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  Abstract   The food industry is constantly shifting focus based on what is most 
important to the consumer. Products are marketed currently that are believed to 
provide health benefi ts to the consumer such as benefi cial effects on health or as 
disease preventatives. Much of the focus is on oligosaccharides as health-promoting 
substrates. Many oligosaccharides are resistant to digestion and absorption by mam-
malian enzymes and, therefore, reach the large bowel where they may be fermented 
by the resident bacteria. Beyond their potential as substrates for fermentation, oli-
gosaccharides are popular food additives due in large part to their low caloric value 
and their ability to enhance mineral absorption. Health benefi ts include alleviation 
of constipation, reduced risk of infection and diarrhea, and improved immune 
response. Many oligosaccharides modulate microbiota of the large bowel by increas-
ing bifi dobacteria and lactobacilli populations and decreasing clostridia popula-
tions. This review will describe the manufacturing processes for select non-digestible 
oligosaccharides and other food ingredients currently classifi ed as prebiotics and 
those with prebiotic potential.      

    2.1   Introduction 

 The food industry is constantly shifting focus based on what is most important to 
the consumer. Products are marketed currently that are believed to provide health 
benefi ts to the consumer. They are touted as either having benefi cial effects on 
health or as disease preventatives. Because of the increased demand for these types 
of product, there is a growing interest in this research area that not only helps food 

    B.  M.  V. Boler   •     G.  C.   Fahey   Jr.   (*)
     Department of Animal Sciences ,  University of Illinois , 
  132 Animal Sciences Laboratory, Urbana ,  IL ,  USA    
e-mail:  gcfahey@illinois.edu   

    Chapter 2   
 Prebiotics of Plant and Microbial Origin       

       Brittany   M.   Vester Boler    and    George   C.   Fahey   Jr.         



14 B.M.V. Boler and G.C. Fahey Jr.

companies make accurate claims on products but helps identify new products that 
may lead to enhanced health. 

 Much of the focus is on oligosaccharides as health-promoting substrates. 
Oligosaccharides are low-molecular-weight carbohydrates with a low degree of 
polymerization (DP). They are either 2–20 monosaccharide units or no more than 
10 monosaccharide units, depending on the offi cial defi nition used (IUP-IUPAC 
 1982 ; Food and Drug Administration  1993  ) . Many oligosaccharides are resistant to 
digestion and absorption by mammalian enzymes; and they therefore reach the large 
bowel, where they may be fermented by the resident bacteria. These oligosaccha-
rides cannot be digested because the anomeric carbon atom has a confi guration 
making the osidic bond resistant to mammalian enzymes. These oligosaccharides 
are termed “nondigestible oligosaccharides” (NDO). 

 Beyond their potential as substrates for fermentation, NDO are popular food 
additives due in large part to their low caloric value and their ability to enhance 
mineral absorption. NDO are water-soluble and sweet tasting; however, the sweet-
ness decreases with increasing chain length. These products can aid in water bind-
ing and gelling, which can potentially decrease the amount of fat needed in a food 
product (   Roberfroid and Slavin  2002 ). Health benefi ts linked to NDO ingestion 
include alleviation of constipation (Marteau  2001 ; Kaur and Gupta  2002  ) , less risk 
of infection and diarrhea (Mussatto and Mancilha  2007  ) , and improved immune 
response (Jenkins et al.  1999 ; Kelly-Quagliana et al.  2003 ; Manning and Gibson 
 2004  ) . Other potential health benefi ts include modulation of lipid metabolism, 
reduced cancer risk, and treatment of hepatic encephalopathy (Swennen et al.  2006 ; 
Mussatto and Mancilha  2007  ) . Many NDO also benefi cially modulate microbiota of 
the large bowel by increasing bifi dobacteria and lactobacilli populations and 
decreasing clostridial populations. 

 Select NDO have been classifi ed as prebiotics. The concept of prebiotics was fi rst 
introduced in 1995 (Gibson and Roberfroid  1995  ) , and they have gained attention in 
industry and academia due to their potential health benefi ts. Prebiotics are defi ned as 
nondigestible food ingredients that are resistant to digestion and absorption (nondi-
gestible), are fermented by cecal/colonic microbiota, and selectively stimulate growth 
and/or activity of bacteria that contribute to colonic and host health (Gibson et al. 
 2004 ; Roberfroid  2007 ). Only three NDO to date can be defi nitively classifi ed as 
prebiotics: fructans, galactooligosaccharides (GOS), and lactulose. Although other 
NDO may have prebiotic potential, only limited research is available or the current 
data are confl icting, which does not allow them to be termed prebiotics. This review 
describes the manufacturing processes for select NDO and other food ingredients 
currently classifi ed as prebiotics and those with prebiotic potential. 

    2.1.1   Methods of Manufacture 

 Nondigestible oligosaccharides have many uses in the food industry beyond use as 
a prebiotic. They have been used in food products to add bulk, reduce sweetness 
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when other fl avors should predominate, mask the taste of artifi cial sweeteners, and 
improve the mouth feel owing to their viscosity properties (Crittenden and Playne 
 1996 ; Mussatto and Mancilha  2007  ) . Just as important, NDO are generally classi-
fi ed as “generally recognized as safe” (GRAS) and can be added to products meant 
for human and animal consumption. These products are generally safe and lead to 
only transient side effects when consumed in large doses; however, what constitutes 
a large dose is person/animal-dependent. Side effects of fermentable NDO include 
severe fl atulence, intestinal discomfort, and osmotic diarrhea (Pederson et al.  1997 ; 
Cummings et al.  2001 ; Marteau  2001 ; Juśkiewicz and Zduńczyk  2002  ) . 

 There are three main manufacturing processes for NDO: direct extraction from 
plants; controlled enzymatic hydrolysis of high-DP polysaccharides to lower DP 
oligosaccharides; and enzymatic-catalyzed synthesis via microbial action on simple 
sugars (Grizard and Barthomeuf  1999 ; L’Hocine et al.  2000  ) . These processes use 
various chemical reactions, defi ned in Table  2.1 . Inulin and soybean oligosaccha-
rides (raffi nose and stachyose) are two examples of NDO that can be directly 
extracted from plant sources (chicory root and soybeans, respectively). Commercially 
produced inulin, however, also undergoes hydrolysis of longer-chain polysaccha-
rides to create a fi nal product. Another example of controlled hydrolysis includes 
production of xylooligosaccharides from xylan. Finally, others are built using trans-
glycosylation reactions with simple sugars such as the production of lactulose 
(Prenosil et al.  1987 ; Nilsson  1988 ; Okazaki et al.  1990 ; Playne  1994 ; Crittenden 
and Playne  1996  ) .   

    2.1.2   Manufacture of Established Prebiotics 

 Fructans include inulin-type and levan-type oligosaccharides. Inulin-type fructans 
have  b -2,1- d- fructofuranosyl units, are found in plants and synthesized by fungi, 
and have a DP of 2–70. Levan-type fructans have  b -6,2- d- fructofuranosyl units, are 
found in plants and synthesized by bacteria, and have a DP > 30. Fructans occur 
naturally in plants such as chicory, Jerusalem artichoke, dahlia, salsify, gobo, onion, 
garlic, leek, and wheat by-products; and they serve as an energy source for these 
plants. Only inulin-type fructans are proven prebiotics (Roberfroid et al.  1998  ) . 

   Table 2.1    Defi nitions of some processing terms   
 Term  Defi nition 

 Hydrolysis  The cleaving of a molecule into two parts with the addition of a 
molecule of water 

 Extraction  Separation of compounds based on their solubility in two different 
liquids (usually water and an organic solvent) 

 Isomerization  The transformation of one molecule into a different one with the same 
molecular formula, but with a different structure 

 Transglycosylation  The transfer of a sugar residue from one glycoside to another 
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 Inulin is manufactured through direct hot water extraction from natural sources, 
mainly chicory root (Debruyn et al.  1992  ) . It is composed of  b (2-1) linkages 
of glucose and fructose [G 

py
 F 

n
 :  a - d -glucopyranosyl-( b - d -fructofuranosyl) 

n−1

 – d -fructofuranoside] or only fructose [F 
py

 F 
n
 :  b - d -fructopyranosyl-( a - d -fructo-

furanosyl) 
n−1

 – d -fructofuranoside] (Roberfroid and Delzenne  1998  ) . Between 2 and 
70 units of fructose may be present in native inulin, and it has an average DP of 
10–20. Inulin comprises 15–20% of chicory root fresh weight with 55% of oligo-
saccharides with a DP of 2–19, 28% with a DP of 20–40, and 17% with a DP of >40. 
It comprises 17–20% of Jerusalem artichoke fresh weight with 74% of oligosac-
charides with a DP of 2–19, 20% with a DP of 20–40, and 6% with a DP of >40 (Van 
Loo et al.  1995  ) . 

 After extraction of native inulin, the product then undergoes either industrial 
physical separation of long-chain fructans (De Leenheer  1996  )  or is partially hydro-
lyzed by endoinulinase to produce short-chain oligosaccharides, mainly oligofruc-
tose (Fig.  2.1 ). Oligofructose produced from inulin may or may not have a terminating 
glucose molecule, may contain longer-chain fructans (Crittenden and Playne  1996  ) , 
and has a DP of 2–10 (average 5) (Roberfroid and Delzenne  1998  ) . Alternatively, 
short-chain fructooligosaccharides can be produced synthetically through transfruc-
tosylation of sucrose using the  b -fructofuranosidase enzyme (Crittenden and Playne 
 1996  )  from  Aureobasidium pullulans  (Yun  1996 ; Yoshhikawa et al.  2008  )  or 
 Aspergillus niger  (Park and Almeida  1991  ) . These compounds contain 2–4 fructo-
syl units with a terminal glucose unit and an average DP of 3.5 (Roberfroid and 
Delzenne  1996 ). Synthetic fructooligosaccharides contain only G 

py
 F 

n
  oligomers. 

These products may contain free glucose, fructose, and sucrose, which can be 
removed via chromatographic procedures to increase the purity of the fi nal product. 
It should be noted, however, that a large amount of starting material is needed to 
achieve effi cient transglycosylation (Park and Almeida  1991  ) .  

 Fructans are perhaps the most well-established prebiotics (Roberfroid  2007  )  and 
the most extensively studied. They meet the three key criteria defi ning a prebiotic, 

  Fig. 2.1    Commercial production of inulin-type fructans from extracts of natural sources, partial 
enzymatic hydrolysis, or enzymatic synthesis from sucrose.  DP  degree of polymerization       
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that inulin-type fructans are nondigestible (Cherbut  2002 ), are fermented in the 
large bowel, and lead to selective growth of bacteria associated with health in vitro 
(Roberfroid et al.  1998  )  and in vivo [human subjects, including infants (Coppa et al. 
 2002  ) , adults (Harmsen et al.  1999  ) , and the elderly (Guigoz et al.  2002  ) ]. 

 Galactooligosaccharides are produced from lactose (Fig.  2.2 ) and are defi ned as 
oligosaccharides with 2–8 galactose or disaccharide units (two units of galactose) 
with a terminal glucose. Commercial production utilizes highly concentrated lac-
tose from cow milk whey. Lactose undergoes transglycosylation from  b -galactosi-
dase enzymes (the glycosyltransferases and glycohydrolases). The types of GOS 
produced depend on the type of  b -galactosidases used and the processing conditions 
(Mussatto and Mancilha  2007  ) .  

 Galactosyltransferases move a sugar unit from the donor to the receptor mole-
cule, forming a glycosidic bond (Tzortis and Vulevic  2009  ) . Although production of 
GOS is relatively effi cient, galactosyltransferase enzymes are diffi cult to fi nd; and 
the need for sugar nucleotides in the reaction makes them cost-prohibitive to the 
industry. Galactohydrase enzymes are more readily available but lack the specifi city 
of galactosyltransferases. Microbial stains used for enzyme production include 
 A. oryzae  and/or  Strep. thermophilus , which form  b -1,6 bonds, or  Bacillus circulans  
or  Cryptococcus laurentii , which form  b -1,4 bonds (Sako et al.  1999  ) . 

 Approximately 55% of the starting lactose is converted to GOS. These GOS 
produced are mostly trisaccharides (4 ¢ -galactosyllactose and 6 ¢ -galactosyllactose) 
that have 2–5 galactose units and longer-chain oligosaccharides with four or 
more monosaccharide units. Generally, 80% of the oligosaccharides formed are 
 trisaccharides (Playne and Crittenden  2004  ) . Other products present at the end of 
the reaction include lactose, galactose, and glucose disaccharides and transgalacto-
sylated disaccharides (Sako et al.  1999  ) . These transgalactosylated disaccharides 
produced are considered NDO as they have properties similar to those of longer-
chain GOS. 

  Fig. 2.2    Commerical production of lactose-derived prebiotics via transglycosylation to produce 
galactooligosaccharides, alkali isomerization to produce lactulose, or transglycosylation with 
sucrose to produce    lactosucrose       
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 Commercial GOS products are generally made in batch systems for simplicity; 
however, this method is the least effi cient, and most of the enzyme added to the ini-
tial reaction is lost. Continuous systems have been proposed to cut production costs 
by using ultrafi ltration to retain soluble enzymes via enzyme immobilization (Tzortis 
and Vulevic  2009  ) . During batch reactions, multiple enzymes may be added at the 
initial reaction or in sequence during the reaction. The mixture is heated to facilitate 
lactose solubilization and drive the formation of oligosaccharides over hydrolysis of 
lactose to monosaccharides (Playne and Crittenden  2004  ) . Unreacted products may 
be removed using chromatography, although lactose has been noted to be diffi cult to 
remove and leads to a loss of GOS. Furthermore, the product is decolorized, demin-
eralized, and concentrated to a syrup or powder form. A highly consistent product 
can be developed by maintaining strict production conditions, although all fi nal 
products are mixtures of various GOS products (Playne and Crittenden  2004  ) . 

 Although there is no overwhelming evidence of its prebiotic potential, as is the 
case with fructans, GOS are considered to be a proven prebiotic (Roberfroid  2007  ) . 
Evidence, though minimal, suggests that GOS are not hydrolyzed by mammalian 
enzymes (Tanaka et al.  1983  ) . It has been established that selective bacterial stimula-
tion occurs, however, as increases in bifi dobacteria and lactobacilli have been noted 
in several studies (Ito et al.  1990 ; Bouhnik et al.  1997 ; Moro et al.  2002  ) . Therefore, 
although it is probable that GOS are not digested by mammalian enzymes and it has 
been proven that they lead to selective growth of benefi cial bacteria, few data are 
available on their fermentation potential in the large bowel (Roberfroid  2007  ) . 

 Lactulose, like GOS, is produced from lactose (Fig.  2.2 ). It is formed through 
alkali isomerization of the glucose moiety of lactose to fructose, thereby making it 
a combination of fructose and galactose. The resulting disaccharides with  b -1,4 
linkages are not digested by mammalian enzymes. To manufacture lactulose, lac-
tose is mixed with an alkali (e.g., sodium hydroxide), and a catalyst may be added 
(Playne and Crittenden  2004  ) . The mixture then is heated to facilitate isomerization. 
The unreacted lactose is removed, and the product is pasteurized and then concen-
trated into syrups, powders, or crystals. 

 Commercial lactulose is expensive to produce, as only 20–30% of lactose is 
converted after isomerization, and expensive purifi cation techniques are required. 
Lactulose is known to have prebiotic effects and may be used in that capacity or as 
a low-calorie sweetener. Most lactulose (90%), however, is used pharmaceutically 
to prevent constipation and in patients with hepatic encephalopathy to reduce blood 
ammonia concentrations (Crittenden and Playne  1996  ) . 

 Despite the fact that lactulose is classifi ed as a proven prebiotic because of its 
extensive published human database, its use as a food supplement is limited 
(Roberfroid  2008  ) . This is probably because lactulose is resistant to mammalian 
enzymes (Gibson and Angus  2008 ), although research on the subject is limited. Key 
animal and human studies indicate that it is fermented in the large bowel, and it has 
the ability selectively to stimulate bifi dobacteria and lactobacilli populations (Terada 
et al.  1993 ; Ballongue et al.  1997 ; Tuohy et al.  2002  ) . Therefore, although further 
research would help clarify its status, lactulose is considered a proven prebiotic 
(Roberfroid  2007,   2008  ) .  
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    2.1.3   Manufacture of Promising Prebiotics 

 Isomaltooligosaccharides (IMO) consist of glucose monomers with  a -1,6 gluco-
sidic bonds (Fig.  2.3 ). Although the food industry uses commercially produced 
material, IMO occur naturally in miso, soy sauce, sake, and honey. Commercial 
production of IMO is a two-stage process, with starch as the starting material. Starch 
is fi rst hydrolyzed with  a -amylase and pullulanase to make a liquefi ed starch prod-
uct.  b -Amylase hydrolyzes the liquefi ed starch to maltose, and then the transglu-
cosidase activity of  a -glucosidase produces IMO with a maximum fi nal concentration 
of 40% of the total mixture (Casci and Rastall  2006  ) . Unreacted glucose (approxi-
mately 40% of the fi nal mixture) is then removed, and the product is concentrated. 
Although in vitro and cell culture data indicate that IMO have potential as prebiot-
ics, to date limited data are available to classify it as such.  

 Lactosucrose is a trisaccharide produced from lactose and sucrose in a reversible 
reaction (Fig.  2.2 ). The fructosyl moiety of sucrose forms a  b -2,1 glycosidic bond 
to the glucose residue of lactose to create lactosucrose. This is done by transglyco-
sylation via a  b -fructofuranosidase enzyme, which produces a nonreducing oligo-
saccharide (Hara et al.  1994  ) . This enzyme, however, also can hydrolyze sucrose 
(Mussatto and Mancilha  2007  ) . Therefore, in a batch system, with an initial equimo-
lar ratio, there is a yield of only 52% lactosucrose (Kawase et al.  2001  ) . Cleanup of 
this product is complicated and includes decolorization, fi ltration, concentration, 
purifi cation, fi ltration, deionization, and, again, concentration (Playne and Crittenden 
 2004  ) . Although lactosucrose has been noted to be bifi dogenic in small human trials 
(Kumemura  1992 ; Ohkusa et al.  1995  ) , the data regarding its bifi dogenic capabili-
ties are limited. Moreover, there are no data available on its ability to withstand 
hydrolysis in the gastrointestinal tract (Roberfroid  2008  ) . 

 Xylooligosaccharides (XOS) consist of chains of xylose molecules with  b -1,4 
linkages. It is a naturally occurring oligosaccharide found in honey, bamboo shoots, 
fruits, vegetables, and milk (Vázquez et al.  2000  ) . It also can be made by breaking 
down the polysaccharide, xylan, a major component of hemicelluloses, into XOS. 
Commercial production is conducted through enzymatic hydrolysis of primarily corn-
cobs but also straws, hardwoods, bagasse, hulls, and bran using endo-1,4- b -xylanase 

  Fig. 2.3    Commercial production of lactulose, a two-stage process. The fi rst stage hydrolyzes 
starch to a liquefi ed product. During the second phase, soluble starch undergoes transglycosylation 
to lactulose       
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(Fig.  2.4 ). Using enzymes with low exoxylanase and/or  b -xylosidase activity is 
prudent to minimize production of xylose. Xylanases are produced by  Trichoderma 
reesei ,  T. harzianum ,  T. viride ,  T. koningii , and  T. longibrachiatum  (Chen et al. 
 1997 ; Casci and Rastall  2006  ) . Other methods for extracting XOSs include (1) 
chemical fractionation of material to isolate xylan with further enzymatic hydroly-
sis and (2) hydrolytic degradation of xylan by steam, water, or dilute mineral acid 
solutions (Vázquez et al.  2000  ) . Chains produced through extraction in all processes 
include xylobiose, xylotriose, and xylotetraose (Hopkins et al.  1998  ) .  

 Prior to cleaning, the solution contains approximately 60–70% XOS (Playne and 
Crittenden  2004  ) . After production, xylose and other compounds are removed with 
ultrapurifi cation and reverse osmosis (Crittenden and Playne 1996  )  to create a prod-
uct generally containing 70% or 95% oligosaccharides (Xylooligo 70 and Xylooligo 
95, respectively) (Playne and Crittenden  2004  ) . Data indicate that XOS are bifi do-
genic (Okazaki et al.  1990 ; Campbell et al.  1997  ) . It is likely that they are resistant 
to hydrolytic digestion because xylan is a dietary fi ber, but there are no data to sup-
port this assumption. Therefore, XOS cannot currently be classifi ed as a prebiotic 
(Roberfroid  2008  ) .  

    2.1.4   Manufacture of Potential Prebiotics 

 In addition to the previously described NDO that are considered prebiotics or 
potential prebiotics, there are several others that have not yet met the burden of 
proof to be classifi ed as prebiotics. This is most commonly due to the limited 
research on these compounds. Alternatively, the limited data that do exist may 
show confl icting results, and some researchers have not evaluated changes in the 
microbiota. Beyond oligosaccharides, some longer-chain carbohydrate sources 
may also have prebiotic capabilities. Those potential prebiotic carbohydrates are 
listed in Table  2.2 . There are even noncarbohydrate food ingredients that have 
potential to be classifi ed as prebiotics, including lactoferrin, phenolic compounds 
(e.g., fl avonoids), and glutamine. To date, however, little research has been done on 
any of those compounds.  

 Interestingly, polysaccharides with prebiotic potential may be more benefi cial 
than some NDO prebiotics. This is due to the fact that polysaccharides can be con-
sumed in higher doses without adverse side effects, such as intestinal discomfort 

  Fig. 2.4    Commercial production of xylooligosaccharides, which are most commonly from corncobs 
but also can be extracted from hardwood. Xylooligosaccharides are extracted by hydrolyzing xylans 
in the starting material using endo-1,4- b -xylanase       
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and excessive fl atulence (Crittenden  2006  ) . Polysaccharides also have the potential 
of being fermented throughout the length of the colon, including the distal colon, 
the major site of large bowel disease. Potential prebiotics of interest include resis-
tant starch, whole grains, and polydextrose. 

 Not all dietary starch is hydrolyzed and absorbed, as some starch is resistant to 
enzymatic hydrolysis. This fraction is termed resistant starch. How much starch 
reaches the large bowel and if it can be fermented depend on its source and struc-
ture. Resistant starch is classifi ed in one of four ways (1) RS1, which is physically 
inaccessible starch (e.g., starch in whole grains); (2) RS2, which is granular starch 
(e.g., starch in green bananas or uncooked potatoes); (3) RS3, which is retrograded 
starch (e.g., starch in cooked, then cooled, potatoes); or (4) chemically modifi ed 
starch (e.g., esterifi ed starch) (Brown  1996  ) . 

 Research on the prebiotic effects of resistant starch has focused on RS2 and RS3. 
Although research is lacking overall, RS2 and RS3 have been noted to have prebi-
otic capabilities in animals and animal models (Brown et al.  1997 ; Silvi et al.  1999 ; 
Wang et al.  2002 ; Dongowski et al.  2005 ; Jabocasch et al.  2006  )  and humans 
(Bouhnik et al.  2004  ) . Resistant starch has been noted in several studies to increase 
bifi dobacteria and/or lactobacilli populations (Kleessen et al.  1997 ; Silvi et al.  1999 ; 
Wang et al.  2002 ; Dongowski et al.  2005 ; Jabocasch et al.  2006  )  and to increase 
short-chain fatty acids   , especially butyrate (Brown et al.  1997  ) . Not all studies, how-
ever, report a bifi dogenic response by resistant starches (Bird et al.  2004  ) . Although 
it is evident that resistant starch is not digested by mammalian enzymes and can be 
fermented, the largest question remaining as to its prebiotic potential is its selectiv-
ity, as many other bacterial species are amylolytic, and many of the health benefi ts 
of resistant starch can be attributed to the production of butyrate (Crittenden  2006  ) . 

 Polysaccharides are beginning to receive more attention as potential prebiotics. 
Furthermore, the use of whole grains in the food industry has increased markedly. 
Whole grains themselves have been investigated, as well as oligosaccharides that 
can be obtained through breakdown of polysaccharides by glyconases (Mussatto 
and Mancilha  2007  ) . Limited research indicates these oligosaccharides have prebi-
otic potential (Rastall and Maitin  2002  ) . 

 The best studied whole grain components include  b -glucans and arabinoxylan 
oligosaccharides, which are fermented in the gastrointestinal tract (Fleming et al. 
 1983 ; Fincher and Stone  1986  ) . In vitro studies indicate that  b -glucans are not well 

   Table 2.2    Potential prebiotic carbohydrates   

 • Soybean oligosaccharides  • Mannanoligosaccharides (yeast cell wall) 
 • Glucooligosaccharides  • Lactose 
 • Cyclodextrins  • Resistant starch and derivatives 
 • Gentiooligosaccharides  • Oligosaccharides from melobiose 
 • Germinated barley foodstuffs  • N-acetylchitooligosaccharides 
 • Oligodextrans  • Polydextrose 
 • Glucuronic acid  • Sugar alcohols 
 • Gentiooligosaccharides  • Konjac glucomannan 
 • Pectic oligosaccharides  • Whole grains 
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fermented by bifi dobacteria and lactobacilli (Crittenden et al.  2002  ) . Arabinoxylan, 
however, may have a bifi dogenic effect and may be of particular use as it is more 
slowly fermented than inulin (Karppinen et al.  2000  ) . 

 Whole grains have limited fermentation potential in vitro, but after processing 
the substrates produce greater quantities of total short-chain fatty acids (Hernot 
et al.  2008  ) ; however, bacterial population changes were not reported in that study. 
In vivo, whole grains resulted in greater  Bifi dobacterium  spp. and lactobacilli con-
centrations in healthy adults after consuming wheat bran as a wheat bran-based 
breakfast cereal or whole grain as a 100% whole grain wheat cereal. This effect was 
greater with whole grains (Constabile et al.  2008  ) . It is clear that whole grains and 
their components have potential prebiotic effects, but more research is needed 
regarding their fermentative capabilities and bacterial selectivity. 

 Polydextrose is a polysaccharide formed through acid-catalyzed vacuum thermal 
polymerization of glucose and sorbitol that has an average DP of 12 but can be as 
high as 30 (Stowell  2009 ; Li  2010  ) . It is a highly branched compound, with  b -1,6 
linkages predominating. Polydextrose currently is used to replace fat and sucrose in 
food products, as a humectant, and to provide mouth feel and bulk to food products 
(Murphy  2001  ) . It is well documented that it resists enzymatic hydrolysis by mam-
malian enzymes (Figdor and Rennhard  1981 ; Achour et al.  1994 ; Fava et al.  2007  ) . 
Animal and human studies report that approximately 30–50% of polydextrose is 
fermented in the large bowel (Figdor and Rennhard  1981 ; Achour et al.  1994  ) . 

 In vitro studies indicate that polydextrose enhances butyrate and other short-
chain fatty acid production (Stowell  2010  ) . There is emerging evidence that poly-
dextrose leads to selective increases in benefi cial bacteria. Jie et al.  (  2000  )  reported 
increased  Bifi dobacterium  and  Lactobacillus  spp. in healthy adult humans, and 
Tiihonen et al.  (  2008  )  noted greater bifi dobacteria species in healthy adults fed 
polydextrose plus a probiotic compared with the probiotic alone. Therefore, poly-
dextrose likely has prebiotic capabilities, but more research is needed to determine 
conclusively if this is the case.   

    2.2   Conclusions 

 There are three carbohydrates proven to meet all requirements of the prebiotic 
defi nition: inulin-type fructans, GOS, and lactulose. All three prebiotics are man-
ufactured in a unique manner but have a common characteristic in that all need a 
large amount of starting substrate to produce the end-product. Relatively consis-
tent fi nal products for use by humans and animals result from the manufacturing 
process. 

 Several other NDO show promising results in the limited research available 
regarding their prebiotic potential. Some prebiotics with promising results include 
IMO, lactosucrose, and XOS. Finally, there are even more carbohydrate and noncar-
bohydrate food ingredients that may have prebiotic effects when fed to animals and 
humans. More research defi ning their prebiotic potential is needed.      
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