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Abstract Oligosaccharides are polymers with two to ten
monosaccharide residues which have sweetener functions
and sensory characteristics, in addition to exerting physiolog-
ical effects on human health. The ones called nondigestible
exhibit a prebiotic behavior being fermented by colonic mi-
croflora or stimulating the growth of beneficial bacteria,
playing roles in the immune system, protecting against cancer,
and preventing cardiovascular andmetabolic issues. The glob-
al prebiotics market is expected to grow around 12.7% in the
next 8 years, so manufacturers are developing new alterna-
tives to obtain sustainable and efficient processes for applica-
tion on a large scale. Most studied examples of biotechnolog-
ical processes involve the development of new strategies
for fructooligosaccharide, galactooligosaccharide,
xylooligosaccharide, and mannanooligosaccharide synthesis.
Among these, the use of whole cells in fermentation, synthesis
of microbial enzymes (β-fructofuranosidases, β-galactosi-
dases, xylanases, and β-mannanases), and enzymatic process
development (permeabilization, immobilization, gene expres-
sion) can be highlighted, especially if the production costs are
reduced by the use of agro-industrial residues or by-products
such as molasses, milk whey, cotton stalks, corncobs, wheat
straw, poplar wood, sugarcane bagasse, and copra meal. This
review comprises recent studies to demonstrate the potential

for biotechnological production of oligosaccharides, and also
aspects that need more investigation for future applications in
a large scale.
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Introduction

Carbohydrates are compounds classified according to their
molecular size or degree of polymerization into monosaccha-
rides, oligosaccharides, or polysaccharides (Mussato and
Mancilha 2007). By definition, oligosaccharides are monosac-
charide’s polymers with a low polymerization degree and
characterized by chains with two to ten monosaccharide resi-
dues. These can be found either in a free form or in a bound
form, obtained from natural sources, or produced by physical,
chemical, or enzymatic processes (Neri-Numa et al. 2016;
Talens-Perales et al. 2016).

Besides the sweetener functions and sensory characteris-
tics, some oligosaccharides exert physiological effects on hu-
man health, being classified as digestible or nondigestible
(NDOs) (Qiang et al. 2009; Patel and Goyal 2012). In the
NDOs, the anomeric carbon atoms (C1 or C2) of the mono-
saccharide units (glucose, galactose, fructose, and xylose)
make their glycosidic bonds nonsusceptible to the hydrolytic
enzymes in the gastrointestinal tract (Mussato and Mancilha
2007; Neri-Numa et al. 2016).

NDOs exhibit a prebiotic behavior being fermented by co-
lonic microflora or stimulating the growth of beneficial bac-
teria (bifid bacteria and lactobacilli) which in turn produce
short-chain fatty acids (SCFAs) as acetate, propionate, and
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butyrate providing health benefits to the host (Hutkins et al.
2016; Gibson and Roberfroid 1995). For example, SCFA ac-
tion reduces luminal pH, protecting against acid-sensitive
enteropathogens. Acetate production influences butyrate for-
mation, which is a primary substrate for growth of colonic
epithelium inducing the production of immunomodulatory cy-
tokines and promoting ammonia and amine excretion
(Krumbeck et al. 2016; Wilson and Whelan 2017).

Thus, several studies have suggested that prebiotic intake
plays a role in the immune system, regulating both mineral
and lipidic metabolisms. Moreover, functional NDOs may
protect against colon cancer and prevent cardiovascular dis-
eases and metabolic syndromes (Di Bartolomeo et al. 2013;
Lam and Cheung 2013; Slavin 2013).

Currently, inulin-based fructose oligomers, galacto-
oligosaccharides, and lactulose are considered established pre-
biotics while soybean oligosaccharides and gluco-, gentio-,
isomalto-, xylo-, and mannanooligosaccharides are classified
as emerging ones. In addition, maltodextrin, raffinose, arabi-
nose, arabinoxylan-oligosaccharides (AXOS), and sugar alco-
hols, as mannitol and sorbitol, have huge prebiotic applica-
tions (Blatchford et al. 2013; Neri-Numa et al. 2016).

Due to their beneficial effects, prebiotics have been
employed for food and beverage processing, dietary supple-
ments, and animal feed (Kothari et al. 2014). The global pre-
biotics market size was over U$ 2.90 billion in 2015 and has a
growth expectancy around 12.7% by 2025 profiting approxi-
mately U$10.55 billion (Research andMarkets 2017). Among
the main prebiotics manufacturers, including Roquette
America Inc., Abbott Nutrition, Friesl and Campina Domo,
Clasado Ltd., and Jarrow Formulas, the company Beneo-
Orafti SA is involved in production and sales of inulin and
oligofructose food ingredients derived from chicory while
Friesl and Campina Domo have focus on galacto-
oligosaccharide production (Grand View Research 2016).

As NDOs can be obtained from natural sources (con-
ventional agro-foods sources, seaweeds, and marine
microalgae), manufacturers have sought more efficient,
sustainable, simple, and less expensive processes for
their application on a large scale (Moreno et al. 2017).
This review emphasizes biotechnological processes for
fructool igosaccharides, galactooligosaccharides,
xylooligosaccharides, and mannanooligosaccharide pro-
duction, the main founded studied examples in this
emerging market.

Biotechnological oligosaccharide production

Fructooligosaccharides (FOS)

Fructooligosaccharides (FOS) belong to the prebiotic group of
carbohydrates described as Bnondigestible food ingredients

that beneficially affect the host by selectively stimulating the
growth and/or activity of one or a limited number of bacteria
species already resident in the colon and thus attempt to im-
prove host health^ (Gibson and Roberfroid 1995). Effects of
this prebiotic class include activation of the human immune
system, maintenance of intestinal microbiota, resistance to
infection, enhanced mineral absorption in the gastrointestinal
tract, synthesis of B complex vitamin, reduction of serum
cholesterol, and prevention of carcinogenic tumors (Gibson
and Roberfroid 1995; Bruzzese et al. 2006; Delgado et al.
2010).

FOS display differences in their fructose linkage in the
molecule. In the 1F type, β-2-1 linkages are found between
fructosyl groups with sucrose in the molecule terminal part
forming 1-kestose (GF2) , nystose (GF3), and 1F

fructofuranosyl nystose (GF4). In the 6G or neoFOS type, β-
2-6 linkages are formed between fructosyl groups, forming 6-
kestose, 6-nystose, and 6G fructofuranosyl nystose, and the
fructose linkages can be with the glucose forming neokestose,
neonystose, and neo fructofuranosyl nystose (Yun 1996;
Straathof et al. 1986).

The major molecules are fructans presenting both 1F-
and 6G-type linkages with a higher degree of polymeriza-
tion (DP). FOS and fructans occur naturally in plants and
have the ability to regulate plant growth, defense against
pathogens, the developmental process, and carbohydrate
storage (Eggleston and Côté 2003). Natural fructans have
a degree of polymerization ranging from 11 to 60, but
FOS have a lower mass and DP value ranging from 2 to
10 (Ritsema and Smeekens 2003).

Different fructooligosaccharides are degraded by different
bacterial strains in the human colon (Gibson and Wang 1994).
Van der Meulen et al. (2006) showed that Bacteroides and
Bifidobaterium metabolized different types of FOS. Strains
of Bifidobacterium preferentially metabolized F2, F3, F4,
GF4, F5, and F6.

The extraction from natural sources or using plant enzymes
is unfavorable by seasonal limitation. Only small amounts of
enzyme can be produced and low FOS yields are reached.
Commercially, they are being produced by the action of
fructosyltransferase (EC 2.4.1) or β-fructofuranosidase (EC
3.2.1) from microbial sources (see Fig. 1), such as
Aspergillus niger and Aureobasidum pullulans. Some exam-
ples are the products Neosugar™ in Japan and Rafitlose™
and Raftiline™, FOS and inulin products respectively, from
Belgium (Hidaka et al. 1988; Hirayama et al. 1989; Yun
1996).

Many microorganisms are able to synthesize FOS. These
include Aureobasidium pullulans, Aspergillus niger,
Aspergillus oryzae, Bacillus circulans, Pseudomonas
aurantiaca, Aspergillus aculeatus,Kluyveromyces marxianus,
Penicillium sp., Saccharomyces cerevisiae, Rhodotorula sp.,
Zymomonas mobilis, and Lactobacillus reuteri (Yun 1996;
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Sangeeta et al. 2005; Sánchez et al. 2008; Kawamura and
Matsuda 2008; Ghazi et al. 2007; Santos and Maugeri 2007).

The fructosyltransferase (FTase) enzyme reactions used to
produce FOS commercially are routinely performed in high
concentrations of sucrose (700 to 850 g/L). In low sucrose
concentrations (200 g/L), hydrolysis activity is predominantly
related to transfer the fructosyl moiety and little FOS is pro-
duced (Yun 1996; Kim et al. 1998; Atiyeh and Duvnjak 2001).
The commercial production process proceeds in two stages:
enzyme production by microbial fermentation followed by
enzymatic reaction with a high sucrose concentration
(Maiorano et al. 2008; Sangeeta et al. 2005).

FOS synthesis can be performed with whole cell microor-
ganisms that participate in sucrose biotransformation. Enzyme
production and enzymatic reactions occur in a unique fermen-
tative process (Fernandez et al. 2004). Furthermore, this direct
production avoids the need for expensive purification proce-
dures, reducing production costs (Ning et al. 2010). Due to
transfructosylation activity, this conversion depends on a high
sucrose concentration, presenting the need to identify suitable
strains that can tolerate high osmotic pressure. Many reports
use solid-state fermentation technique with by-products in the

microorganism growth for FTase production (Muñiz-Marquez
et al. 2016a).

Researchers have made efforts to improve FOS production
by genetic selection, improving lineages, and using process
optimization strategies to achieve higher yields (Sangeeta
et al. 2005). Some of these studies are summarized in Table 1.

From the studies presented in Table 1, it is possible to see
that FOS synthesis is performed inmost of the papers, through
processes involving enzymatic catalysis with free and
immobilized enzymes, from microbial sources. Few reports
use microorganisms directly in the process.

Many studies have shown that FTase production and
transfructosylation reaction for FOS formation are positively
influenced by sucrose concentration, with values above 40%
among other factors (Vega-Paulino and Zúniga-Hansen 2012,
Yun 1996;Sangeeta et al. 2005, Ghazi et al. 2007). In this
analysis, however, it was not possible to determine the rela-
tionship between the two groups. Enzymatic processes exhibit
about 55 to 60% sucrose conversion yield in FOS whereas
whole cell processes present 64% (Dominguez et al. 2012;
Ning et al. 2012), indicating that both are viable processes
for subsequent scale-up studies.
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Fig. 1 Fructooligosaccharide production from sucrose by transfructosylation and from inulin by controlled enzymatic hydrolysis (from the author)
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Galactooligosaccharides (GOS)

Prebiotic galactooligosaccharides alongside FOS have been
the most studied in recent years by the scientific community
(Lamsal 2012). A number of studies highlight the main reac-
tion mechanism involving lactose biotransformation in GOS:
the β-galactosidase-mediated transgalactosylation reaction
(Fai and Pastore 2015; Vera et al. 2016) responsible for simul-
taneous lactose hydrolysis and rearrangement in larger mole-
cules, usually in number from 2 to 5 (Lamsal 2012; Srivastava
et al. 2015; Aburto et al. 2016; González-Delgado et al. 2016),
reaching up 10 (Muñiz-Marquez et al. 2016b).

Enzymatic GOS synthesis has been described by several
authors over the years. (Gosling et al. 2010; Torres et al. 2010;
Vera et al. 2016; Yin et al. 2017). It is a series of mechanisms
directly related to β-galactosidase enzyme activity using lac-
tose as main substrate (see Fig. 2).

First, covalent bonding of the lactose molecule through its
galactosyl moiety occurs with the enzyme, enabling catalysis
reaction. At this moment, the reaction may follow different
paths depending on the selectivity degree between the enzyme
and lactose concentration, directly influencing the identity of
the galactosyl acceptor. In the case where the acceptor is a
water molecule, hydrolysis will occur, resulting in a
galactose-free molecule. When this acceptor is another sugar
molecule (lactose, GOS, glucose, or galactose), it acts as both
donor and acceptor of the galactosyl moiety. Synthesis of new

GOS occurs, the polymerization degree depending on the en-
zyme affinity by these nuclei (Vera et al. 2016).

Selectivity degree, as has been reported, depends on the
enzyme origin as well as lactose concentration inherent at
the process (Gosling et al. 2010). Generally, transgalactosylation
reaction is favored at high lactose concentrations, generating
higher GOS yields (Villamiel et al. 2014; Fai and Pastore 2015;
Muñiz-Marquez et al. 2016a, b; González-Delgado et al. 2016;
Vera et al. 2016). However, this will depend on the lactose mol-
ecule hydrolysis degree, specific for each β-galactosidase en-
zyme (Fai and Pastore 2015; Muñiz-Marquez et al. 2016a, b).

Basically, processes can be classified into reactions involv-
ing whole cells in lactose biotransformation, enzyme synthesis
especially β-galactosidase, and enzymatic processes for GOS
production. In addition, another current trend is to employ
agro-industrial by-products as raw material containing sub-
strates essential to the GOS production process.

Processes involving whole cells highlight the importance
of using biomass in the lactose conversion to GOS and have
demonstrated significant results. Examples of studies involv-
ing cell permeabilization, solvent recycling, and process opti-
mization will be detailed below.

In a study performed by Petrova and Kujumdzieva
(2010), the goal was selection of thermotolerant yeast
strains for GOS production from dairy products such as
milk, yogurt, and cheese. After growth of wild strains at
40 °C and 204 rpm in lactose and minerals medium, the

Fig. 2 Transgalactosylation reaction for GOS synthesis (adapted from Vera et al. 2016)
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biomass underwent treatment and its dry extract containing
permeabilized cells was used in a medium containing
0.4 g/mL of lactose for transgalactosylation. Results as
positive cell growth and bio transformation of lactose into
tri- and tetragalactooligosaccharides in 15 different strains
were obtained, mainly with Kluyveromyces genus, show-
ing strong correlation between cell growth and β-
galactosidase activity.

Fai et al. (2015) reported sequential optimization for GOS
synthesis by Pseudozyma tsukubaensis and Pichia kluyveri,
endophytic microorganisms isolated from fruits. Through the
screening design methodology, followed by optimization of
conditions for GOS synthesis, the researchers achieved a GOS
per lactose yield of 28.35 g/100 g at 24 h and 73.71 g/L
maximum GOS production, using as substrates lactose
(28 g/100 mL), yeast extract (0.8 g/100 mL), and urea
(91.8 g/100 mL), in a process at 30 °C and 150 rpm, being
these latter two fixed parameters not statistically significant in
the initial data treatment. Another relevant parameter to the
process was pH, which after showing positive effect for the
desired response was kept at the highest possible value, 8 in
this case. Although other factors require further investigation,
the strategy is feasible for a dynamic evaluation of the most
important conditions inherent to the process, allowing a sub-
sequent scale-up study.

In order to obtain a potential microorganism with
transgalactosylation activity, Srivastava et al. (2015) found a
yeast identified as Kluyveromyces marxianus NCIM 3551, as
the most suitable biocatalyst for GOS production, and from
there realized experiments with permeabilized cells. After
conducting the reaction process with a mass/volume fraction
of 20% lactose at 50 °C and 150 rpm for 8 h, parameters
previously studied and optimized, the authors reached a max-
imum GOS mass fraction yield of 36%, with productivity of
24.0 g/L.h−1, high values for a whole cell system when com-
pared to other studies. According to the authors, the optimum
pH value depended on the existing β-galactosidase source,
which demonstrates opportunities for adjustments to a pilot
and industrial-scale process.

Sun et al. (2016) adopted a recyclable strategy for GOS
production using whole cells of Kluyveromyces lactis with
the intention of obtaining a considerable yield and high-
purity molecules. For GOS synthesis, ethanol permeabilized
cells were used, enhancing product yield. In the next stage of
purification, whole cells, capable of consuming lactose and
monosaccharides generated as by-products, were used, pro-
ducing ethanol to be applied on cellular permeabilization of
the synthesis step closing the reuse cycle. For GOS synthesis
using 300 g/L lactose, temperature 35 °C, and pH 8.0, results
showed a 21% yield with initial concentration of 23.6 g/L
permeabilized cells in 0.5 h of reaction time. The purification
step containing unconverted mass fractions of lactose
(27.4%), GOS (35%), and monosaccharides (25.2% glucose

and 12.4% galactose) was performed with nonpermeabilized
Kluyveromyces lactis cells, resulting in a final product purity
of a mass fraction 85% at different purification conditions.
Ethanol was generated during the purification stage,
underwent distillation, and can be reused in the cell perme-
abilization process. This demonstrates whole viability of the
process, investing in strategies for optimization and reduction
of solvent consumption.

A second approach, traditionally more studied, is the pro-
duction ofβ-galactosidase enzyme bymicroorganisms, or use
of the enzyme itself in GOS synthesis. Most recent studies
involve these two cases showing alternatives for production
improvements, such as enzymatic immobilization and process
optimization.

The study performed by González-Delgado et al. (2016)
aimed to optimize GOS synthesis by commercial β-
galactosidase from Kluyveromyces lactis, Lactozym ™ Pure
6500 L. The analyzed parameters, in this case, temperature,
enzyme concentration, pH, lactose concentration, and reaction
time, were submitted to a factorial experimental design, the
first two being fixed at 40 °C and 5 U/mL, respectively, in
order to evaluate the yield of Bdesired-GOS,^ trisaccharides,
tetrasaccharides, and glucose/galactose ratio. Analysis led to a
significant influence of the initial lactose concentration on the
Bdesired-GOS^ yield effect. The highest possible lactose con-
centration (250 g/L in this study) led to a maximum of 12.18%
yield, at pH 7.0 and 3 h reaction. It is known that the initial
lactose concentration is limited to its degree of solubility
(Gänzle et al. 2008), hence the difficulty in obtaining higher
GOS yields at the end of the optimized reaction.

Yin et al. (2017) studied reaction kinetics of commercial
microbial β-galactosidases (Kluyveromyces lactis and
Aspergillus oryzae) in comparison to the recombinant com-
mercial Bacillus circulans β-galactosidase expressed in
E. coli, as well as the GOS product profiles obtained. After
incubation of 37 U/g lactose and specific reaction conditions
at lactose concentration, pH, and temperature for each en-
zyme, results show that a specific GOS profile was obtained.
Evaluation of the molecules’ production routes at certain time
intervals was also studied. Yield values obtained at the end of
8 h reaction were 48.3% for Bacillus circulans β-galactosi-
dase, 34.9% for Kluyveromyces lactis β-galactosidase, and
19.5% for Aspergillus oryzae β-galactosidase. In conclusion,
the authors reported similar properties between the GOS pro-
files obtained for the enzymes of Kluyveromyces lactis and
Aspergillus oryzae, whereas the B. circulans-derived enzyme
generates different, more complex, and dynamic profiles due
to its significantly higher transgalactosylation capacity.

The study developed by Aburto et al. (2016) involved si-
multaneous GOS synthesis and purification in order to inves-
tigate improvements in the yield and purity of the product by
commercial Aspergillus oryzae β-galactosidase and
Kluyveromyces marxianus, with Saccharomyces cerevisiae.
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This system allows for the selective removal of unwanted
carbohydrates (monosaccharides and lactose). After reaction
at 40 °C, pH 4.5, and 200 rpm, using lactose without addition-
al supplements, the researchers obtained a yield of approxi-
mately 11% and 0.1 dry cell/carbohydrates ratio using the
system Aspergillus oryzae β-galactosidase/Saccharomyces
cerevisae at 50 IUH/glactose and 0.25 gcell biomass/gcarbohydrates.
Thus, it was possible to perform a scale-up test, where the
conditions previously obtained were tested at a mass fraction
of 40% lactose, operated under temperature and pH control at
an aeration rate of 5 vvm. According to the authors, a 40%
GOS yield was obtained at 24 h reaction, corresponding to
40.3% lactose conversion, the product having 0.8% glucose
and 19.2% galactose, representing according to the authors a
technological advance in terms of productivity and yield.
Despite not obtaining the best yield, the Aspergillus oryzae
β-galactosidase/Kluyveromyces marxianus system in two se-
quential steps reached a purity level near 100% and carbohy-
drates consumption by the yeast had no interference in GOS
synthesis (Gosling et al. 2010).

The following study, conducted by Satar et al. (2016), used
immobilization of β-galactosidase enzyme in a graphene-
linked docking method, applied on GOS production. Using
Aspergillus oryzae β-galactosidase, the researchers after suc-
cessful immobilization obtained a Km value almost three
times greater than the solubilized enzyme, without significant
modification of the reaction maximum rate. In addition, after
using different lactose concentrations, the authors reached
27% GOS formed and 52% lactose conversion, a satisfactory
result under the established conditions. Graphene-
immobilized enzyme achieved up to 70% efficiency in the
system reuse after 11 times, proving to be a good alternative
in reducing process costs.

Another study with enzymatic immobilization was de-
scribed by Rodriguez-Colinas et al. (2016), which used cova-
lent binding between Bacillus circulans β-galactosidase and
aldehyde-activated (glyoxal) agarose beads for GOS produc-
tion in a packed-bed reactor. After successful immobilization,
an enzyme activity of 97.4 U/g could be detected. The authors
performed the procedure in a reactor for 213 h at 0.2 mL/min
using a lactose solution at 100 g/L and 45 °C. Results show
that after 14 cycles of reuse, the efficiency of the immobilized
enzyme remained close to 100%, and continuous GOS pro-
duction reached a maximum concentration of 24.2 g/L at a
50% lactose conversion rate, reaching a yield of approximate-
ly 25%. Although not a high yield value when compared to
other works, data revealed an important alternative for the
continuous process of GOS production, facilitating a future
scale-up development.

The use of by-products from other industrial processes is an
alternative that aims primarily to obtain environmentally sus-
tainable and economically viable processes. In GOS produc-
tion, many recent studies have reported the use of milk whey,

an alternative already explored over the years in a wide variety
of processes (Smithers 2015; Yadav et al. 2015). First steps
with whey related to biotechnological processes involved en-
zyme production, such as β-galactosidase (González-Siso
1994). From that point on, other challenges have arisen, and
currently, many processes involving the use of whey have
been studied, such as in lactic acid production (Panesar et al.
2007; Cui et al. 2012), oil (Demir et al. 2013), ethanol
(Gabardo et al. 2014; Diniz et al. 2014), and hydrogen
(Romão et al. 2014). Recent studies described below are an
example of whey use exclusively in GOS production.

The study by Golowczyc et al. (2013) highlights the use of
whey permeate for optimization process in GOS synthesis
using β-galactosidase from Aspergillus oryzae as biocatalyst,
as well as preservation of Lactobacillus plantarum, recog-
nized for its probiotic properties. At 37 °C, the procedure used
20 to 60 g solids/g suspension of whey permeate in an attempt
to promote transgalactosylation with 100 IU/g lactose of en-
zyme, and subsequently, the GOS obtained was used in
Lactobacillus plantarum inoculation performed at 37 °C and
24 h. Results indicate a maximum GOS/lactose yield of
27.3 g/100 g obtained in the initial solution of 40 g solids/
100 g suspension. In addition, no significant differences about
the probiotic in whey permeate with or without GOS were
noted. The strategy observed in this study is relevant from
the product development point of view, with probiotic and
prebiotic properties, proving to be a viable alternative in future
studies.

The use of cheese whey permeate to obtain GOS as well as
isomerization process for lactulose synthesis was reported by
Padilha et al. (2015), using transgalactosylation of
Kluyveromyces lactis and Kluyveromyces marxianus β-galac-
tosidases, strains isolated from cheeses. After reaction with
250 g/L lactose present in whey permeate at pH 6.5, 50 °C,
and 6 U/mL β-galactosidase activity, authors achieved a total
relation prebiotics/whey permeate of 322 g/kg. Isomerization
to obtain lactulose and its derived oligosaccharides suggests a
greater diversity of potential prebiotic carbohydrates present
in the mixture composed of tagatose, lactulose, GOS, and
oligosaccharides from lactulose (OsLu), making this method
suitable to produce novel mixtures of dietary nondigestible
carbohydrates.

Fischer and Kleinschmidt (2015) used β-galactosidases
from Aspergillus oryzae and Kluyveromyces lactis in GOS
synthesis with sweet and acid whey as substrates. By dissolv-
ing whey in order to obtain concentrations of 38 to 300 g/L
lactose, the process was adjusted to 100 rpm and specific
temperatures and pH values for each enzyme with 50 U/g
concentration for all tr ials. Results indicate that
Kluyveromyces lactis enzyme presented the highest yield
values (33% on average) at a 200 g/L lactose concentration,
but it presented higher sensitivity to cations, demonstrating
that there could be differences in yield when different mineral
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amounts are present in sweet whey. There was no significant
difference between sweet or acid whey, so the two by-
products were considered suitable for GOS synthesis.

The studies shown in this topic highlight the importance of
strategy development for the biotechnological GOS produc-
tion. Both use of whole cells and enzymatic processes are able
to obtain substantial results that can be used in future devel-
opments of continuous processes and scale-up. The use of by-
products such as whey demonstrates studies focus on increas-
ingly sustainable and economically viable processes, creating
a range of diversified products and contributing to the con-
sumer health.

Xylooligosaccharides (XOS)

Xylooligosaccharides are sugar oligomers made of xylose
units linked by β(1 → 4) xylosidic bonds, which possess the
molecular formula C5nH8n + 2O4n + 1, n = (2 to 6), and are
obtained by hydrolysis of xylans (Kumar and Satyanarayana
2011; Moniz et al. 2014; Samanta et al. 2015). Structurally,
XOS can be found in different forms depending on the

number of monomers that composed their chemical structure,
among them xylobiose (two monomers), xylotriose (three
monomers), xylotetraose (four monomers), xylopentaose (five
monomers), xylohexose (six monomers), and so on (Fig. 3)
(Kumar and Satyanarayana 2011). Furthermore, some authors
also suggest that molecules with xylose polymerization degree
less than or equal to 20 can also be considered XOS, increas-
ing the chemical diversity of these compounds (Mäkeläinen
et al. 2010).

Due to their physical–chemical characteristics, XOS are
classified as nondigestible oligosaccharides (NDO), consid-
ered prebiotics and soluble fibers with excellent stability in a
wide range of temperatures (up to 100 °C) and pH conditions
(2.5 to 8.0). They can be naturally present in several food
products, such as fruits and vegetables, honey, and milk, or
in plant xylan-rich materials like sugarcane bagasse, bamboo,
corncobs, barley straw, wheat bran, and cotton stalk (Carvalho
et al. 2013; Courtin et al. 2009; Fu et al. 2012; Singh et al.
2015). Considering heat and acidity resistance, XOS exhibit
better characteristics when compared to inulin and FOS, mak-
ing the most advantageous as food ingredient and other

Fig. 3 Chemical structure of xylan and XOS produced by enzymatic hydrolysis (from the author)
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applications considering the stability during several food pro-
cessing such as pasteurization and autoclave sterilization at
low pH (Courtin et al. 2009; Wang et al. 2009; Vasquez
et al. 2000).

In the past few years, many studies described the health
benefits of XOS consumption due to its selective growth stim-
ulation and modulation of beneficial colon microbiota increas-
ing the number of bifid bacteria and Lactobacillus by im-
mune-stimulation, also regulation of insulin secretion from
the pancreas, reduction of blood cholesterol levels, pro-
carcinogenic enzyme reduction in the gastrointestinal tract,
enhanced mineral absorption from the large intestine, and an-
tioxidant and anti-inflammatory effects (Vasquez et al. 2000;
Mäkeläinen et al. 2010; Chapla et al. 2012; Samanta et al.
2015; Bian et al. 2013; Kallel et al. 2015a, b; Yoshino et al.
2006).

Like other prebiotics, XOS are fermented to short-chain
fatty acids (SCFA) such as acetate, propionate, butyrate, and
lactate in the lower gastrointestinal tract. These compounds
contribute to pH decrease and can be related to prevention of
gut infection, suppression of colon cancer initiation, and im-
provement of intestinal health (Cummings et al. 2001;
Campbell et al. 1997; Swennen et al. 2006; Topping and
Clifton 2001; Singh et al. 2015).

Three main methods are employed for XOS production: (i)
chemical, (ii) enzymatic, and (iii) autohydrolysis process
(Samanta et al. 2015). The production of XOS by chemical
process is performed using acid hydrolysis or alkali extraction
at high temperature and pressure, which lead to a large xylose
production, but also undesirable by-products as furfural and
hydroxymethyl furfural (Xue et al. 2016). In the
autohydrolysis process, biomass rich in xylan is subjected to
processing with water applying specific conditions of temper-
ature and pressure. As in the chemical process, there is an
occurrence of undesirable components such as soluble lignin
and a large amount of monosaccharides (Xue et al. 2016;
Akpinar et al . 2010; Ho et al . 2014; Kumar and
Satyanarayana 2015).

Enzymatic hydrolysis consists in the employment of a
xylanolytic enzyme system composed of endoxylanase,
exoxylanase, and debranching enzymes (Kumar and
Satyanarayana 2015). The use of xylanases with less amount
of exoxylanase or β-xylosidase activities are preferred for
XOS because these hemicellulases act in solubilizing xylan
(hemicellulosic component) from plant cell walls (Kumar and
Satyanarayana 2015; Zhao et al. 2012; Azelee et al. 2016).

Conceptually, xylanases are defined as glycosidase (O-gly-
coside hydrolase, EC 3.2.1.x) able to catalyze endohydrolysis
of 1,4-β-D-xylosidic linkages in xylan, considered a major
structural polysaccharide in plant cells and that constituting
around 30 to 35% of the lignocellulosic biomass (Collins
et al. 2005). Moreover, GH10 and GH11 xylanases from the
glycoside hydrolase (GH) family are important for XOS

production and many studies have been focused in identifica-
tion of novel microorganisms able to produce these enzymes
and their application in degradation of lignocellulosic biomass
or other substrates (Kim et al. 2014; Ghio et al. 2016; Ravn
et al. 2017; Nieto-Dominguez et al. 2017).

In XOS enzymatic production, xylanolytic enzymes can be
added directly to the reaction medium, produced in situ by
xylanase producers in fermentation or immobilized inside
the biomass used as substrate (Akpinar et al. 2010; Dorta
et al. 2006; De Oliva-Neto and Menao 2009). The enzymatic
process for xylan conversion into value-added useful products
is considered promising due to the use of un-utilized and
under-utilized agricultural residues as cotton stalks, corncobs,
wheat straw, poplar wood, sugarcane bagasse, sunflower and
tobacco stalks, as well as other lignocellulosic materials
(Samanta et al. 2015; Akpinar et al. 2007; Ruzene et al.
2008; Yuan et al. 2010; Peng et al. 2009; Akpinar et al.
2009; Carvalho et al. 2013).

Table 2 shows some studies using low-cost agricultural
residues in XOS production and mainly bioprocess character-
istics. Thus, studies focusing on isolation of novel microbial
xylanase producers, development of new strategies in ligno-
cellulosic biomass pretreatment to obtaining xylan, and its
application for XOS production can be considered an impor-
tant biotechnological approach for food and nutraceutical
fields.

Boonchuay et al. (2016) describe the use of pretreated
corncob residues as substrate for XOS production applying
an endoxylanase produced by Streptomyces thermovulgaris
TISTR1948. Purified xylanase had good stability characteris-
tics within a pH range of 4.0 to 11.5 and temperatures varying
from 50 to 70 °C. Potential for total XOS production, which
consisted of xylose, xylobiose (X2), xylotriose (X3),
xylotetraose (X4), and xylopentaose (X5), and individual pro-
files of these sugars obtained during the process were com-
pared with crude and partially purified xylanases. Results
showed that final total XOS concentrations produced were
similar to three preparations, about 30 mg/mL after 24 h incu-
bation time. The main products were X2, X4, and X5 with a
total mass fraction of 73.94, 69.91, and 75.2% produced
(X2 + X4 + X5) at 12 h reaction time to crude, partially
purified, and purified xylanase, respectively.

Other studies also showed the application of xylanases
from Streptomyces strains, as S. halstedii immobilized on
glyoxyl-agarose and S. matensis DW67 in bioprocess for
XOS production with similar composition (Aragon et al.
2013a, b; Yan et al. 2009).

Many studies have reported the use of different xylanases
from B. subtilis strains and agro-residues for XOS production.
In addition, xylanases from Bacillus species have been selec-
tively cloned and heterologous expressed in E. coli aiming
reduction of costs in enzyme production (Chang et al. 2017).
The use of conventional birchwood xylan and its soluble
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fraction as substrate applying free and immobilized recombi-
nant xylanase (XynA) from Bacillus subtilis was recently de-
scribed for XOS production (Milessi et al. 2016). The
immobilized XynA was obtained in agarose activated with
glyoxal groups showing high immobilization yield (100%),
and when applied (1.95 UI/mL) for 24 h, the maximum
XOS production reached was 2.9 and 3.2 g/L using conven-
tional and soluble xylan at 13 mg/mL, 50 °C, and pH value of
5.5. These results were similar to those obtained using soluble
XynA for hydrolysis of these substrates (3.1 mg/mL to con-
ventional xylan and soluble xylan) under the same conditions.
It is important to highlight that the XOS profile obtained in
this study consisted of three major products, including X2,
X3, and X4. These are considered the most interesting XOS
for food industry applications.

The efficiency of a crude xylanase produced by B. subtilis
KCX006 for XOS production with a low polymerization de-
gree (mainly X2, X3, and X4) and arabinosyl- and glucoronyl-
substituted XOS from ammonia-pretreated sugarcane bagasse
was described by Reddy and Krishnan (2016). Relative XOS
levels produced were 68.48 mg/g of X2 (50% total XOS pro-
duced, approximately), 22.42 mg/g of X3, and 4.05 mg/g of
X4, while substituted XOS were produced at around
44.00 mg/g. The formation of significant xylose amounts dur-
ing the biotechnological process reduces XOS yield and puri-
ty, and in this study, the xylose concentration was about
0.70 mg/g, representing 0.5% of total XOS produced, indicat-
ing economic high-pure XOS production without xylose from
low-cost lignocellulosic substrate and crude xylanase mixture.

In the study performed by Kallel et al. (2015a, b), XOSwas
produced using xylan from garlic straw as substrate and puri-
fied xylanase from a new B. mojavensis UEB-FK strain. This
xylanase exhibited high thermal and pH stability, and when
applied for XOS production, the maximum yield reached after
8 h of hydrolysis was about 29%, composed mainly of X2,
X3, and X4. Previously, Bragato et al. (2013) reported a bio-
technological process with high XOS yield (100 mg/g) using
sugarcane bagasse pretreated with glacial acetic acid and hy-
drogen peroxide at 60 °C for 7 to 48 h and recombinant
xylanase (XynA) expressed from B. subtilis.

Recently, Heinen et al. (2017) performed the immobiliza-
tion of an endoxylanase from Aspergillus tamarii Kita using
ionic (carboxymethyl-cellulose; CMC) and covalent (cyano-
gen bromide; CnBr-agarose and glyoxyl-agarose) supports,
aiming to enhance the enzymatic thermostability during
XOS production. Immobilized xylanase specific activity
(U/mgIP) in glyoxyl-agarose and CM-cellulose showed the
best results (1945.75 and 3781.48 respectively), while
immobilized xylanase in CNBr-agarose exhibited an activity
around 702 U/mgIP. However, the most stable immobilized
system was the glyoxyl-agarose derivative which showed the
maximum activity at 65 °C and a relative activity higher than
90% in several ranges of pH (4 to 9) after 24 h, and able to

hydrolyze beechwood xylan producing mainly X2, X3, X4,
and X5 at 80 °C.

Similarly, Aragon et al. (2013a, b) evaluated xylanase ap-
plication from A. versicolor immobilized on different supports
and a packed-bed enzymatic reactor for XOS production.
Different immobilization yields were obtained for four sup-
ports tested, with a high percentage when glyoxyl-agarose
(88%) and glutaraldehyde-agarose (97%) were used, and low-
er values to monoaminoethyl-N-aminoethyl (MANAE)–aga-
rose (34%) and polyethylenimine-agarose (19%). For XOS
formation, with hydrolysis time from 0.5 to 7 h and using
soluble birchwood xylan (18 mg/mL), an increase in XOS
production using the glyoxyl-agarose derivative with high
values of X2 and X3 was observed. After 7 h of hydrolysis,
1.87 mg/mL of X2 and 0.97 mg/mL of X3 were reached with
immobilized xylanase, while 0.74 mg/mL of X2 and 0.80 mg/
mL of X3 were produced with the soluble xylanase, demon-
strating the efficiency of immobilization strategies for fungal
xylanases.

Potential use of purified xylanase from Clostridium strain
BOH3 and thermal-alkali-pretreated hardwood for XOS pro-
duction was described by Rajagopalan et al. (2017). Initially,
sawdust from mahogany (Swietenia sp.) and mango
(Mangifera sp.) was used for xylan extraction and was
pretreated separately by different methods. High XOS yields,
rich in X2 and X3 monomers, were obtained for mahogany
(89.5 mg/g pretreated sawdust or 527.1 mg/g xylan in
pretreated sawdust) and mango (67.6 mg/g pretreated sawdust
or 434.2 mg/g xylan in pretreated sawdust) using thermal
pretreatment with NaOH. These oligosaccharides also exhib-
ited prebiotic effects on several probiotic microorganisms, as
Bifidobacterium animalis, Bifidobacterium adolescentis,
Lactobacillus acidophilus, and Lactobacillus brevis.

Considering the increasing demand for efficient strategies
for functional food ingredient production, biotechnological
processes for prebiotic XOS production are promising due to
the possible use of lignocellulosic biomass and controlled en-
zymatic hydrolysis. However, more studies are required in
order to isolate novel xylanase producers, improve the
xylanase performance in several temperature and pH condi-
tions, search for suitable methods for biomass pretreatment
and strategies to increase XOS production with low polymer-
ization degree for a cost-attractive and industrially competitive
bioprocess development.

Mannanooligosaccharides (MOS)

A novel class of oligosaccharide, less studied than FOS,
GOS, and XOS, is the mannan-derivative oligosaccha-
rides (MOS). Mannans are one of the major hemicellu-
lose groups which have a role as structural polymers in
plant cell walls and as storage carbohydrate in plant seeds
(Moreira and Filho 2008; Mikkelson et al. 2013). They
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can be classified according to the main sugars in its con-
stitution: linear mannan contains only mannopyranosyl
units linked by β-1,4 linkages, while glucomannan con-
sists of mannopyranosyl and glucopyranosyl units bound-
ed by β-1,4 linkages. Each of these groups may also
contain α-1,6 galactopyranosyl units as side groups, be-
ing called as galactomannans and galactoglucomannans
respectively (Fig. 4) (Mikkelson et al. 2013; Van Zyl
et al. 2010). In softwoods, the main constituent of hemi-
cellulose is glucomannan/galactoglucomannan and
galactomannan mainly found in seeds (Moreira and
Filho 2008). Although MOS production from lignocellu-
losic biomass has several drawbacks, biomass with more
than 10% dry weight of mannans, such as pine, may have
potential to be employed as substrate for this reaction
(Otieno and Ahring, 2012).

In order to obtain mannanooligosaccharides from biomass,
enzymatic hydrolysis of linear chains into smaller oligosac-
charide (two to ten) units and removal of side groups are
necessary. β-Mannanases (1,4-β-D-mannan mannohydrolases,
EC 3.2.1.78) attack the internal glycoside bonds of the mannan
backbone chain, releasing β-1,4-mannanooligosaccharides. β-
Mannosidase (1,4-β-D-mannopyranoside hydrolases, EC
3.2.1.25) releases mannose units by attacking the terminal link-
age from oligosaccharides or through cleavage of mannobiose.
Glucopyranose units can be removed from glucomannan and
galactoglucomannan by β-glucosidases (1,4-β-D glucoside
glucohydrolases, EC 3.2.1.21).

Major enzymes in side group removal are α-galactosidase
(1,6-α-D-galactoside galactohydrolase, EC 3.2.1.22) and ace-
tyl mannan esterase (EC 3.1.1.6), which release α-1,6
galactopyranosyl units from the mannan backbone and acetyl
groups from galactoglucomannan respectively (Van Zyl et al.
2010). Another methodology employed for obtaining MOS is

its isolation from yeast cell wall fragments. This structure is
ruptured by centrifugation, washed, dried, and pasteurized to
harvest the mannanooligosaccharides (Belorkar and Gupta
2016; Patel and Goyal 2012).

Mannanooligosaccharides have been reported as valuable
emerging prebiotic compounds since they are able to stimulate
the proliferation of normal bacterial flora and inhibit patho-
genic microorganisms, contributing to the optimal gut func-
tion (Patel and Goyal 2012). In addition, MOS was proved to
be beneficial due to its immune-pharmacological, therapeutic,
and biomedical properties. Therefore, there is a great interest
in applying this compound in food, feed, and pharmaceutical
fields (Ferreira et al. 2012; Yamabhai et al. 2016; Srivastava
and Kapoor 2017).

In animals, feed supplementations with MOS led to in-
creased egg production and improved antibody production
titer efficiency in aged laying hens, promoted growth, and
enhanced posterior gut epithelial defense. Also, they im-
proved growth performance of fattening pigs and modulated
the immune response of the Pacific white shrimp, improving
its survival rate after exposure to Vibrio harveyi (Ghasemian
and Jahanian 2016; Torrecillas et al. 2013; Torrecillas et al.
2014; Torrecillas et al. 2015; Giannenas et al. 2016;
Rungrassamee et al. 2014).

Microorganisms are able to produce a wide variety of en-
zymes, and among them, β-mannanases can be found in bac-
teria, yeasts, and fungi. This is an extracellular enzyme, and its
production and activity are affected by parameters like tem-
perature, pH, and carbon source, either in submerged or solid-
state fermentation. Therefore, statistical methods can be used
in order to optimize process conditions (Srivastava and
Kapoor 2017). Also, there is the possibility of using genetic
engineered microorganisms as well as heterologous gene ex-
pression for oligosaccharide production by fermentation

Fig. 4 Chemical structure of mannan-polysaccharides and enzymes involved in MOS production (from the author)
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process, contributing positively to industrial manufacturing of
these prebiotics (Moreno et al. 2017). In this approach, many
researchers are focusing on using microbial cells or their pu-
rified enzymes to obtain mannan-derivative oligosaccharides.

Blibech et al. (2011) reported the production of
mannanooligosaccharides from locust bean gum using
mannanase immobilized in chitin with glutaraldehyde by
cross-linking reaction. This enzyme was obtained from
Penicillium occitanis, which had already been described to
produce mannotetraose, mannotriose, and mannobiose when
incubated with locust bean gum and ivory nut mannan
(Blibech et al. 2010). The immobilized enzyme proved to be
more stable to temperature and pH than the nonimmobilized
enzyme, retaining 40% of its activity after incubation at 70 °C
for 30 min, while the free one retained only 7%. The optimal
temperature was not altered after immobilization (70 °C), but
the optimum pH shifted from 4 to a more acid range (3 to 4).
In conclusion, using immobilized mannanase, it was possible
to obtain mannotriose and mannotetraose to be employed as
mannanooligosaccharide prebiotics (Blibech et al. 2011).

Similarly, β-mannanase from Bacillus pumilus GBSW19
was purified and tested for hydrolysis of locust bean gum.
With an optimum pH of 6.5 and temperature of 65 °C, this
new enzyme, named Bpman5, was shown to be thermo-, pH-,
and detergent-stable, with potential application in bioconver-
sion and fiber industries. The optimized conditions 10 U/mg
enzyme, 10 mg/mL locust bean gum, and incubation at 50 °C
for 24 h led to a mixture of oligosaccharides with degrees of
polymerization (DP) of 2 to 6, mainly mannobiose,
mannotriose, and mannopentaose, in a concentration of
1.19 mg/mL (Zang et al. 2015).

Copra meal is a residue containing approximately 60% of
mannan, therefore a good substrate for MOS production.
Ariandi and Meryandini (2015) optimized copra meal hydro-
lysis using Streptomyces sp. BF3.1 mannanase. Using a
mass/volume fraction of 10% copra meal and incubation for
5 h at 30 °C, it was possible to obtain mannanooligosaccharides
with DP = 4 in a concentration of 3.83 mg/mL.

Trichoderma reesei is one of the main industrial cellulolyt-
ic enzyme sources, and its genome contains about 200 glyco-
side hydrolase encoding genes. Therefore, three enzymes, Tr
Cel5A, Tr Cel7B, and mannanase from T. reesei, were
employed in konjac hydrolysis, a polysaccharide extracted
f r om t u b e r s o f Amo r p h o p h a l l u s k o n j a c , f o r
glucomannooligosaccharide production. All the enzymes
studied were able to release 50% of the reducing sugars after
48 h reaction and oligosaccharides obtained have DP 2 to 6
with variable sequences (Mikkelson et al. 2013). Using re-
sponse surface methodology, it was possible to identify the
optimum temperature, pH, hydrolysis time, and enzyme to
substrate ratio (E/S) in glucomannanooligosaccharide produc-
tion from konjac. In this study, oligosaccharides produced
were indicated by the concentration of direct reducing sugar

(DRS) and the highest concentration (3.709 mg/mL) was ob-
tained after a reaction time of 3.4 h, at 41 °C, pH of 7.1, and E/
S of 0.49 (Chen et al. 2013).

A Bacillus subtilis YH12 strain, isolated from konjac rhi-
zome soil, was able to produce β-mannanase when cultivated
at 37 °C in a medium containing konjac powder. Enzyme
content in the supernatant could be purified and exhibited high
activity for hydrolysis of several substrates, such as locust
bean gum, konjac powder, xanthan gum, guar gum, and fenu-
greek gum. When incubated with the substrates in pH 6.5 at
55 °C for 8 h, oligosaccharides with variable DP could be
obtained, for example DP 1 to 7 from locust bean gum, DP
2 to 7 from konjac powder, and DP 1 to 2 from xanthan gum
(Liu et al. 2015).

Jian et al. (2013) used a commercially available mannanase
purified from Aspergillus niger to obtain MOS fromGleditsia
sinensis (Leguminosae family) galactomannan gum. In pre-
liminary experiments, range of pH 3 to 6, substrate concentra-
tion of 2 to 8%, enzyme amount of 5 to 9 U/g, temperature of
40 to 80 °C, and reaction time of 0 to 48 h were evaluated.
Considering the enzyme optimum pH and the increase in sub-
strate concentration, a decrease on hydrolysis yield occurred,
so these two parameters were fixed in pH 4 and a fraction
mass/volume of 5% respectively. Other three parameters
could be optimized employing response surface methodology
through a central composite design with three independent
variables and five levels. It was possible to obtain oligosac-
charides with DP 1 to 5 in a concentration of 29.1 g/L (yield of
75.9%) after incubation at 57.4 °C for 34.1 h and using 8.1 U/
g of enzyme.

A strain of Penicillium chrysogenum QML-2 was iso-
lated from Chinese soil samples and reported as a good
producer of both xylanases and β-mannanases. In order to
achieve the highest enzyme activity, parameters that affect
enzyme production were optimized. Firstly, a Plackett-
Burman design (PBD) was employed to screen most sig-
nificant variables among wheat bran (WB), corn stover
powder (CSP), (NH4)2SO4, yeast extract, NaCl, MgSO4·
7H2O, KH2PO4, CaCl2, moisture content, initial pH, cul-
tivation temperature, and inoculum size. Then, a Box–
Behnken design (BBD) was applied to evaluate the sig-
nificant variables moisture content, initial pH, and inocu-
lum size. After optimization, it was possible to achieve an
eightfold increase in β-mannanase activity (from 928.41
to 8479.82 U/g) when the strain was cultivated in a mois-
ture content of 74%, initial pH 4.5, and inoculum size in a
fraction mass/volume of 11.6% (Zhang and Sang 2015).

A β-mannanase-producing strain identified as Bacillus
nealsonii PN-11 was isolated from landfill areas in India
(Chauhan et al. 2014a), and the enzyme produced
(ManPN11) was purified and characterized by Chauhan
et al. (2014b). This enzyme showed optimal activity at a
temperature of 65 °C and pH 8.8, which is interesting
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since most of the mannanases are not stable at high pH.
Regarding its stability, ManPN11 retained 50 and 85% of
its activity after 3 h incubation at 70 °C and pH 5 to 10
respectively. It was also shown that organic solvents did
not interfere in the enzyme activity. For MOS production,
0.1% of the strain inoculum was incubated in minimal
media (FeSO4·7H2O, 0.01 g/L; CaCl2·2H2O, 0.05 g/L;
MgSO4·7H2O, 0.2 g/L; KH2PO4, 2.32 g/L; K2HPO4,
7.5 g/L; NH4NO3, 0.3 g/L) at 37 °C for 96 h. The mannan
source used was locust bean gum (8 g/L). The MOS ob-
tained were mainly mannotriose, mannotetraose, and
mannopentaose. Prebiotic potential was proved since they
enhanced the growth of Lactobacillus casei but inhibited
the growth of Salmonella enterica.

Production of ManPN11 was further optimized by the
Bone factor at a time^ method in submerged fermentation.
Variables considered in this study were time (0 to 168 h),
pH (4 to 9), temperature (27 to 47 °C), inoculum
mass/volume fraction (0.1 to 0.5%), inoculum age (12 to
36 h), carbon and nitrogen sources, locust bean gum
mass/volume fract ion (0.1 to 1%), bactopeptone
mass/volume fraction (0.1 to 0.5%), and agitation (100 to
200 rpm). The most influencing factors were locust bean
gum, bactopeptone, and inoculum age. Under optimized
conditions, it was possible to achieve a ninefold increase
in enzyme yield, from 6 to 55 U/mL (Chauhan et al.
2014c).

In the biotechnological process, oftentimes, microor-
ganisms able to produce enzymes are not suitable for in-
dustrial application. Fungi strains can produce a wide
range of enzymes, but in the process for foodstuff produc-
tion, there is a regulatory issue regarding that the biocata-
lyst employed must be recognized as safe (GRAS) and
there is always the concern about mycotoxins. Moreover,
bacteria and yeasts are easier to be cultivated in large-scale
fermentation tanks (Ozturk et al. 2010; Zhu et al. 2014;
Yang et al. 2015; Srivastava and Kapoor 2017). Therefore,
several research groups have been focusing in cloning and
expression of β-mannanase genes in heterologous hosts.
Some of them are summarized in Table 3.

There are several studies describing isolation of β-
mannanase from fungal or bacterial strains, optimization
assays to obtain higher yields or enzymes activities, and
even cloning of β-mannanase genes in different hosts to
facilitate enzyme expression (Srivastava and Kapoor
2017). The main objective of these studies is to employ
the β-mannanase for mannan hydrolysis and obtaining
MOS due to its potential application as prebiotic and
proved efficiency as supplement in food, feed, and medi-
cal fields. In this context, further researches are necessary
aiming to overcome the drawbacks in MOS production as
well as to evaluate the biosafety before availability to the
consumer market.

Future perspectives

These recent studies demonstrate the great potential for bio-
technological oligosaccharide production. Most used strate-
gies point to a development of microorganisms and enzymes
able to synthesize these molecules on a large scale, so the
necessary advance in those studies, for example, the develop-
ment of scale-up strategies.

This work also highlights the use of agro-industrial waste
or by-products as rawmaterial for oligosaccharide production,
an alternative that is fully related to sustainable development
and economically necessary to obtain low-cost processes.
Finally, there is a need for further downstream steps studies
in order to obtain desired yields and purity degrees to the final
product. The complete tracking of all the biotechnological
production process stages of oligosaccharides will be able to
generate all the necessary data to process development in a
large scale, thus feeding the productive chain of food prebiotic
fibers.
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