to values similar to those detected in
yeast-stimulated PBMCs without LPS. These data are in agreement with previous findings which demonstrated that probiotic
Lactobacillus rhamnosus and Lactobacillus gasseri strains were capable of diminishing the release of TNF-␣, IL-6, and IFN-␥ in
LPS-stimulated macrophages and PBMCs in a different manner
(33, 36). Interestingly, a similar behavior was also determined by
using the in vitro model system of Caco-2 cells. In fact, in the
presence of costimulation with K. marxianus B0399 and LPS, significant decreases in the concentrations of the proinflammatory
cytokines IFN-␥ and IL-12 and the chemokines IP-10 and IL-8
were demonstrated. In particular, a decreased level of production
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FIG 4 (A to C) Cytotoxic effect of supernatants recovered from vessel 1 (A), vessel 2 (B), and vessel 3 (C) of the colonic model system before (SS1) and after (SS2)
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SCFAs (35). Indeed, the cytotoxicity of fecal water has been reported to be a risk biomarker, since several studies correlated the
toxicity of this fecal fraction with a higher level of colonic cell
proliferation and an increased risk of colon cancer (11, 19).
In conclusion, the effects of K. marxianus B0399 on adhesion,
immune function, and the colonic microbiota demonstrate that
this strain possesses a number of beneficial and strain-specific
properties desirable for a microorganism considered for application as a probiotic.
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