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BACKGROUND: For many years, yeast cell walls (YCW) and mannan oligosaccharides (MOS) have been used as
alternatives to antibiotics and health feed additives to enhance the growth performance and health of food animals. In the
present study, the inhibitory effects of YCWand MOS on the adhesion of enteropathogenic bacteria to intestinal epithelial cells
were tested.
METHODS: YCW and MOS were extracted from Saccharomyces cerevisiae (XM 0315), and the morphology of YCW and
MOS bound to pathogenic bacteria was observed by scanning electron microscopy (SEM). Real-time fluorescent quantitative
PCR was used to quantitatively analyze the effects of YCW and MOS on the adhesion of Escherichia coli (CVCC3367) and
Salmonella pullorum (CVCC520) to Caco-2 cells.
RESULTS: The results showed that YCW inhibited E. coli and S. pullorum binding to Caco-2 cells by 95% and 74%,
respectively, whereas MOS prevented E. coli and S. pullorum binding by 67% and 50%, respectively.
CONCLUSIONS: These data suggest that YCW has a stronger ability than MOS to inhibit pathogenic bacteria from adhering
to Caco-2 cells in vitro.

Keywords YCW, MOS, Escherichia coli, Salmonella pullorum, Caco-2 cells

Introduction

For decades, antibiotics have been administered to livestock
to promote their growth and control infectious diseases,
including diarrhea, caused by pathogenic bacteria (Kogut,
2000; Fernandez et al., 2002; Ganner et al., 2010). However,
this non-therapeutic overuse has provided selective pressure
for the development of antibiotic resistance, which has
rendered some antibiotics ineffective. The potential public
health hazard of antibiotic resistance has led to a greater
interest in the development and use of antibiotic alternatives
that can maintain equivalent animal performance while
protecting human health (Vieira et al., 2008; Tiago et al.,
2012). Yeast cell walls (YCW) and yeast cell wall-derived
mannan oligosaccharides (MOS) have been used as antibiotic

alternative feed additives in livestock and poultry feed for
many years (Becker et al., 2007; Ganner et al., 2013;
Broadway et al., 2015). YCW and MOS have been shown to
improve animal performance, feed efficiency, and gastro-
intestinal health (Shashidhara and Devegowda, 2003; Oyofo
et al., 1989; Kogan and Kocher, 2007; Becker et al., 2007;
Trevisi et al., 2012).

It is well known that some bacteria exert pathogenic effects
by attaching to receptors on the epithelial surface (Rodrigues
and Elimelech, 2009). Ofek et al. (1977) first showed that
E. coli could colonize human mucosal cells in vitro, whereas
in the presence of 5 mg/mL D-mannose, only 30% of the E.
coli could adhere to the human mucosal cells. Since then, the
adhesion of pathogenic bacteria to human mucosal cells has
been extensively used to evaluate the infectivity of patho-
genic bacteria and the effects of antibiotic alternatives
(Sharon and Ofek, 2000; Ganan et al., 2009; Shoaf-Sweeney
and Hutkins, 2009).

Several mechanisms have been proposed to explain the
positive effects of YCWand MOS in animals. First, MOS is a
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high affinity ligand of type-I fimbriae, which are found on
various pathogenic bacteria, including E. coli and Salmonella
spp. Thus, MOS act through competitive binding to reduce
pathogen attachment to host cells (Ofek et al., 1977; Ofek and
Beachey, 1978; Jones et al., 1995; Spring et al., 2000;
Bouckaert et al., 2006; Baurhoo et al., 2007; Rosen et al.,
2008; Ganner et al., 2012; Ganner et al., 2013). So YCWand
MOS present the binding ability to pathogens (Snellings et
al., 1997; Sharon and Ofek, 2000). Moreover, YCW and
MOS are selectively fermented by intestinal bacteria, which
can lead to changes in the composition and/or activity of the
gastrointestinal microbiota, and can increase the number of
beneficial bacteria, such as lactobacilli and bifidobacteria
(Sweeney Shoaf et al., 2008).

Although both YCW and MOS are promising antibiotic
alternatives that bind to pathogens, whether there is a
difference in the pathogen adhesion capacity of YCW and
MOS is unknown. It is also not known whether extraction of
MOS from YCW is required to maximize the beneficial
effects against pathogenic bacteria. Therefore, in this study,
the effects of YCW and MOS from S. cerevisiae on E. coli
and S. pullorum adhesion to monolayers of enterocyte-like
Caco-2 cells were investigated.

Materials and methods

Microorganisms and culture conditions

E. coli (CVCC3367) and S. pullorum (CVCC 520) were
isolated from infected chicken intestine and purchased from
China Veterinary Culture Collection Center (CVCC), respec-
tively. S. cerevisiae XM 0315 was obtained from our own
laboratory collection.

E. coli cells were grown in Luria-Bertani (LB) medium
(1% tryptone, 0.5% yeast extract, and 1% NaCl) for 14 h at
37°C statically. The cultivation conditions for S. pullorum
were the same as those used for E. coli except that the culture
was agitated at 100 rpm. S. cerevisiae XM 0315 was
incubated in YPD broth (1% yeast extract, 2% peptone, and
2% glucose) with agitation (200 rpm) at 30°C for 48 h. S.
cerevisiae cells were harvested by centrifugation (2700 g) for
30 min at 4°C, and washed three times. Finally, the cells were
freeze-dried and stored until use.

Intestinal epithelial cells and culture conditions

Liquid nitrogen-frozen ATCC HTB-37 Caco-2 cells (pur-
chased from American Type Culture Collection) were thawed
at 37°C and inoculated into a 10-cm petri dish containing 7
mL of MEM supplemented with 10% heat inactivated fetal
bovine serum (FBS; Gibco, USA), 1% nonessential amino
acids (NEAA; Corning, USA), 1% penicillin/streptomycin
(P/S; Corning) at 37°C with 5% CO2 (Candela et al., 2005).

After reaching 80%–100% confluence, the Caco-2 cells were
digested with 3 mL of 0.05% trypsin-0.53 mM EDTA for 3
min at 37°C. Then, 3 mL of MEM containing 10% heat
inactivated FBS was added to stop the enzymatic digestion.
The cells were pelleted, resuspended in MEM, seeded into
24-well flat bottom plates containing cell culture medium
without P/S, and incubated at 37°C with 5% CO2. The culture
medium was replaced every day until each well was filled
with cells. Then, the cells were washed with warm phosphate
buffered saline (PBS, pH 7.4) in preparation for the adhesion
assay.

Preparation of YCW and MOS

Lyophilized yeast cells were used to prepare YCW and MOS
based on a previously reported enzymatic method (Varelas et
al., 2016), with modification. Briefly, 10 g of freeze-dried
yeast were treated with 500 mg of lysozyme (40000 U/g;
sunHY, Wuhan, China) dissolved in 50 mL of distilled water
with mild agitation at room temperature for 2 h. Then, YCW
was obtained by centrifugation (10000 rpm, 5 min) as a
sediment, washed 5–6 times with distilled water, and freeze-
dried until use.

Yeast MOS were extracted from YCW according to a
previously reported method (Ganan et al., 2012), with
modification. A YCW preparation was extracted with
NaOH [1:5 (w/v) dry cell weight/1 M NaOH]. The extraction
was conducted at 85°C for 3 h with mild agitation. Then, the
mixture was centrifuged (3600 rpm, 30 min), and the
supernatant was used to further extract MOS. Acetic acid
was added to the supernatant to adjust the pH of the solution
to 5.5. Then, the solution was centrifuged (2400 rpm, 10
min). The supernatant was harvested, dialyzed for 3–4 days,
and freeze-dried for storage until use.

Scanning electron microscopy (SEM)

(i) Morphology of YCW and MOS. As the samples were
freeze-dried powders, they could be observed directly by
SEM after gold plating.

(ii) Adhesion of YCW and MOS to bacteria. Suspensions
of E. coli and S. pullorum (OD600 = 5.0) were prepared for
observation after washing three times in cold phosphate-
buffered saline (PBS, pH 7.4). YCW and MOS were mixed
with bacterial cells in a 1:1 ratio, respectively. The mixture
was washed several times with distilled water at room
temperature and then fixed with glutaraldehyde overnight at
4°C (Mirelman et al., 1980). After dehydration in a graded
series of ethanol, the specimens were loaded into a small
pouch made from filter paper with ultrathin sections inside.
Then, the pouch was dried by a critical-point drying (CPD)
method (Bray, 2000). After gold-plating, the ultrathin
sections were analyzed with a Hitachi SU8010 scanning
electron microscope (Hitachi, Japan) (Baharaeen et al., 1982;
Bauer et al., 2001).
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Anti-adhesion assay with RT-PCR

(i) Preparation of premixed solutions of YCW or MOS and
bacteria. Bacterial cell suspensions were adjusted to OD600 =
0.2 with MEMmedium containing 10% heat-inactivated FBS
and 1% NEAA. Then, ultrasonic-treated sample solution (6
mg/mL) was added to the bacterial cell suspension at a 4:1
ratio (bacterial cell suspension:sample solution) and agitated
magnetically to obtain a stable, well-dispersed solution.

(ii) Inhibition of bacteria attachment to Caco-2 cells by
YCW and MOS. For the anti-adhesion assay, a culture of
Caco-2 cells was prepared in 24-well flat bottom plates
containing MEM medium without penicillin/streptomycin or
other antibiotics, and was incubated at 37°C in a humidified
atmosphere containing 5% CO2 for 1 h. Then, the premix
solutions were added to the 24-wall plates and incubated at
37°C for 1 h. The wells were washed three times to remove
unattached bacteria, including the negative and blank
controls. Then, bacterial DNA was extracted from the wells
(three parallel replicates were assessed at the same time) with
the TIANamp Bacteria DNA Kit (TIANGEN, China)
according to the manufacturer’s instructions. Blank and
negative controls were also assessed. The blank control
consisted of YCW or MOS samples but without test bacteria,
and the negative control consisted of test bacteria without
YCW or MOS samples.

(iii) Quantification of adhered bacterial cells by real-time
PCR. Bacterial cells (E. coli or S. pullorum) were quantified
by real-time PCR using genus- or species-specific primers
(listed in Table 1). The real-time PCR was performed in a
Real-Time PCR System (BIO-RAD, USA) with SYBER
Green I fluorophore to correlate the fluorescent signal with the
amount of PCR product. Amplification was carried out in a
25-mL reaction containing 5 mL of bacterial DNA, 10 mM
each primer, 6 mL of RNase-free ddH2O, and 12.5 mL of 2�
SuperReal PreMix Plus containing SYBER Green I (TIAN-
GEN, China). The experimental programs was as follows: 1)
a pre-denaturation step at 95°C for 15 min; 2) amplification,
including 40 cycles of denaturation at 95°C for 10 s,
annealing at 52°C for 20 s, and extension at 72°C for 30 s,
with a transition time of 0.1°C/s, and a heating step at 95°C
for 10 s; and 3) melting curve analysis, which was conducted
at 65–95°C, with an increase of 0.1°C/s. As internal
standards, we amplified dilutions of the bacteria (0.0625 ng/
mL–2 ng/mL) in PBS (Candela et al., 2005). Linear regression
was used to determine the relationship between the cycle
threshold value (Ct) and the logarithm of the initial quantity
of bacterial DNA. Finally, the concentration of DNA
extracted from the bacteria attached to the Caco-2 cells was
calculated. The number of bacteria bound to the Caco-2 cells
was determined based on the relationship between bacterial
DNA and CFU. The results are shown as bacterial CFU
adhered to Caco-2 cells after removal of non-adherent
bacteria. The anti-adhesion effects of YCW and MOS were
determined by comparison to the bacterial CFU added.

Statistical analysis

The results are shown as the mean±standard deviation (SD)
of three independent experiments. The significance of
differences (p< 0.05) between samples was determined by
using Student’s t-test in SPSS 17.0.

Results

Cell morphology and adhesion observed by SEM

In this study, enzymatic hydrolysis was used to generate
YCW extract instead of yeast autolysis. Then, MOS and
protein components were obtained in a soluble form by
fractionation via alkali extraction (Bychkov et al., 2010).

Ultrathin sections of the prepared YCW and MOS were
gold plated and analyzed by SEM, and the surface
morphologies of the samples were observed (Fig. 1). Figure
1a shows the structure of YCW, which was anxiolytic and
rough. Figure 1B shows the structure of yeast MOS, which
was characterized by amorphous shapes. SEM analysis also
showed that the YCWand MOS used in this study could bind
to both E. coli (Fig. 1 A1 and B1) and S. pullorum (Fig. 1 A2

and B2), as they adhered to these pathogenic bacteria.

Inhibition of E. coli and S. pullorum adhesion to Caco-2
cells

To quantitatively compare the abilities of YCW and MOS to
inhibit the adherence of enteropathogenic bacteria to Caco-2
cells, a real-time quantitative PCR method was used to detect
the number of bacteria adhered to the Caco-2 cells. The anti-
adhesion results are quantitatively presented as histograms
(Fig. 2). The ordinate was the CFU of adhered E. coli and S.
pullorum. The lower the number of CFU, the fewer the
bacteria adhered to Caco-2 cells. The ability of the YCW and
MOS samples to inhibit the adhesion of bacteria to Caco-2
cells was confirmed. Figure 2-(1) shows the inhibitory effects
of the samples on the adhesion of E. coli to Caco-2 cells. The
number of E. coli adherent to Caco-2 cells (6.07 � 104 CFU)
was lowest in the presence of YCW, and the inhibition ratio
was 95%. The number of adherent E. coli cells was higher in
the presence of MOS (4.40 � 105 CFU) than in the presence
of YCW, and in the presence of MOS, the inhibition ratio was
67%.

The results also showed that S. pullorum adhesion was

Table 1 Genus- and species-specific primers used for quantification of
bacterial cells in adhesion assays
Primer Sequence Specificity

fimYf 5’-TCGTCATTCCATTACCTACC-3’ Salmonella

fimYr 5’-AAACGTTGAAAAACTGAGGA-3’ Salmonella

27f 5’-AGAGTTTGATCCTGGCTCAG-3’ Escherichia coli

338r 5’-TGCTGCCTCCCGTAGGAGT-3’ Escherichia coli
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inhibited by the test samples [Fig. 2-(2)]. The YCW-treated S.
pullorum samples had fewer CFU (~5 � 106 CFU) than S.
pullorum incubated with yeast MOS, as the number of S.
pullorum CFU was ~1 � 107. The inhibition ratios for YCW
and MOS on S. pullorum were 74% and 50%, respectively.

It was obvious that the tendency to protect Caco-2 cells
from invasion by E. coli and S. pullorum was similar. Based
on the results, we could draw the following conclusions.
MOS and YCW effectively inhibited E. coli and S. pullorum
adhesion to Caco-2 cells. However, the capability of MOS to
inhibit the adherence of enteropathogenic bacteria was not
better than that of YCW, as YCW, which morphologically
resembled intact cells, showed optimal inhibition against the
adhesion of E. coli and S. pullorum to Caco-2 cells.

Discussion

In this study, we showed that adhesion of the enteropatho-
genic bacteria E. coli and S. pullorum to Caco-2 cells was
significantly reduced by the addition of YCWand MOS from
S. cerevisiae. In terms of effectiveness, YCW had a more
significant effect on the adhesion of both E. coli and S.
pullorum to Caco-2 cells, and it inhibited adhesion by ~95%
and 74%, respectively, whereas MOS reduced adhesion by
67% and 50%, respectively (Fig. 2). To our knowledge, this is
the first investigation of the anti-adhesive properties of YCW
and MOS. Both YCWand MOS contain mannose, which can
block the colonization of intestinal pathogens containing type

1 fimbriae through mannose-binding lectins (Rodrigues et al.,
2009). Caco-2 cells are a clonal colonic cancer cell line that
shows structural and functional characteristics of differen-
tiated intestinal epithelial cells (Konkel et al., 1992). There-
fore, Caco-2 cells have been widely used to quantitatively
evaluate the adhesion capability of intestinal pathogenic
bacteria in vitro (Oyofo et al., 1989; Vesterlund et al., 2005;
Ganner et al., 2010). In addition, real-time PCR has been
previously used to quantify adherent bacteria on monolayers
of enterocyte-like Caco-2 cells in vitro, and the method was
shown to be efficient, sensitive, and accurate (Candela et al.,
2005).

In this study, YCW was isolated from S. cerevisiae after
enzymatic lysis, and SEM analysis showed that structurally,
the YCWextract consisted of intact cells (Fig. 1A). MOS was
obtained as a soluble component after alkali treatment of
YCW, and SEM analysis showed that it was amorphous (Fig.
1B). SEM also showed that YCW and MOS can bind to E.
coli and S. pullorum. The three-dimensional structure of
YCW may have made it easier to adhere to bacteria than it
was for the soluble, amorphous MOS. Ganner et al. (2012)
reported that protein-oligosaccharide interaction was mainly
dependent on the three-dimensional structure rather than the
total number of mannoses. Ofek et al. (2003) also postulated
that, in addition to the receptor interaction, there may be
hydrophobic and other non-specific interactions involved in
bacterial adhesion. We observed that β-glucan from YCW can
adhere to bacteria, although there was no specific lectin on its
surface (data was not shown). Therefore, hydrophobic and

Figure 1 Morphology of YCW, MOS and adhesion assays from SEM. A: YCW; A1: The adhesion of YCW and E. coli(10.0k�); A2:
The adhesion of YCW and Salmonella pullorum (10.0k�); B: yeast MOS; B1: The adhesive microstructure between yeast MOS and E.
coli (20.0k�); B2:The adhesion of yeast MOS and Salmonella pullorum (10.0k�)
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other non-specific interactions may play an important role in
the adhesion process.

Based on our results, YCW more effectively inhibited the
adherence of pathogenic bacteria to epithelial cells; therefore,
in some applications, YCW can be used as a replacement for
MOS. Further study is required to determine if YCWor MOS
is a superior antibiotic substitute and to verify these results in
vivo.

Conclusion

In summary, YCW, with intact cell structure, more effectively
inhibited the adhesion of E. coli and S. pullorum to
monolayers of enterocyte-like Caco-2 cells than did soluble,
amorphous MOS in vitro.
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