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Simple Summary: The aim of the paper is to provide a review of mannan oligosaccharide
products in relation to their growth promoting effect and mode of action. Mannan
oligosaccharide products maintain intestinal integrity and the digestive and absorptive
function of the gut in the post-weaning period in pigs and enhance disease resistance by
promoting antigen presentation. We find that dietary supplementation has growth
promoting effects in pigs kept in a poor hygienic environment, while the positive effect of
MOS is not observed in healthy pig herds with high hygienic standards.

Abstract: Mannan oligosaccharides (MOSs) are often referred to as one of the potential
alternatives for antimicrobial growth promoters. The aim of the paper is to provide a
review of mannan oligosaccharide products in relation to their growth promoting effect and
mode of action based on the latest publications. We discuss the dietary impact of MOSs on
(1) microbial changes, (2) morphological changes of gut tissue and digestibility of
nutrients, and (3) immune response of pigs after weaning. Dietary MOSs maintain the
intestinal integrity and the digestive and absorptive function of the gut in the post-weaning
period. Recent results suggest that MOS enhances the disease resistance in swine by
promoting antigen presentation facilitating thereby the shift from an innate to an adaptive
immune response. Accordingly, dietary MOS supplementation has a potential growth
promoting effect in pigs kept in a poor hygienic environment, while the positive effect of
MOS is not observed in healthy pig herds with high hygienic standards that are able to
maintain a high growth rate after weaning.
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1. Introduction

Mannan oligosaccharides (MOSs) are often referred to as a potential alternative for antibiotic
growth promoters. Although they are non-digestible oligosaccharides, the mode of action of MOSs
differs from other prebiotics. By definition, prebiotics are non-digestible components of feed that
stimulate the growth and/or activity of beneficial bacteria in the digestive system and promote the gut
and general health of the host [1]. MOSs have recently been assigned to nutricines based on the
reasoning that they are not direct nutrients either for intestinal microbiota or for the host, but
potentially have a positive effect on the health and performance of farm animals [2].

The first experience with mannan products was investigating their potential to adhere to the
mannose specific lectin on the surface of E. coli [3]. Results of in vitro studies suggested that dietary
MOS could reduce the colonization of pathogenic bacteria in the gut, which was indeed confirmed
later in animal, particularly poultry trials [4,5]. Dietary MOS supplementation became prevalent in the
90s as a growth promoter in broiler and turkey feeding [6,7] and to a lesser extent in pig feeding [8].
Relevant data show that mannan products can be efficiently used in two critical periods of swine
production, i.e., in piglets during the nursery period and in sows during late gestation and lactation.
Numerous publications reported that supplementation of the sow diet with dietary MOS (2 g/kg or
5 g/day/sow) in the last 2-3 weeks of gestation and during lactation improved the growth rate of
piglets [9-11]. The data on weaned pigs are less consistent in this respect. The mode of action of
mannan-containing products has been investigated for approximately 20 years and the following
underlying mechanisms have been proved: mannans potentially affect (i) the intestinal micro biota,
(i1) the morphology of gut tissue and thus the digestibility of nutrients, (ii1) the immune response of
farm animals; and (iv) the supposed toxin-binding ability of mannan containing yeast cell derivates.
This latter, however, is attributed principally to the B-glucan content [12], therefore in the present
paper this property is not discussed. Based on the effects listed above, it is suggested that dietary MOS
is able to support gut recovery of piglets after weaning.

Excellent reviews have been published on the dietary effect of MOSs [12—14]; however, a few
details of the underlying mechanisms remained unexplained. Since some recent results have filled gaps
in our knowledge, the aim of the present paper is to provide an overview on MOS products in relation
to their growth promoting effect and mode of action based on the latest publications.

2. Post-Weaning Changes within the Gastro Intestinal Tract of Pigs

Weaning is a stress for the piglets that is usually associated with a dramatic feed refusal. The
immediate post-weaning anorexia results in the alteration of gut integrity leading to different
physiological changes in the gastro intestinal tract (GIT), such as morphological and functional
changes, shift in microbiota population, and increased production of inflammatory cytokines
(e.g., reviewed by Dong and Pluske [15]). Even a short period of starving or malnutrition (2-3 days)
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results in villus atrophy [16] that weakens the absorption capacity of the intestine by reducing the
surface area of the gut wall. It is also well known that the brush border enzyme (amino-peptidase N,
dipeptyl-peptidase-4 [16]; sucrase [17]) and pancreatic enzyme activity (trypsin, chymotrypsin,
amylase, lipase [18]) decline drastically right after weaning. The temporal changes induced in the gut
after weaning can be divided into an acute phase of 5-7 days and an adaptive phase of 9—10 days [19].
The changes in the acute phase definitely result in a poorer digestibility of nutrients. The higher rate of
undigested nutrients, and particularly of protein, may lead to undesirable processes in the hindgut. The
fermentation of N-containing compounds in the digesta yields ammonia that increases the gut pH and
supports pathogenic bacteria. Since the microbiota in young piglets is unstable, the ability of the gut
flora to block the colonization of harmful species is inadequate. Moreover, neither the innate nor the
acquired immune defense of a 4-week old pig can adequately respond to a pathogen challenge. Due to
the low antibody concentration of sow milk at late lactation, the level of maternal antibodies is also
low in the gut and blood of piglets. This is concurrent with insufficient own antibody production at
4 weeks of age, which only begins to increase at 6—7 weeks of age.

These changes often result in post-weaning diarrhea and a drastic depression in growth rate. In the
past, antibiotic growth promoters efficiently prevented the complex post-weaning symptoms.
Nowadays all feed additives that promote gut health, sustain eubiosis in the intestine or boost the
immune defense of the pigs can be effectively used in nursery feeds. MOSs are suggested to be one of
the promising alternatives for antibiotic growth promoters.

3. Source and Chemical Traits of Mannan Products

MOSs are non-digestible carbohydrates that are composed of mannose blocks and can be found in
the yeast cell wall in complex formation. The composition of the yeast cell is determined by the
species, the growth phase and the environmental factors of fermentation. The cell wall is
approximately 25-30% of the dry weight of the cell. Saccharomyces cerevisiae is a well-known yeast
in the bakery and brewery industries and its derivate is used exclusively as MOS product in animal
nutrition. The cell wall of S. cerevisiae contains both mannan-proteins and B-glucans. The main
constituents of the outer cell wall are mannan polymers with a(1-6) and a(1-2) bonds or to a lesser
extent a(1-3) bounded side chains (see more details in [12]). The enzymes of the host or of the
intestinal bacteria are unable to cleave these bonds and thus MOS has no direct nutritive value, but it
has been shown to be able to maintain the gut health. It can be concluded from the relevant literature
that although mannan-containing feed additives are almost exclusively derivates of S. cerevisiae, due
to the processing and production technology, their chemical composition and therefore biological
efficiency might be different [13].

4. Mode of Action of Dietary MOS
4.1. The Effect of Dietary MOS on the Intestinal Microbiota

The development of the beneficial microbiota and sustainment of eubiosis play a crucial role in the
defense mechanisms and gut health. There is increasing evidence suggesting that, unlike in young pigs,
the composition of the GIT microflora in a healthy adult host remains remarkably stable [20]. The
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steady state can, however, promptly change at immune suppression or during infection. In general,
supporting the growth of Bifidobacteria and Lactobacilli in the hindgut is supposed to have a positive
impact on the host; however, in stress situations, such as weaning, the number of beneficial bacteria
often declines, while the number of harmful species, like E. coli and Salmonella, increases. In vitro
studies show that in the presence of mannan products the enteric pathogens attach to the mannan
compounds in the gut lumen instead of the epithelia, which reduces their colonization. Results of
relevant studies suggest that dietary MOS supplementation can reduce the number of harmful bacteria
in the hind gut if the pathogen exposure was high, such as in post-infection [21-24]. A small number
of other trials, however, failed to prove that the number of (facultative) pathogens was indeed affected
by dietary MOS [25,26]. Singboottra [27] concluded that subject to their chemical structure (bonds and
proportion of mannose) the efficiency of mannan products might differ in regard to their potential to
moderate the number of E. coli and Salmonella typhimurium.

The microbiota exists in a dynamic state; increasing the number of any bacterial specie may result
in the decrease of another specie. Some studies show that the reduction in the number of pathogenic
bacteria in response to dietary MOS supplementation was indeed associated with an increase of
beneficial flora, particularly lactobacilli [21,23,28], but this finding is not consistent throughout the
literature [24,29,30]. Sims ef al. [5] found in turkey that dietary MOS supported the growth of
Enterococcus. These bacteria produce not only short chain fatty acids but also bacteriocin and
enterocin and thus enhance the competition and development of beneficial flora [31]. Other results
also confirm the positive effect of MOS, since it is reported to reduce the ammonia concentration
in the gut [32].

Literature data show that dietary MOS supplementation can efficiently reduce the number of
pathogens post-infection; however, it is unable to modify consistently the quantity of harmful species
under adequate hygienic conditions. The shift in population of beneficial bacteria is not consistent in
the different studies, therefore it can be concluded that although dietary MOS may support the
maintenance of eubiosis, it probably has no real prebiotic effect.

4.2. The Effect of Dietary MOS on Gut Morphology

The first studies proving that MOS supplementation has a significant impact on gut morphology
were conducted with broilers [33]. Results showed that dietary mannan products increase the villous
height: crypt depth ratio in young broilers [33] and turkey [14] and also in weaned piglets [34,35]. In a
recent study with nursery pigs, Poeikhampha and Bunchasak [36] found that 3 g MOS/kg in the diet
resulted in increased crypt depth in the jejunum. An increased villous height: crypt depth ratio is
generally associated with a bigger absorptive surface; this ratio is, however, usually reduced during the
initial post-weaning period [37]. There are several hypotheses on the beneficial effect of MOS on
intestinal morphology, but not all of them were proven in swine. As discussed earlier, the reduction in
the Enterobacteria population [24] and/or increase in beneficial flora [21,23,28] enhance the short
chain fatty acid production in the intestine, which positively affects the recovery of the epithelia.
A number of studies reported that dietary MOS supplementation increases the lactic acid and/or
volatile fatty acid production in the hind gut [5,28,36]. The microflora as a whole has a trophic
effect on the epithelium, which can lead to a faster turnover rate [20]. In particular, butyric acid has
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anti-inflammatory property, alleviating the hypersensitive reaction of the gut wall associated with the
post-weaning period. In turkey, the increased production of the mucus gel layer [14], and in pigs, a
prompt recovery of the intestinal mucosal cells [38], was promoted by MOS. Moreover, enhanced gut
maturation was reported in broilers [33,39].

The post-weaning morphological changes in the gut might be alleviated if the pig feed contains
MOSs. It seems, however, that the structural changes of the epithelial cells are associated with
functional changes of the gut tissue. Kim et al. [40] found slightly better apparent ileal amino acid
digestibility for valine, isoleucine, leucine, lysine and arginine when the piglet diet was supplemented
with 1 g MOS product/kg of feed, but the differences were statistically not significant. Nochta ez al. [41]
reported that supplementation of a mannan containing feed additive significantly improved the
apparent ileal digestibility of nutrients, particularly that of indispensable amino acids (Lys, Met, M+C,
Thr), Ca and P (Table 1). When the diet was supplemented with MOS at the rate of 2 g/kg, the
apparent ileal digestibility of nutrients was similar to that in the treatment containing an antibiotic
growth promoter. However, further increase of MOS (4 g/kg) did not further improve the ileal
digestibility data. In addition to a lessened erosion of the absorptive surface, the better digestibility
might be explained at least partly by the lower pH attributed to the more active fermentation by hind
gut bacteria. Beneficial microflora produces short chain fatty acids that reduce the pH of the ileal
digesta, which can thus result in higher protein hydrolysis and improved protein and amino acid, as
well as Ca and P digestibility [41]. The relatively big improvement in apparent threonine digestibility
generally indicates a decreased endogenous threonine excretion.

Table 1. The effect of dietary mannan oligosaccharide (MOS) supplementation on the
apparent ileal digestibility of nutrients in weaned pigs (%) [41].

TREATMENTS*

MO0 M1 M2 M4 AB RMSE
Dry matter 76.4° 77.3 % 79.2° 77.9 % 77.2% 1.9
Crude protein 72.5°¢ 73.6 " 77.5° 76.3 77.5° 2.0
Crude fat 93.9° 93.0° 93.8° 93.8° 94.1° 0.8
N-free extract 79.6 80.7 81.2 80.9 79.8 2.3
Calcium 47.1° 55.5° 542 53.9% 50.2°% 5.1
Phosphorus 55.1° 62.8° 64.7° 65.2° 61.0° 3.2
Lysine 74.1° 74.5° 79.3 2 76.1° 79.5° 1.7
Methionine 84.4° 89.5° 88.0 86.9° 82.8 ¢ 1.4
Cystine 54.0° 74.8° 72.2° 65.0° 74.1° 3.1
Met+Cys 72.7¢ 83.8° 81.9® 78.5°¢ 79.4 2.0
Threonine 59.1°¢ 70.4 71.4° 66.6° 68.2 % 2.9

* MO: negative control without antibiotic or MOS; MI: supplementation of 1 g AgriMos/kg feed;
M2: supplementation of 2 g AgriMos/kg; M4: supplementation of 4 g AgriMos/kg feed; AB: antibiotic
growth promoter containing feed with 0.2 g Maxus-200 (40 ppm avilamycin supplementation)/kg feed;
RMSE: Root mean square error.

abed common letters within rows indicate no differences at P < 0.05.
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Therefore, the data shown in Table 1 suggest that the endogenous protein loss can be reduced by
MOS supplementation likely due to a faster recovery of the intestinal mucosal cells [38]. Due to the
high threonine content of gut cell and mucus protein, the ileal threonine excretion can be twice as high
as the lysine or methionine+cystine excretion [42]. The higher threonine digestibility might be
associated with a lower turnover of the gut wall layer and less endogenous N losses. However, there
are no data available in the literature that would report a reduced endogenous protein and/or threonine
loss when dietary MOS is fed.

In conclusion, dietary mannan products can improve the gut morphology in the post-weaning
period, which in turn has a positive impact on nutrient supply and on the first line of defense in nursery

pigs.
4.3. The Effect of Dietary MOS on the Immune Response of Weaned Pigs

Dietary MOS has both an indirect and a direct effect on the immune response of farm animals.
According to the fact that the microbiota can modulate the local immunity of the host, the MOS
induced shift in gut flora may result in the changes of certain immune variables.

More evidence has been reported that addition of dietary mannan products directly enhance the
immune competence of pigs, particularly that of sows and weaned pigs. Numerous studies with rats,
dogs and chickens show that dietary MOS enhances the secretory IgA in different segments of the
intestinal mucosa [43—45]. The higher mucosa IgA production is likely attributable to an activation
of the local immune defense through the mannose binding receptors located in the gut surface.
Davies ef al. [46] reported that 21 days of feeding 2 g of phosphorylated mannan per kg diet altered the
T lymphocyte repertoire of jejunal lamina propria. The local immune function initiates the systemic
immune response of the host, which is frequently reported in response to MOS supplementation.

Recent results of the present authors show that the non-specific cellular immune variables are
modulated by dietary MOS, and the level of supplementation is determining in this respect (Table 2).
Nochta et al. [47] found that a lower dose of MOS (1 g/kg) increased the responsiveness to
lymphocyte stimulation test (LST) with non-specific mitogens (pokeweed mitogen: PWM, Concavalin
A: ConA and phytohaemagglutinin: PHA) in weaned pigs; bigger doses (2 or 4 g/kg), however, had no
influence or even impaired it. Although Davis et al. [48,49] did not prove that MOS increases the
responsiveness of LST with PWM or PHA mitogens, their results with regard to the ratio of
CD4+/CD8+ lymphocytes could also indicate that MOS supplementation enhances the establishment
of a mature T cell repertoire within the gastrointestinal tract of 3-weeks old weaned pigs. Moreover, in
the study of Davies et al. [46] the percentage of neutrophils tended to increase and percentage of
lymphocytes significantly increased in the peripheral blood when piglets were fed 2 g of mannan
product/kg feed. The authors supposed that the alteration in systemic immune function was possibly an
indirect response to changes that were occurring in the gastrointestinal immunity [46].

Recent results suggest that it is worth supplementing dietary mannan in case of an immune
challenge. Dietary MOS supplementation (1 g MOS/kg feed) enhanced the specific immune response,
particularly the virus neutralization, 2 weeks after immunization with inactivated Aujeszky virus in a
study carried out with weaned pigs [47]. In agreement with those results, Franklin et al. [50] reported
that the specific immunity was enhanced by MOS supplementation as evidenced by greater serum
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rotavirus neutralization titers in cows supplemented with 10 g MOS daily compared with control cows.
The humoral immune response is the result of the activation of the B-cells responsible for the
production of antigen specific immunoglobulin. According to a serial study, White et al. [21] reported
that the serum IgG concentration tended to increase in early weaned piglets fed with mannan
containing yeast. Moreover, Shashidhara and Devegowda [51] found significantly higher specific
antibody titers in the serum of broiler breeders after vaccination with bursal disease virus when the diet
was supplemented with 0.5 MOS g/kg feed.

Table 2. Effect of dietary MOS supplementation on non-specific and specific cellular
immune response of weaned pigs (lymphocyte stimulation index) [47].

TREATMENTS*
Time (Wks) MO0 M1 M2 M4 AB NI | RMSE | P-value **
Con A
1 5.08 5.10 5.13 5.10 5.08 - 0.054 0.19
2 521 521 5.20 5.20 5.17 - 0.122 0.96
5 521° 537 | 527% | 524%® | 520° - 0.105 0.02
PHA
1 3.73 3.72 3.76 3.69 3.71 - 0.071 0.45
2 3.81 3.86 3.81 3.78 3.80 - 0.146 0.84
5 381 | 398° | 386™ | 3.78° | 386% - 0.134 0.02
PWM
17 2.89 291 2.90 2.90 2.90 - 0.070 0.96
4 3.06 3.17 3.09 3.12 3.07 - 0.125 0.34
5 3.06° 327°% | 3.18% | 3.13%® | 3.10%® - 0.148 0.048
Auj
1 0.88 1.01 1.01 1.00 1.01 1.01 0.135 0.56
2 f 1.28 1.34 1.24 1.28 1.19 1.02 | 0274 0.10
3 1.57%® 1.95° 1.55% | 1.56®™ | 1.40™ | 1.04° | 0.339 0.0001
47 2.62° 2.82° 261 | 250 | 2.53* | 1.03° | 0.736 0.0001
5 2.94° 3.15° 323 | 3.11* | 2.78* | 1.04° | 0.686 0.0001

RMSE: root mean square error; MO

: negative control without antibiotic or MOS; M1: supplementation of

1 g AgriMos/kg feed; M2: supplementation of 2 g AgriMos/kg; M4: supplementation of 4 g AgriMos/kg

feed, AB: antibiotic growth promoter containing feed with 0.2 g Maxus-200 (40 ppm avilamycin

supplementation)/kg feed; NI: non-immunized group fed no supplementation.

ab,c

common letters within rows indicate no differences at P < 0.05.

** There was no effect of interaction between treatment and replication.

T Replication effect was significant (P < 0.05).

The earlier and stronger immune response is essential for the livestock in order to moderate or
eliminate the antigen attack. There are two potential modes of action of dietary MOS as discussed by
Newman [52] and Franklin ef al. [50]. In the present paper those pathways are summarized briefly.
The first underlying mechanism involves the presence of a collectin, a mannose-binding protein in the
blood serum that may act as opsonin. Opsonins are molecules that make foreign antigens more
susceptible to the action of the phagocytes. Mannose-binding proteins may bind to mannose-containing
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structures of a number of viruses and bacteria and trigger the complement cascade of the host immune
system [52]. Nielsen et al. [53] reported increased presence of mannose-binding proteins in chickens
during virus infection. It is likely that MOS stimulates the production of mannose-binding proteins
resulting in improved phagocytosis, activation of the complement system, and enhancement of the
immune response [50]. The other possible mode of action of MOS involves the natural production of
antimannan antibodies [50]. The antimannan antibodies are directed against an oligosaccharide-based
epitope of the viruses and microbes and these carbohydrate-specific antibodies may be produced
during a normal immune response against the intestinal microflora. Dietary MOS probably enhances
the production of these antimannan antibodies at the gut level, which in turn may enter the blood
stream allowing for an enhanced response to a viral challenge [21,47].

In a recent study with 3-week old weaned pigs, Che et al. [54] found that MOS supplementation
was associated with rapidly increased numbers of leukocytes, lymphocytes, and neutrophils at the early
stage of porcine reproductive and respiratory syndrome (PRRS) virus infection (7 days post-infection).
Results of the same study and an earlier trial conducted with mice suggest that dietary MOS has the
potential to alleviate inflammation and has an anti-allergic effect, caused by the activation of cellular
immunity [55]. Ozaki et al. [55] reported lower number of peritoneal acidophils in MOS-fed mice
compared to that in control diet-fed ones, moreover MOS treatment reduced interleukin-10 production
and tended to suppress ovoalbumin-specific IgE in serum. Che et al. [56] supported evidence on the
potential of dietary MOS (2 g/kg) to alleviate the hypersensitive reaction post-infection. It has been
proved that MOS down-regulates the expression of non-immune and immune genes in pig leukocytes,
perhaps providing benefits by enhancing the pig’s immune responses to an infection, while preventing
over-stimulation of the immune system [56,57]. It also altered the expression of genes regulating
pathogen detection in the peripheral blood molecular cells [56] and thus MOS may enhance disease
resistance in pigs.

Based on the discussed data it can be concluded that in the most critical period, right after weaning,
dietary MOS supplementation may boost the immune response of the pigs and save nutrients for
growth in case of infection.

5. The Effect of Dietary MOS on the Growth Performance of Weaned Pigs

Subject to the duration of starvation in the post-weaning period, the growth performance and the
immune defense of the piglets suffer to a different extent. Some data show that the growth rate
right after weaning has a significant impact on the pig performance in the growing and fattening
phases [58]. Although the pig has the ability for compensation, the bigger the stress the less the chance
is for recovery. This is certainly true for intensive genotypes. Therefore, any feeding strategy or feed
supplement that alleviates the reduction in growth rate post weaning may have a positive effect on the
efficiency of pork production.

The real growth promoter effect of MOS in nursery pigs is apparently inconsistent. Some studies
report no benefits [25,26,59], while others found an improved rate of daily gain and/or feed efficiency
in weaning pigs [24,48,60]. The results appear to be better in the case of younger pigs, especially in a
challenged environment [8,61]. Based on the above-mentioned mode of action, the effect of MOS
supplementation on piglet performance is affected by different factors, principally by weaning age,
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health status, duration of feeding and the amount of MOS addition. If the piglets are weaned at
4 weeks of age—as it is commonly done in the European Union, or even earlier, as in the United
States—the intestine is less matured and the weaning is associated with a higher rate of gut epithelial
atrophy than at a later age. Thus in the case of epithelial atrophy the positive effect of dietary mannan
on gut wall repair can be demonstrated. Accordingly, the pig performance, e.g., growth rate and/or
feed conversion were reported to be significantly enhanced in studies where the gut cell wall atrophy
was reduced by dietary MOS supplementation [34-36].

In a meta-analysis involving studies with 54 comparisons, Miguel et al. [61] found that dietary
MOS supplementation improves the growth rate mainly in the first 2 weeks of nursery, which is in
agreement with the results showing that dietary mannans are associated with enhanced gut integrity in
the post-weaning period. The same report suggests that pigs that received 1 or 2 g of the used mannan
product (Bio-Mos) per kg of feed had a more pronounced growth response than pigs fed diets with
supplementation of 3 or 4 g/kg [61]. This fact is supported by our findings as well; i.e., in contrast to
4 g/kg, 1 or 2 g of a MOS product (AgriMos) per kg of feed increased the ileal digestibility of
nutrients [41], as discussed earlier in this paper.

Recent studies conducted on any growth enhancer, in general, are in accordance with the earlier
antibiotic growth promoter studies: under higher environmental pressure the treatment results in a
better improvement of the zootechnical parameters (such as the average daily gain, feed conversion),
however, the growth promoting effect is low if the animal performance is close to the genetic
potential [62]. It has to be noted, however, that the activated immune system requires extra nutrient
supply, therefore less amino acids and energy is available for growth in case of an immune challenge.
Considering that dietary MOS supplementation has the potential to boost immune functions and
defense mechanisms of the pig, the fact that the higher immune response is usually not associated with
a lower growth rate is a benefit per se.

6. Conclusions

Based on the relevant literature it is likely that mannans help to maintain the intestinal integrity and
the digestive and absorptive function of the gut post-weaning. Therefore the malabsorption syndrome
associated with this period can be alleviated with dietary MOS supplementation. Recent results suggest
that MOS enhances the disease resistance in swine by promoting antigen presentation, thus enhancing
the shift from an innate to an adaptive immune response. Accordingly, dietary MOS supplementation
may have a growth promoting effect in pigs kept in a poor hygienic environment, while the positive
effect of MOS is not observed in healthy pig herds with high hygienic standards that are able to
maintain their high growth rate post-weaning. In addition to the economic benefits resulting from the
maintenance of gut health and support of the defense mechanisms, the use of medication and drugs can
be reduced during the post-weaning period with the use of dietary MOS supplementation that enables
healthier and safe, and therefore more desirable pork production.

Acknowledgments

Veronika Halas is supported by the TAMOP-4.2.1/B-10/1-2010-0002 program, which is gratefully
acknowledged.



Animals 2012, 2 270

Conflict of Interest
The authors declare no conflict of interest.
References and Notes

1. Gibson, G.R.; Roberfroid, M.B. Dietary modulation of the human colonic microbiota: Introducing
the concept of prebiotics. J. Nutr. 1995, 125, 1401-1412.

2. Adam, C.A. The role of nutricines in health and total nutrition. Available online:
http://sydney.edu.au/vetscience/apss/documents/2000/APSS2000-adams-pp17-24.pdf  (accessed
on 10 May 2012).

3. Ofek, I.; Beechey, E.H. Mannose binding and epithelial cell adherence of Escherichia coli.
Infect. Immun. 1978, 22, 247-253.

4. Spring, P.; Wenk, C.; Dawson, K.A.; Newman, K.E. The effects of dietary mannan-
oligosaccharides on caecal parameters and the concentration of enteric bacteria of the caeca of
salmonella-challenged broiler chicks. Poult. Sci. 2000, 79, 205-211.

5. Sims, M.D.; Dawson, K.A.; Newman, K.E.; Spring, P.; Hoogell, D.M. Effects of dietary mannan
oligosaccharide, bacitracin methylene disalicylate, or both on the live performance and intestinal
microbiology of turkeys. Poult. Sci. 2004, 83, 1148-1154.

6. Hooge, D.M. Meta-analysis of broiler pen trials evaluating dietary mannan oligosaccharide
1993-2003. Int. J. Poult. Sci. 2004, 3, 163-174.

7.  Hooge, D.M. Turkey pen trials with dietary mannan oligosaccharide: Meta-analysis. Int. J. Poult.
Sci. 2004, 3, 179-188.

8. Pettigrew, J.E. Bio-Mos Effects on Pig Performance: A Review. In Proceedings of Alltech’s 16th
Annual Symposium, Nottingham University Press: Nottingham, UK, 2000; pp. 31-45.

9. O’Quinn, P.R.; Funderburke, D.W.; Tibbets, G.W. Effects of dietary supplementation with
mannan oligosaccharides on sow and litter performance in a commercial production system.
J. Anim. Sci. 2001, 79 (Suppl.1), 212.

10. Newman, K.E.; Newman, M.C. Evaluation of mannan-oligosaccharide on the microflora and
immunoglobulin status of sows and piglet performance. J. Anim. Sci. 2001, 79 (Suppl.1), 189.

11. Pettigrew, J.E.; Miguel, J.C.; Carter, S. Bio-Mos in sow diet; performance response and
economics. In Biotechnology in the Feed Industry: Proceedings of Alltech's 21th Annual
Symposium; Lyons, T.P., Jacques, K.A., Eds.; Nottingham University Press: Nottingham, UK,
2005; pp. 213-220.

12. Kogan, G.; Kocher, A. Role of yeast cell wall polysaccharides in pig nutrition and health
protection. Livest. Sci. 2007, 109, 161-165.

13. Spring, P. Mannan-oligosaccharides as an alternative to antibiotic use in Europe. Zootechnica Int.
1999, 22, 38-41.

14. Ferket, P.R. Use of oligosaccharides and gut modifiers as replacements for dietary antibiotics. In
Proceedings of 63rd Minnesota Nutrition Conference, Eagan, MN, USA, 17-18 September 2002;
pp. 169-182.



Animals 2012, 2 271

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Dong, G.Z.; Pluske, J.R. The Low Feed Intake in Newly-weaned Pigs: Problems and Possible
Solutions. Asian-Aust. J. Anim. Sci. 2007, 20, 440-452.

Montagne, L.; Boudry, G.; Favier, C.; Le Huerou-Luron, I.; Lalles, J.; Seve, B. Main intestinal
markers associated with the changes in gut architecture and function in piglets after weaning. Br.
J. Nutr. 2010, 97, 45-57.

Hampson, D.J.; Kidder, D.E. Influence of creep feeding and weaning on brush border enzyme
activities in the piglet small intestine. Res. Vet. Sci. 1986, 40, 24-31.

Lindemann, M.D.; Cornelius, S.G.; El Kandelgy, S.M.; Moser, R.L.; Pettigrew, J.E. Effect of
Age, Weaning and Diet on Digestive Enzyme Levels in the Piglet. J. Anim. Sci. 1987, 62,
1298-1307.

Burrin, D.; Stoll, B. Intestinal nutrient requirements in weanling pigs. In The Weaner Pig:
Concepts and Consequences; Pluske, J.R., Verstegen, M.W.A., Le Dividich, H., Eds.;
Wageningen Academic Publishers: Wageningen, The Netherlands, 2003; pp. 301-335.

Williams, B.A.; Verstegen, M.W.A.; Tamminga, S. Fermentation in the monogastric large
intestine: Its relation to animal health. Nutr. Res. Rev. 2001, 14, 207-227.

White, L.A.; Newman, M.C.; Cromwell, G.L.; Lindemann, M.D. Brewers dried yeast as a source
of mannan oligosaccharides for weanling pigs. J. Anim. Sci. 2002, 80, 2619-2628.

Burkey, E.T.; Dritz, S.S.; Nietfeld, B.J.; Johnson, J.B.; Minton, J.E. Effect of dietary
mannanoligosaccharide and sodium chlorate on the growth performance, acute phase response,
and bacterial shedding of weaned pigs challenged with Salmonella enterica serotype
Typhimurium. J. Anim. Sci. 2004, §2, 397-404.

Liu, P.; Piao, X.S.; Kim, S.W.; Wang, L.; Shen, Y.B.; Lee, H.S.; Li, S.Y. Effects of
chito-oligosaccharide supplementation on the growth performance, nutrient digestibility, intestinal
morphology, and fecal shedding of Escherichia coli and Lactobacillus in weaning pigs. J. Anim.
Sci. 2008, 86, 2609-2618.

Castillo, M.; Martin-Orte, S.M.; Taylor-Pickard, J.A.; Pérez, J.F.; Gasa, J. Use of
mannanoligosaccharides and zinc chelate as growth promoters and diarrhea preventative in
weaning pigs: Effects on microbiota and gut function. J. Anim. Sci. 2008, 86, 94-101.

Hancock, J.D.; Jones, C.L.; Starkey, C.W. Mannanoligosaccharides in diets for nursery pigs.
Available online: http://krex.k-state.edu/dspace/bitstream/2097/2116/1/Mannanoligosaccharides%
20in%20Diets%20for%20Nursery%20Pigs-%20Swine%20Day%202003.pdf (accessed on 15
May 2012).

Van der Peet-Schwering, C.M.C.; Jansman, A.J.M.; Smidt, H.; Yoon, 1. Effect of yeast culture on
performance, gut integrity, and blood cell composition of weanling pigs. J. Anim. Sci. 2007, 83,
3099-3109.

Singbroota, P. Agglutination of Type-1 Fimbrial Bacteria by Different Yeast Cell Wall Products.
Ph.D. Thesis, North Carolina State University, Raleigh, NC, USA, 2005; Chapter 1, pp. 41-63.
Rekiel, A.; Wiecek, J.; Bielecki, W.; Gajewska, J.; Cichowicz, M.; Kulisiewicz, J.; Batorska, M.;
Roszkowski, T.; Beyga, K. Effect of addition of feed antibiotic flavomycin or prebiotic BIO-MOS
on production results of fatteners, blood biochemical parameters, morphometric indices of
intestine and composition of microflora. Arch. Tierz. Dummerstorf. 2007, 50, 172-180.



Animals 2012, 2 272

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Campbell, A.J.; Gardiner, G.E.; Leonard, F.C.; Lynch, P.B.; Stanton, C.; Ross, R.P.; Lawlor, P.G.
The effect of dietary supplementation of finishing pigs with organic acids or mannan
oligosaccharide on coliform Lactobacillus and Bifidobacterium flora of intestinal contents and
faeces. Pig J. 2006, 57, 22-30.

Bonos, E.; Christaki, E.; Abrahim, A.; Soultos, N.; Florou-Paneri, P. Effect of dietary
supplementation of mannan oligosaccharides on hydrogen ion concentration of the digestive tract
and microbial populations of the ceca of Japanese quail (Coturnix japonica). Turk. J. Vet. Anim.
Sci. 2011, 35, 263-269.

Leroy, F.; Foulquie-Moreno, M.R.; De Vuyst, L. Enterococcus faecium RZS CS5, an interesting
bacteriocin producer to be used as a co-culture in food fermentation. /nt. J. Food Microbiol. 2003,
88, 235-240.

Juskiewicz, J.; Zdunczyk, Z.; Jankowski, J. Effect of adding mannanoligosaccharide to the diet on
the performance, weight of digestive tract segments, and cecal digesta parameters in young
turkeys. J. Anim. Feed Sci. 2003, 12, 133-142.

Iji, P.A.; Saki, A.A.; Tivey, D.R. Intestinal structure and function of broiler chickens on diets
supplemented with a mannan oligosaccharide. J. Sci. Food Agr. 2001, 81, 1186-1192.

Zhao, J.; Harper, A.F.; Estienne, M.J.; Webb, K.E.; McElroy, A.P., Jr.; Denbow, D.M. Growth
performance and intestinal morphology responses in early weaned pigs to supplementation of
antibiotic-free diets with an organic copper complex and spray-dried plasma protein in sanitary
and nonsanitary environments. J. Anim. Sci. 2007, 85, 1302-1310.

Shen, Y.B.; Piao, X.S.; Kim, S.W.; Wang, L.; Liu, P.; Yoon, I.; Zhen, Y.G. Effects of yeast
culture supplementation on growth performance, intestinal health and immune response of nursery
pigs. J. Anim. Sci. 2009, 87, 2614-2624.

Poeikhampha, T.; Bunchasak, C. Comparative Effects of Sodium Gluconate, Mannan
Oligosaccharide and Potassium Diformate on Growth Performances and Small Intestinal
Morphology of Nursery Pigs. Asian-Aust. J. Anim. Sci. 2011, 24, 844-850.

Cera, K.R.; Mahan, D.C.; Cross, R.F.; Reinhart, G.A.; Whitmoyer, R.E. Effect of age, weaning
and postweaning diet on small intestinal growth and jejunal morphology in young swine. J. Anim.
Sci. 1988, 66, 574-584.

Caine, W.R.; Sauer, C.W.; He, J. Prebiotics, probiotics and egg yolk antibodies: Novel
alternatives to antibiotics for improving health of piglets and growing pigs. In Proceedings of 10th
International Symposium on Animal Nutrition, Kaposvar, Hungary, 9 October 2001; pp. 33-53.
Yang, Y.; Iji, P.A.; Kocher, A.; Mikkelsen, L.L.; Choct, M. Effects of dietary
mannanoligosaccharide on growth performance, nutrient digestibility and gut development of
broilers given different cereal-based diets. J. Anim. Physiol. Anim. Nutr. 2008, 92, 650-659.

Kim, J.D.; Hyun, Y.; Sohn, K.S.; Woo, H.J.; Kim, T.J.; Han, L.LK. Effects of immune stimulators
on growth performance and immune response in pigs weaned at 21 days of age. J. Anim. Sci.
2000, 9, 333-346.

Nochta, I.; Halas, V.; Tossenberger, J.; Babinszky, L. Effect of different levels of mannan
oligosaccharide supplementation on the apparent ileal digestibility of nutrients, N-balance and
growth performance of weaned piglets. J. Anim. Physiol. Anim. Nutr. 2010, 94, 747-756.



Animals 2012, 2 273

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

Jansman, A.J.M.; Smink, W.; van Leeuwen, P.; Rademacher, M. Evaluation through literature
data of the amount and amino acid composition of basal endogenous crude protein at the terminal
ileum of pigs. Anim. Feed Sci. Techn. 2002, 98, 49-60.

O’Carra, R. An assessment of the potential of mannan oligosaccharides as immunostimulants.
M.S. Thesis, National University of Ireland, Galway, Ireland, 1997.

Kudoch, K.; Shimizu, J.; Ishiyama, A.; Wada, M.; Takita, T.; Kanke, Y.; Innami, S. Secretion and
excretion of immunoglobulin A to cecum and feces differ with type of indigestible saccharides.
J. Nut. Sci. Vitaminol. 1999, 45, 173-181.

Swanson, K.S.; Grieshop, C.M.; Flickinger, E.A.; Bauer, L.L.; Healy, H.P.; Dawson, K.A.;
Merchen, N.R; Fahey, G.C., Jr Supplemental  fructooligosaccharides and
mannanoligosaccharides influence immune function, ileal and total tract nutrient digestibilities,
microbial populations and concentrations of protein catabolites in the large bowel of dogs. J. Nutr.
2002, 732, 980-989.

Davis, M.E.; Maxwell, C.V.; Erf, G.F.; Wistuba, T.J. Dietary supplementation with
phosphorylated mannans improves growth response and modulates immune function of weanling
pigs. J. Anim. Sci. 2004, 82, 1882-1891.

Nochta, I.; Tuboly, T.; Halas, V.; Babinszky, L. The effect of different levels of dietary mannan-
oligosaccharide on specific cellular and humoral immune response in weaned piglets. J. Anim.
Physiol. Anim. Nutr. 2009, 93, 496-504.

Davis, M.E.; Maxwell, C.V.; Brown, D.C.; de Rodas, B.Z.; Johnson, Z.B.; Kegley, E.B.;
Hellwig, D.H.; Dvorak, R.A. Effect of dietary mannan oligosaccharides and(or) pharmacological
additions of copper sulfate on growth performance and immunocompetence of weanling and
growing/finishing pigs. J. Anim. Sci. 2002, 80, 2887-2894.

Davis, M.E.; Brown, D.C.; Maxwell, C.V.; Johnson, Z.B.; Kegley, E.B.; Dvorak, R.A. Effect of
phosphorylated mannans and pharmacological additions of zinc oxide on growth and
immunocompetence of weanling pigs. J. Anim. Sci. 2004, 82, 581-587.

Franklin, S.T.; Newman, M.C.; Newman, K.E.; Meek, K.I. Immune parameters of dairy cows fed
mannan oligosaccharide and subsequent transfer of immunity to calves. J. Dairy Sci. 2005, 88,
766-775.

Shadhishara, R.G.; Devegowda, G. Effect of dietary mannan oligosaccharide on broiler breeder
production traits and immunity. Poult. Sci. 2003, §2, 1319-1325.

Newman, K.E. Mannan-oligosaccharides: Natural polymers with significant impact on the
gastrointestinal microflora and the immune system. In Biotechnology in the Feed Industry:
Proceedings of Alltech's Tenth Annual Symposium; Lyons, T.P., Jacques, K.A., Eds.; Nottingham
University Press, Nottingham, UK, 1994; pp. 167-174.

Nielsen, O.L.; Jensenius, J.C.; Jorgensen, P.H.; Laursen, S.B. Serum levels of chicken mannan-
binding lectin (MBL) during virus infections; Indication that chicken MBL is an acute phase
reactant. Vet. Immunol. Immunopathol. 1999, 70, 309-316.

Che, T.M.; Johnson, R.W.; Kelley, K.W.; Van Alstine, W.G.; Dawson, K.A.; Moran, C.A_;
Pettigrew, J.E. Mannan oligosaccharide improves immune responses and growth efficiency of
nursery pigs experimentally infected with porcine reproductive and respiratory syndrome virus.
J. Anim. Sci. 2011, 89, 2592-2602.



Animals 2012, 2 274

55.

56.

57.

58.

59.

60.

61.

62.

Ozaki, K.; Fujii, S.; Hayashi, M. Effect of dietary mannan oligosaccharides on the immune
system of ovoalbumine sensitized mice. J. Health Sci. 2007, 53, 766-770.

Che, T.M.; Johnson, R.W.; Kelley, K.W.; Van Alstine, W.G.; Dawson, K.A.; Moran, C.A_;
Pettigrew, J.E. Mannan oligosaccharide modulates gene expression profile in pigs experimentally
infected with porcine reproductive and respiratory syndrome virus. J. Anim. Sci. 2011, 89,
3016-3029.

Che, T.M.; Johnson, R.W.; Kelley, K.W.; Dawson, K.A.; Moran, C.A.; Pettigrew, J.E. Effects of
mannan oligosaccharide on cytokine secretions by porcine alveolar macrophages and serum
cytokine concentrations in nursery pigs. J. Anim. Sci. 2012, 90, 657-668.

Pollmann, S.D. Effect of nursery feeding programs in subsequent grower finisher pig
performance. In Proceeding of the Fourth Western Nutrition Conference University of Alberta,
Edmonton, AB, Canada, 1993; pp. 653-664.

White, L.A.; Newman, M.C.; Cromwell, G.I.; Lindemann, M.D. Efficacy of brewers dried yeast
as a source of mannan-oligosaccharides without and with organic acids and carbadox on
performance and intestinal bacterial population of weanling pigs. J. Anim. Sci. 2001, 79,
(Suppl. 2),78.

Le Mieux, F.M.; Naranjo, V.D.; Binder, T.D.; Southern, L.L. Effect of Dried Brewers Yeast on
Growth Performance of Nursing and Weanling Pigs. Profess. Anim. Scient. 2010, 26, 70-75.
Miguel, J.C.; Rodriguez-Zas, S.L.; Pettigrew, J.E. Efficacy of Bio-Mos for improving nursery pig
performance. J. Swine Health Prod. 2004, 12, 296-307.

Halas, V.; Nochta, 1.; Pasti, Z.; Szabo, C.; Téthi, R.; Tossenberger, J.; Babinszky, L. Cellular
Immune Response of Weaned Pigs Fed Diet Supplemented with an Essential Oil. Agr. Consept.
Scient. 2011, 76, 279-282.

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article

distributed under the terms and conditions of the Creative Commons Attribution license

(http://creativecommons.org/licenses/by/3.0/).



