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a  b  s  t  r  a  c  t

Fructo-oligosaccharides  (FOS)  obtained  by fermentation  of sucrose  may  be purified  at  large-scale  by
continuous  chromatography  (Simulated  Moving  Bed:  SMB).  In order  to  improve  the  efficiency  of  the
subsequent  SMB  purification,  the  optimization  of  the  fermentative  broth  composition  in salts  and  sugars
was  investigated.  Fermentations  conducted  at reduced  amount  of  salts,  using  Aureobasidium  pullulans
whole  cells,  yielded  0.63  ± 0.03 g of  FOS  per  gram  of  initial  sucrose.  Additionally,  a  microbial  treatment
was  proposed  to reduce  the amount  of  small  saccharides  in  the  mixture.  Two  approaches  were  evaluated,
namely a co-culture  of A.  pullulans  with  Saccharomyces  cerevisiae;  and  a  two-step  fermentation  in  which
FOS  were  first  synthesized  by  A. pullulans  and  then  the  small  saccharides  were  metabolized  by  S. cerevisiae.
o-culture
uccessive fermentation
accharomyces cerevisiae

Assays were  performed  in  100  mL shaken  flasks  and  further  scaled-up  to  a 3 L working  volume  bioreactor.
Fermentations  in  two-step  were  found  to  be more  efficient  than  the co-culture  ones.  FOS  were  obtained
with  a purity  of  81.6  ± 0.8%  (w/w),  on  a dry weight  basis,  after  the  second-step  fermentation  with  S.
cerevisiae.  The  sucrose  amount  was  reduced  from  13.5  to 5.4%  in  total  sugars,  which  suggests  that  FOS
from  this  culture  broth  will be  more  efficiently  separated  by SMB.
. Introduction

The consumers’ interest in healthy and high nutritional food
as significantly increased in the recent years. This growing trend
owards the adoption of healthier lifestyles has been the main
river for the great demand of functional ingredients in the global
ood market, such as fructo-oligosaccharides (FOS) which exhibit
rebiotic activity (Preter, Hamer, Windey, & Verbeke, 2011). Indus-
rially, FOS are produced from sucrose through transfructosylation
y enzymes with a maximum theoretical yield between 0.55
nd 0.60 gFOS gSucrose

−1 (Nishizawa, Nakajima, & Nabetani, 2001;

angeetha, Ramesh, & Prapulla, 2005). Recently, a slightly higher
ield, 0.64 gFOS gSucrose

−1, was obtained in a fermentation con-
ucted with whole cells of Aureobasidium pullulans instead of the
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enzymes (Dominguez et al., 2012). One of the biggest challenges in
FOS production is achieving high yields of oligosaccharides since
glucose is also produced during the fermentation inhibiting the
fructosyl-transferring reaction. Besides, FOS are hydrolysed during
the enzymatic synthesis (Yun & Song, 1993). Thus, some unreacted
residual sucrose is always present in the fermentation mixture. The
presence of small saccharides in the final fermentation mixture
(fructose, glucose and sucrose) decreases the prebiotic activity of
the mixture. Therefore, a downstream removal step is needed to
enable the incorporation of these FOS mixtures in diabetic, dietetic
and healthy foods.

Several techniques have been studied to remove small sugars
from the FOS mixtures including ultra and nanofiltration (Pinelo,
Jonsson, & Meyer, 2009), activated charcoal systems (Nobre,
Teixeira, & Rodrigues, 2012), microbial treatment (Crittenden &
Playne, 2002) and ion-exchange chromatography (Nobre, Suvarov,
& De Weireld, 2014). The purification of FOS is not straightfor-
ward due to the physicochemical similarities between the different
oligosaccharides and the smaller saccharides. Hence, to obtain

purified FOS in large-scale with minimal product losses, the com-
bination of two  methods can be envisaged, namely a microbial
treatment followed by continuous chromatography separation
(Simulated Moving Bed: SMB). The impact of the continuous
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emoval of glucose and residual sucrose from the medium dur-
ng the FOS synthesis to achieve higher fermentation yields has
een attempted (Jung, Kim, Jeon, & Lee, 1993; Sheu, Lio, Chen, Lin,

 Duan, 2001; Sheu, Duan, Cheng, Bi, & Chen, 2002; Sheu, Chang,
ang, Wu,  & Huang, 2013; Yun, Lee, & Song, 1994). Most studies

nvolve using a mixture of enzymes, one responsible for the FOS
ynthesis and the other able to convert small sugars without FOS
ydrolysis activity (Jung et al., 1993; Lin & Lee, 2008; Sheu et al.,
001; Yang, Wang, Teng, & Zhang, 2008; Yun et al., 1994).

The aim of this work was to optimize the fermentative broth
omposition in salts and small sugars to enable its further feeding
nto a SMB  plant for the FOS purification. A. pullulans (FOS producer)
nd Saccharomyces cerevisiae (able to ferment glucose, fructose and
ucrose to ethanol) were used. The pre-purification phase was  per-
ormed either in one-step fermentation (co-culture of both strains)
r in two-step fermentation, where firstly the FOS mixture was  bio-
roduced by A. pullulans and secondly, the small saccharides from
he FOS mixture were metabolized by S. cerevisiae.

. Materials and methods

.1. Microorganisms and culture conditions

The fungus A. pullulans CCY 27-1-94 was grown in pellets form,
hich facilitates the biomass harvesting from the culture broth.

he strain was maintained on Petri plates containing Czapeck Dox
gar (Oxoid, UK) medium at 4 ◦C and was subcultured every month.

 concentrated spore suspension was prepared by placing the
ungus in plates at 28 ◦C for 5 days. At that time, spores were
craped from the plates with a 0.1% (w/v) solution of Tween 80
Panreac, AppliChem, Spain). The number of spores in the concen-
rated solution was determined by counting in a microscope using
n improved Neubauer chamber. Afterwards, the suspension was
iluted to a 9 × 107 spores mL−1.

S. cerevisiae 11982 was grown in YEG (yeast extract-glucose)
ulture medium, previously autoclaved at 121 ◦C for 20 min, con-
aining 5 g L−1 yeast extract and 20 g L−1 glucose (both from Fluka,
ermany), for 24 h, at 30 ◦C and 150 rpm of agitation. The strain
as transferred monthly to fresh YEG agar plates and stored at 4 ◦C

fter incubation at 30 ◦C for 5 days.

.2. FOS production

.2.1. Experimental design
The composition of the fermentation medium for A. pullulans

rowth and FOS synthesis was firstly optimized regarding its salt
omposition. The optimal concentration levels of both NaNO3 and
H2PO4 salts were determined using an experimental design. The
esponse Surface Method (RSM) was determined with a three-

evel factorial design and two factors, for the maximization of
OS production. High, intermediate and low levels of salts con-
entration were considered: 5.0, 12.5 and 20.0 g L−1 for NaNO3
nd 4.0, 6.0 and 8.0 g L−1 for KH2PO4. A total of 11 independent
xperiments, including three replicates at the central point of the
esign were conducted. Positive effects were considered signifi-
ant for p-values lower than 0.05 (Haaland, 1989). The statistical
xperimental design was generated and evaluated using the JMPTM,
ersion 10 – The Statistical Discovery Software, from SAS.

.2.2. Shaken flask fermentations
Shaken flasks of 100 mL  with test tube aluminium caps
ere used. An aliquot of 1 mL  of A. pullulans spores suspension
9 × 107 spores mL−1) was transferred to 50 mL  of fermentation

edium, containing: 200 g L−1 sucrose, 0.5 g L−1 KCl, 0.35 g L−1

2SO4, 0.5 g L−1 MgSO4·7H2O, 0.01 g L−1 FeSO4.7H2O and the
mers 136 (2016) 274–281 275

respective optimum concentrations of NaNO3 and KH2PO4 previ-
ously determined by RSM (Section 2.2.1). All salts were purchased
from VWR  (Belgium). Chemicals used were of analytical grade,
except for the sucrose used for FOS synthesis, which was a com-
mercial sugar obtained by Raffinerie Tirlemontoise, S.A., Belgium.
Culture medium was previously autoclaved at 121 ◦C for 15 min.
Sucrose and FeSO4·7H2O solutions were sterilized by filtration
(0.2 �m).

The operational conditions and fermentative broth composition
were adapted from Dominguez et al. (2012). The pH of the culture
medium was  adjusted to 5.5 before inoculation and the fermenta-
tions were performed at 32 ◦C with an agitation of 150 rpm. Several
samples were taken at different time points to further determine
the sugars profile.

2.2.3. Bioreactor fermentation
An aliquot of 1 mL  of A. pullulans spores suspension

(9 × 107 spores mL−1) was transferred to 100 mL of inoculum
medium containing 100 g L−1 sucrose and the same optimized salt
concentrations previously used in the shaken flask fermentations.
The inoculum was  grown at 28 ◦C and 150 rpm and transferred
after 3 days to a 5 L bioreactor – BIOSTAT® B module (Sartorius,
Germany). A working volume of 3 L of culture medium (200 g L−1

sucrose and salt concentrations equal as the ones used in the
inoculum) was  used. Salts solutions were autoclaved inside the
bioreactor, at 121 ◦C for 30 min. Sucrose and FeSO4·7H2O solutions
were sterilized by filtration (0.2 �m)  and further added to the
bioreactor. Fermentations were carried out at 32 ◦C and 385 rpm
with a fixed pH of 5.50 ± 0.05.

2.3. Removal of the small saccharides

The ability of S. cerevisiae to remove mono- and disaccharides
from the fermentation broth was evaluated using two different
strategies, as illustrated in Fig. 1.

In the one-step fermentation, the fungus A. pullulans and S. cere-
visiae were inoculated in the same shaken flask, as a co-culture, for
a simultaneous synthesis and purification of FOS through the con-
sumption of the non-oligosaccharides present in the fermentation
mixture.

Shaken flasks of 100 mL  containing 50 mL  of culture medium
(200 g L−1 sucrose with the optimized salt composition) were inoc-
ulated with an aliquot of 1 mL  of A. pullulans spores suspension
(9 × 107 spores mL−1) and 1 mL  of S. cerevisiae (with an optical den-
sity at 620 nm of 1.0). Fermentations were carried out at 32 ◦C and
150 rpm with an initial pH of 5.50. Additionally, the same assays
were performed in a similar culture medium but using 5 g L−1 of
yeast extract. Samples were taken along the fermentation at differ-
ent time points to evaluate the sugars profile.

Bioreactor fermentations were performed using 3 L of the opti-
mized fermentation medium inoculated with 100 mL  of A. pullulans
inoculum (grown for 3 days at 28 ◦C and 150 rpm) and 60 mL  of S.
cerevisiae (with an optical density at 620 nm of 1.0). Additionally,
these fermentations were repeated using a similar culture medium
though, with 5 g L−1 of yeast extract. Experiments were run at 32 ◦C,
385 rpm and a constant controlled pH, with ortho-phosphoric acid
and ammonia solution, at 5.50 ± 0.05.

In the two-step fermentation, FOS were synthesized in a first-
step fermentation by A. pullulans, as described in Section 2.2.3
“Bioreactor fermentations”.  The reaction was  stopped at the max-
imum FOS concentration time point and the biomass was removed

by filtration using cellulose acetate filters (VWR, Belgium) with a
pore size of 0.2 �m.

The filtered broth was used for the subsequent fermentation and
it was  inoculated with S. cerevisiae cells (with an optical density at
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Fig. 1. Strategies for fruct

20 nm of 1.0). In shaken flask experiments, 1 mL  of S. cerevisiae
ells was used to inoculate 50 mL  of filtered broth, while in the
ioreactor 54 mL  of S. cerevisiae cells was used to inoculate 2.7 L. A
efined volume of a yeast extract concentrated solution (1.67 mL
or shaken flaks and 90 mL  for the bioreactor) was added to the
econd-step fermentation broth in order to obtain a final concentra-
ion of 5 g L−1. Shaken flask fermentations were carried out at 32 ◦C
nd 150 rpm with an initial pH of 5.5. The bioreactor fermentations
ere conducted at 32 ◦C and 385 rpm with a constant controlled
H of 5.50 ± 0.05.

.4. Sugars and ethanol analysis

Samples were analyzed by HPLC for sugars and ethanol quan-
ification (Dias et al., 2009; Nobre et al., 2009). A HPLC (Jasco),
quipped with a refractive index detector working at 30 ◦C and

 Prevail Carbohydrate ES 5u column (5 �m,  25 cm × 0.46 cm
ength × diameter) (Alltech), was used. A mixture of acetonitrile
HPLC Grade, Carlo Erba, France) in pure-water (70:30 v/v), and
.04% of ammonium hydroxide (HPLC Grade, Sigma, Germany)
as used as mobile phase. Elution was conducted at 1 mL min−1

ow rate and room temperature. The chromatographic signal was
ecorded and further integrated using the Star Chromatography

orkstation software (Varian, USA).
FOS standards, namely 1-kestose (GF2), nystose (GF3) and 1-

ructofuranosyl nystose (GF4) were acquired from Wako (Japan).
ucrose (GF), fructose (F) and ethanol standards were obtained
rom Merck (USA) and glucose (G) from VWR  (Belgium). All chem-
cals used for analysis were of analytical grade.

.5. Statistical analysis
Fermentation experiments were carried out in triplicate. Sta-
istical data analysis was performed using analysis of variance
ANOVA) and Tukey’s HSD test at a 5% level of significance.
osaccharides purification.

3. Results and discussion

3.1. FOS production

The combination of two methods to increase the amount of FOS
relative to the other sugars present in mixtures obtained by fer-
mentation with A. pullulans was proposed. These methods include
a co-culture (one-step) or two-step fermentation, using also a strain
able to consume the small sugars, for further improving the SMB
chromatography separation.

Since in SMB  chromatography cationic resins are used to sep-
arate sugars, it is important to reduce the amount of salts in the
mixture from which FOS will be purified. Therefore, the effect of
decreasing the salt amounts in the culture media used to pro-
duce FOS was  evaluated. The results obtained for the different
initial salt concentrations defined in the experimental design are
shown in Table 1. The fermentation times 47.8 h and 53.5 h were
selected since the maximum FOS production was  obtained around
these time points for all the performed fermentations. Accord-
ing to the statistical analysis, neither the concentration of NaNO3
nor of KH2PO4 affected significantly the FOS production (p > 0.05)
in the range of concentrations used. The results were evaluated
by ANOVA (analysis of variance) and F-test at 95% of confidence
level. F-values determined for each model corresponding to max-
imum FOS concentration, percentage, yield and productivity were
0.90, 2.16, 0.46 and 0.11, respectively. The calculated F-values are
lower than the listed one (F5,5 = 5.05), therefore the differences are
considered not statistically significant. In average, the maximum
concentration of FOS (101 ± 3 g L−1) was obtained at 51 ± 2 h of fer-
mentation, in the shaken flasks. The average fermentation yield was
0.51 ± 0.01 gFOS gSucrose

−1 with a content of 49 ± 1% of FOS in total
sugars. These values represent the average of all data obtained in
the experimental design.
Fermentations were scaled-up to a 5 L bioreactor using 5.0 g L−1

of NaNO3 and 4.0 g L−1 of KH2PO4. Yields and FOS concentration in
the bioreactor (Table 2) were found to be similar to those obtained
in previous works using the whole cell of A. pullulans at the same



C. Nobre et al. / Carbohydrate Polymers 136 (2016) 274–281 277

Table  1
Experimental conditions defined by the experimental design and responses obtained for the optimization of the salt concentrations in the initial fermentation broth.

NaNO3 (g L−1) KH2PO4 (g L−1) Fermentation time (h) Maximum FOS (g L−1) %FOS (w/w)b Yield (gFOS gSucrose
−1) Qp (gFOS L−1 h−1)

A1 5.0 8.0 47.8 101.3 48.9 0.54 2.1
A2  20.0 4.0 53.5 91.5 43.5 0.46 1.7
A3a 12.5 6.0 53.5 103.7 48.1 0.53 1.9
A4  5.0 4.0 47.8 95.4 50.8 0.50 2.0
A5  5.0 6.0 53.5 95.1 49.6 0.48 1.8
A6  12.5 8.0 53.5 101.9 49.8 0.51 1.9
A7a 12.5 6.0 47.8 104.3 50.6 0.53 2.2
A8  20.0 6.0 47.8 105.7 49.3 0.53 2.2
A9  12.5 4.0 53.5 105.6 49.7 0.53 2.0
A10 20.0 8.0 53.5 103.0 47.0 0.52 1.9
A11a 12.5 6.0 53.5 99.9 49.0 0.50 1.9

a Central points; Qp – productivity; FOS – fructo-oligosaccharides.
b On a dry weight basis.

Table 2
Fructo-oligosaccharides (FOS) production by Aureobasidium pullulans using 5.0 g L−1 of NaNO3 and 4.0 g L−1 of KH2PO4, in bioreactor.

Time (h) FOS (g L−1) %FOS (w/w)a Qp (gFOS L−1 h−1) Yield (gFOS gSucrose
−1) Yield (gGF2 gSucrose

−1) Yield (gGF3 gSucrose
−1)

20 118.6 ± 1.6 54.0 ± 1.6 4.8 ± 1.4 0.63 ± 0.03 0.38 ± 0.08 0.23 ± 0.05
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p – productivity; GF2 – kestose; GF3 – nystose.
a On a dry weight basis.

perational conditions of temperature, pH and agitation, though
sing higher concentrations of salts (Dominguez et al., 2012; Nobre
t al., 2012). It is noteworthy that in the present work, the time
eeded to achieve the maximum FOS production was twice as

ow as in the previous reports, which may  be due to a different
pproach used to prepare the inoculum, thus leading to a process
ith a much higher productivity (4.8 ± 1.4 compared to the previ-

us 2.9 gFOS L−1 h−1 (Dominguez et al., 2012). The decrease of the
aNO3 amount in the culture from 20.0 to 5.0 g L−1 and KH2PO4

rom 7.9 to 4.0 g L−1 will also reduce costs associated with the
ermentation process, as well as the time associated with the dem-
neralization procedures needed to purify the sugar solution before
eed in the SMB  plant.

The commercially available FOS are typically produced in two-
tep processes, in which the enzyme is firstly produced by the
icroorganism, followed by the extraction and purification of

he enzyme, and secondly the fermentation step in which FOS

re synthesized (Sangeetha et al., 2005). Fermentations carried
ut in two-steps, using the A. pullulans crude enzyme, led to

 maximum yield production of 0.62 gFOS gSucrose
−1 (Yoshikawa,

machi, Shinoyama, & Fujii, 2008). In the present work, a yield
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n  shaken flask (a) and in bioreactor (b).
of 0.63 ± 0.03 gFOS gSucrose
−1 was  obtained, for one-step fermen-

tation, working with the whole cells, thus resulting in a much
less expensive and time consuming process for the production
of FOS.

S. cerevisiae was used in the co-culture and two-step fermen-
tations. The yeast exhibited different nutritional needs than the
fungi A. pullulans as the strain was not able to grow in the culture
medium used for the FOS synthesis, neither in the initial conditions,
containing sucrose in high concentration, nor in the final mixture
containing mainly FOS and glucose. It was therefore necessary to
optimize the broth composition ensuring the growth of the second
strain. The fermentative broth was enriched with 5.0 g L−1 of yeast
extract. In these conditions, S. cerevisiae was  able to grow both in
the initial medium and in the medium containing the FOS produced
by A. pullulans and remaining sugars.

Since in co-culture, S. cerevisiae and A. pullulans are inoculated in
the same medium, the influence of the yeast extract in the produc-

tion of FOS by A. pullulans was  first evaluated. Fig. 2 shows the time
course of sucrose consumption and FOS production during the fer-
mentations carried out in shaken flask (a) and bioreactor (b) with
and without yeast extract.
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Table  3
Fructo-oligosaccharides production in bioreactor using different fermentation strategies.

Strategy Microorganism Fermentation time (h) FOS (g L−1) %FOS (w/w)a

Fermentation without yeast extract Aureobasidium pullulans 20 118.6 ± 1.6 54.0 ± 1.6
Fermentation with yeast extract A. pullulans 25 103.9 ± 7.4 53.8 ± 1.0

One-step  fermentation
A. pullulans with Saccharomyces cerevisiae 25 80.8 ± 5.4 47.4 ± 4.3

68 32.9 ± 8.8 60.9 ± 0.4
A. pullulans 20 111.5 ± 8.6 51.2 ± 1.7

68 100.6 ± 6.1 81.6 ± 0.8
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The presence of yeast extract in this specific medium seems
o delay the sucrose hydrolysis and decrease the productivity,
specially in the assays run in bioreactor FOS (p < 0.05). In the
ioreactor experiments, the yield decreased from 0.63 ± 0.03 to
.53 ± 0.04 gFOS gSucrose

−1 and the maximum concentration of FOS
roduced was 104 ± 6 g L−1. For the shaken flask experiments, the
resence of yeast extract did not significantly affect the production
f FOS (p � 0.05) (Fig. 2a).

Some studies have highlighted the negative impact of yeast
xtract on the production of the enzymes involved in the syn-
hesis of several prebiotics, such as �-d-fructan-fructanohydrolase
nd inulin activity (Allais, Hoyos-Lopez, Kammoun, & Baratti,
987; Pandey et al., 1999). Indeed, (Ottoni et al., 2012) reported
hat increasing yeast extract concentrations above a given value
ad a negative effect on the �-fructofuranosidase production by
spergillus oryzae IPT301. Nevertheless, the reasons for such effect
ave not yet been elucidated.

.2. Removal of the small saccharides from the fermentation
roth

S. cerevisiae can be conveniently used to remove mono- and
isaccharides from the mixtures obtained from the enzymatic
roduction of FOS. On the other hand, �-linked saccharides,
uch as 1-kestose, nystose and 1-fructofuranosyl nystose are not
ydrolyzed by the yeast. Two strategies were evaluated to increase
he percentage of FOS in relation to other sugars in the mixture:
1) one-step fermentation with both strains of A. pullulans and S.
erevisiae inoculated in co-culture in shaken flask/bioreactor, and
2) two-step fermentations consisting in the synthesis of FOS and
urther purification of the FOS mixture through the removal of the
mall saccharides by the yeast. Results obtained in each strategy
lus the ones obtained from the conventional fermentation with A.
ullulans with and without yeast extract in the fermentative broth
re presented in Table 3.

.2.1. One-step fermentation
In one-step fermentation, the fungus A. pullulans and the yeast

. cerevisiae were inoculated in the same fermentation vessel for
imultaneous synthesis and purification of FOS. Results obtained
rom the co-culture fermentations in shaken flask and bioreactor
re presented in Figs. 3 and 4, respectively.

The initial sucrose turnover rate decreased in the experiments
onducted with S. cerevisiae in co-culture as compared to the
ermentation run only with A. pullulans, without yeast extract
upplementation (Fig. 2b). Nevertheless, the same sucrose con-
entration profile was obtained for fermentations run with yeast
xtract supplementation, both with A. pullulans solely and in co-
ulture. Thus, this effect might be associated with the presence of
ome compounds from the yeast extract, such as amino acids and
o-factors, rather than with the presence of S. cerevisiae.
In conventional fermentations carried out with A. pullulans,
here is always some unreacted sucrose at the end of the fer-

entation due to inhibition, resulting from the presence of high
mounts of glucose. In the present study, the sucrose amount
Fig. 4. Profile of sugars concentrations obtained during the co-culture fermentation
carried out in bioreactor with S. cerevisiae and A. pullulans: � Fructose; � Glucose;
�  Sucrose; � GF2; © GF3; and � GF4.

contained in the fermentation broth at 20 h fermentation (time
point at which FOS concentration was maximum), represented
12.3% of total sugars (27.0 g L−1 concentration). Even increasing
the fermentation time to 63 h, the amount of unreacted sucrose
in the fermentation broth remained constant (13.1 ± 1.5 g L−1). On
the other hand, in the co-culture fermentation, the consumption

rate of sucrose increased substantially after 25 h of fermentation
and the sucrose amount decreased from 30.3 g L−1 (at 25 h of fer-
mentation) to 1.7 ± 1.1 g L−1 (at 68 h of fermentation), representing
3% of total sugars (Fig. 4). The decreased amount of sucrose in the
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o-culture fermentation broth might be related not only with the
ucrose uptake by S. cerevisiae alone, but also with the recovery
f the �-fructofuranosidase enzyme activity from the A. pullulans,
o effectively transfer sucrose into FOS, as described by Yang et al.
2008).

In the experiments herein performed, using mono-culture fer-
entation in a bioreactor, 59.6 g L−1 of glucose were obtained in the

ermentative broth at the time point corresponding to the max-
mum production of FOS, which accounted for 27.1% of the total
ugars. In co-culture fermentation, the glucose concentration was
ound to be half of the amount for the same fermentation time,
hich accounted for 18.0% of the total sugars. By increasing the

ermentation time, the glucose generated by the enzymatic syn-
hesis of FOS was almost totally consumed by S. cerevisiae.  On the
ther hand, fructose fermentation was much slower than glucose
Fig. 4). This might be explained by the glucophilic profile of S. cere-
isiae. The yeast begins consuming fructose only when the glucose
evels in the medium are low (Berthels, Otero, Bauer, Thevelein, &
retorius, 2004). Some glucose may  also be transferred into fructose
y glucose isomerase enzymes.

The transfructosylation reactions for the synthesis of FOS by
-fructotransferase, as well as the sucrose and FOS hydrolyzing

eactions by �-fructofuranosidase, as proposed by Nishizawa et al.
2001) and Rocha et al. (2009) are described in Supplementary

aterial.
1-Kestose concentration decreases with fermentation time due

o its gradual conversion to nystose and simultaneous enzy-
atic hydrolysis (see Supplementary material Eqs. (A.2) and (A.8),

espectively). In both mono and co-culture, the 1-kestose con-
entration profiles were similar. On the other hand, nystose and
-fructofuranosyl nystose were formed in much lower concentra-
ions in the co-culture fermentations.

Sucrose is hydrolyzed by invertase to glucose and fructose. Thus,
t may  be expected that S. cerevisiae competes for sucrose, thus
educing the amount of sucrose available to produce the second
nd third FOS, nystose and 1-fructofuranosyl nystose, respectively
see Supplementary material Eqs. (A.4) and (A.5)).

The maximum amount of FOS achieved in the co-culture fer-
entation, using a medium enriched with yeast extract, decreased

rom 103.9 ± 6.1 to 80.8 ± 5.4 g L−1 in the presence of the S.
erevisiae strain as compared to fermentations run with A. pul-

ulans alone (Table 3). Also, the yield of fermentation was  lower
0.40 ± 0.03 gFOS gSucrose

−1), while the purity of FOS in the mix-
ure was approximately the same. However, the content of FOS
ncreased from the beginning to the end of fermentation since
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out in triplicate.

sucrose and glucose were consumed by the strains. At 63 h of fer-
mentation, a mixture containing 59.0% purity of FOS was obtained
instead of the 54.0% purity, usually obtained by fermentation with
the single culture at 25 h of fermentation (point with maximum
percentage of FOS) (Fig. 5).

An amount of 19.8 g L−1 of ethanol was  produced from glucose
through S. cerevisiae fermentation at the maximum FOS  production
time. The ethanol concentration increased to 72.4 g L−1 after 68 h
of fermentation.

3.2.2. Two-step fermentation
The FOS synthesis with A. pullulans was stopped at 20 h of fer-

mentation, i.e. the time point at which the maximum concentration
of FOS was  obtained in previous experiments conducted under opti-
mized conditions. After removing the biomass corresponding to A.

pullulans, a concentrated solution of yeast extract was added to
the fermentative broth to enrich the nutritional composition of the
medium, thus enabling the growth of S. cerevisiae.
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Results obtained in shaken flasks for the second-step fermen-
ation, with S. cerevisiae,  are exhibited in Fig. 6a. S. cerevisiae
resented the ability to remove small saccharides, as it can
e observed by the increase of FOS percentage in total sugars,
ithout lost of the total amount of FOS, until 20 h fermenta-

ion. After 20 h, the FOS hydrolysis reactions rates were superior
o the transfructolysation ones. The percentage of FOS in the

ixture increased about 20% during the first 40 h of fermenta-
ion.

Fig. 6b presents the sugar profiles obtained for the second-
tep fermentation, with S. cerevisiae,  carried out in the bioreactor.
lthough the fermentative broth was filtrated to remove biomass

rom the fungi before the second-step fermentation, some enzymes
eleased by A. pullulans kept their FOS synthesis activity and
ucrose hydrolysis. Kestose concentration decreased during the
econd-step fermentation, from 73.9 ± 4.7 to 56.2 ± 0.1 g L−1, while
ystose concentration increased from 35.4 ± 4.8 to 41 ± 2.9 g L−1,
t 68 h fermentation. On the other hand, the glucose present
n the fermentative broth was reduced after S. cerevisiae inocu-
ation from 54.7 ± 1.6 g L−1 to 2.4 ± 0.1 g L−1, while the fructose
oncentration was kept constant around 13 g L−1, similarly to
hat was observed in the co-culture fermentation, thus showing

gain the preference of the yeast for glucose instead of fruc-
ose.

Through the fermentation of the mixture obtained from the
rst-step fermentation with S. cerevisiae,  for 48 h, the amount of
otal FOS decreased 10.0 g L−1 due to GF2 hydrolysis to monosac-
harides (see Supplementary material Eq. (A.8)) and simultaneous
F3 synthesis (see Supplementary material Eq. (A.2)). This loss rep-

esents 9.0% of the total amount of FOS obtained in the first-step
ermentation. However, by significantly decreasing the amount of
lucose in the mixture, the purity of FOS increased substantially
rom 51.7% to 81.6%.

In the current work, 48.1 g L−1 of ethanol were produced at the
nd of the second-step fermentation.

A similar approach as the one present in the current study was
xplored by Yang et al. (2008). The authors used Pichia pastoris to
emove the excess of glucose converting it to glycerol. Their work
as conducted with �-fructofuranosidase enzyme, for the produc-

ion of FOS, and a successive fermentation with P. pastoris cells. FOS
urity of the mixture increased from 56.55 to 84.45%. The FOS yields
eported are similar to the ones herein obtained. However, pro-
ucing ethanol instead of glycerol seems to be advantageous since
thanol, as a volatile compound, is easily recovered by means of a
educed pressure distillation or a simple evaporation at moderate
emperatures (Nobre et al., 2012).

The next step to obtain pure FOS mixtures (without small
accharides) is to use a SMB  chromatography plant. Chromatog-
aphy SMB  columns generally separate sugars according to their
olecular weight (Nobre, Teixeira, & Rodrigues, 2015). Thus, sug-

rs from the fermentative mixture would be desorbed in the
ollowing order: GF4 > GF3 > GF2 > GF > G > F. Sucrose is the non-
ligosaccharide with closest retention time to FOS. Consequently,
he peak of sucrose is the one that will overlap the oligosaccharides
eaks (Nobre et al., 2014).

The final composition of the mixture obtained in terms of sugars
or the two-step fermentation was: 10.9% fructose, 2.0% glucose,
.4% sucrose, 46.3% GF2, 33.7% GF3 and 1.6% GF4. By decreasing
he amount of sucrose from 27.9 to 6.6 g L−1 (from 13.5 to 5.4%
f total sugars in the mixture), it is expected to obtain a bet-
er resolution in the chromatographic separation of oligo- from
on-oligosaccharides. Therefore, the fermentation in series will

ontribute for the improved efficiency of the purification process
f FOS by SMB, not only due to the increase of FOS content in the
ixture, but also to the decreased amount of sucrose in the feed
ixture.
mers 136 (2016) 274–281

4. Conclusions

The use of a microbial treatment prior to the SMB  chromatog-
raphy, was  herein evaluated to pre-purify crude FOS mixtures. The
fermentative broth salt composition was successfully significantly
reduced without affecting the FOS production. Fermentations per-
formed in a two-step process, i.e. using A. pullulans and S. cerevisiae
sequentially, were more efficient in removing small saccharides
present in the FOS mixtures than the co-culture fermentations. The
second-step fermentation, conducted with S. cerevisiae alone, led to
a mixture with 81.6% purity of FOS in total sugars, containing 5.4%
sucrose. The final FOS mixture obtained in this work was enriched
in FOS, but also contains low amounts of sucrose and salts which
will greatly improve the efficiency of the next purification step, the
SMB  separation.
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