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GRAPHICAL ABSTRACT

Production of prebiotic FOS by Penicillium citreonigrum URM 4459
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ARTICLE INFO ABSTRACT

Keywords: A new isolated P. citreonigrum URM 4459 was selected to produce fructooligosaccharides (FOS) in an efficient, eco-
Fructo-oligosaccharides nomical and fast one-step fermentation. Optimal culture conditions were stablished by experimental design.
Penicillium citreonigrum Experiments run in bioreactor resulted in a high yield, content, productivity and purity of FOS (0.65 * 0.06 gros/Sinitial
Production yield optimization sucrose; 126.3 + 0.1g/L, 2.28 + 0.08g/Lhand 61 = 0%). The FOS mixture was purified up to 92% (w/w) with an

In vitro prebiotic evaluation

T X activated charcoal column. FOS produced were able to promote lactobacilli and bifidobacteria growth. Higher bacteria
Glycosidic linkage analysis

cell density was obtained for microbial-FOS mixtures than commercial Raftilose” P95. Some strains grew even faster in
the FOS mixture produced than in all other carbon sources. FOS were resistant to the simulated gastrointestinal con-
ditions. A high amount of a reducing trisaccharide was identified in the FOS produced mixture, possibly neokestose,
which may explain the great prebiotic potential of the FOS.

1. Introduction oligosaccharides (FOS), has demonstrated a great impact in human
health. Among the health benefits associated to prebiotics consumption
The daily ingestion of prebiotic sugars, such as fructo- are the positive effect on development of beneficial intestinal bacteria -
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through the intestinal modulation of the microflora, reduction of col-
orectal cancer and other tumours, support of the immune system, risk
reduction of obesity and metabolic syndrome, and protection against
infection (Markowiak and Slizewska, 2017).

Although FOS occur naturally in more than 36,000 plants, usually
stored in tubers, bulbs, and tuberous roots of plants, they are present in
low concentrations and are season-limited (Nobre et al., 2015; Singh
et al.,, 2019). On a larger scale, FOS have been produced by enzymes
with transfructosylation activity, able to convert sucrose into FOS. The
industrial FOS process production is conducted in two-steps. The first
step consists in the microbial production of B-fructofuranosidase and
fructosyltransferase enzymes, with fructosyltransferase activity, and the
second step consists in the production of FOS by the purified enzymes
(Sangeetha et al., 2005). The main drawback of this process is the low
FOS production yield ranging from 0.5 to 0.6 gros/intitial Sucrose (Ganaie
et al., 2014). Alternatively, FOS can be produced in a one-step bio-
process, using the whole cells of microorganisms (Mano et al., 2018).
The production of the enzyme and FOS occurs simultaneously resulting
in several advantages, such as the possibility of increase FOS production
yield and productivity, the use of lower sucrose concentrations, and
avoid separation steps for enzyme purification (Castro et al., 2019,
2017; Nobre et al., 2018a,b).

The increasing demand of consumers for food that have an impact
not only in the daily diet but also in the health has exponentially in-
creased the market size of prebiotics in the last decade, with an ex-
pectancy to reach approximately $10.55 billion by 2025 (Research and
Markets, 2017). To increase FOS production and produce FOS with
differentiated properties, it is now necessary seeking among the mi-
crobial diversity for new strains, with great transfructosylation activity,
as well as to explore new production strategies. Among the most
common fungi used for FOS production are Aspergillus spp. and Aur-
eobasidium spp. (Bali et al., 2015; Cruz et al., 1998; Ganaie et al., 2014;
Shin et al., 2004). New isolated Penicillium strains have great potential
as fructosyltransferase enzyme producers, with high enzyme con-
centration and low fermentation time (Nascimento et al., 2016).

To assure health claims related with FOS, the prebiotic potential of
the FOS produced by the new isolated microorganisms must be eval-
uated and related with the oligosaccharide structural features. In
practice, the physiological properties of new screened potential pre-
biotics may be reasonably well explored with in vitro tests so that their
nondigestibility and fermentability can be established (Cummings et al.,
2001). Oligosaccharides must be resistant to the human gastrointestinal
harsh conditions, since the hydrolysis of FOS influences to a great ex-
tent the dose of substrate that effectively reaches the distal regions of
the colon, as well as its potential to exert the expected prebiotic effect
through metabolism by the colonic microbiota. In the colon, FOS must
promote the bifidobacteria and lactobacilli growth. These bacteria
produce carbohydrate degrading enzymes which ferment the oligo-
saccharides and produce short chain fatty acids, such as acetate, pro-
pionate and butyrate, which provide metabolic energy and help in the
acidification of the gut, conferring a health benefit on the host (Younis
et al., 2015).

Since it is not clear which prebiotics are the most suitable substrates
for a selective growth of specific bacteria, it is important to conduct in
vitro tests to evaluate the associations between bacteria species growth
and the type of FOS under evaluation (Chung et al., 2016; Huebner
et al., 2007), as FOS fermentability and hydrolysis are largely affected
by their chemical structure (Nobre et al., 2018c).

In this context, the present work aimed to screen and identify new
isolated strains of Penicillium fungi with potential for FOS production at
high yields. The fermentation process was conducted in one-single step,
using the whole cells of active microorganisms, for simultaneously
production of enzymes and FOS. After selection of the Penicillium strain,
the FOS production process was optimized in shake flask and scaled-up
to bioreactor size. FOS mixtures obtained were purified with activated
charcoal for prebiotic evaluation and structure characterization using
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different gas chromatographic techniques. The prebiotic potential of
the purified FOS mixture was evaluated by fermentation with several
Bifidobacterium and Lactobacillus strains and their resistance under in
vitro gastrointestinal simulation conditions was also determined.

2. Material and methods
2.1. FOS production

2.1.1. Microorganisms and culture conditions

The potential of eight strains from the Penicillium genus, previously
reported by Nascimento et al. (2016) as B-fructofuranosidase producers,
were herein tested for their ability to produce FOS, namely Penicillium
aurantiogriseum URM 5139, Penicillium citrinum URM 2725, Penicillium
commune URM 4939, Penicillium aurantiogriseum URM 5126, Penicillium
implicatum URM 5426, Penicillium citreonigrum URM 4459, Penicillium
glabrum URM 4757, and Penicillium islandicum URM 5073). All strains
were obtained from the Micoteca of the Federal University of Per-
nambuco (URM - UFPE) and maintained at 4 °C on Czapek Dox Agar
medium (CZ) (Himedia, India).

2.1.2. Inoculum development and screening of fungi for FOS production

The inoculum was prepared from a 7-day-old fungi grown in CZ
plates. A sterilized solution of 0.1 % (v/v) Tween 80 (Merck, German)
was used for scrapping the spores from the plates. The number of spores
in the suspension was determined by counting in a microscope, using an
improved Neubauer chamber. The suspension was finally diluted to a
concentration of 10* spores/mL and inoculated in a 250 mL shake flask
containing 100 mL of medium composed by (% w/v): sucrose, 20.0;
yeast extract, 2.75; NaNOs, 0.2; MgSO47H,0, 0.05; KoHPOy,, 0.5; and
KCl, 0.05 (Prata et al., 2010). Sucrose solutions were previously ster-
ilized by filtration (0.2 um) and the other components were autoclaved
at 121 °C for 15 min. The fermentation medium pH’s was adjusted to 5.5
before inoculation. Fermentations were carried out at 30 °C under an
agitation of 150 rpm. Samples were harvested at 0, 12, 16, 20, 24 and
36 h of fermentation. Fermentation samples were firstly vacuum filtered
with a Whatman.1 paper, for major cell pellets removal and further re-
filtrated through a 0.2 pm cellulose acetate membrane, for sugars pur-
ification and qualitative/quantitative analysis.

2.1.3. Effect of the operational conditions on FOS production in shake flask

The effects and interactions of variables affecting the FOS produc-
tion (fermentation time, temperature, pH, and yeast extract con-
centration) were evaluated using a 2* central composite design (CCD),
with three central points. The levels of the variables were defined ac-
cording to other studies on FOS production optimization (Dominguez
et al., 2012; Prata et al., 2010; Silva et al., 2011). The range and the
levels of the independent variables studied were (—1, 0, 1): fermen-
tation time (36, 48, 60 min), temperature (25, 30, 35°C), pH (4, 5, 6)
and yeast extract concentration (0, 1.375, 2.750 g/L).

Variables with statistical influence on FOS production were selected
for further optimization experiments.

2.1.4. Optimization of FOS production in shake flask

To determine the optimal experimental conditions for FOS pro-
duction, the variables with statistical significance on the FOS produc-
tion were optimized by Response Surface Methodology (22). A 3 levels
(—1, 0 and +1) combination was tested, with two central points. The
regression coefficients for linear, quadratic and interactions for each
variable were determined and adjusted to a polynomial second order
equation (Eq. (1)).
Y =By + BXi+B,% + BXE + BiBXi X + B, X7 (@]

where Y is the dependent variable, FOS production concentration; (3 is
the interception coefficient; B; and [3; are coefficients estimated by the



C. Nobre, et al.

model; X; and X, are the independent variables, fermentation time and
temperature, respectively.

2.1.5. FOS production in bioreactor

Bioreactor fermentations were conducted with the selected
Penicillium strain. The inoculum was prepared with the following pro-
cedure: a spore suspension with 10* spores/mL concentration was
added to 100 mL of fermentation medium, containing (% (w/v)): su-
crose, 10.0; NaNOgs, 0.2; MgSO,7H-0, 0.05; K,HPO,4, 0.5; and KCI,
0.05, in 250 mL shake flask. After 3 days growing at 30 °C and 150 rpm,
the inoculum was transferred to a 3.75L stirred bioreactor
(Autoclavable Benchtop Fermenter Type R’ALF, Bioengineering AG,
Wald, Switzerland) containing 2L of culture medium with the same
composition of the inoculum, except for sucrose, which concentration
was adjusted for 20% (w/v). Fermentations were performed under an
agitation of 150 rpm. Temperature and fermentation time conditions
previously optimized for the FOS production in shake flask were used.
Samples were collected at 0, 14, 19, 24, 38, 43, 48, 63, 72 and 86 h.
Fermentative broth was harvested at the optimal point for further use in
the purification of FOS. Before the chromatographic process, the broth
was purified by vacuum filtration, with a Whatmann.1 paper, for major
cell pellets removal, and further re-filtrated through a 0.2 um cellulose
acetate membrane. Fermentation samples were firstly vacuum filtered
with a Whatman.1 paper for major cell pellets removal, and further re-
filtrated through a 0.2 pm cellulose acetate membrane, for further su-
gars purification and qualitative/quantitative analysis.

2.2. FOS purification

FOS mixtures harvested at the maximum FOS production time were
purified using the methodology described by Nobre et al. (2012) with
minor modifications. Briefly, an amount of 180 g of the extra pure ac-
tivated charcoal supplied by Merck (Darmstadt, Germany) in a granular
form, with 1.5 mm of mean, was used in the purification experiments. A
glass column (33 x 4.5 cm length x internal diameter) was filled with
activated charcoal and further loaded with 455mL of fermentative
broth, at a flow rate of 25 mL/min and 25 °C. The retained sugars were
recovered by elution with a gradient of ethanol (up to 100% v/v).
Fractions collected in the desorption phase were evaporated at 60 °C in
a rotary evaporator (B. Braun Biotech International, Germany) to re-
move ethanol and concentrate the sugars. Finally, FOS samples were
lyophilized and used for chemical analyses and in vitro tests.

2.3. Chemical characterization

2.3.1. FOS identification and quantification

FOS mixture produced by P. citreonigrum URM 4459 were analysed
according to Nobre et al. (2018¢) and Ribeiro et al. (2018). A mixture of
commercial FOS Actilight” (Beghin-Meiji Industries, France) was used
as standard. The samples FOS and Actilight” were derivatized in du-
plicate by adding 200 pL of a sodium borohydride solution (15% (m/v)
in NH3 3 M) and incubated at 30 °C for 60 min. The acetylation of the
alditols was performed with acetic anhydride and 1-methylimidazole as
catalyst for 30 min at 30 °C. The alditol acetates were extracted with
dichloromethane and evaporated to dryness. The alditol acetates were
dissolved in anhydrous acetone and analysed by gas chromatography-
quadrupole mass spectrometry (GC-qMS) equipped with a DB-1 (J & W
Scientific, Folsom, CA, USA) capillary column (30 cm length, 0.25 mm
of internal diameter and 0.10 um of film thickness). The samples were
identified according the mass spectra pattern and standards injection by
GC-MS (Nobre et al., 2018c). Monosaccharides quantification is pre-
sented in equivalents of glucose, and di-trisaccharides are depicted as
equivalents of sucrose, i.e. they were calculated with the response
factor of glucose and sucrose, respectively. For the quantification of
tetrasaccharides, the alditol acetates were dissolved in anhydrous
acetone (50 pL) and analysed by GC-FID equipped with a 400-5HT,
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dimethylpolysiloxan capillary column (Quadrex, New Haven, CT, USA)
with 25 m length, i.d. of 0.22mm and film thickness of 0.05pm. The
oven temperature program used was: initial temperature of 100 °C; rise
in temperature at a rate of 10 °C/min until 200 °C, standing for 2 min;
rise in a rate of 1.0 °C/min until 250 °C and maintaining this tempera-
ture 2 min; final linear increase of 15 °C/min until 400 °C, standing for
1 min. The injector and detector temperatures were 300 and 400 °C,
respectively. The flow rate of the carrier gas (H,) was set at 1.7 mL/min
(Ribeiro et al., 2018).

2.3.2. Glycosidic linkage analysis

The glycosidic linkages established between the monomers of the P.
citreonigrum URM 4459 FOS and Actilight” were identified by methy-
lation analysis, using the same procedure as Nobre et al. (2018c).
Briefly, the free hydroxyl groups of FOS were methylated, followed by
the hydrolysis of the glycosidic linkages. The resultant mono-
saccharides were then reduced and the hydroxyl groups formed, pre-
viously involved in the glycosidic linkages or ring formation, were
acetylated. The partially methylated alditol acetates were analysed by
GC-gMS.

2.4. In vitro evaluation of the prebiotic effects

2.4.1. Gastrointestinal digestion of FOS

The gastrointestinal digestion of the FOS mixture produced was
evaluated according to a methodology described by Minekus et al.,
(2014). An Actilight® FOS mixture, obtained from a microbial source,
(Beghin-Meiji Industries, France) was used as positive control. Briefly,
5mL of each carbohydrate sample (FOS and Actilight’), at a con-
centration of 94% of FOS in total sugars, was exposed to conditions
simulating the environment of the mouth, stomach, and small intestine.

To simulate the oral phase a simulated salivary fluid (SSF) was
added to a CaCl,.(H,0), solution (to obtain 1.5mM in the fluid). The
SSF was prepared as follows: KCl 15.1 mM, KH,PO, 3.7 mM, NaHCO3
13.6 mM, MgCl,.(H>0)¢ 0.15mM, (NH4),.CO3 0.06 mM, and HCl
1.1 mM. The reaction mixture with the sample was incubated in a
shaking bath at 37 + 1°C for 2 min.

The gastric phase was mimicked by mixing a simulated gastric fluid
(SGF) with porcine pepsin solution (2000 U.mL ! in the final sample),
CaCl,.(H50), (to obtain 0.15 mM in the fluid) and HCI to adjust the pH
to 3.0. The SGF was prepared as follow: KCl 6.9 mM, KH,PO,4 0.9 mM,
NaHCO; 25mM, NaCl 47.2mM, MgCl, (H,0)s 0.1 mM, (NH,),.CO5
0.5mM, and HCI 15.6 mM. Samples were incubated in a shaking bath at
37 £ 1°Cfor 2h.

The intestinal phase was mimicked by mixing a simulated intestinal
fluid (SIF) with a pancreatin suspension in SIF (based on trypsin activity
of 100 U/mL in the final sample), bile solution in SIF (to obtain 10 mM
in the fluid), CaCl,.(H,0), (to obtain 0.6 mM in the fluid) and NaOH to
adjust the pH to 7.0. The SIF was prepared as follow: KCl 6.8 mM,
KH2PO4 0.8 mM, NaHCO3 85 mM, NaCl 38.4 Il'lM, MgClz.(HZO)(,
0.33 mM, and HCI 8.4 mM. Samples were incubated in a shaking bath at
37 = 1°C for 2h.

Samples were collected after each phase (oral, gastric and in-
testinal). The reaction of gastric phase was stopped by raising the
sample pH to 7.0 with NaHCO3 (1 M). At the end of digestion, the re-
action was stopped by adding the enzyme inhibitor pefabloc (1 mM)
(10 pL per 1 mL of sample). All samples were tested at least in triplicate.

The hydrolysis degree was calculated according to the equation (2):

FOS mass

—— X 100
Total sugars mass

%Hydrolysis @

Porcine pepsin, pancreatin (8 X USP), bile extract porcine, HCl,
NaHCO3, (NH,4),.CO3 and pefabloc SC (4-(2-aminoetyl) benenesulfonyl
fluoride) were purchased from Sigma-Aldrich (St. Louis, MO). NaOH,
KCl, CaCl,.(H50),, KH,PO, and NaCl were obtained from Panreac
(Spain) and MgCl,.(H,0)¢ was purchased from Merck.
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2.4.2. Fermentability of FOS by probiotic bacteria

Lactobacillus acidophilus CECT 903, Lactobacillus paracasei CECT 277,
Bifidobacterium bifidum CECT 870, and Bifidobacterium adolescentis CECT
5781 were obtained from Spanish Type Culture Collection (CECT) of
the University of Valencia. Lactobacillus rhamnosus ATCC 7469,
Lactobacillus delbrueckii delbrueckii ATCC 9649, Lactobacillus bucheneri
ATCC 4005, and Lactobacillus delbrueckii lactis ATCC 12375 were ob-
tained from The Global Bioresource Center (ATCC). Lactobacillus plan-
tarum NCIMB 8827 and Lactobacillus paracasei paracasei CCUG 27320
were obtained from National Collections of Industrial, Marine and Food
Bacteria Ferguson Building (NCIMB) and Culture Collection University
of Goteborg (CCUG), respectively. All cultures were maintained at
—80 °C in Man-Rogosa-Sharpe (MRS; Biokar Diagnostics, France), both
supplemented with glycerol (30% v/v), and sub-cultured in MRS broth
by overnight incubation at 37°C for the prebiotic activity assay.
Bifidobacterium strains required 0.5g.L of vL-cysteine-HCl (Merck,
Germany) to grow in the MRS medium. Bifidobacterium were cultured in
anaerobic jars generating an anoxic atmosphere by means of
AnaeroGen sachets.

To investigate the oligosaccharides utilization and growth of the
bacteria, MRS medium without glucose (MRS-), was prepared con-
taining: 10 g/L of peptone, 10 g/L of meat extract, 5g/L of yeast ex-
tract, 2 g/L of KoHPO,, 1.08 g/L of Tween 80, 5 g/L of sodium acetate,
2g/L of ammonium citrate tribasic, 0.2 g/L of MgSO,, 0.05g/L of
MnSO,. This medium was sterilized at 121 °C for 15 min. Glucose was
used as positive control (MRS+). Two commercial FOS mixtures,
Raftilose” P95 (Beneo-Orafti Group, Belgium) and Actilight’ (Beghin-
Meiji Industries, France), were tested and compared with FOS mixtures
produced in our laboratory by P. citreonigrum URM 4459. These oligo-
saccharides were added to the MRS broth at final concentration of 2%
(w/v) in a 1:9 ratio (v/v) by filter-sterilized at 0.2 um. As negative
control, a volume of 10% of filter-sterilized deionized water was added
to the MRS broth.

Bacterial strains, at 2% (v/v), were cultured overnight in a 96-well
microplate, containing 300 uL of the MRS broth with the different
carbon sources. Strains were grown in an automated microplate reader
(Varioskan Flash, Thermo Electron Corporation, Finland), in duplicate,
at 37 °C for 36 h. The optical density at 600 nm (ODggp) was recorded
each 30 min intervals.

2.5. Saccharides quantification by HPLC

Sugars were quantified by high-performance liquid chromatography
(HPLC) using a LC-10 equipment (Jasco, Japan) equipped with a
Prevail Carbohydrate ES column (5um particle size, 250 X 4.6 mm
length x diameter) from Alltech. Sugars were detected with an eva-
porative light scattering detector — Sedex 55 (Sedere, Alfortville,
France). Samples were eluted at a flow rate of 1.0 mL/min and 25 °C
with a mixture of acetonitrile (HPLC Grade, Carlo Erba, France) and
water (70:30 v/v), containing 0.04% ammonium hydroxide (HPLC
Grade, Sigma-Aldrich, Germany) in water (Nobre et al., 2009). The
chromatographic signal was recorded and integrated using the software
LabSolutions (Shimadzu).

2.6. Commercial FOS composition

The composition of the Actilight” FOS mixture used was (g/L):
Fructose (1.99); Glucose (1.69); Sucrose (8.25); 1-Kestose (81.47);
Nystose (88.97); and Fructofuranosylnystose (28.12).

The composition of the Raftilose” FOS mixture used was (g/L):
Fructose (5.25); Glucose (0.38); 1-Kestose (2.08); Nystose (6.5); and
Fructofuranosylnystose (16.07). This mixture was also composed by
non-identified sugars as follow: 5.20 g/L disaccharide; 24.69 g/L tri-
saccharide; 21.38g/L tetrasaccharide; 7.28g/L pentasaccharide;
28.70 g/L of two hexasaccharides; and 4.64 g/L of two heptasacchar-
ides.
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2.7. Statistical analysis

The Statistica 8.0 software (Statsoft, USA) was used for the experi-
mental designs and regression analysis of the experimental data. The
effects of linear, quadratic and interactive terms of the independent
variables on the chosen dependent variables were evaluated by the
model. The quality of the fitted polynomial model was statistically
checked by the magnitude of the coefficient of determination R? and its
statistical significance was checked by analysis of variance (ANOVA).
The coefficients of the response surface were evaluated using the stu-
dent t-test. Results were considered significantly different for p-va-
lues < 0.05. All statistical tests were conducted at a 5% significance
level. Data are presented as mean + Standard Deviation.

3. Results and discussion
3.1. FOS production

3.1.1. Screening of fungi strains for FOS production

Results on the production of FOS obtained for the eight screened
Penicillium fungi are shown in Fig. 1. The highest FOS yields (> 0.5
8ros/8initial Sucrose) Were obtained for the following strains: P. aur-
antiogriseun URM 5139 and URM 5126, P. citreonigrum URM 4459, and
P. glabrum URM 4757.

Among the strains tested, P. citreonigrum URM 4459 obtained, be-
yond the highest FOS yield (0.55 = 0.02 gros/8initial sucrose)> also the
highest FOS concentration (100 + 3g/L), and productivity
(3.9 = 0.2g/L.h). The highest content of FOS in total sugars
(57 = 1%, w/w) was also obtained for this strain. Thus, the P. ci-
treonigrum URM 4459 was selected for further study the influence of the
fermentation operational conditions into the FOS production (Section
3.1.2), process optimization (Section 3.1.3), and scale-up to bioreactor
size (Section 3.1.4). The mixture of FOS produced by the P. citreonigrum
URM 4459 was purified (Section 3.2) for structure analysis (Section
3.3) and prebiotic potential evaluation — in vitro digestibility in a si-
mulated human harsh digestion conditions (Section 3.4.1) and fer-
mentability by probiotic bacteria (Section 3.4.2).

3.1.2. Effect of the operational conditions on FOS production in shake flask

The influence of the fermentation time, temperature, pH and
amount of yeast extract in the FOS concentration, purity, yield and
productivity obtained in fermentations conducted with the P. citreoni-
grum URM 4459 are shown in Table 1. Twenty independent assays were
performed.

Within the range of study, pH and yeast extract did not affect FOS
production by the P. citreonigrum URM 4459 significantly (p > 0.05).
Indeed, Nobre et al. (2016) also reported that the presence of yeast
extract did not significantly affect the production of FOS with an Aur-
eobasidium pullulans strain. On the other hand, temperature and fer-
mentation time have a statistically significant effect on FOS production
(p < 0.05). Pareto chart showed that the temperature is the parameter
that most influences the FOS production yield, followed by the fer-
mentation time, with an estimated effect of —23.52 and 12.98, re-
spectively. The negative effect of the temperature means that lower
temperatures led to higher FOS production yields. Optimal growth/
production temperature parameters are dependent on the type of mi-
croorganism used. Hence, using the same temperature levels, different
effects may be found on the FOS production, in accordance with the
results reported by Nobre et al. (2018a) for an Aspergillus ibericus strain,
where the increasing of temperature had a positive effect on the FOS
produced.

Based on the results obtained, the influence of temperature and
fermentation time was further optimized by experimental design. Since
the effect of using yeast extract in the fermentative broth was not sta-
tistically significant, the yeast extract was not added to the culture
medium used in the further fermentations to make the process more



C. Nobre, et al. Bioresource Technology 282 (2019) 464-474

A
120 0.6
m
100 | {1 05 g
5
I g | 1 04 @
8 =
3 £
S 60 | 103§
(7]
40 | 10292
=
20 | 1012
g
O 1 I 1 I 1 I 1 0
URM URM URM URM URM URM URM URM
5139 2725 4939 5126 5426 4459 4757 5073
60
B
50
40
z
S~
230
(7]
o
T 20
X
. N
0 :

URM URM URM URM URM URM URM URM
5139 2725 4939 5126 5426 4459 4757 5073

Fig. 1. Fructo-oligosaccharides (FOS) production at 36 h fermentation by the Penicillium strains: URM 5139 — P. aurantiogriseum, URM 2725 — P. citrinum, URM 4939 —
P. citrinum, URM 5126 - P. aurantiogriseum, URM 5426 — P. implicatum, URM 4459 — P. citreonigrum, URM 4757 - P. glabrum, URM 5073 — P. islandicum. Fig. A:
concentration of FOS produced (black bars) and yield (92). Fig. B: % (w/w) of FOS produced in total sugars. Results correspond to the average *+ standard deviation
of triplicated independent experiments.

Table 1
Experimental conditions defined by a 2* central composite design and respective responses obtained experimentally for fermentations run with the Penicillium
citreonigrum URM 4459 fungi.

Independent variables (real and coded values) Dependent variables

Run Fermentation time (h) Temperature (°C) pH Yeast extract (% (w/Vv)) FOS (g/L) % FOS (w/w) Yield (8ros/initial Sucrose) Q; (g/L.h)
1 36 (—1) 25(-1) 4(-1 0(-1 5.54 3.43 0.03 0.15
2 60 (+1) 25(-1) 4(-1 0(-1) 86.01 46.31 0.46 1.43
3 36 (—-1) 35(+1) 4(-1 0(-1 0.00 0.00 0.00 0.00
4 60 (+1) 35(+1) 4(-1) 0(-1) 2.87 1.61 0.02 0.05
5 36 (—1) 25(-1) 6(+1) 0(-1) 39.67 22.27 0.21 1.10
6 60 (+1) 25(-1) 6(+1) 0(-1 92.36 54.09 0.49 1.54
7 36 (—1) 35(+1) 6 (+1) 0(-1) 2.11 1.36 0.01 0.06
8 60 (+1) 35(+1) 6(+1) 0(-1) 65.25 35.70 0.35 1.09
9 36 (—1) 25(-1) 4(-1 2.750 (+1) 50.72 26.95 0.27 1.41
10 60 (+1) 25(-1) 4(-1 2.750 (+1) 110.03 58.62 0.59 1.83
11 36 (—1) 35 (+1) 4(-1 2.750 (+1) 14.48 9.07 0.08 0.40
12 60 (+1) 35 (+1) 4(-1 2.750 (+1) 7.78 5.00 0.04 0.13
13 36 (-1) 25(-1) 6(+1) 2.750 (+1) 73.59 38.23 0.39 2.04
14 60 (+1) 25(-1) 6(+1) 2.750 (+1) 54.32 45.14 0.36 1.12
15 36 (—1) 35 (+1) 6(+1) 2.750 (+1) 2.01 1.19 0.01 0.06
16 60 (+1) 35 (+1) 6(+1) 2.750 (+1) 0.00 0.00 0.00 0.00
17 48 (0) 30 (0) 5 (0) 1.375 (0) 90.8 55.89 0.53 2.08
18 48 (0) 30 (0) 5 (0) 1.375 (0) 97.88 55.73 0.52 2.04
19 48 (0) 30 (0) 5 (0) 1.375 (0) 96.59 55.25 0.52 2.01
20 48 (0) 30 (0) 5 (0) 1.375 (0) 88.69 56.71 0.54 2.12

FOS: fructo-oligosaccharides; Qp: productivity.
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Table 2
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Experimental conditions defined by the 22 central composite design and respective responses obtained experimentally for fermentations run with the Penicillium

citreonigrum URM 4459, at pH 6.0.

Independent variables (real and coded values) Dependent variables

Run Fermentation time (h) Temperature (°C) FOS (g/L) (Experimental) FOS (g/L) (Predicted) % FOS(w/w) Yield (8ros/initial Sucrose) Q, (g/L.h)
1 43 (-1 25 (-1) 74.14 76.08 41.82 0.40 1.72
2 67 (+1) 25(-1) 93.84 94.52 54.70 0.50 1.40
3 43 (-1) 35 (+1) 7.99 8.15 4.27 0.04 0.19
4 67 (+1) 35(+1) 10.68 9.59 5.73 0.6 0.16
5 55 (0) 25(-1) 97.96 95.34 57.17 0.52 1.78
6 55 (0) 35 (+1) 17.98 18.91 9.42 0.10 0.33
7 43 (-1) 30 (0) 87.19 85.08 50.00 0.47 2.03
8 67 (+1) 30 (0) 94.62 95.02 55.22 0.51 1.41
9 55 (0) 30 (0) 100.28 100.09 55.66 0.54 1.82
10 55 (0) 30 (0) 98.20 100.09 57.05 0.53 1.79

FOS: fructo-oligosaccharides; Qp: productivity.

cost effective. The pH was set at 6.0, following the positive effect of the
previous design.

3.1.3. Optimization of FOS production in shake flasks

For the optimization of the FOS production process, the effect of
temperature and fermentation time on FOS concentration, purity, yield
and productivity was evaluated. Following the trend of the effects
found in the first design, the fermentation time was set at 43, 55 and
67 h, and temperature at 25, 30 and 35 °C. Ten independent assays were
performed at initial pH 6.0.

Experimental results obtained by the 22 central composite design,
for the FOS production by the P. citreonigrum URM 4459, using the
different combinations of temperature and fermentation time, are
shown in Table 2. The highest FOS production and yield found,
100.28 g/L and 0.54 gros/ginitial sucrose> '€Spectively, were obtained for
the central point of the design, corresponding to 55h of fermentation
and 30 °C (Table 2).

High temperature levels have generally an adverse effect on the
metabolic activity of microorganisms (Arumugam et al., 2014). How-
ever, similar effects might be found to lower temperatures. Thus, the
working temperature is an important parameter of the fermentation
process, especially when working with the whole-cells of fungi, since it
influences not only the product formation, but also the spore germi-
nation and the microorganism growth itself (Nascimento et al., 2016).
Results found in the present work, concerning the evaluation of tem-
perature on FOS production, are in agreement with the findings of other
authors while using an Aspergillus japonicus strain (Mussatto et al.,
2013), where temperatures between 26 and 30 °C were found to raise
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FOS production, while temperatures above 30 °C had an opposite effect.
Accordingly, for an A. pullulans strain, an optimum temperature of 32 °C
and 48 h of fermentation time were reported as the optimal conditions
(Dominguez et al., 2012).

ANOVA analysis was used to evaluate the fitting of the model ob-
tained by a multiple regression analysis of the experimental data. The
model was found to be statistically significant (p = 0.027) and did not
show lack-of-fit (p = 0.397). It also explained 99.8% of the dependent
variable’s variability (R? = 0.998) with a good adjusted determination
coefficient (R?djusted = 0.997) that indicates a good agreement between
the experimental and predicted values. The R> value ensured the sa-
tisfactory adjustment of the polynomial model to the experimental data.
The Rzadjmed corrects the R? value for sample size and number of terms
in the model. If there are many terms in the model and if the sample
size is not very large, the R%diusted must be lower than R2. Hence, the
model equation (Eq. (3)) adequately approximates the response sur-
faces and can be suitably used to predict the concentration of FOS with
any other values of the tested parameters within the experimental do-
main.

The response surface obtained by the model within the studied ex-
perimentally region is showed in Fig. 2. By increasing the fermentation
time and reducing the temperature values, a favorable FOS production
may be achieved. The variation of temperature (linear and quadratic
effect) was significant on the FOS production response, while the fer-
mentation time did not have any significant effect (p > 0.05). The
temperature effect was negative (linear: —63.72, quadratic: —44.68),
indicating that an increase of temperature above the studied limits
would lead to a decrease on FOS production.

Fig. 2. Profile of sugars concentrations and FOS
yield obtained during the fermentation carried
out in bioreactor, with Penicillium citreonigrum
URM 4459 (F: Fructose; G: Glucose; GF: Sucrose;
GF,: 1-Kestose; GF3: Nystose; GFj4: fructofur-
anosylnystose; FOS: Fructo-oligosaccharides).
Results correspond to the average = standard
deviation of triplicated independent experi-
ments.
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The simplified model obtained by a multiple regression analysis of
the experimental data, using the least squares method (p < 0.05), is
represented in the following equation:

Y = 100.09 — 38.22X; — 42.97X? 3)

The optimal conditions found, using the proposed model (Eq. (3)),
for FOS production by P. citreonigrum URM 4459, were 28 °C and 61 h of
fermentation time. Under these conditions, the model predicted a FOS
production of 109.8 g/L and a yield of 0.60 gros/8initial sucrose-

To validate the model, three independent fermentations were con-
ducted at the optimized conditions. An amount of 102.4 = 0.1 g/L of
FOS were produced in a fermentation that yielded 0.55 + 0.00 gros/
Ginitial Sucrose and a productivity of 1.69 = 0.01 g/L.h. These results al-
lowed to observe experimental values approaching the predicted ones.

Similar results were obtained in shake flask in a work conducted
also in one-step fermentation, using the whole-cells of a Penicillium
expansum strain, and starting with the same amount of sucrose (0.58
8ros/&initial sucrose) (Mussatto et al., 2009; Prata et al., 2010). On the
other hand, works conducted in two-step process, i.e. using pure en-
zymes, seems to reach lower FOS yields. For example, a crude enzyme
of P. citrinum yielded 0.47 gros/8initial Sucrose While using 37.5% sucrose
as substrate (Tashiro et al., 2017), and a lyophilized mycelium of Pe-
nicillium sizovae only obtained 0.31 gros/8initial Sucroses Starting with
60% sucrose (Zambelli et al., 2014). Results found in the present work
reinforce that fermentations run in one-step tends to lead to higher
production yield values, highlighting the positive impact on the global
process economy, together with the reduced downstream processing.

Following experiments run in the bioreactor were performed at
28 °C.

3.1.4. FOS production in bioreactor

Sucrose consumption, FOS produced, and monosaccharides released
in a fermentation conducted in bioreactor, under the optimized con-
ditions found in the shake flask experiments, with the P. citreonigrum
URM 4459, are shown in Fig. 2. A concentration of 126.3 * 0.1 g/L of
FOS with a yield of 0.65 * 0.06 gros/8initial sucrose Was obtained at 67 h
fermentation. The maximum productivity of 2.28 = 0.08 g/L.h was
obtained at 48 h fermentation time.

FOS yield and productivity obtained in fermentations run in bior-
eactor represent an important improvement as compared to results
from shake flask experiments (0.55 gros/8initial and
1.69 + 0.01 g/L.h, respectively). The increase of the fermentation
productivity has an important impact not only in the efficiency of the
bioprocess, but also in its global cost, since a small period of time is
necessary to produce the same amount of product. The high pro-
ductivity obtained in bioreactor might be explained by the considerably
different mixture patterns obtained in the bioreactor, due to the shape
of the impellers and the bioreactor configuration itself, which means
different levels of aeration. Also, the pH in the bioreactor is controlled
during the fermentation. Pellets may also be damaged by the bioreactor
impellers, contributing to a high biomass level, which produces more
enzymes and, ultimately, more FOS (Nobre et al., 2018a).

The yield obtained in this work (0.65 gros/8initial Sucrose) Was cOn-
siderably higher than the maximum yield usually found for FOS pro-
duction with purified (Nishizawa et al., 2001) and crude (Sangeetha
et al.,, 2005) microorganism enzymes, in a two-step fermentation
(0.55-0.60 gros/Sinitial sucrose)- FOr example, in a work conducted in a
batch basket reactor using an adsorbed and partially purified B-fruc-
tofuranosidase from Rhodotorula sp., a FOS yield of 0.60 gros/8initial
sucrose Was obtained after 96 h fermentation (Detofol et al., 2015). The
highest yield found in the present study represents an improvement that
may have high impact at industrial level, since the lower yield of the
two-step fermentation is the main drawback of the process.

In processes using one-step fermentation, where the whole-cell mi-
croorganisms are used instead of purified or crude enzymes, higher

Sucrose
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yield values have been reported such as: 0.58 gros/8initial Sucrose fOr P.
expansum (Prata et al., 2010), 0.61 8ros/8initial sucrose fOr A. japonicus
(Mussatto et al., 2009), 0.63 8ros/8initial Sucrose for A. pullulans
(Dominguez et al., 2012; Nobre et al., 2016), and 0.64 gros/ginitial Sucrose
for A. ibericus (Nobre et al., 2018a). The high yields of FOS production
obtained are of interest from the purification point of view, since the
prebiotic sugars are present in higher concentration in the final pro-
duct, facilitating the separation process.

The degree of purity obtained in this work (61 + 0% of FOS in total
sugars) was considerably high as compared to previous works con-
ducted in bioreactor with A. pullulans (54%) and A. ibericus (56%),
under one-step FOS production, which might be an advantage, facil-
itating the further purification steps envisaging the use of the FOS
mixtures in e.g., diabetics and dietetic products.

3.2. FOS purification

To purify the FOS produced in bioreactor it was used an activated
charcoal fixed bed column. Fig. 3 illustrates the amount and purity of
the FOS recovered within each eluted ethanol fraction.

A global amount of 36 g of FOS were recovered in the fractions
between 10 and 100%, representing 62% (w/w) of the initial sugars fed
into the activated charcoal column. In the fraction of 20% ethanol, 25 g
of sugars were recovered with a purity of 92% (w/w), representing an
increase of 31% (w/w) in FOS purity as compared to the untreated
mixture. The aim of the purification in the present study was the re-
covering of a significant amount of FOS with high purity, for further use
in prebiotic activity analysis.

In this study, fructose and glucose were the first sugars eluting from
the column, followed by sucrose (Kuhn et al., 2014; Nobre et al., 2012).
The affinity of small sugars by the activated charcoal is smaller than the
higher molecular weight sugars, hence, monosaccharides and dis-
accharides are easily desorbed using water or lower concentrations of
ethanol. On the other hand, to desorb oligosaccharides, higher ethanol
concentrations are needed. Polymerized sugars hold more CH bonds in
the structure, which are responsible for the hydrophobic character of
the sugar, resulting in less affinity to water. Accordingly, the non-polar
surfaces of FOS are capable of interacting with non-polar adsorbents,
ensuring higher adsorption of FOS in activated charcoal (Boon et al.,
2000; Nobre et al., 2012). In the present work, FOS with lower degree
of polymerization (GF, and GF3) were preferentially desorbed with 20%
ethanol, while GF, was mainly desorbed with 50% ethanol.

The FOS mixture obtained with 20% ethanol (fraction that yielded
higher amount of FOS) presented as P. citreonigrum URM 4459 FOS
mixture, was used for chemical characterization (Section 3.3) and in
vitro evaluation of the prebiotic effects (Section 3.4).
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Fig. 3. Mass of total fructo-oligossacharides (FOS) recovered per fraction des-
orbed ( —e—) and respective percentage of sugar (JE FOS; GF: sucrose;
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Table 3
Carbohydrate content (mg/g) found for Penicillium citreonigrum URM 4459 FOS
and Actilight’.
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Table 4
Glycosidic linkage composition (mol%) present in the fructo-oligosaccharides
(FOS) produced from Penicillium citreonigrum URM 4459 and Actilight”.

Assignment Actilight” FOS (P. citreonigrum URM 4459) Glycosidic linkages Fraction (mol%)
X RSD (%) X RSD (%) Actilight” FOS (P. citreonigrum URM 4459)
DP1 Fructose 12.1 25 1.1 1 t-Fru 13.6 28.7
Glucose 2.9 21 7.7 6 1-Fru 24.4 21.2
DP 2 Anhydrosugars tre tr 1,6-Fru 0.2 -
Total 38.2 49.9
Sucrose 46.8 2 108.8 13
. t-Glc 51.6 29.2
Inulobiose 1.9 11 1.4 15
Blastose 04 14 17 11 4-Gle 0.7 0.2
. ) 6-Glc 8.9 20.1
DP 3 Anhydrosugars tr 2,3-Gle - tr'
1-kestose 283.0 13 202.0 6 3,4-Glc - tr
NR* 15.5 12 80.1 4 3,6-Glc - 0.3
R® 3.0 8 4,6-Gle 0.1 0.3
R 1.8 5 Total 61.3 50.1
DP4  Nystose 4804 7 469.0 17 t-Gal Total 8'1 g
Other tetrasaccharides 55.8 1 128.0 19 :
t-Man 0.3 -
2,6-Man 0.1 -
a _ ~ i bR ioe © 0, ?
NR - non-reducing; R - reducing; “traces (< 0.2%). Total 0.4 _

3.3. Chemical characterization

3.3.1. Identification, quantification and glycosidic linkage analysis of FOS

The composition of the P. citreonigrum URM 4459 FOS mixture,
determined by HPLC analysis was (g/L): Fructose (0.06); Glucose
(1.15); Sucrose (6.67); Non-identified trisaccharide (14.93); 1-Kestose
(35.77); Nystose (61.57); and Fructofuranosylnystose (10.77).

Table 3 shows the concentration of the mono- and oligosaccharides
produced. The major FOS produced by P. citreonigrum were 1-kestose
(202.0 mg/g) and nystose (469.0 mg/g), comparable to what was ob-
served for Actilight” commercial FOS. Their amount was similar to the
A. ibericus FOS produced mixture (Nobre et al., 2018c), whereas the
inulin derived FOS (Raftilose” P95) contained only 31.7 mg/g of this
GF, (Nobre et al., 2018c). Besides the detection of sucrose, used as
substrate, the reducing disaccharides inulobiose and blastose were
identified in P. citreonigrum produced FOS, as well as in Actilight’
commercial FOS. Inulobiose was already observed as a result of A.
ibericus fermentation, and was also detected in the commercial Rafti-
lose” P95, with a minimum content of 3%, while blastose was only
observed for fungi derived FOS, with an abundance of 1% (Nobre et al.,
2018c).

Moreover, another non-reducing trisaccharide was identified with
higher quantity for FOS produced by P. citreonigrum (80 mg/g) and in
lower amount for Actilight” (15.5mg/g). The presence of a non-iden-
tified trisaccharide was also quantified by HPLC with an abundance of
121 mg/g for P. citreonigrum FOS. Additionally, this non-reducing tri-
saccharide was also reported in the A. ibericus fermentation resultant
mixture (18.8 mg/g), but was absent in Raftilose” P95 (Nobre et al.,
2018c). The tentatively identification of this compound was supported
on the glycosidic linkage results (Table 4), and three possible assign-
ments were considered, neokestose [Fru(f2— 6)Glc(al <= (2)Fru],
[Fru(2 — 6)Glc(al <> al)Glc], and theanderose [Glc(al — 6)Glc
(al <= B2)Fru]. As neokestose is already reported as a product of su-
crose transformation by fungi species (Yasuda et al., 1986), it is highly
probable to be the assignment of this trisaccharide, showing that P.
citreonigrum should contain an invertase with fructosyltransferase ac-
tivity (Goosen et al., 2007). This assignment is also supported by the
absence of two reducing trisaccharides in P. citreonigrum FOS, while
present in small amounts (< 1%) in Actilightm.

Concerning tetrasaccharides, their identification and quantification
was carried out by GC-FID, which only allowed to identify compounds
whose retention time was known by comparison with standards. Thus,
only nystose was identified with certainty, and the remaining tetra-
saccharides were quantified and grouped, as the methodology used

2 Traces (< 0.05%).

does not allow further characterization. FOS mixture produced by fungi
had more than twice the amount of these unidentified tetrasaccharides
than the commercial mixture (Table 3).

The glycosidic linkage analysis (Table 4) is consistent with the oli-
gosaccharides identified, with the residues found in higher proportions
(t-Fru, t-Glc, and (2 — 1)-Fru) being suggestive of FOS with the inulin
structure, such as nystose (GF3) and 1-kestose (GF-), which appeared as
the major constituents (Table 3). In addition, the proportion of t-Glc
and (2 — 1)-Fru being almost 1:1 in FOS produced by fungi and 2:1 in
Actilight®, support that both mixtures have a FOS-inulin type with a
low degree of polymerization (DP), having predominantly DP3 and
DP4.

Also, (1 — 6)-Glc, which is present in neokestose (GF,), was found
in FOS produced by P. citreonigrum URM 4459 in higher quantity when
compared with Actilight’. The non-reducing trisaccharide was also
found in higher proportion in P. citreonigrum FOS, which further sup-
ports the previously assignment proposed, namely neokestose. In fact,
the production of neokestose by P. citrinum (Hayashi et al., 2000) and P.
oxalicum GXU20 (Xu et al., 2015) was also reported by other authors.

Aside from the identified di-, tri-, and tetrasaccharides, other com-
ponents were quantified but in very small amounts. They have a re-
tention time inferior to that of sucrose, and their mass spectra (MS)
have the same fragmentation ions of sucrose (namely ions at m/z 169,
109, 211, and 331), differing on their intensity (data not shown).
Additionally, the ion at m/z 229 is also present in these MS peaks, and is
indicative of anhydrosugars (Simkovic et al., 2003), as it corresponds to
the mass of a triacetylated anhydrohexose. Therefore, it can be sug-
gested that these structures are anhydrosugars. It is also possible that
some of these compounds have in their composition galactose and
mannose, as residues of these monosaccharides were found by glyco-
sidic linkage analysis, but in small or trace amounts (Table 4). A
compound with the same fragmentation pattern was identified for Ac-
tilight®, with a retention time inferior to 1-kestose. Thus, it can be an
anhydrotrisaccharide where the hexose of the reducing end is dehy-
drated. In fact, it is reported that 1,5-anhydro-D-fructose is produced
with a-1,4-glucan lyase (EC 4.2.2.13) on glycogen, starch and malto-
oligosaccharides (Fiskesund et al., 2010). It is possible that these an-
hydrosugars have origin on the thermal treatment required to sterilize
the medium.

The sugar composition and glycosidic linkage type can impact on
the prebiotic functionality of the carbohydrate, considering that there is
a strong link between the oligosaccharide chemical structure and its
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potential bioactivities (Garcia-Cayuela et al., 2014).
3.4. In vitro evaluation of the prebiotic effects

3.4.1. Gastrointestinal digestion of FOS

Although oligosaccharides are known to be resistant to hydrolysis
by human digestive enzymes, once they are specific for a-glycosidic
linkages (Roberfroid, 2000), the low pH conditions associated to the
digestive system may affect their hydrolysis resistance.

After purification, the FOS mixture produced by the P. citreonigrum
URM 4459 was exposed to the harsh conditions of the digestive system
namely oral, gastric, and small intestinal phases. The hydrolytic re-
sistance of the produced mixture was also compared with a commercial
FOS mixture, obtained also from a microbial source — the Actilight’
mixture. Results achieved are shown in Table 5. Only results with a
degree of hydrolysis higher than 2.0% were considered statistically
significant (p < 0.05).

According to the prebiotic criteria, the sugar resistance to the sali-
vary fluid is a pre-requisite for a prebiotic candidate so that it can reach
the caeco-colon for further use by the probiotic bacteria (Wang et al.,
2015). None of the oligosaccharides studied were hydrolyzed either in
the oral, either in the gastric phases.

Once the FOS mixture had been through the simulated gastric phase
of digestion it was transferred to a simulation of the digestion that
occurs in the small intestine (Minekus et al., 2014). In opposite to the
previous phases, 1-kestose (GF,) showed lower resistance to the hy-
drolysis during intestinal digestion. 1-Kestose from both Actilight”
mixture and from the mixture produced by the P. citreonigrum URM
4459 was hydrolyzed up to an amount of 4.9% and 3.5%, respectively.
The other trisaccharide present only in the mixture produced by the P.
citreonigrum URM 4459, probably neokestose, was also reduced in 7.3%
from its initial amount.

Both nystose (GF3) and fructo-furanosylnystose (GF4) showed more
resistance to the hydrolysis and were not significantly digested in any of
the gastrointestinal phases, which can be attributed to their higher
degree of polymerization.

According to the bibliography, in a similar study, using a FOS
mixture produced by A. ibericus and other from A. pullulans, 1-kestose is
resistant to the small intestine conditions, although nystose was re-
ported to be slightly hydrolysed during this phase (5.5% and 4.3% for
A. ibericus and A. pullulans, respectively) (Nobre et al., 2018c).

In spite of the slight decrease of 1-kestose and the other tri-
saccharide (possibly neokestose) contained in the produced FOS mix-
ture, during the small intestine phase, the hydrolysis rates obtained
were relatively low, thus, more than 90% of FOS remained undigested.
These results suggest that the FOS mixture from P. citreonigrum URM
44509 is stable at low pH, and is able to reach the colon with unchanged
structure, for further stimulate the growth of probiotic bacteria.

3.4.2. Fermentability of FOS by probiotic bacteria

FOS are excellent substrates for the colonic probiotic bacteria, since
they are neither absorbed in the upper gastrointestinal tract nor hy-
drolyzed by human enzymes, due to their chemical structure config-
uration, reaching the colon almost intact (Gibson and Roberfroid,
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1995). The probiotic bacteria produce specific B-fructofuranosidase
enzymes that are responsible for the hydrolysis of the FOS fructan
chains in the terminal position (f2 — 1) (Karimi et al., 2015). FOS are
therefore selectively fermented by the probiotic strains, promoting their
growth and/or activity, and thus improving the host health.

The growth stimulation of ten Lactobacillus and Bifidobacterium
strains by the FOS produced by P. citreonigrum URM 4459 was herein
evaluated to determine their capacity to be used as prebiotic com-
pounds. Bacteria growth profile was obtained for a negative control (no
added sugar), positive control (glucose), two commercial sugars —
Raftilose” (derived from inulin) and Actilight® (microbial-FOS), and for
the P. citreonigrum URM 4459 FOS mixture (Table 6). After 36 h fer-
mentation, all Lactobacillus and Bifidobacterium strains were able to
grow independently on the tested carbon source, except in the negative
control. Overall, Bifidobacterium strains grew more than Lactobacillus
ones. As expected, glucose was the preferential carbon source, ob-
taining the highest cellular growth: 2.17 + 0.00 for Lactobacillus (L.
rhamnosus ATCC 7469) and 2.71 = 0.02 for the Bifidobacterium (B.
bifidum CECT 870). An exception was the L. acidophilus CECT 903 that
grew more in the FOS mixture from P. citreonigrum URM 4459 and
Actilight” than in glucose, and both L. paracasei strains, that grew si-
milarly in all carbon sources studied.

Higher cell density was found for bacteria growing in FOS mixture
from P. citreonigrum URM 4459 and Actilight” rather than in Raftilose®
P95. Similar cell density was obtained for FOS mixture from P. ci-
treonigrum URM 4459 and Actilight®. The similar results obtained might
be explained due to the similar source of both mixtures, since Actilight®
is also a microbial-derived FOS. The two mixtures present similar
monomeric composition, polymerization degree and type of glycosidic
linkages. The main difference is the presence of the trisaccharide,
possibly assigned as neokestose, in higher quantity in the P. citreonigrum
URM 4459 FOS sample. On the other hand, Raftilose” P95 is obtained
by partial enzymatic hydrolysis of inulin, yielding inulin-type sac-
charides (Nobre et al., 2018c). L. delbrueckii lactis ATCC 12,375 was not
able to ferment Raftilose” P95, reaching only 0.47 * 0.00 maximum
optical density. Lower cell density was also observed for Lactobacillus
gasseri CECT 5714 and Lactobacillus fermentum CECT 5716 grown in
Raftilose® P95 as compared to Actilight® 950P (Bafiuelos et al., 2008).
Likewise, Nobre et al. (2018c) observed a higher grow with the FOS
synthesized by microorganisms rather than in Raftilose” P95, for all
studied strains.

The rate at which a microorganism grow on a particular carbon
source influences its ability to compete with other bacteria in the colon.
In general, the Lactobacillus and Bifidobacterium strains grew faster or
similarly in the FOS mixture from P. citreonigrum URM 4459 rather than
Raftilose” P95, except for L. rhamnosus (Table 6). Four of the studied
bacteria strains (L. delbrueckii delbruecki ATCC 9649, L. delbrueckii lactis
ATCC 12375, L. plantarum NCIMB 8827 and B. adolescentis CECT 5781)
grew faster in the FOS mixture from P. citreonigrum URM 4459 than in
Actilight@, while all the other strains presented similar grow rates on
both carbon sources. B. adolescentis CECT 5781 and L. plantarum NCIMB
8827 grew faster in the FOS mixture from P. citreonigrum URM 4459
rather than in all other carbon sources tested, including glucose (the
positive control).

Table 5
Hydrolysis effect of the gastrointestinal simulation on the microbial-fructo-oligosaccharides. The values are expressed as rate of hydrolysis at different phases of the
digestion.
Digestion phase Actlight” FOS (Penicillium citreonigrum URM 4459)
GF, GF;3 GF,4 GF, Tri GF3 GF,4
Mouth < 2.0% < 2.0% < 2.0% < 2.0% < 2.0% < 2.0% < 2.0%
Stomach < 2.0% < 2.0% < 2.0% < 2.0% < 2.0% < 2.0% < 2.0%
Small Intestine 4.9% < 2.0% < 2.0% 3.5% 7.3% < 2.0% < 2.0%

FOS: Fructo-oligosaccharides; GF,: 1-Kestose; Tri: Non-identified trisaccharide; GF3: Nystose; GF4: Fructofuranosylnystose.
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Table 6
Maximum specific growth rates (umax (h~')) and maximum optical density (ODmax 600 nm) for Lactobacillus and Bifidobacterium strains grown in various carbon
sources.
Strains Glucose FOS (P. citreonigrum) Actilight” Raftilose” P95
L. acidophilus CECT 903 pmax 0.43 = 0.01 0.42 = 0.00 0.41 = 0.04 0.30 = 0.01
ODmax 1.58 + 0.01 1.64 + 0.01 1.68 + 0.02 0.87 = 0.00
L. plantarum NCIMB 8827 pmax 0.62 = 0.01 0.69 = 0.01 0.63 = 0.01 0.47 = 0.00
ODmax 2.05 *= 0.00 1.75 = 0.03 1.86 = 0.02 0.91 = 0.01
L. rhamnosus ATCC 7469 pmax 0.56 = 0.05 0.35 = 0.00 0.34 = 0.00 0.58 + 0.01
ODmax 2.17 = 0.01 1.84 + 0.02 1.94 + 0.02 1.03 + 0.01
L. delbrueckii delbrueckii ATCC 9649 pmax 0.75 = 0.01 0.47 = 0.03 0.36 = 0.01 0.48 = 0.03
ODmax 1.86 = 0.03 1.65 = 0.08 1.77 = 0.05 0.82 + 0.20
L. delbrueckii lactis ATCC 12375 pumax 0.77 = 0.00 0.65 = 0.06 0.55 = 0.01 0.40 = 0.00
ODmax 2.11 + 0.00 1.85 + 0.05 1.83 = 0.00 0.47 = 0.00
L. bucheneri ATCC 4005 pmax 0.89 = 0.00 0.89 = 0.02 0.92 = 0.10 0.79 = 0.01
ODmax 1.96 = 0.01 1.52 = 0.01 1.57 = 0.02 1.28 = 0.12
L. paracasei CECT 277 umax 0.51 = 0.00 0.49 = 0.01 0.52 = 0.00 0.48 = 0.00
ODmax 2.07 = 0.01 2.07 = 0.01 2.06 = 0.02 2.04 = 0.00
L. paracasei paracasei CCUG 27320 pmax 0.53 = 0.00 0.54 = 0.00 0.57 = 0.02 0.53 = 0.00
ODmax 2.10 = 0.00 2.10 = 0.00 2.08 = 0.00 2.07 = 0.00
B. bifidum CECT 870 pmax 0.67 = 0.12 0.31 = 0.03 0.33 = 0.05 0.25 = 0.09
ODmax 2.71 = 0.02 2.27 *+ 0.00 2.27 * 0.02 2.01 + 0.02
B. adolescentis CECT 5781 pmax 0.44 = 0.09 0.50 = 0.02 0.45 = 0.03 0.44 = 0.00
ODmax 2.61 = 0.01 2.29 = 0.00 2.31 = 0.00 2.03 = 0.00

+

Results correspond to the average

Neokestose has been shown to improve the population of bifido-
bacteria and lactobacilli as compared to other commercial FOS as well
as to inhibit Clostridia and the development of cancer cells (Miranda-
Molina et al., 2017). Therefore, the high amount of the neokestose
quantified in the FOS produced by P. citreonigrum could justify the
higher prebiotic activity of this mixture. In a similar study, a FOS
mixture of A. ibericus, containing neokestose sugar, obtained also higher
prebiotic activity as compared to other FOS mixtures.

FOS mixture produced from P. citreonigrum URM 4459 revealed high
potential as prebiotic-like sugars and are good candidates for inclusion
in symbiotic food.

4. Conclusions

Results gathered in this study highlight the possibility of using a
new isolated fungus — P. citreonigrum URM 4459 — as a prebiotic pro-
ducer at a large scale. High production yields and purity of FOS were
obtained in a one-step fermentation.

It was possible to assign a high amount of neokestose in the FOS
produced mixtures, which may justify the greater growth of probiotic
bacteria with the produced FOS, as compared to other commercial FOS
mixtures. Produced FOS showed also resistance to the hydrolysis under
gastrointestinal simulated conditions.
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