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Summary

The production and applications of food-grade oligosaccharides are increasing rapidly.
Amongst them, fructooligosaccharides represent one of their major classes in terms of pro-
duction. They are relatively new functional food ingredients that have great potential as
prebiotics, apart from having a number of desirable characteristics which are beneficial to
the health of consumers. These are manufactured either by transfructosylation of sucrose
using b-fructofuranosidases or hydrolysis of inulin by endoinulinases. Inulin, a polyfruc-
tan, occurs as a reserve carbohydrate in many plant families, representing more than
30 000 species. It is a potent substrate both for the production of inulinases and fructooli-
gosaccharides. The review focuses on the recent developments in the production of fructo-
oligosaccharides from inulin by endoinulinases, their prebiotic potential, functionalities and
applications in food industry, and future perspectives.
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Introduction

Inulinases have been characterized from inulin-stor-
ing tissue of plants and a wide variety of microorga-
nisms (1). However, their quantity in plant material is
not enough to be exploited for commercial use (2). Mi-
croorganisms are the best source of inulinases for com-
mercial production because of their easy cultivation,
rapid multiplication and high production yields (3).
Microbial inulinases are an important class of industrial
enzymes, which are usually inducible and extracellular.
A number of fungal, yeast and bacterial strains have
been reported for the production of inulinases (3–6).
Amongst the filamentous fungi, Aspergillus sp. and Peni-
cillium sp. are high inulinase producers, while among the
yeasts this is Kluyveromyces sp. (1). From bacteria, Bacillus
sp., Pseudomonas sp. and Streptomyces sp. have been re-
ported as high-yielding inulinase strains (1). Inulinases
have attracted researchers because of their usage both
for the production of high fructose syrup (1,3,7–9) and

fructooligosaccharides (4,5). Apart from these, inulinases
have various other applications such as in the produc-
tion of ethanol (10,11), acetone and butanol (12), pullu-
lan (13), gluconic acid and sorbitol (14).

Inulinases can be produced by growing various mi-
croorganisms in an inulin-based medium (6). Inulin, a
polyfructan, occurs as a reserve carbohydrate in many
families of plants, representing more than 30 000 species
(15,16). It consists of linear chains of b-2,1-linked fructo-
syl units terminating at the reducing end with a glucose
residue attached through a sucrose-type linkage as illus-
trated in Fig. 1. Apart from its use for the production of
inulinases, inulin has received a great interest as a re-
newable raw material both for the production of high
fructose syrup (1) and fructooligosaccharides (17). Inu-
linases target the b-2,1 linkage of inulin and are both exo
and endo acting. Exo-acting inulinases produce fructose
as the main end product, whereas endo-acting ones pro-
duce mainly fructooligosaccharides and monosaccha-
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rides in a minor amount. Fructose has many superior
technical and functional properties compared to sucrose,
and also has a GRAS (Generally Recognized as Safe) sta-
tus (1,18). Fructooligosaccharides constitute one of the
most popular functional food components because of
their bifidogenic and health-promoting properties (17,
19–22). Earlier, most of the commercially available fruc-
tooligosaccharides were either synthesized from sucrose
(19) or extracted from edible parts of some plants (22).
Nowadays, these are synthesized enzymatically either
from sucrose by fructosyltransferases or from inulin by
endoinulinases. This review focuses on the recent deve-
lopments in the production of fructooligosaccharides
from inulin by endoinulinases, their prebiotic potential,
functionalities and applications in food industry, and
future perspectives.

Action Pattern of Inulinases

It is clear from the literature (1,3,4,6,18) that inuli-
nases are classified as exo and endo acting on the basis
of cleavage of b-2,1 linkage in inulin (Fig. 1). Exoinu-
linases (EC 3.2.1.80) cleave b-2,1 linkages sequentially start-
ing from the non-reducing end of inulin and split off
terminal fructosyl units, releasing fructose with a mole-
cule of glucose, whereas endoinulinases (EC 3.2.1.7) act
randomly and hydrolyze internal linkages of inulin to
yield fructooligosaccharides. Inulinases often show a cer-
tain activity towards sucrose (1). However, sucrose hy-
drolytic enzymes are called invertases (EC 3.2.1.26) and
have specific characteristics. Because of the overlapping
substrate specificity of invertases and inulinases, their
distinction is difficult and controversial. Generally, inu-
linases are distinguished from invertases on the basis of

I/S (inulinase activity/invertase activity) ratio (1,18). If
the I/S ratio is >10–2, the enzyme is referred to as an
inulinases, and if I/S ratio is <10–4, it is considered an
invertase (23).

The property of having an exo or endo action de-
pends upon the microbial origin of the enzyme. The mode
of action of inulinases from different microbial sources
has been described recently (1,3). Inulinases from fungi
are generally exo acting (4), but some fungal strains like
Aspergillus ficuum (24), Chrysosporium pannorum (25) and
Penicillium rugulosum (26) produce both exo- and endo-
inulinases. Most of the strains of Aspergillus niger have
been reported to produce only endoinulinases extracel-
lularly (27–29), while surprisingly A. niger strain 12 has
been reported to produce both exo- and endoinulinases
intracellularly (30). Two forms of exo-acting (EI and EII)
extracellular inulinases have been reported from Penicil-
lium sp. (31). Interestingly, two intracellular (EI, EII) and
one extracellular endoinulinase (Eexo) have been investi-
gated from Kluyveromyces sp. Y-85 (32). In another interest-
ing case, one invertase (Inv), five exoinulinases (Exo I,
II, III, IV and V) and three endoinulinases (Endo I, II
and III) were isolated from a commercial preparation
derived from Aspergillus ficuum (23).

Inulin, A Potent Substrate

Inulin is a potent substrate for the production of inu-
linases (3,4,6), high fructose syrup (1,15) and fructooligo-
saccharides (3,17). Rose, a German scientist, in the early
1800s first isolated it as a carbohydrate substance from
the roots of Inula helenium (33) and the substance was
later named 'inulin' by Thomson (34). Inulin consists of
linear chains of D-fructofuranose molecules linked by b-

-2,1-glycosidic bonds and terminated with a D-glucose
moiety linked to fructose by a-1,2 bonds as in sucrose
(Fig. 1). In nature, it is the second most abundant stor-
age carbohydrate after starch (16). Most of the inulin-
-containing plants are dicotyledonous, belonging to the
Asteraceae and Campanulaceae families, but a small
amount is also found in some monocotyledonous plants
from the Poaceae, Liliaceae and Amaryllidaceae families
(15). Some inulin-containing plants commonly used in
human nutrition are leek, onion, garlic, asparagus, Jeru-
salem artichoke, dahlia, chicory, yacon, etc. (35). Inulin
content of some plants is given in Table 1 (35–39). The
degree of polymerization (DP) is one of the important
properties of inulin, because it influences the function-
alities of the fructans (16). The DP of plant inulin is rath-
er low (DP<200) and varies according to the plant spe-
cies, weather conditions and physiological age of the
plant (16).

Inulin and its hydrolyzed products are legally clas-
sified as food or food ingredients in all the countries
where they are used (21). Inulin is also the most com-
monly used substrate for the production of inulinases
(6). Apart from pure inulin, naturally occurring inulin-
-rich plant materials have been used for the production
of inulinases (3,4). Inulin and its partially hydrolyzed pro-
ducts (fructooligosaccharides) may significantly improve
organoleptic characteristics such as both taste and mouth-
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Fig. 1. Action pattern of inulinases on inulin



feel in a wide range of food applications (21). Apart
from this, fructooligosaccharides produced from inulin
by endoinulinases are used as potent prebiotics and
dietary fibres and also have many more beneficial func-
tionalities (10,17). Furthermore, their complete hydro-
lyzed product, fructose, produced by exoinulinase is
emerging as a safe sweetener in food industry. Nowa-
days, inulin is a promising substrate for the enzymatic
synthesis of fructooligosaccharides and high fructose
syrup.

Microbial Production of Endoinulinases

Fungi, yeast and bacteria are all capable of produc-
ing inulinases and many of them have been successfully
used for enzyme production (1,3–6). Inulinases are both
extra- and intracellular, but some microorganisms have
the ability to express this enzyme in both ways (4,18).
Similarly, inulinases are both exo and endo acting but
many microorganisms are known to produce mixed forms
(23–26,30,32,40). The localization of an enzyme, its mode
of action and yield depend upon the kind of microor-
ganism and the substrate used during fermentation (1).
Microorganisms expressing endoinulinases and their en-
zyme activities in submerged fermentation are listed in
Table 2 (5,24–30,32,41–60). All the endoinulinase-ex-
pressing microorganisms are from bacteria and fungi ex-
cept for two yeast strains of Yarrowia lipolytica (60) and
Kluyveromyces sp. Y-85 (32). Furthermore, all the strains
are reported to produce extracellular endoinulinases,
except for Aspergillus niger strain 12 (30) and Kluyvero-

myces sp. Y-85 (32), which are known to produce endo-
inulinase intracellularly.

The raw material used for the production of inuli-
nases includes a wide range of pure, mixed and natural
substrates (4). Although inulin is the most commonly used
substrate, a variety of other substrates (glucose, sucrose,
lactose, maltose, fructan, fructosan, etc.) have also been
used for different microorganisms (4,61). If the microor-
ganism exhibits inulinase activity coupled with inver-
tase activity, sucrose may serve as a better source for en-
zyme production, otherwise it may exhibit an inhibitory
effect on inulinase production (4,18,52,62). Pure inulin
from various sources and many naturally occurring inu-
lin-rich substrates has been used for most of the endo-
inulinase-producing microorganisms (Table 3; 24,26–30,
41–51,55–60,63,64). Jerusalem artichoke tubers, dahlia tu-
bers and chicory roots are the most commonly used inu-
lin-rich substrates for endoinulinase production. Complex
N-sources such as yeast extract, beef extract, meat extract,
corn steep liquor, peptone, urea, etc. and inorganic N-sour-
ces like (NH4)2SO4, (NH4)2HPO4, NH4H2PO4, NH4Cl,
NaNO3, KNO3, etc. have been widely used in inulinase-
-producing media (65). The complex N-sources have been
reported to be better than inorganic N-sources (24,26,66–
71). Ammonium salts usually cause acidic conditions, be-
cause acid is liberated in the medium after the utiliza-
tion of ammonium ions and highly acidic conditions
may inhibit the growth and synthesis of inulinase (18).
The positive influence of inorganic salts like Mn2+, Ca2+

(70–72), Mg2+, Fe2+ and K+ (73) on inulinase synthesis has
also been reported.
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Table 1. Inulin content of some plants

Botanical name Common name Plant part Inulin/%* Reference

Agave americana agave lobes 7–10 36

Allium ampeloprasum var. porrum leek bulb 3–10 35

Allium cepa onion bulb 2–6 35

Allium sativum garlic bulb 9–16 35

Arctium sp. burdock roots 3.5–4.0 35

Asparagus officinalis shatwaar root tubers 10–15 37

Asparagus racemosus safed musli/shatwaar root tubers 10–15 37

Camassia sp. camas bulb 12–22 35

Cichorium intybus chicory roots 15–20 35,37

Cynara cardunculus artichoke leaves/heart 3–10 35

Dahlia sp. dahlia root tubers 15–20 37

Helianthus tuberosus Jerusalem artichoke tubers 14–19 35,37

Hordeum vulgare barley grains 0.5–1.5 35

Microseris lanceolata murnong roots 8–13 35

Musa acuminate banana fruit 0.3–0.7 35

Secale cereale rye grains 0.5–1.0 35

Smallanthus sonchifolius yacon roots 3–19 35

Taraxacum officinale dandelion leaves 12–15 35

Tragopogon sp. salsify roots 15–20 37

Scorzonera hispanica Spanish salsify roots 8.15–10.75 38

Saussurea lappa kuth roots 18–20 39

*percentage of fresh mass



Inulinase production is also influenced by many
other factors like pH of the medium, aeration and tem-
perature of fermentation. Generally, inulinase from fun-
gal strains shows pH optima between 4.5 and 7.0, from
yeast strains between 4.4 and 6.5, and from bacterial
strains between 4.8 and 7.0 (65). Fungal and bacterial
inulinases show temperature optima in the mesophilic
and thermophilic range, while yeasts have the optima in
the mesophilic range (65). Agitation, aeration and shear
stress are the key factors influencing inulinase yield in

bioreactors. Agitation not only affects the O2 availability,
but it also exerts influence on the availability of other
nutrients in the medium. The higher agitation in biore-
actors causes shear stress on the producer organism as
well on the enzyme structure (70). Shear stress in a bio-
reactor is related to rheological properties of broth and
shear rate. Rheological properties are defined for broth
viscosity during the fermentation process, whereas the
shear rate is a function of impeller geometry and im-
peller rotational speed (74,75). The rate of oxygen trans-
fer also plays an important role in the overall microbial
metabolism and different microorganisms behave differ-
ently under different conditions of oxygen supply. The
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Table 2. Microbial sources producing extracellular endoinulina-
ses in submerged fermentation

Source
Enzyme activity

U/mL
Ref.

Bacteria

Arthrobacter sp. NS; 0.84 U/mgc 41

Bacillus smithii 135.2 42

Paenibacillus sp. NS 27

Pseudomonas mucidolens NS 5

Pseudomonas sp. NS
3

43,44

45

Streptomyces rochei 1 46

Xanthomonas campestris
pv. phaseoli mutant KM 24

9.24 47

Xanthomonas oryzae NS; 49 U/mgc 48,49

Xanthomonas sp. 11
15

50

45

Fungi

Aspergillus ficuuma NS
NS
NS

24

51

40

Aspergillus fumigatus NS 5

Aspergillus niger 55 29

33.53 28

NS 27

A. niger strain 12a,b NS; 108 U/mgc 30

A. niger mutant strain 40 52

Chaetomium sp. NS 53

Chrysosporium pannoruma 115 25

Penicillium purpurogenum
var. rubisclerotium

3.74 54

Penicillium rugulosuma NS; 22.6 U/mgc

NS
26

27

Penicillium sp. 9.9 55

Rhizoctonia solani NS; 0.25 U/mgc 56

Rhizopus sp. NS; 1.4 U/mgc 57

Trichoderma harzianum 0.75 58

Trichoderma viride 94 59

Yeast

Kluyveromyces sp. Y-85a,b NS 32

Yarrowia lipolytica 62.85 60

aproduces both exo- and endoinulinases
bintracellular enzyme localization
cspecific activity (units/mg of protein) of enzyme in the crude
extract

NS – not specified

Table 3. Inulin from different sources used for the production of
endoinulinases

Microorganism Inulin source w/% Ref.
Arthrobacter sp. Jerusalem artichoke

extract*
1.5 41

Aspergillus ficuum chicory roots
Jerusalem artichoke
extract*

2.0
2.0

24

51

Aspergillus niger dandelion tap root
extract*
NS

40

1.0

29

28

dahlia tubers 1.0 52

NS 0.5 27

dahlia tubers 1.0 30

Bacillus smithii NS 2.0 42

Chrysosporium
pannorum

NS 1.0 63

Paenibacillus sp. NS 0.5 27

Penicillium
purpurogenum

NS 2.0 64

Penicillium
rugulosum

dahlia tubers
NS

3.0
0.5

26

27

Penicillium sp. NS 1.0 55

Pseudomonas sp. dahlia tubers
chicory root
powder*

1.0
2.0

43,44

45

Rhizoctonia solani Jerusalem artichoke
powder*

3.0 56

Rhizopus sp. dahlia tubers 1.0 57

Streptomyces rochei chicory roots 1.0 46

Trichoderma
harzianum

Jerusalem artichoke
powder*

3.0 58

Trichoderma viride Jerusalem artichoke
powder*

3.0 59

Xanthomonas
campestris pv. phaseoli

chicory roots 2.0 47

Xanthomonas
oryzae

chicory root extract* 2.0 48,49

Xanthomonas sp. dahlia tubers
chicory root powder

2.0
2.0

50

45

Yarrowia lipolytica NS 4.0 60

*natural substrates were used while in others commercial inulin
was used for the production of endoinulinase

NS – not specified



supply of oxygen to microorganisms poses many pro-
blems specific to it like foam formation, etc. The two
mechanisms, namely oxygen supply and shear stress,
generally act in antagonism. The former contributes to
biomass increase and the latter acts against better en-
zyme yield (76). Most of the research reports on inulin-
ase production are on submerged fermentation, how-
ever, attempts have also been made to use solid-state
fermentation (Table 4; 77–86). Recently, a hybrid neural
network approach has been described to model inulin-
ase production in a batch bioreactor using agroindustrial
residues as a substrate (87). The mathematical frame-
work developed has been proved a useful tool for simu-
lation of this process.

To make the process economically feasible, it is im-
perative to improve the genetic characteristics of the pro-
ducer organism. An endoinulinase-encoding gene INU2
from Aspergillus ficuum has been cloned and sequenced
(88). Alignment of amino acid sequence revealed 73.9 %
similarity between A. ficuum and Penicillum purpuroge-
num endoinulinases. The endoinulinase INU2 gene has
been successfully expressed in Saccharomyces cerevisiae
(89). Furthermore, the enhanced production of A. ficuum
endoinulinase in Saccharomyces cerevisiae was achieved by
SUC2 deletion mutation (90).

Characteristics of Endoinulinases Purified from
Various Microbial Sources

Most of the reports on purification of extracellular
endoinulinases from various microorganisms deal with
the conventional methods of centrifugation, salt/organic
precipitation or ultrafiltration followed by ion-exchange
and gel filtration chromatography (Table 5; 23,30,32,40–42,
49,52,53,55,57,63,64,91,92). In some cases fast protein liq-
uid chromatography (23), hydrophobic interaction chro-
matography (41,49,92) and preparative electrophoresis
(40,91) have also been used. However, endoinulinases
localized intracellularly need cell disruption first and
then followed by similar techniques. Endoinulinases pu-
rified from most of the fungal and bacterial strains are
extracellular. Their intracellular nature has also been re-
ported only from Aspergillus niger strain 12 (30) and Kluy-
veromyces sp. Y-85 (32).

Most of the reports on purification of endoinulina-
ses are from fungi (Table 5). Inulinases purified from all
the bacterial strains are either exo- or endoinulinase, while
from some fungal strains both forms are purified (24–
26,30,40). Two forms (P-1A and P-1B) of endoinulinases
have been purified from Aspergillus niger mutant 817 (52).
Their specific activities were 3.5-fold higher and ap-
parent Km for inulin was much lower than for the wild-
-type endoinulinase (III). From a commercial inulinase
preparation from Aspergillus ficuum, five exoinulinases
(Exo I, II, III, IV and V), three endoinulinases (Endo I, II
and III) and one invertase (Inv) were purified by con-
ventional techniques (23). All the exoinulinases showed
the same molecular mass (74 kDa), while endoinulinases
were of 64 kDa. Recently, three exoinulinases (Exo-I,
Exo-II and Exo-III) and two endoinulinases (Endo-I and
Endo-II) have been purified from the culture broth of A.
ficuum JNSP5-06 (40). All the inulinases were stable be-
low 50 °C with optimum activity at 45 °C. Their pH
optima were 4.5 and 5.0 for exoinulinase and endo-
inulinase, respectively. Two intracellular (EI and EII) and
one extracellular endoinulinase (Exo) were purified from
Kluyveromyces Y-85 (32). All of them were glycoproteins.

The characteristics of some purified endoinulinases
from different microorganisms are also summarized in
Table 5. There is not much difference in pH and tem-
perature optima, and molecular mass of endoinulinases
purified from different strains. Fungal strains show pH
and temperature optima of 4.5–7.0 and 45–55 °C, respec-
tively, while for bacterial strains they are between 4.5
and 7.5, and 50 and 70 °C, respectively. Generally, bac-
terial strains show higher temperature optima. The mo-
lecular mass ranged from 31 to 75 kDa for all the puri-
fied endoinulinases except Xanthomonas oryzae, which has
139 kDa. Endoinulinases from Aspergillus niger (52,92)
were strongly inactivated by p-chloromercuribenzoate
(p-CMB). This indicates that the active site of inulinases
contains the sulfhydryl (SH) groups (93). p-CMB reacts
with thiol groups forming mercaptides (a reversible pro-
cess) and serves as a specific reagent for SH groups (94).
Several metal ions have a stimulatory or inhibitory effect
on endoinulinase activity. The stimulatory effect of Mn2+

(30,52,55,57) and Ca2+ (57,91) on endoinulinases from
different microorganisms is well established. Conversely,
some endoinulinases are reported to be inactivated by
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Table 4. Inulinase production in solid-state fermentation

Microorganism Substrate
Enzyme activity

U/gds*
Ref.

Cryptococcus
aureus

wheat bran,
rice husk

436 77

Kluyveromyces
marxianus

sugarcane bagasse 391.9 78

sugarcane bagasse,
corn steep liquor,
soybean bran

250 79

sugarcane bagasse,
corn steep liquor,
soybean bran

199 80

sugarcane bagasse,
corn steep liquor,
soybean bran

436.7 81

sugarcane bagasse,
corn steep liquor,
soybean bran

463 82

sugarcane bagasse,
corn steep liquor,
sugar cane molasses

445 83

wheat bran, rice
bran, coconut oil
cake, corn flour

122.88 84

Kluyveromyces sp. wheat bran 409.8 85

Staphylococcus sp. wheat bran, rice
bran, coconut oil
cake, corn flour

107.64 84

Xanthomonas
campestris pv.
phaseoli

onion peel,
garlic peel

117
101

86

*units/gram of dry substrate



both Mn2+ (40,91,92) and Ca2+ (40). Inhibitory effects of
Ag+, Hg2+, Cu2+, Zn2+, Co2+, Ni2+, Fe3+ and Al3+ (23,30,
40,41,52,55,57,91,92) on endoinulinases from various sour-
ces are also well known.

Enzymatic Production of Food-Grade
Oligosaccharides

Oligosaccharides are attracting increasing interest as
prebiotic and functional food ingredients. They are im-
portant primarily because of their functional properties

rather than sweetness. They can be extracted from some
biological materials or synthesized enzymatically from a
variety of substrates (95). This makes it more important
to develop efficient synthesis reactions for the produc-
tion of oligosaccharides. At this level, the outstanding
stereo- and regioselectivity of enzyme catalysis can be
considered as a complementary tool to the chemical syn-
thesis which necessitates the complex successive protec-
tion and deprotection steps (96). As a consequence, it has
become more and more important to develop efficient
synthesis routes that are easy to scale-up. The synthesis
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Table 5. Characteristics of some purified endoinulinases from microbial sources

Source Purification
technique

Purifi-
cation
fold

Specific
activity
U/mg

Km vmax
Mr

kD

Optimum Stability

Ref.pH Temp.

°C

pH Temp.

°C

Arthrobacter sp. (NH)2SO4 PPT,
IEC, HIC

63 53 1.7 mM NS 75 7.5 50 5–10.5 30–40 41

Aspergillius ficuum IEC-PREP
PAGE

NS 348 8.1 mM 773 U/mg 66 5.0 50 4.8–5.2 <60 91

A. ficuum

Endo I
Endo II
Endo III

(NH)2SO4 PPT,
IEC, GFC,
FPLC

12.1
64.5
9.9

61.6
328
50.3

NS
NS
NS

NS
NS
NS

64
64
64

NS
NS
NS

NS
NS
NS

NS
NS
NS

NS
NS
NS

23

A. ficuum

Endo I
Endo II

(NH)2SO4 PPT,
dialysis, IEC,
GFC, PREP
PAGE

NS
NS

NS
NS

14.8 mg/mL
25.6 mg/mL

40.8 mg/(mL·min)
53.8 mg/(mL·min)

34
31

5.0
5.0

45
45

4–8
4–8

<50
<50

40

Aspergillus niger (NH)2SO4 PPT,
ethanol PPT,
IEC, GFC

146 0.74 0.80 mM NS 56 5.3 45 5–7 <60 30

A. niger isopropanol
PPT, IEC, HIC,
GFC

22.54 1158.3 6.7 g/L 0.0476 mg/(mL·min) 69 5.0 55 4–7 <55 92

A. niger

mutant 817
form P-1A
form P-1B

dialysis, UF,
IEC

NS
NS

352
338

0.48 mM
0.50 mM

109 µmol/(min·mg)
139 µmol/(min·mg)

70
68

5.3
5.3

50
50–55

5–7
3.5–9

<50
<50

52

Bacillus smithii (NH)2SO4 PPT,
IEC, GFC

31.4 1105.4 4.17 mM 833.3 IU/mg 47 4.5 70 4–7 <70 42

Chaetomium sp. (NH)2SO4 PPT,
IEC, GFC, HIC

30.8 NS 0.199 mmol/L 115 µmol/(min·mg) 66 6.0 55 NS NS 53

Chrysosporium
pannorum

(NH)2SO4 PPT,
IEC, GFC

NS 106.2 NS NS 58 6.0–7.0 50 4.5–8.5 <45 63

Kluyveromyces sp.
EI
EII
Eexo

(NH)2SO4 PPT,
IEC, GFC

NS
NS
NS

NS
NS
NS

NS
NS
NS

NS
NS
NS

42
65
57

4.6
4.5
4.6

52
52
55

NS
NS
NS

NS
NS
NS

32

Penicillium
purpurogenum

IEC, GFC 394 82.8 0.21 mM NS 64 5.1 55 5–7.5 <55 64

Penicillium sp. dialysis, UF, IEC 45 105 0.20 mM 106 µmol/(min·mg) 68 5.2 50 5–7 <40 55

Rhizopus sp. UF, IEC, GFC 12 17 9.0 mM NS 83 6.0 40 5–8 <30 57

Xanthomonas
oryzae

(NH)2SO4 PPT,
IEC, HIC

28.7 1407 16.7 g/L 12.1 g/(L·h) 139 7.5 50 6–9 <45 49

IEC – ion exchange chromatography, FPLC – fast protein liquid chromatography, GFC – gel filtration chromatography, HIC –
hydrophobic interaction chromatography, PPT – precipitation, PREP PAGE – preparative polyacrylamide gel electrophoresis, UF –
ultrafiltration, NS – not specified



of novel fructooligosaccharides can also be carried out
by substrate and enzyme engineering (97). The enzym-
atic synthesis of various oligosaccharides has been ex-
tensively reviewed (19,20,95,98). Various enzymatic routes
currently used for the commercial production of oligo-
saccharides are summarized in Table 6. Unlike other oli-
gosaccharides, soybean oligosaccharides are extracted
directly from the soybean whey and do not require
enzymatic manufacturing process. Lactulose is unusual
among prebiotics as it is the only one manufactured by
chemical synthesis. A survey of commercial oligosaccha-
ride manufacturers reveals that galacto-, fructo-, malto-,
isomaltooligosaccharides and lectulose are the major
classes of food-grade oligosaccharides (Fig. 2).

Production of fructooligosaccharides (FOSs)

FOSs represent one of the major classes of bifido-
genic oligosaccharides (oligosaccharides selectively sti-
mulate the growth and/or activity of bifidobacteria and
lactobacilli in the colon). The developments in industrial
enzymology enabled the large scale production of FOSs
by enzymatic synthesis. On industrial scale, they are
manufactured enzymatically by two different processes

which produce slightly different end products (Fig. 3).
The companies that commercially manufacture FOSs
from sucrose or inulin and their trade names are listed
in Table 7.
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Fig. 2. Current status of the production of food-grade oligosac-
charides. Data obtained by surveying the major manufacturers
of food-grade oligosaccharides

Table 6. Enzymatic synthesis of food-grade oligosaccharides

Class of
oligosaccharides

Production process

Galactooligo-
saccharides

transgalactosylation of lactose by
b-galactosidase

Fructooligo-
saccharides

transfructosylation of sucrose by
b-fructofuranosidase or hydrolysis
of inulin by endoinulinase

Isomaltooligo-
saccharides

debranching of starch by isoamylase
or pullulanase, and then hydrolysis
by specific oligosaccharide forming
a-amylase

Maltooligo-
saccharides

hydrolysis of starch into maltose by
a-amylase and b-amylase, and transglu-
cosylation of maltose by a-glucosidase

Glucooligo-
saccharides

transglycosylation of sucrose by
dextransucrase/alternansucrose

Palatinose
(isomaltulose)
oligosaccharides

synthesis of platinose by palatinose
synthetase, followed by intermolecular
dehydration of palatinose

Xylooligo-
saccharides

hydrolysis of xylan by endoacting 1,4-
-b-xylanase

Gentiooligo-
saccharides

enzymatic transglucosylation of
glucose syrup

Soybean
oligosaccharides*

extracted directly from soybean whey
by removal of proteins and salts

Cyclodextrins debranching of starch by pullulanase and
a-amylase, and then transglucosylation
by cyclomaltodextrin glucanotransferase

Lactosucrose transfructosylation of mixture of lactose
and sucrose by b-fructofuranosidase

Lactulose** alkali-isomerization of lactose

*manufactured by physicochemical process
**manufactured by chemical synthesis
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Fig. 3. Schematic presentation of the production of fructooligo-
saccharides from inulin by endoinulinase and sucrose by
b-fructofuranosidase

Table 7. Commercially produced food-grade fructooligosaccharides*

Substrate Manufacturer
Trade
name

Sucrose Beghin-Meiji Industries, France Actilight
Cheil Foods and Chemicals Inc., Korea Oligo-Sugar
GTC Nutrition, USA NutraFlora
Meiji Seika Kaisha Ltd., Japan Meioligo
Victory Biology Engineering Co., Ltd.,
China

Prebiovis
scFOS

Inulin Orafti Active Food Ingredients, USA Raftilose
Beneo-Orafti, Belgium Orafti
Cosucra Groupe Warcoing, Belgium Fibrulose
Jarrow Formulas, USA Inulin FOS

*data obtained by surveying major manufacturers of food-grade
fructooligosaccharides



Transfructosylation of sucrose by b-fructofuranosidases
FOSs can be manufactured from sucrose by glycosyl

transfer reactions (17,19,20). Fructosyl tranferases (FTases)
are the enzymes for the microbial production of FOSs.
In this case, sucrose plays the dual role of fructose do-
nor and fructose acceptor (95). High concentration of start-
ing material is required for efficient transfructosylation
(99–101). FOSs produced by this process contain 2–4
fructosyl units linked by b-1,2-glycosidic bonds and termi-
nated with a-D-glucose residue. The composition of
products from sucrose by transfructosylation is given in
Fig. 4. The first reaction of b-fructofuranosidase on two
sucrose molecules leads to 1-ketose and glucose. The

action of b-fructofuranose on 1-ketose produces nystose,
and on nystose, it produces 1F-fructofuranosyl nystose.
FOSs produced from sucrose have a lower DP range
(2–4) than inulin-derived FOSs and are frequently de-
scribed as short-chain FOSs (22). After the completion of
the reaction, FOSs can be purified by chromatographic
or membrane processes to remove glucose and a small
amount of fructose formed as a by-product as well as
unreacted sucrose (95). Therefore, high content of FOSs
can be produced by these techniques. The enzymatic
synthesis route to FOSs using FTase from Aspergillus
niger was first developed by Meiji Seika Kaisha Ltd.,
Japan to launch the commercial product Meioligo®. Then,
this company also established a joint venture with Beg-
hin-Meiji Industries, France to produce FOSs marketed
as Actilight®, and also with GTC Nutrition, USA to make
FOSs under the trade name NutraFlora®.

Bacterial strains producing FTase are rare and only a
few reports on Bacillus macerans (102) and Lactobacillus
reuteri (103) are available in literature. On the contrary,
several fungal strains, especially from Aspergillus sp. are
known to produce extracellular or intracellular FTases.
Aspergillus niger (104), A. japonicus (105), A. oryzae (106),
A. phoenicis (17), Penicillium citrinum (107), P. frequentens,
P. rugulosum, Fusarium oxysporum (17) and Aureobasidium
pullulans (108) have been reported to produce FOSs from

sucrose. The use of mixed enzyme system of fructosyl-
transferase and glucose oxidase for the production of high
content of FOSs has been investigated and highly con-
centrated (90–98 %) FOSs were obtained (109,110). The
whole cells of Aspergillus sp. having both hydrolytic and
transfructosylating activity were used for the production
of FOSs and high yield was obtained (111). A forced
flow membrane reactor system by immobilizing b-fruc-
tofuranosidase from A. niger on ceramic membranes of
varied pore sizes has been developed for transfructosyl-
ation of sucrose (112). The developed system showed a
long operational stability and half life of the immobi-
lized enzyme was estimated to be 35 days. A complex
biocatalyst system with a bioreactor equipped with a
microfiltration (MF) module to produce high-content
FOSs in a countinous system initiated by a batch process
has also been reported (113). FTases have a great poten-
tial to manufacture prebiotics and also offer some pro-
cess enhancements using thermophilic enzymes (114).
Recombinant FTases also have interesting biocatalytic
properties (115).

Hydrolysis of inulin by endoinulinases

The second approach used for the production of FOSs
is the controlled hydrolysis of inulin by endoinulinases.
Endoinulinases act randomly and cleave b-2,1 linkages
of inulin to yield FOSs containing a mixture of b-D-Fru
(2®1)-[b-D-Fru-(2®1)-]n, where n=1–9 and a-D-Glu-(1®2)-
-[b-D-Fru-(2®1)-]n, where n=2–9. FOSs produced from inu-
lin closely resemble the mixture of FOSs obtained by
transfructosylation of sucrose by FTases (17). However,
not all the b-2,1-linked fructosyl chains end with a ter-
minal glucose moiety. Furthermore, the FOS mixture
produced from inulin hydrolysis contains longer (DP2-9)
chains compared to that (DP2-4) obtained from sucrose
by transfructosylation process (95).

Endoinulinases purified from different microorga-
nisms have been used for the production of FOSs (43,44,
46–48,50,51). The hydrolytic conditions and the yield of
FOSs from inulin by various endoinulinases are listed in
Table 8 (43,44,46–48,50,51). Most of the microorganisms
used for the production of FOSs are bacteria except for
one fungus, Aspergillus ficuum (51). Both pure inulin and
naturally occurring inulin-rich substrates have been used
for the production of FOSs. Temperature range of 37–55
°C and pH optima of 6.0–7.0 have been used for the
hydrolysis of inulin. In all the cases, FOS yield ranged
from 60 to 86 % under optimal hydrolysis conditions.

Batch production of FOSs from inulin has been com-
pared using soluble and immobilized endoinulinases from
Pseudomonas sp. (44). Inulin was completely hydrolyzed
to FOSs with DP ranging from 2 to 7. The maximum
yield of fructooligosaccharides using soluble and immo-
bilized endoinulinase was 72 and 83 %, respectively,
under optimal conditions. The composition of the pro-
duct was considerably affected by inulin concentration
and enzyme form. Continuous production of FOSs from
chicory juice was also carried out using the polystyrene-
-immobilized endoinulinase from Pseudomonas sp. (116).
The enzyme reactor was successfully run for 28 days at
55 °C achieving a yield of 82 % without any significant
loss of enzyme activity. Furthermore, no marked differ-
ence has been reported in operational stability between
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the two reactors fed with pure inulin solution and chi-
cory juice as a substrate. There are a few reports on the
use of recombinant endoinulinases for the production of
FOSs from inulin (117,118). Endoinulinase gene (inu1) of
Pseudomonas sp. was successfully cloned in E. coli and
used for the production of FOSs in a batch and contin-
uous system (117). In batch system, 79 % yield of FOSs
was obtained under optimal conditions of 55 °C, pH=7.5,
substrate concentration 10 % and enzyme dosage of
20 U/g of substrate. Continuous production of FOSs was
also carried out at 50 °C using a bioreactor packed with
recombinant cells immobilized on alginate and the system
was successfully operated for 15 days without signifi-
cant loss of initial activity. The whole cells of recombi-
nant E. coli containing inu1 gene from Pseudomonas were
also used as a biocatalyst at 50 °C for FOS production
from inulin in a batch and continuous system and a
high yield of 78 % was obtained (118). Continuous pro-
duction of FOSs under optimal conditions was achieved
with a productivity of 150 g/(L·h) for 17 days with sig-
nificant loss of enzyme activity of immobilized biocata-
lyst.

Inulin and inulin-derived products are marketed
under different trade names. The companies manufac-
turing FOSs from inulin and their trade names are listed
in Table 7. Orafti Active Food Ingredients, USA makes
the inulin and inulin-derived products from chicory roots
under the trade names Raftiline® and Raftilose®. The inu-
lin extracted from chicory contains some FOSs in addi-
tion to polysaccharides. However, Raftiline® HP con-
tains mainly inulin (995 g/kg) and is devoid of fructans
with lower DP. Its DP ranges between 10 and 60 (aver-
age DP of 25). Raftilose® is an inulin-derived product
produced by partial enzymatic hydrolysis of chicory
inulin. It contains mainly FOSs (950 g/kg) and is a
mixture of b(2®1) fructans with a DP ranging from 3 to
7 (average DP of 4). Similar inulin-hydrolyzed products
on the market are Fibrulose® and Inulin FOS®.

Functionalities and Applications of FOSs

FOSs have received considerable attention due to
their functional properties. Their nutritional and health
benefits have been well proven (17,19,20,95,119–123).
Their best known nutritional effect is the stimulation of
growth of bifidobacteria in the intestine. Because of the

large number of health promoting functions, FOSs have
a wide range of food applications.

FOSs as potent prebiotics

Prebiotic FOSs are gaining increasing recognition as
agents to modulate the colonic microbiota in humans and
animals. These so-called prebiotics were first defined in
1995 as 'nondigestible food ingredient(s) that beneficially
affect host's health by selectively stimulating the growth
and/or activity of one or a limited number of bacteria in
the colon' (124). Consequently, the attempts have been
made to redefine prebiotics on the basis of new out-
comes on prebiotic interventions. At a meeting of Inter-
national Scientific Association of Probiotics and Prebio-
tics (ISAPP) in London in November, 2008 a prebiotic
was defined as 'a fermented ingredient that results in
specific changes, in the composition and/or activity of
the gastrointestinal microbiota, thus conferring benefit(s)
upon host's health' (95). This new definition reaffirms that
prebiotics act by inducing specific changes but allows
changes in wording such that the term could be used for
extra-intestinal applications.

Edible parts of many plants containing inulin and
oligofructose are used in daily diet of many of the world's
populations (35). Both inulin and oligofructose have been
termed as 'prebiotics' (125), because they are nondigest-
ible food ingredients that selectively stimulate growth
and/or activity of a number of potentially-stimulating
bacteria. Due to the b-configuration of the anomeric C2
in their fructose monomers, these fructans are resistant
to hydrolysis by human digestive enzymes (a-glucosi-
dase, maltase, isomaltase, sucrase, etc.), which is why
they are classified as nondigestible fructans (123). The
most convincing studies were done with the use of an
ileostomy model which provides a valuable alternative
to the study of digestive physiology in man (126). In the
ileostomy effluent 86–88 % of inulin and oligofructose
were recovered, which supports the idea that these fruc-
tans are indigestible in the small intestine of man. The
small loss during the passage through the small intes-
tine may be due to fermentation by the microbiota colon-
izing the ileum. Another explanation was acid and/or
enzymatic hydrolysis of the low-molecular-mass fruc-
tans which are more sensitive to stomach and/or small
intestinal hydrolysis than the high-molecular-mass com-
ponents.
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Table 8. Hydrolysis conditions and yield of fructooligosaccharides (FOSs) from inulin by various endoinulinases

Enzyme
source

Enzyme dosage

U/ga
w(inulin)

%
Inulin source pH

Temp.

°C

Time

h

FOS yield

%
Ref.

Aspergillus ficuum
10 5b Jerusalem

artichoke tubers
6.0 45 72 70.37 51

Pseudomonas sp. 15 5 dahlia tubers NS 55 48 75.60 43,44

Streptomyces sp. 20 5 NS 6.2 40 24 71.00 46

Xanthomonas campestris NS 3b chicory roots NS 37 24 60.00 47

Xanthomonas oryzae 840 5b chicory roots 7.0 45 4 74.90 48

Xanthomonas sp. NS 5 dahlia tubers 6.0 45 60 86.00 50

aunits/gram of substrate
binulin-rich natural substrates were used
NS – not specified



The bifidogenic effect of inulin and oligofructose has
been well established (95,119,123,127–129). Although inu-
lin and FOSs are present in significant amount in several
edible fruits and vegetables, many companies are manu-
facturing them from inulin by enzymatic synthesis. Their
enzymatic synthesis from inulin produces a mixture of
fructans containing Fn and GFn types of oligofructose. It
has been reported that Fn type of fructans had a similar
prebiotic effect in humans as GFn type of fructans (130).
FOSs from inulin are long-chain fructans (DP<9) as com-
pared to the fructans (DP<4) from sucrose (95). The bifi-
dogenic effect of inulin and its long-chain FOSs in hu-
mans are well established (123). It has been established
that short-chain FOSs are fermented in the proximal co-
lon, thereby leaving the long-chain prebiotics for more
distal colonic activity (128). A number of in vitro and in
vivo studies have confirmed that inulin long-chain FOSs
are fermented into lactic and short-chain carboxylic acids
(123,127). Furthermore, in vivo studies in humans have
demonstrated that this fermentation leads to the se-
lective stimulation of growth of bifidobacteria, making
long-chain fructans as prototype prebiotic (125,131–133).
Functional activities of some commercial prebiotics like
NutraFlora® P-95 (DP=2–4), Raftilose® P95 (DP=2–7),
Inulin®-S (DP=2–60), Raftiline® HP (DP>23) and GOS®

(DP=2–4) were assessed in in vitro studies (134). From
the biomass data, a prebiotic activity score was calcu-
lated for different strains of lactobacilli and bifidobacte-
ria. It has been concluded that the scores were depend-
ent on both the probiotic bacterial strains and the type
of prebiotic utilized. The highest score was obtained for
Lactobacillus paracasei on inulin. The influence of oligo-
fructose and long-chain inulin on the gut microbial eco-
logy was investigated in vivo in rats (135). It has been
established that fructan-containing diets increase the num-
ber of a bacterial population (Clostridium coccoides–Eubac-
terium rectale cluster) other than bifidobacteria or lacto-
bacilli. The bifidogenic effect of inulin and oligofructose
and its consequences for gut health have been reviewed
recently (123). In a number of studies, both in vitro and
in vivo, it has been well demonstrated that inulin and
FOS selectively stimulate the growth of bifidobacteria or
lactobacilli, both of which are considered to be beneficial
to the host (125,128,130,136–142). These bacteria are also
known for creating conditions unfavourable for the
growth of potentially pathogenic organisms such as en-
terobacteria and certain clostridia (143,144).

Inulin and FOSs are often used in combination with
'probiotics', which are added to the host's diet to pro-
mote health. The combinations of pre- and probiotics have
synergistic effect referred to as 'synbiotics'. Fructans pro-
mote the growth of existing microflora in the colon and
also act to improve the survival, implantation and growth
of newly added probiotic strains (119). The synbiotic
health concept using FOSs is being used in many dairy
products in European countries (119).

Other functionalities of FOSs

Apart from their bifidogenic effect, FOSs also have
many other health-promoting functions (15,17,19–21,95).
One of the important nutritional attributes of inulin and
FOSs is their action as dietary fibre. FOSs resist diges-
tion and absorption in the stomach and small intestine

of humans (145). They influence intestinal function by
increasing stool frequency, particularly in constipated
patients (146) and/or lead to softer stools (147,148). Inu-
lin and FOSs are known to increase daily stool output
(125). The increase in stool output could be ascribed to a
significant increase in faecal bacterial mass and to a sig-
nificant increase in water content (149).

It is well established that FOSs, besides their effect
on the gastrointestinal tract, are also able to exert sys-
temic effect by modifying the hepatic metabolism of li-
pids in many animal models (150). Colonic fermentation
of FOSs results in the synthesis of short-chain fatty acids,
which influence the lipid metabolism in humans (151). It
has been reported in an animal study on obese Zucker
fa/fa rats that dietary enrichment with FOSs can reduce
both the fat mass development and the occurrence of
hepatic steatosis (152). In a comparative study on the
effects of FOSs on lipid metabolism in man and in animal
models, it has been shown that FOSs have triacylglyce-
rol- (TAG) and cholesterol-lowering effects in rodents
(153). They may also have a protective effect on the
accumulation of TAG in the liver and the development
of steatosis in animals. The results in man were more
conflicting. Out of nine studies reviewed on the re-
sponse of blood lipids to inulin and FOSs (151), three
have shown no effects on blood levels of cholesterol or
TAG, three have shown significant reductions in TAG,
while four have shown modest reductions in total and
LDL cholesterol. Animal studies provide strong evidence
that FOSs inhibit secretion of TAG-rich very low density
lipoprotein (VLDL) particles via inhibition of de novo fatty
acid synthesis (152). Short-chain fructans have been shown
to lower serum total and LDL-cholesterol in non-insulin
dependent diabetic patients, but not in healthy subjects
(154).

There has been a lot of interest in the potential of
prebiotics to increase mineral absorption from the gut.
Fermentation of FOSs to short-chain fatty acids reduces
pH in the colon and this facilitates the absorption of mi-
neral ions from the intestine, mainly calcium and mag-
nesium (95). Most of the animal studies show that fruc-
tan consumption increases calcium absorption (155–158).
Although the mechanism of the effect of fructans on cal-
cium is not known with any certainty, several hypo-
theses have been put forward (159). In an animal study,
cellulose/FOS feeding enhanced the apparent absorp-
tion and apparent retention of Ca, Mg, Zn and Fe in rats
(160).

FOSs are known to prevent colonization of human
gut by pathogenic microorganisms. Bifidobacteria and
lactobacilli are known to produce a range of antimicro-
bial agents from short-chain fatty acids to peptides (161–
163). That is why there has been much interest in the
potential of using prebiotics to reduce the risk of acute
infections. FOSs have been found effective in inhibiting
colonization by Clostridium difficile (164), Listeria mono-
cytogenes and Salmonella typhimurium (165). Fructans have
also been evaluated for their ability to act synergistically
with probiotics to inhibit pathogens (166,167).

The role of FOSs in the control of diabetes is also
the subject of study by many workers (17). It has been
reported that the daily consumption of 20 g of FOSs de-
creases basal hepatic glucose production in healthy sub-
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jects without any effect on insulin-stimulated glucose
metabolism (168). The effect of chronic ingestion of FOS
on plasma lipid, glucose concentration, hepatic glucose
production and inulin resistance was evaluated in type 2
diabetic subjects, and it was found that FOSs did not
modify fasting plasma glucose and insulin concentration
or basal hepatic glucose production. The inulin type fruc-
tans may be helpful for non-insulin-dependent diabetes
patients (169). A significant reduction of cholesterolemia
in diabetic subjects receiving a diet supplemented with
fructans has been reported (170).

The studies with inulin and FOSs have shown re-
duction of chemically induced aberrant crypts and pre-
vention of colon cancer. The effect of inulin-type fructans
on the reduction of colon cancer in experimental ani-
mals and humans has been extensively reviewed (171).

Applications of FOSs in food industry

FOSs have many interesting nutritional and function-
al properties which enhance shelf-life and taste profile
of various food products (172). The use of inulin or inu-
lin-derived fructans is not possible in most of the soft
drinks and fruit jams. In such acidic foods with long shelf-
-life, both are strongly hydrolyzed into fructose. That is
why FOSs are used as a sugar substitute mainly in dairy
and bakery products (21). Furthermore, being low-calorie
sweetener, they are often used in combination with high
intensity sweeteners to replace sugars and provide a well-
-balanced sweetener profile and mask the bitter aftertaste
of aspartame or acesulfame K (173). However, FOSs can
be used as the sole sweetening agent in light jam pro-
ducts, which gives 34 % calorie reduction compared to
sucrose (17). The organoleptic characteristics of such pro-
ducts are acceptable. FOSs with inulin can be used in ice
creams to replace all the sugar and reduce the fat con-
tent, and it also gives excellent mouthfeel characteristics
(17). Since the freezing point depression of such pro-
ducts is lower with fructans than with sugar, their tex-
ture can be harder. Confectionery items like hard candies,
gums, and marshmallows can be made while achieving
significantly reduced energy values (174). FOSs were first
introduced into the market as foodstuffs by Meiji Seika
Co., Japan in 1984. Since then they have been widely
used in confectionery and dairy industry. FOSs are also
included in probiotic yoghurt and dairy drinks to pro-
duce 'synbiotic' products. Some of such commercial pro-
ducts are Aktifit (Emmi, Switzerland), Probioplus (Migros,
Switzerland), Symbalance (Tonilait, Switzerland), Pro-
ghurt (Ja! Natürlich Naturprodukte, Austria), Fysiq (Mona,
the Netherlands), Vifit (Sudmilch/Stassano, Belgium, Ger-
many, UK), Fyos (Nutricia, Belgium), etc. (119). The cur-
rent applications of FOSs include desserts such as jellies
and ice creams; bakery products including biscuits, breads
and pastries; spreads such as jams and marmalades; and
infant milk formulations (20). The use of oligosaccha-
rides in infant food formulations has been extensively
reviewed (175). Inulin and FOSs are widely used as
functional foods throughout the world for their health-
-promoting and technical properties. They are ingredi-
ents of the future that meet the needs of the food indus-
try today, and are on the leading edge of the emerging
trend towards functional foods.

Future Perspectives

Today's consumers hold high standards for the foods
they consume. They demand foods that taste great, are
fat- and/or calorie-reduced, and are also interested in such
foods that provide added health benefits. Of course, it is
also expected that these foods should be convenient and
affordable. Inulin and FOSs are the novel dietary fibres
which fulfill these considerations. The market for oligo-
saccharides is already substantial and continues to ex-
pand rapidly. The development of functional foods is a
unique opportunity to contribute to the improvement of
the quality of consumer's health and well-being. FOSs,
due to their recognized bifidogenic action, their safety
and beneficial effects on health, represent one of the
most widely produced oligosaccharide groups and those
most used in food industry (17,19,20,95).

The substantial market of FOSs as food ingredients
supports a wide scope of isolation of novel FTase- and
endoinulinase-producing strains. More emphasis should
also be given to elaborative characterization of FOSs using
sophisticated analytical techniques (17). Novel produc-
tion techniques for FOSs using native/recombinant en-
zymes, highly efficient purification systems and/or new
substrates should be explored.

Most of the feeding trials on FOSs are short-term, so
consequences of their long-term consumption should be
investigated (95). Currently, a sound understanding of
the structure-function effects of the FOS prebiotics or the
mechanisms behind their specific metabolism are not
known (95). With this knowledge and enzyme engineer-
ing, tailor-made prebiotics can be produced in future.
Novel FOSs can also be produced by substrate and en-
zyme engineering (97). Which microbiological outcomes
a prebiotic should target, may be one of the aspects of
future research on prebiotics. FOSs are the ingredients of
the future that meet the needs of the food industry
today and are on the leading edge of the emerging trend
towards functional foods.

References

1. E. Ricca, V. Calabrò, S. Curcio, G. Lorio, The state of the
art in the production of fructose from inulin enzymatic
hydrolysis, Crit. Rev. Biotechnol. 27 (2007) 129–145.

2. P.P. Rutherford, A.C. Deacon, b-fructofuranosides from roots
of dandelion (Taraxacum officinale Weber), Biochem. J. 126
(1972) 569–573.

3. Z. Chi, Z. Chi, T. Zhang, G. Liu, L. Xue, Inulinase-express-
ing microorganisms and applications of inulinases, Appl.
Microbiol. Biotechnol. 82 (2009) 211–220.

4. A. Pandey, C.R. Soccol, P. Selvakumar, V.T. Soccol, N. Krie-
ger, J.D. Fontana, Recent developments in microbial inuli-
nases: Its production, properties and industrial applications,
Appl. Biochem. Biotechnol. 81 (1999) 35–52.

5. P. Singh, P.K. Gill, Production of inulinases: Recent advan-
ces, Food Technol. Biotechnol. 44 (2006) 151–162.

6. K. Vijayaraghavan, D. Yamini, V. Ambika, N.S. Sowda-
mini, Trends in inulinase production – A review, Crit. Rev.
Biotechnol. 29 (2009) 67–77.

7. R.S. Singh, R. Dhaliwal, M. Puri, Partial purification and
characterization of exoinulinase from Kluyveromyces marx-
ianus YS-1 for preparation of high fructose syrup, J. Mi-
crobiol. Biotechnol. 17 (2007) 733–738.

445R.S. SINGH and R.P. SINGH: Fructooligosaccharides from Inulin as Prebiotics, Food Technol. Biotechnol. 48 (4) 435–450 (2010)



8. R.S. Singh, R. Dhaliwal, M. Puri, Production of high fruc-
tose syrup from Asparagus inulin using immobilized exo-
inulinase from Kluyveromyces marxianus YS-1, J. Ind. Micro-
biol. Biotechnol. 34 (2007) 649–655.

9. R.S. Singh, R. Dhaliwal, M. Puri, Development of a stable
continuous flow immobilized enzyme reactor for the hy-
drolysis of inulin, J. Ind. Microbiol. Biotechnol. 35 (2008)
777–782.

10. J.P. Guiraud, J. Bourgi, M. Stervinou, M. Chaisse, P. Galzy,
Isolation of a respiratory-deficient Kluyveromyces fragilis
mutant for the production of ethanol from Jerusalem arti-
choke, Biotechnol. Bioeng. 29 (1987) 850–858.

11. K. Szambelan, J. Nowak, Z. Czarnecki, Use of Zymomonas
mobilis and Saccharomyces cerevisiae mixed with Kluyvero-
myces fragilis for improved ethanol production from Jeru-
salem artichoke tubers, Biotechnol. Lett. 26 (2004) 845–848.

12. H. Oiwa, M. Naganuma, S. Ohnuma, Acetone-butanol pro-
duction from dahlia inulin by Clostridium pasteurianum var.
I-53, Agr. Biol. Chem. 51 (1987) 2819–2820.

13. Y.C. Shin, Y.H. Kim, H.S. Lee, S.J. Cho, S.M. Byun, Produc-
tion of exopolysaccharide pullulan from inulin by a mixed
culture of Aureobasidium pullulans and Kluyveromyces fragi-
lis, Biotechnol. Bioeng. 33 (1989) 129–133.

14. D.M. Kim, H.S. Kim, Continuous production of gluconic
acid and sorbitol from Jerusalem artichoke and glucose using
an oxidoreductase of Zymomonas mobilis and inulinase,
Biotechnol. Bioeng. 39 (1992) 336–342.

15. N. Kaur, A.K. Gupta, Applications of inulin and oligofruc-
tose in health and nutrition, J. Biosci. 27 (2002) 703–714.

16. A. Franck: Inulin. In: Food Polysaccharides and Their Appli-
cations, A.M. Stephen, G.O. Phillips, P.A. Williams (Eds.),
CRC Press, Boca Raton, FL, USA (2006) pp. 335–352.

17. P.T. Sangeetha, M.N. Ramesh, S.G. Prapulla, Recent trends
in microbial production, analysis, and applications of fructo-
oligosaccharides, Trends Food Sci. Technol. 16 (2005) 442–
457.

18. E.J. Vandamme, D.G. Derycke, Microbial inulinases: Fer-
mentation process, properties and applications, Adv. Appl.
Microbiol. 29 (1983) 139–176.

19. J.W. Yun, Fructooligosaccharides – Occurrence, preparation,
and application, Enzyme Microb. Technol. 19 (1996) 107–117.

20. R.G. Crittenden, M.J. Playne, Production, properties and
applications of food-grade oligosaccharides, Trends Food
Sci. Technol. 7 (1996) 353–361.

21. P.A.A. Coussement, Inulin and oligofructose: Safe intakes
and legal status, J. Nutr. (Suppl. 7), 129 (1999) 1412–1712.

22. F.R.J. Bornet, F. Brouns, Y. Tashiro, V. Duvillier, Nutritional
aspects of short-chain fructooligosaccharides: Natural oc-
currence, chemistry, physiology and health implications,
Digest. Liver Dis. (Suppl. 2), 34 (2002) 111–120.

23. M. Ettalibi, J.C. Baratti, Purification, properties and com-
parison of invertase, exoinulinases and endoinulinases of
Aspergillus ficuum, Appl. Microbiol. Biotechnol. 26 (1987) 13–
20.

24. W. Jing, J. Zhengyu, J. Bo, X. Xueming, Separation and
identification of exo- and endoinulinase from Aspergillus
ficuum, Curr. Microbiol. 47 (2003) 109–112.

25. R. Xiao, M. Tanida, S. Takao, Inulinase from Chrysosporium
pannorum, J. Ferment. Technol. 66 (1988) 553–558.

26. C. Barthomeuf, F. Regerat, H. Pourrat, Production of inu-
linase by a new mold of Penicillium rugulosum, J. Ferment.
Bioeng. 72 (1991) 491–494.

27. R.M. Gern, S.A. Furlan, J.L. Ninow, R. Jonas, Screening of
microorganisms that produce only endo-inulinase, Appl.
Microbiol. Biotechnol. 55 (2001) 632–635.

28. M. Skowronek, J. Fiedurek, Selection of biochemical mu-
tants of Aspergillus niger resistant to some abiotic stresses

with increased inulinase production, J. Appl. Microbiol. 95
(2003) 686–692.

29. N. Kango, Production of inulinase using tap roots of dan-
delion (Taraxacum officinale) by Aspergillus niger, J. Food Eng.
85 (2008) 473–478.

30. T. Nakamura, K. Kuramori, N. Zaita, H. Akimoto, K. Ohta,
Purification and properties of intracellular exo- and endo-
inulinases from Aspergillus niger strain 12, Bull. Fac. Agric.
Miyazaki University, 48 (2001) 49–58.

31. W. Wenling, X. Zhaong, Z. Qian, Z. Xinsheng, Purification
and properties of Penicillium extracellular inulinase, Ind.
Microbiol. 27 (1997) 8–12.

32. W. Wei, X. Yu, Y. Dai, J. Zheng, Z. Xie, Purification and
properties of inulinase from Kluyveromyces sp. Y-85, Wei
Sheng Wu Xue Bao, 37 (1997) 443–448 (in Chinese).

33. V. Rose, About a peculiar substance, Neues Algem. Chem. 3
(1804) 217–219 (in German).

34. T. Thomson: A System of Chemistry, Vol. 4, C. Baldwin, Lon-
don, UK (1817) p. 65.

35. J. van Loo, P. Coussement, L. de Leenheer, H. Horbregs, G.
Smith, On the presence of inulin and oligofructose as na-
tural ingredients in the Western diet, Crit. Rev. Food Sci.
Nutr. 35 (1995) 525–552.

36. V.Z. Partida, A.C. Lopez, A.J.M. Gomez, Method of pro-
ducing fructose syrup from agave plants. US patent 5846333
(1998).

37. A.K. Gupta, N. Kaur, Fructan storing plants – A potential
source of high fructose syrups, J. Sci. Ind. Res. 56 (1997)
447–452.

38. A. Dolota, B. Da̧browska, Raw fibre and inulin content in
roots of different scorzonera cultivars (Scorzonera hispanica
L.) depending on cultivation method, Folia Hortic. 16 (2004)
31–37.

39. C. Kuniyal, Y. Rawat, S. Oinam, J. Kuniyal, S. Vishva-
karma, Kuth (Saussurea lappa) cultivation in the cold desert
environment of the Lahaul valley, northwestern Himalaya,
India: Arising threats and needs to revive socio-economic
values, Biodivers. Conserv. 14 (2005) 1035–1045.

40. H.Q. Chen, X.M. Chen, Y. Li, J. Wang, Z.Y. Jin, X.M. Xu et
al., Purification and characterisation of exo-and endoinuli-
nase from Aspergillus ficuum JNSP5-06, Food Chem. 115 (2009)
1206–1212.

41. S.I. Kang, Y.J. Chang, S.J. Oh, S.I. Kim, Purification and
properties of an endo-inulinase from an Arthrobacter sp.,
Biotechnol. Lett. 20 (1998) 983–986.

42. W. Gao, Y. Bao, Y. Liu, X. Zhang, J. Wang, L. An, Charac-
terization of thermo-stable endoinulinase from a new strain
Bacillus smithii T7, Appl. Biochem. Biotechnol. 157 (2009)
498–506.

43. D.H. Kim, Y.J. Choi, S.K. Song, J.W. Yun, Production of
inulo-oligosaccharides using endo-inulinase from a Pseu-
domonas sp., Biotechnol. Lett. 19 (1997) 369–371.

44. J.W. Yun, D.H. Kim, H.B. Yoon, S.K. Song, Effect of inulin
concentration on the production of inulo-oligosaccharides
by soluble and immobilized endoinulinase, J. Ferment. Bio-
eng. 84 (1997) 365–368.

45. J.P. Park, J.W. Yun, Utilization of chicory roots for micro-
bial endoinulinase production, Lett. Appl. Microbiol. 33 (2001)
183–187.

46. A. Yokota, O. Yamauchi, F. Tomita, Production of inulo-
triose from inulin by inulin-degrading enzyme from Strep-
tomyces rochei E87, Lett. Appl. Microbiol. 21 (1995) 330–333.

47. K. Naidoo, M. Ayyachamy, K. Permaul, S. Singh, En-
hanced fructooligosaccharides and inulinase production
by a Xanthomonas campestris pv. phaseoli KM 24 mutant,
Bioprocess Biosyst. Eng. 32 (2009) 689–695.

48. Y.J. Cho, J. Sinha, J.P. Park, J.W. Yun, Production of inu-
looligosaccharides from chicory extract by endoinulinase

446 R.S. SINGH and R.P. SINGH: Fructooligosaccharides from Inulin as Prebiotics, Food Technol. Biotechnol. 48 (4) 435–450 (2010)



from Xanthomonas oryzae No. 5, Enzyme Microb. Technol. 28
(2001) 439–445.

49. Y.J. Cho, J.W. Yun, Purification and characterization of an
endoinulinase from Xanthomonas oryzae No. 5, Process Bio-
chem. 37 (2002) 1325–1331.

50. J.P. Park, J.T. Bae, D.J. You, B.W. Kim, J.W. Yun, Production
of inulooligosaccharides from inulin by a novel endoinuli-
nase from Xanthomonas sp., Biotechnol. Lett. 21 (1999) 1043–
1046.

51. J. Zhengyu, W. Jing, J. Bo, X. Xueming, Production of inu-
looligosaccharides by endoinulinase from Aspergillus ficu-
um, Food Res. Int. 38 (2005) 301–308.

52. T. Nakamura, Y. Nagatomo, S. Hamada, Y. Nishino, K. Otha,
Occurrence of two forms of extracellular endoinulinase from
Aspergillus niger mutant 817, J. Ferment. Bioeng. 78 (1994)
134–139.

53. G.Q. Zhang, F.M. Cui, X.Q. Yang, S.J. Qian, Purification and
properties of endoinulinase from Chaetomium sp., Wei Sheng
Wu Xue Bao, 44 (2004) 785–788.

54. S. Onodera, T. Shiomi, T. Nakamura, A. Fukuoka, F. Yoshi-
mi, Novel DNA. JP patent 7059574 (1995).

55. T. Nakamura, A. Shitara, S. Matsuda, T. Matsuo, M. Suiko,
K. Ohta, Production, purification and properties of an endo-
inulinase of Penicillium sp. TN-88 that liberates inulotriose,
J. Ferment. Bioeng. 84 (1997) 313–318.

56. F. Ertan, F.E. Sanal, A.C. Kaboglu, T. Aktac, E. Bakar, Some
properties of inulinase from Rhizoctonia solani, J. Biol. Sci. 5
(2005) 330–334.

57. K. Ohta, N. Suetsugu, T. Nakamura, Purification and pro-
perties of an extracellular inulinase from Rhizopus sp. strain
TN-96, J. Biosci. Bioeng. 94 (2002) 78–80.

58. F. Ertan, F. Ekinci, The production of inulinase from Alter-
naria alternata, Aspergillus niger and Trichoderma harzianum,
J. Marmara Pure Appl. Sci. 18 (2002) 7–15.

59. F. Ertan, F. Ekinci, T. Aktac, Production of inulinase from
Penicillium spinulosum, Aspergillus parasiticus NRRL2999 and
Trichoderma viride, Pak. J. Biol. Sci. 6 (2003) 1332–1335.

60. L. Gao, Z. Chi, J. Sheng, L. Wang, J. Li, F. Gong, Inuli-
nase-producing marine yeasts: Evaluation of their diver-
sity and inulin hydrolysis by their crude enzymes, Micro-
bial Ecol. 54 (2007) 722–729.

61. C. Sandhya, A. Pandey: Inulinase. In: Enzyme Technology,
A. Pandey, C. Webb, C.R. Soccol, C. Larroche (Eds.), Asia-
tech Publishers Inc., New Delhi, India (2006) pp. 347–358.

62. R.J. Rouwenhorst, L.E. Visser, A.A. van der Baan, W.A. Schef-
fers, J.P. van Dijken, Production, distribution, and kinetic
properties of inulinase in continuous cultures of Kluyvero-
myces marxianus CBS 6556, Appl. Environ. Microbiol. 54 (1988)
1131–1137.

63. R. Xiao, M. Tanida, S. Takao, Purification and some pro-
perties of endoinulinase from Chrysosporium pannorum, J.
Ferment. Bioeng. 67 (1989) 244–248.

64. S. Onodera, N. Shiomi, Purification and substrate speci-
ficity of endo-type inulinase from Penicillium purpurogenum,
Agr. Biol. Chem. 52 (1988) 2569–2576.

65. P.R. Kulkarni, R.S. Singhal: Inulinases. In: Concise Encyclo-
pedia of Bioresource Technology, A. Pandey (Ed.), The Haw-
orth Reference Press, New York, NY, USA (2004) pp. 526–
532.

66. P. K. Gill, A.D. Sharma, R.K. Harchand, P. Singh, Effect of
media supplements and culture conditions on inulinase
production by an actinomycete strain, Bioresour. Technol. 87
(2003) 359–362.

67. W.A. Bazarra, M.M. Al-Dagal, Optimization of extracellu-
lar inulinase production by Kluyveromyces marxianus NRRL
2415, Egypt. J. Microbiol. 34 (1999) 269–282.

68. Y.J. Ha, S. Kim, Production and properties of exoinulinase
from Streptomyces sp. S34, J. Korean Agric. Chem. Soc. 35 (1992)
375–381.

69. L. Zhang, C. Zhao, W.Y. Ohta, Y. Wang, Inhibition of glu-
cose of an exoinulinase from Kluyveromyces marxianus ex-
pressed in Pichia pastoris, Process Biochem. 40 (2005) 1541–
1545.

70. R.S. Singh, B.S. Sooch, M. Puri, Optimization of medium
and process parameters for the production of inulinase from
a newly isolated Kluyveromyces marxianus YS-1, Bioresour.
Technol. 98 (2007) 2518–2525.

71. R.S. Singh, R. Dhaliwal, M. Puri, Production of inulinase
from Kluyveromyces marxianus YS-1 using root extract of As-
paragus racemosus, Process Biochem. 41 (2006) 1703–1707.

72. S.M. Byun, B.H. Nahm, Production of fructose from Jeru-
salem artichoke by enzymatic hydrolysis, J. Food Sci. 43 (1978)
1871–1873.

73. D.G. Derycke, E.J. Vandamme, Production and properties
of Aspergillus niger inulinase, J. Chem. Technol. Biotechnol. 34
(1984) 45–51.

74. A.B. Metzner, R.E. Otto, Agitation of non-Newtonian flu-
ids, AIChE J. 3 (1959) 3–10.

75. P.H. Calderbank, M.B. Moo-Young, The prediction of power
consumption in the agitation of non-Newtonian fluids,
Trans. Inst. Chem. Eng. 37 (1959) 26–33.

76. B.O.Y. Silva-Santisteban, F.M. Filho, Agitation, aeration
and shear stress as key factors in inulinase production by
Kluyveromyces marxianus, Enzyme Microb. Technol. 36 (2005)
717–724.

77. J. Sheng, Z. Chi, K. Yan, X. Wang, F. Gong, J. Li, Use of
response surface methodology for optimization of process
parameters for high inulinase production by the marine
yeast Cryptococcus aureus G7a in solid state fermentation
and hydrolysis of inulin, Bioprocess Biosyst. Eng. 32 (2009)
333–339.

78. M. Mazutti, J.P. Bender, H. Treichel, M. Di Luccio, Optimi-
zation of inulinase production by solid-state fermentation
using sugarcane bagasse as substrate, Enzyme Microb. Tech-
nol. 39 (2006) 56–59.

79. M. Mazutti, G. Ceni, M. Di Luccio, H. Treichel, Production
of inulinase by solid-state fermentation: Effect of process
parameters on production and preliminary characterization
of enzyme preparations, Bioprocess Biosyst. Eng. 30 (2007)
297–304.

80. M.A. Mazutti, A. Skovronski, G. Boni, G.L. Zabot, M.F. Silva,
D. de Oliveira et al., Partial characterization of inulinases
obtained by submerged and solid-state fermentation using
agroindustrial residues as substrates: A comparative study,
Appl. Biochem. Biotechnol. 160 (2010) 682–693.

81. M.A. Mazutti, G. Zabot, G. Boni, A. Skovronski, D. de Oli-
veira, M. Di Luccio et al., Optimization of inulinase pro-
duction by solid-state fermentation in a packed bed bio-
reactor, J. Chem. Technol. Biotechnol. 85 (2010) 109–114.

82. M.A. Mazutti, G. Zabot, G. Boni, A. Skovronski, D. de Oli-
veira, M. Di Luccio et al., Kinetics of inulinase production
by solid-state fermentation in a packed-bed bioreactor,
Food Chem. 120 (2010) 163–173.

83. J.P. Bender, M.A. Mazutti, D.D. Oliveira, M. Di Luccio, H.
Treichel, Inulinase production by Kluyveromyces marxianus
NRRL Y-7571 using solid state fermentation, Appl. Biochem.
Biotechnol. 129-132 (2006) 951-958.

84. P. Selvakumar, A. Pandey, Solid state fermentation for the
synthesis of inulinase from Staphylococcus sp. and Kluyve-
romyces marxianus, Process Biochem. 34 (1999) 851–855.

85. C. Xiong, W. Jinhua, L. Dongsheng, Optimization of solid-
-state medium for the production of inulinase by Kluyvero-
myces S120 using response surface methodology, Biochem.
Eng. J. 34 (2007) 179–184.

86. M. Ayyachamy, K. Khelawn, D. Pillay, K. Permaul, S. Singh,
Production of inulinase by Xanthomonas compestris pv. pha-
seoli using onion (Allium cepa) and garlic (Allium sativum)

447R.S. SINGH and R.P. SINGH: Fructooligosaccharides from Inulin as Prebiotics, Food Technol. Biotechnol. 48 (4) 435–450 (2010)



peels in solid state cultivation, Lett. Appl. Microbiol. 45 (2007)
439–444.

87. M.A. Mazutti, M.L. Corazza, F. Maugeri, M.I. Rodrigues,
J.V. Oliveira, H. Treichel, F.C. Corazza, Hybrid modeling
of inulinase bio-production process, J. Chem. Technol. Bio-
technol. 85 (2010) 512–519.

88. T.B. Uhm, K.S. Chae, D.W. Lee, H.S. Kim, J.P. Cassart, J.
Vandenhaute, Cloning and nucleotide sequence of the en-
doinulinases–encoding gene, inu2, from Aspergillus ficuum,
Biotechnol. Lett. 20 (1998) 809–812.

89. H.S. Kim, D.W. Lee, E.J. Ryu, T.B. Uhm, M.S. Yang, J.B.
Kim, K.S. Chae, Expression of the INU2 gene for an endo-
inulinase of Aspergillus ficuum in Saccharomyces cerevisiae,
Biotechnol. Lett. 21 (1999) 621–623.

90. S. Park, H.Y. Jeong, H.S. Kim, M.S. Yang, K.S. Chae, En-
hanced production of Aspergillus ficuum endoinulinase in
Saccharomyces cerevisiae by using the SUC2-deletion muta-
tion, Enzyme Microb. Technol. 29 (2001) 107–110.

91. T.B. Uhm, M.S. Chung, S.H. Lee, F. Gourronc, I. Housen,
J.H. Kim et al., Purification and characterization of Asper-
gillus ficuum endoinulinase, Biosci. Biotechnol. Biochem. 63
(1999) 146–151.

92. M. Skowronek, J. Fiedurek, Purification and properties of
extracellular endoinulinase from Aspergillus niger 20 OSM,
Food Technol. Biotechnol. 44 (2006) 53–58.

93. T.N. Nakamura, S. Nakatsu, Action and production of inu-
linase, Denpun Kagaku, 35 (1988) 121–130 (in Japanese).

94. N.A. Zherebtsov, I.N. Abramova, S.A. Shelamova, T.N. Po-
pova, Identification of catalitically active groups in inuli-
nase from Bacillus polymyxa 722, Appl. Biochem. Microbiol.
39 (2003) 544–548.

95. R.A. Rastall, Functional oligosaccharides: Application and
manufacture, Ann. Rev. Food Sci. Technol. 1 (2010) 305–339.

96. R.R. Schmidt, New method for the synthesis of glycosides
and oligosaccharides. Are there alternatives to the Koe-
nigs-Knorr method?, Angew. Chem. Int. Ed. Engl. 25 (1986)
212–235.

97. R. Beine, R. Moraru, M. Nimtz, S. Na'amnieh, A. Pawlow-
ski, K. Buchholz, J. Seibel, Synthesis of novel fructooligo-
saccharides by substrate and enzyme engineering, J. Bio-
technol. 138 (2008) 33–41.

98. S.G. Prapulla, V. Subhaprada, N.G. Karanth: Microbial Pro-
duction of Oligosaccharides: A Review. In: Advances in Ap-
plied Microbiology, Vol. 47, A.L. Laskin, J.W. Bennet, G.
Gadd (Eds.), Academic Press, New York, NY, USA (2000)
pp. 98–108.

99. Y.K. Park, M.M. Almeida, Production of fructooligosaccha-
rides from sucrose by a transfructosylase from Aspergillus
niger, World J. Microbiol. Biotechnol. 7 (1991) 331–334.

100. J.A.M. van Balken, T.J.G.M. van Dooren, W.J.J. van den
Tweel, J. Kamphuis, E.M. Meijer, Production of 1-ketose
with intact mycelium of Aspergillus phoenicis containing
sucrose-1F fructosyltransferase, Appl. Microbiol. Biotechnol.
35 (1991) 216–221.

101. S. Hyashi, K. Matsuzaki, Y. Inomata, Y. Takasaki, K. Ima-
da, Properties of Aspergillus japonicus b-fructofuranosidase
immobilized on porous silica, World J. Microbiol.
Biotechnol. 9 (1993) 216–220.

102. J.P. Park, T.K. Oh, J.W. Yun, Purification and characteri-
zation of a novel transfructosylating enzyme from Bacillus
macerans EG-6, Process Biochem. 37 (2001) 471–476.

103. S.A.F.T. van Hijum, G.H. van Geel-Schutten, H. Rahouri,
M.J.E.L. van der Maarel, L. Dijkhuizen, Characterization
of a novel fructosyl transferase from Lactobacillus reuteri
that synthesizes high-molecular-weight inulin and inulin
oligosaccharides, Appl. Environ. Microbiol. 68 (2002) 4390–
4398.

104. L. L'Hocine, Z. Wang, B. Jiang, S. Xu, Purification and par-
tial characterization of fructosyl-transferase and invertase

from Aspergillus niger AS0023, J. Biotechnol. 81 (2000) 73–
84.

105. C.S. Chien, W.C. Lee, T.J. Lin, Immobilization of Aspergil-
lus japonicus by entrapping cells in gluten for production
of fructooligosaccharides, Enzyme Microbiol. Technol. 29 (2001)
252–257.

106. P.T. Sangeetha, M.N. Ramesh, S.G. Prapulla, Influence of
media components and reaction parameters on the produc-
tion of fructosyl transferase and fructooligosaccharides, Sci.
Alim. 22 (2002) 277–287.

107. S. Hayashi, T. Yoshiyama, N. Fujii, S. Shinohara, Produc-
tion of a novel syrup containing neofructo-oligosacchari-
des by the cells of Penicillium citrinum, Biotechnol. Lett. 22
(2000) 1465–1469.

108. P.T. Sangeetha, M.N. Ramesh, S.G. Prapulla, Production of
fructo-oligosaccharides by fructosyl transferase from Asper-
gillus oryzae CFR 202 and Aureobasidium pullulans CFR 77,
Process Biochem. 39 (2004) 753–758.

109. J.W. Yun, S.K. Song, The production of high-content fructo-
-oligosaccharides from sucrose by the mixed-enzyme sys-
tem of fructosyltransferase and glucose oxidase,
Biotechnol. Lett. 15 (1993) 573–576.

110. J.W. Yun, M.G. Lee, S.K. Song, Batch production of high-
-content fructo-oligosaccharides from sucrose by the mixed-
-enzyme system of b-fructofuranosidase and glucose oxi-
dase, J. Ferment. Bioeng. 77 (1994) 159–163.

111. R.C. Fernández, B.G. Maresma, A. Juárez, J. Martínez,
Production of fructooligosaccharides by b-fructofuranosi-
dase from Aspergillus sp. 27H, J. Chem. Technol. Biotechnol.
79 (2004) 268–272.

112. K. Nishizawa, M. Nakajima, H. Nabetani, A forced-flow
membrane reactor for transfructosylation using ceramic
membrane, Biotechnol. Bioeng. 68 (2000) 92–97.

113. D.C. Sheu, K.J. Duan, C.Y. Cheng, J.L. Bi, J.Y. Chen, Con-
tinuous production of high content FOS by a complex cell
system, Biotechnol. Progr. 18 (2002) 1282–1286.

114. P. Katapodis, E. Kalogeris, D. Kekos, B.J. Macris, P. Chris-
takopoulos, Production of b-fructofuranosidase from Spo-
rotrichum thermophile and its application in the synthesis
of fructooligosaccharides, Food Biotechnol. 17 (2003) 1–14.

115. A. Zuccaro, S. Götze, S. Kneip, P. Dersch, J. Seibel, Tailor-
-made fructooligosaccharides by a combination of substrate
and genetic engineering, ChemBioChem, 9 (2008) 143–149.

116. J.W. Yun, J.P. Park, C.H. Song, C.Y. Lee, J.H. Kim, S.K.
Song, Continuous production of inulo-oligosaccharides from
chicory juice by immobilized endoinulinase, Bioprocess
Biosyst. Eng. 22 (2000) 189–194.

117. J.W. Yun, C.H. Song, J.W. Choi, Y.J. Choi, S.K. Song,
Production of inulo-oligosaccharides from inulin by recom-
binant E. coli containing endoinulinase activity, Bioprocess
Biosyst. Eng. 21 (1999) 101–106.

118. J.W. Yun Y.J. Choi, C.H. Song, S.K. Song, Microbial pro-
duction of inulo-oligosaccharides by an endoinulinase
from Pseudomonas sp. expressed in Escherichia coli, J. Biosci.
Bioeng. 87 (1999) 291–295.

119. K.R. Niness, Inulin and oligofructose: What are they, J. Nutr.
(Suppl.), 129 (1999) 1402–1406.

120. E.A. Flickinger, J. Van Loo, G.C. Fahey, Nutritional re-
sponses to the presence of inulin and oligofructose in the
diets of domesticated animals: A review, Crit. Rev. Food
Sci. Nutr. 43 (2003) 19–60.

121. G. Flamm, W. Glinsmann, D. Kritchevsky, L. Prosky, M.
Roberfroid, Inulin and oligofructose as dietary fiber: A
review of the evidence, Crit. Rev. Food Sci. Nutr. 41 (2001)
353–362.

122. N.M. Delzenne, Oligosaccharides: State of the art, Proc.
Nutr. Soc. 62 (2003) 177–182.

123. D. Meyer, M. Stasse-Wolthius, The bifidogenic effect of inu-
lin and oligofructose and its consequences for gut health,
Eur. J. Clin. Nutr. 63 (2009) 1277–1289.

448 R.S. SINGH and R.P. SINGH: Fructooligosaccharides from Inulin as Prebiotics, Food Technol. Biotechnol. 48 (4) 435–450 (2010)



124. G.R. Gibson, M.B. Roberfroid, Dietary modulation of the
human colonic microbiota: Introducing the concept of pre-
biotics, J. Nutr. 125 (1995) 1401–1412.

125. G.R. Gibson, E.R. Beatty, X. Wang, J.H. Cummings, Selec-
tive stimulation of the bifidobacteria in the human colon
by oligofructose and inulin, Gastroenterology, 108 (1995) 975–
982.

126. C. Coudray, J. Bellanger, C. Castigla-Delavaud, C. Rémésy,
M. Vermorel, Y. Rayssignuier, Effects of soluble and partly
soluble dietary fibers supplementation on absorption and
balance of calcium, magnesium, iron, and zinc in healthy
young men, Eur. J. Clin. Nutr. 51 (1997) 375–380.

127. M.B. Roberfroid, Chicory fructooligosaccharides and the
gastrointestinal tract, Nutrition, 16 (2000) 677–679.

128. S. Kolida, K. Tuohy, G.R. Gibson, Prebiotic effects of inu-
lin and oligofructose, Br. J. Nutr. (Suppl. 2), 87 (2002)
193–197.

129. F. Guarner, Inulin and oligofructose: Impact on intestinal
diseases and disorders, Br. J. Nutr. (Suppl. 1), 93 (2005)
61–65.

130. E. Menne, N. Guggenbuhl, M. Roberfroid, Fn-type chico-
ry inulin hydrolysate has a prebiotic effect in humans, J.
Nutr. 130 (2000) 1197–1199.

131. A.J. McBain, G.T. Macfarlane, Investigations of bifidobac-
terial ecology and oligosaccharide metabolism in a three-
-stage compound continuous culture system, Scand. J.
Gastroenterol. (Suppl.), 32 (1997) 32–40.

132. Y. Bouhnik, B. Flourié, M. Riottot, N. Bisetti, M.F. Gailing,
A. Guibert et al., Effects of fructo-oligosaccharides inges-
tion on fecal bifidobacteria and selected metabolic indexes
of colon carcinogenesis in healthy humans, Nutr. Cancer,
26 (1996) 21–29.

133. B. Kleessen, B. Sykura, H.J. Zunft, M. Blaut, Effects of inu-
lin and lactose on fecal microflora, microbial activity and
bowel habit in elderly constipated persons, Am. J. Clin.
Nutr. 65 (1997) 1397–1402.

134. J. Huebner, R.L. Wehling, R.W. Hutkins, Functional activ-
ity of commercial prebiotics, Int. Dairy J. 17 (2007) 770–
775.

135. B. Kleessen, L. Hartmann, M. Blaut, Oligofructose and
long-chain inulin: Influence on the gut microbial ecology
of rats associated with a human fecal flora, Br. J. Nutr. 86
(2000) 291–300.

136. H. Hidaka, T. Eida, T. Takizawa, T. Tokunaga, Y. Tashiro,
Effect of fructooligosaccharides on intestinal flora and hu-
man health, Bifidobacteria Microflora, 5 (1986) 37–50.

137. X. Wang, G.R. Gibson, Effect of the in vitro fermentation
of oligofructose and inulin by bacteria growing in the hu-
man large intestine, J. Appl. Bacteriol. 75 (1993) 373–380.

138. Y. Bouhnik, B. Flourie, C. Andrieux, N. Bisetti, F. Briet,
J.C. Rambaud, Effects of Bifidobacterium sp. fermented milk
ingested with or without inulin on colonic bifidobacteria
and enzymatic activities in healthy humans, Eur. J. Clin.
Nutr. 50 (1996) 269–273.

139. Y. Bouhnik, K. Vahedi, L. Achour, A. Attar, J. Salfati, P.
Pochart et al., Short-chain fructo-oligosaccharide adminis-
tration dose-dependently increases fecal bifidobacteria in
healthy humans, J. Nutr. 129 (1999) 113–116.

140. J.M. Campbell, G.C. Fahey, W.W. Bryan, Selected indigest-
ible oligosaccharides affect large bowel mass, cecal and
fecal short-chain fatty acids, pH and microflora in rats, J.
Nutr. 127 (1997) 130–136.

141. H.P. Kruse, B. Kleessen, M. Blaut, Effects of inulin on fae-
cal bifidobacteria in human subjects, Br. J. Nutr. 82 (1999)
375–382.

142. G. LeBlay, C. Michel, H.M. Blottière, C. Cherbut, Prolonged
intake of fructo-oligosaccharides induces a short-term
elevation of lactic-acid producing bacteria and a persist-

ent increase in cecal butyrate in rats, J. Nutr. 129 (1999)
2231–2235.

143. G.R. Gibson, X. Wang, Regulatory effects of bifidobacteria
on the growth of other colonic bacteria, J. Appl. Microbiol.
77 (1994) 412–420.

144. M.B. Roberfroid, Prebiotics and probiotics: Are they func-
tional foods? Am. J. Clin. Nutr. (Suppl. 6), 71 (2001) 1682–
1687.

145. C. Cherbut, Inulin and oligofructose in the dietary fibre
concept, Br. J. Nutr. (Suppl. 2), 87 (2002) 159–162.

146. A.R. Euler, D.K. Mitchell, R. Kline, L.K. Pickering, Prebiotic
effect of fructo-oligosaccharide supplemented term infant
formula at two concentrations compared with unsupple-
mented formula and human milk, J. Pediatr. Gastroenterol.
Nutr. 40 (2005) 157–164.

147. N. Moore, C. Chao, L.P. Yang, H. Storm, M. Oliva-Hem-
ker, J.M. Saavedra, Effects of fructo-oligosaccharide-sup-
plemented infant cereal: A double-blind, randomized
trial, Br. J. Nutr. 90 (2003) 581–587.

148. M.E. Bongers, F. de Lorijn, J.B. Reitsma, M.I. Groeneweg,
J.A.J.M. Taminiau, M.A. Benninga, The clinical effect of a
new infant formula in term infants with constipation: A
double-blind, randomized cross-over trial, Nutr. J. 6 (2007)
Article No. 8.

149. C. Castiglia-Delavaud, E. Verdier, J.M. Besle, J. Vernet, Y.
Boirie, B. Beaufrere et al., Net energy value of non-starch
polysaccharide isolates (sugarbeet fibre and commercial
inulin) and their impact on nutrient digestive utilization
in healthy human subjects, Br. J. Nutr. 80 (1998) 343–352.

150. N.M. Delzenne, C. Daubioul, A. Neyrinck, M. Lasa, H.S.
Taper, Inulin and oligofructose modulate lipid
metabolism in animals: Review of biochemical events and
future prospects, Br. J. Nutr. (Suppl. 2), 87 (2002) 255–259.

151. C.M. Williams, K.G. Jackson, Inulin and oligofructose: Effects
on lipid metabolism from human studies, Br. J. Nutr.
(Suppl. 2), 87 (2002) 261–264.

152. C.A. Daubioul, H.S. Taper, L.D. De Wispelaere, N.M. Del-
zenne, Dietary oligofructose lessens hepatic steatosis, but
does not prevent hypertriglyceridemia in obese Zucker
rats, J. Nutr. 130 (1999) 1314–1319.

153. M. Beylot, Effects of inulin-type fructans on lipid meta-
bolism in man and in animal models, Br. J. Nutr. (Suppl.
1), 93 (2005) 163–168.

154. M. Roberfroid, J. Salvin, Nondigestible oligosaccharides,
Crit. Rev. Food Sci. Nutr. 40 (2000) 461–480.

155. A. Ohta, M. Ohtsuki, A. Hosono, T. Adachi, H. Hara, T.
Sakata, Dietary fructooligosaccharides prevent ostopenia
after gastrectomy in rats, J. Nutr. 128 (1998) 106–110.

156. K.E. Scholz-Ahrens, G. Schaafsma, E.G. van den Heuvel,
J. Schrezenmeir, Effects of prebiotics on mineral metabo-
lism, Am. J. Clin. Nutr. (Suppl. 2), 73 (2001) 459–464.

157. C. Coudray, C. Feillet-Coudray, J.C. Tressol, E. Gueux, S.
Thien, L. Jaffrelo, A. Mazur, Y. Rayssiguier, Stimulatory
effect of inulin on intestinal absorption of calcium and
magnesium in rats in modulated by dietary calcium
intakes short-and long-term balance studies, Eur. J. Nutr.
44 (2005) 293–302.

158. C. Coudray, C. Feillet-Coudray, M. Rambeau, J.C. Tressol,
E. Gueux, A. Mazur, Y. Rayssiguier, The effect of ageing
on intestinal absorption and status of calcium, magne-
sium, zinc and copper in rats: A stable isotope study, J.
Trace Elem. Med. Biol. 20 (2006) 73–81.

159. V. Coxam, Current data with inulin-type fructans and cal-
cium, targeting bone health in adults, J. Nutr. (Suppl.), 137
(2007) 2527–2533.

160. M. Gudieal-Urabano, I. Gonf i, Effect of fructooligosaccha-
rides on nutritional parameters and mineral bioavail-
ability in rats, J. Sci. Food Agric. 82 (2002) 913–917.

449R.S. SINGH and R.P. SINGH: Fructooligosaccharides from Inulin as Prebiotics, Food Technol. Biotechnol. 48 (4) 435–450 (2010)



161. M.C. Collado, A. González, R. Gonazález, M. Hernández,
M.A. Ferrús, Y. Sanz, Antimicrobial peptides are among
the antagonistic metabolites produced by Bifidobacterium
against Helicobacter pylori, Int. J. Antimicrob. Agents, 25 (2005)
385–391.

162. M.C. Collado, M. Hernández, Y. Sans, Production of bac-
teriocin-like inhibitory compounds by human fecal Bifido-
bacterium strains, J. Food Prot. 68 (2005) 1034–1040.

163. F.M. Trejo, J. Minnaard, P.F. Perez, G.L. De Antoni, Inhi-
bition of Clostridium difficile growth and adhesion to ente-
rocytes by Bifidobacterium supernatants, Anaerobe, 12
(2006) 186–193.

164. M.J. Hopkins, G.T. Macfarlane, Nondigestible oligosaccha-
rides enhance bacterial colonization resistance against
Clostridium difficile in vitro, Appl. Environ. Microbiol. 69
(2003) 1920–1927.

165. R.K. Buddington, K. Kelly-Quagliana, K.K. Buddington, Y.
Kimura, Non-digestible oligosaccharides and defence
functions: Lessons learned from animal models, Br. J.
Nutr. (Suppl. 2), 87 (2002) 231–239.

166. L.J. Fooks, G.R. Gibson, Probiotics as modulators of gut
flora, Br. J. Nutr. (Suppl. 1), 88 (2002) 39–49.

167. G. Tzortzis, M.L. Baillon, G.R. Gibson, R.A. Rastall, Mo-
dulation of anti-pathogenic activity in canine-derived Lac-
tobacillus species by carbohydrate growth substrate, J.
Appl. Microbiol. 96 (2004) 552–559.

168. J. Luo, M.V. Yperselle, S.W. Rizkalla, F. Rossi, F.R.J. Bor-
net, G. Slama, Chronic consumption of short-chain fruc-
tooligosaccharides does not affects basal hepatic glucose
production or insulin resistance in type 2 diabetics, J.

Nutr. 130 (2000) 1572–1577.

169. M.B. Roberfroid, N.M. Delzenne, Dietary fructans, Ann. Rev.

Nutr. 18 (1998) 117–143.

170. K. Yamachita, K. Kawai, M. Itakura, Effects of fructooligo-
saccharides on blood glucose and serum lipids in diabetic
subjects, Nutr. Res. 4 (1984) 961–966.

171. B.L. Pool-Zobel, Inulin-type fructans and reduction in co-
lon cancer risk: Review of experimental and human data,
Br. J. Nutr. (Suppl. 1), 93 (2005) 73–90.

172. M. Izzo, K. Niness, Formulating nutrition bars with inulin
and oligofructose, Cereal Foods World, 46 (2001) 102–106.

173. M. Wiedmann, M. Jager, Synergistic sweeteners, Food In-

gred. Anal. Int. 11–12 (1997) 51–56.

174. O. Murphy, Non-polyol low digestible carbohydrates: Food
applications and functional benefits, Br. J. Nutr. (Suppl. 1),
85 (2001) 47–53.

175. M. Rivero-Urgell, A. Santamaria-Orleans, Oligosacchari-
des: Application in infant foods, Early Human Dev. (Suppl.
2), 65 (2001) 43–52.

450 R.S. SINGH and R.P. SINGH: Fructooligosaccharides from Inulin as Prebiotics, Food Technol. Biotechnol. 48 (4) 435–450 (2010)




