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HIGHLIGHTS

e Sugarcane molasses was an effective substrate for S. boulardii biomass production.
e S. boulardii cells efficiently accumulated selenium.

e Fed-batch operation led to higher S. boulardii biomass production.

¢ A new bioprocess was developed for Se-enriched S. boulardii biomass production.

Abstract: Food supplements have been increasingly investigated. Probiotics have several benefits for
human and animal health and selenium (Se) is widely recommended against oxidative stress. In this context,
the aim of this study was to develop a low-cost bioprocess to produce a functional food product comprising
both probiotic and Se accumulation. Yeast cells of Saccharomyces boulardii CCT 4308 were cultivated using
sugarcane molasses as substrate. Optimization studies were performed to evaluate the best medium
composition for biomass production and Se-accumulation in batch and fed-batch systems. Optimized
conditions were defined with a medium composed of 150 g L sugarcane molasses and 12 g L 'yeast extract,
with feeding of 100 g L™ sugarcane molasses and 100 ug mL* of Se incorporation after 4 h and 10 h of
fermentation, respectively, during 48 h in STR (stirred tank reactor). Best biomass production reached 14.52
g Lt with 3.20 mg Se gbiomass at 12 h. Process optimization led to 4.82-fold increase in biomass production
compared to initial condition. A final Se-enriched S. boulardii CCT 4308 biomass was obtained, which is
comparable to commercial products. An alternative probiotic yeast biomass was efficiently produced as a
new food-form of Se supplement in a sustainable process using an inexpensive agro-industrial residue.

Keywords: selenium; Saccharomyces boulardii; probiotic; fed-batch culture; sugarcane molasses.
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INTRODUCTION

Probiotics are supplements based on living microorganisms that aim health benefits for human and
animals when consumed in adequate amounts [1,2]. Scientific researches show that these nutritional
supplements demonstrate multiple properties, which are helpful to natural intestinal microbiota equilibrium
[1], present anti-inflammatory and anti-allergenic properties [3] and improvement of immunity [4]. Most
probiotic microorganism sources are bacteria, especially lactic acid bacteria [2], although some yeasts such
as Saccharomyces cerevisiae and Saccharomyces boulardii have been increasingly applied to this purpose
[5,6]. The advantages of yeasts as probiotic are due to its high resistance to lyophilization process, easy
disposal after discontinuation of therapy and are not affected by the use of antibiotics. While probiotics
improve life quality, selenium (Se) is an essential trace element for growth and development of humans and
animals [7]. It is highly recommended as a food supplement because it protects tissues from oxidative stress
[8], a significant role in cancer prevention [9], maintenance of defenses against infections [8], and metabolic
disorders including diabetes [10]. Besides that, Se is widely applied on nutritional quality of sprouts and
microgreens [11], cattle and pigs health [12].

In order to produce natural nutritional supplements by microorganisms enriched with essential minerals,
such as selenium, copper and zinc, many studies have been reported about cultivation parameters of yeast
strains and mushrooms [5,7,13]. In appropriate culture conditions, yeasts are able to accumulate great
amounts of Se, incorporating as organic Se, mostly selenomethionine, which is the best Se source for
humans and animals [1,14]. A new strategy is needed, combining the health efficiency of probiotic from S.
boulardii and Se supplementation in a single product. Its profile, which includes non-pathogenic and probiotic
characteristics [15,16] and resistance to the gastrointestinal tract [17], becomes S. boulardii a great candidate
for this purpose. This yeast is already widely prescribed in several countries in lyophilized form as a
preventive and therapeutic agent for diarrhea and gastrointestinal disorders [2,18]. The industrial production
of Se-enriched yeast biomass is far more versatile than Se-enriched in plants [19] and follows the convenient
process of yeast production: easy separation, fast cell growth and a wide range of alternative substrates.
These factors lead to increasing interest in the bioprocess development with maximum inorganic Se
conversion and, thus, its incorporation by yeasts [20].

Another aspect, agro-industrial residues [21,22] are widely employed as potential substrates in
bioprocesses to produce high-value compounds. Sugarcane molasses is dark, viscous and sugar rich by-
product of sugar extraction from sugarcane [23]. Sugarcane molasses contains approximately 34% of
sucrose, reducing sugars (glucose and fructose) and several minerals [23]. Annually, it is estimated that
about 10 million tons of sugarcane molasses are discharged, becoming it an available raw material with high
nutritional composition for low-cost fermentation processes [24].

Therefore, the aim of this study is the optimization of S. boulardii CCT 4308 Se-rich probiotic biomass
production using sugarcane molasses agro-residue as a carbon source. Batch and fed-batch processes were
tested, including media composition and fermentation parameters. The best conditions were then evaluated
for biomass Se accumulation to obtain a probiotic Se-enriched yeast product.
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MATERIAL AND METHODS

Microorganism and inoculum preparation

Saccharomyces boulardii CCT 4308, reference UFPEDA 1176, current name Saccharomyces cerevisiae
Meyen ex E.C. Hansen 1883, was obtained from Tropical Culture Collection (CCT) of André Tosello
Foundation (Campinas-SP, Brazil). Sugarcane molasses was donated by Ourofino Agronegécio (Ribeirao
Preto-SP, Brazil). S. boulardii CCT 4308 was grown aerobically in 125 mL Erlenmeyer flasks containing 50
mL of yeast-malt extract broth (YMB), which was composed of (g L™?): peptic digest of animal tissue, 5.0;
yeast extract, 3.0; malt extract, 3.0 and dextrose, 10.0, distilled water and pH was adjusted to 5.5. Flasks
were incubated at 30°C in a rotatory shaker at 120 rpm for 20 h. The obtained culture was used for inoculation
as inoculum at 10% (v/v) in further experiments. S. boulardii CCT 4308 was kept on slanted YMB solid
medium at 4°C, it was transferred to a new YMB solid medium each 2 weeks and it was incubated at 30°C
for 48 h to maintain viability. The strain was maintained in YMB medium with glycerol, stored at -80°C and
liquid nitrogen at -196°C.

Optimization of medium composition for Saccharomyces boulardii CCT 4308 biomass production

The first trial of experiments was carried out with the support of a Plackett-Burman design (P&B), with
eleven factors (sugarcane molasses, glucose, yeast extract, (NH4)2HPO., MgSO4-7H.0, K:HPO4, KH2PO4,
ZnS04-7H20, FeS04-7H20, CuSO4-5H,0, MnS0O4-H,0). Each factor was studied in two levels, presence (+1)
and absence (-1) (Table 1), and 3 central points corresponding to 19 experiments. This study was performed
in order to screen the significant factors that influence S. boulardii CCT 4308 biomass production. The
concentration of each component was determined based on S. cerevisiae biomass production studies [25].

Table 1. Study of the influence of medium composition on S. boulardii CCT 4308 biomass production through P&B
design.

Variables (g L) Levels
-1 0 +1
Glucose 0 16.0 32.0
Sugarcane molasses 0 10.0 20.0
Yeast extract 0 7.5 15.0
(NH4)2HPO4 0 4.0 8.0
MgS04-7H.0 0 2.5 5.0
K2HPOg4, 0 0.5 1.0
KH2PO4 0 0.5 1.0
ZnS04:7H20 0 0.005 0.01
FeS047H20 0 0.003 0.006
CuS04-5H20 0 0.003 0.006
MnSQO4-H20 0 0.003 0.006

A second set of experiments was conducted with the use of a 232 CCRD (central composite rotational
design) consisting of three independent variables at three levels (-1, 0 and +1), 3 central points and 6 axial
points (-1.68 and +1.68), with 17 experiments. Independent variables (g L) were: glucose (38.64, 40.0, 42.0,
44.0 and 45.36), sugarcane molasses (36.59, 40.0, 45.0, 50.0 and 53.41) and yeast extract (1.59, 5.0, 10.0,
15.0 and 18.41). Response surface methodology was used to evaluate the best C:N ratio for S. boulardii
CCT 4308 biomass production. Optimization experiments were carried out in 125 mL Erlenmeyer flasks
containing 50 mL of culture medium and inoculated at 10% (v/v). Flasks were incubated at 30°C in a rotatory
shaker at 120 rpm for 48 h. YMB medium was used as a control for S. boulardii CCT 4308 growth evaluation.
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Statistical analysis

All optimization steps were defined and analyzed using the STATISTICA® software version 5.0 (StatSoft
Inc., Tulsa, OK, USA). Data were analyzed by ANOVA and Tukey’s Pairwise Comparisons using GraphPad
PRISM 3.0 software. Complementary experiments (in triplicate) were performed using the optimized
conditions to validate results.

Effect of sugarcane molasses as sole carbon source on Saccharomyces boulardii CCT 4308 biomass
production

Different sugarcane molasses concentrations were evaluated to replace glucose in the culture medium,
in order to use it as a potential carbon source to reduce biomass production costs. Three sugarcane molasses
concentrations (100, 150, and 200 g L1) were tested and yeast extract at 12 g L. Biomass production was
carried out in 125 mL Erlenmeyer flasks containing 50 mL of culture medium according to each condition.
Flasks were incubated at 30°C in a rotatory shaker at 120 rpm for 48 h. YMB medium was used as a control
(without sugarcane molasses) for S. boulardii CCT 4308 growth evaluation. Essays were conducted in
triplicate.

Batch and fed-batch fermentation for biomass production by Saccharomyces boulardii CCT 4308

Biomass production was carried out under optimized conditions in Erlenmeyer flasks and STR in batch
and fed-batch operation. Kinetics of S. boulardii CCT 4308 biomass production was first performed in batch
fermentation. 125 mL Erlenmeyer flasks containing 50 mL of optimized culture medium (150 g L sugarcane
molasses and 12 g L yeast extract) were incubated at 30°C in a rotatory shaker at 120 rpm. Samples were
withdrawn each 8 h during 56 h of fermentation. Fermentation was also conducted in a 14 L STR (Bioflo®
110; New Brunswick) using a working volume of 9 L. Temperature, pH, aeration, dO, and agitation were
controlled (30°C, pH 5.5, 1 vwm, 30%, 300 rpm, respectively). Samples were withdrawn each 2 h (0-16 h), 8
h (16-24h), 4 h (24-32h) and 16 h (48h) during 48 h. A fed-batch strategy was studied since almost complete
total sugars consumption occurred after 8 h of fermentation. Fed-batch fermentation was conducted under
the same conditions as batch fermentation in Erlenmeyer flasks. Feeding of 100 g L™ sugarcane molasses
was evaluated at 4 and 6 h in a total of 10 h of fed-batch fermentation. A control without sugarcane molasses
feeding (batch fermentation) was performed during the same period. Biomass production (g L?), total and
reducing sugars (g L) and productivity (g L™ h'?) were determined for all fermentation essays. Essays were
conducted in triplicate. Yield Yys (%) and productivity (g L* h) were calculated using the following Eq. (1)
and (2), respectively:

Y xs) = (Xt - Xo)/(So - Sy)*100 1)

Productivity = X/ t (2)

Where: Ys) = biomass yield, %; X: = biomass at the fermentation time, g L%; Xo = initial biomass, g L!; S; = total
sugars at the fermentation time, g L-1; So = initial concentration of total sugars, g L'1; t = fermentation time, hours.

Selenium accumulation by Saccharomyces boulardii CCT 4308

Firstly, the tolerance of S. boulardii CCT 4308 to sodium selenite (Na>SeOs) that was added to culture
medium was analyzed to observe the capacity of cell growth in the presence of Se and accumulation to its
microelement. The concentrations of 0, 10, 50, 100, 150, 200, 300 and 400 ug mL* of Se were added in the
beginning of S. boulardii CCT 4308 cultivation together with inoculation (10% v/v) in 50 mL of YMB medium.
Erlenmeyer flasks were incubated at 30°C, in a rotatory shaker at 120 rpm for 24 h. Tolerance to Se was
evaluated through biomass production analysis and the amount of remaining inorganic Se in the medium.

One-factor-at-a-time experiment was performed to evaluate the effect of Se concentrations (50, 75, 100,
125, and 150 ug mL™?) on Se accumulation by S. boulardii CCT 4308. Se was added to the medium at the
end of the log phase (10 h) when yeast growth was at stationary phase and cells would not be so affected by
the presence of the microelement. Essays were carried out in 125 mL Erlenmeyer flasks containing 50 mL
of medium, which were incubated at 30°C in a rotatory shaker at 120 rpm, for 24 h. Se concentration was
determined through biomass production analysis and Se accumulation content. All trials were performed in
triplicate.
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Kinetics of biomass production and selenium accumulation by Saccharomyces boulardii CCT 4308
in stirred-tank reactor fed-batch mode

Kinetics of biomass production and Se accumulation by S. boulardii CCT 4308 in fed-batch fermentation
in STR were performed using optimized medium and conditions were: 150 g L' sugarcane molasses, 12 g L
! yeast extract, 10% (v/v) of inoculum rate, with feeding of 100 g L™ sugarcane molasses and 100 ug mL™*
Se at 4 h and 10 h, respectively. Experiments were conducted in a 14 L STR (Bioflo® 110; New Brunswick)
with a working volume of 9 L. Temperature, pH, aeration, dO and agitation were controlled (30°C, pH 5.5, 1
vvm, 30% and 300 rpm, respectively). Samples were withdrawn each 3 h during 48 h with analysis of biomass
dry weight (g L™, total and reducing sugars consumption (g L™") and Se accumulation (mg g~' of biomass).
Essays were conducted in duplicate.

Analytical methods

The fermented medium was centrifuged at 5,000xg for 15 min at 4°C. The supernatant was used for the
analysis of residual sugars and residual inorganic Se. Biomass was washed with distilled water and it was
re-centrifuged under the same conditions. The supernatant was then discarded and the biomass was dried
at 80°C until a constant weight using a modified method of Koch [26]. Total sugars determination was
performed using the phenol-sulphuric acid method as described by Dubois et al. [27]. Reducing sugars
analysis was conducted according to dinitrosalicylic acid (DNS) method as described by Miller [28]. Residual
inorganic Se in the medium was analyzed using the modified Azure B reaction [29]. Se accumulation in S.
boulardii CCT 4308 biomass was determined using flame atomic absorption spectroscopy (FAAS;
SPECTRAA 100-200; Varian, USA) at 196 nm with a spectral slit width of 1 nm. Dried biomass was acid-
digested as described by Miekeley et al. [30]. Na,SeO; was used as a standard for Se determination.

RESULTS

Optimization of medium composition for Saccharomyces boulardii CCT 4308 biomass production

Biomass produced by S. boulardii CCT 4308 reached 3.01 + 0.16 g L at 48 h of fermentation and a
productivity of 0.063 g L'* h! with traditional YMB medium in batch cultivation. The screening of medium
components for maximal S. boulardii CCT 4308 biomass production was carried out through the use of a
P&B design (Table 2). The effect of eleven compounds (glucose, sugarcane molasses, yeast extract,
[NH4]2HPO4, MgSO4-7H20, K:HPO4, KH2PO4, ZnSO4-7H20, FeS0O4-7H20, CuSO4-5H20, and MnSO4-H20)
on biomass production showed that sugarcane molasses (p = 0.0001) and glucose (p = 0.0094) had
significant effect according to the analysis of variance (ANOVA; p< 0.05; R? = 0.92). Other components such
as [NH4]2HPO4, MgSO4-7H20, K2HP04, KH2P04, ZnSO4-7H20, FESO4'7H20, CUSO4'5H20, and MnSO4-H20
were not statistically significant (p > 0.05) at tested concentrations. MgSO4-7H.O was p < 0.01 statistically
significant on S. boulardii CCT 4308 biomass production but a negative effect at that level tested. Maximal
biomass production of 5.42 g L™! was achieved using the following conditions (g L): sugarcane molasses
20.0, yeast extract 15.0, (NH4):HPO4 8.0, ZnS040.01, FeSO4 0.006 and CuSO4 0.006 (experiment 9). On
the other hand, the biomass production dropped to 0.85 and 0.90 g L™" in the absence of sugarcane molasses,
glucose and yeast extract (experiment 15 and 16, respectively). These results clearly showed the importance
of carbon and nitrogen sources on S. boulardii CCT 4308 biomass production. Although yeast extract was
not statistically significant in this study, it was kept to the next steps of optimization to analyze the C:N ratio
once yeast extract is an important nutrient for yeast cell growth.

A CCRD was applied to evaluate the optimal concentration of three independent variables (sugarcane
molasses, glucose and yeast extract) and the effect of different C:N ratios on S. boulardii CCT 4308 biomass
production. According to Table 3, maximal S. boulardii CCT 4308 biomass production (9.62 g L) was
reached in the experiment 8: 44 g L* glucose, 50 g L'* sugarcane molasses and 15 g L yeast extract. Lower
biomass concentration was obtained 6.08 g L™ with yeast extract concentration of 1.59 g L™ (experiment 13).
A higher C:N ratio did not favor S. boulardii CCT 4308 biomass production. The determination coefficient (R?)
was determined as 0.87. Yeast extract was statistically significant at p < 0.05. Sugarcane molasses and
glucose did not affect S. boulardii CCT 4308 biomass production (p > 0.05) in the tested range. Surfaces
response graphics (Figure 1) represent the interaction between yeast extract and sugarcane molasses and
yeast extract and glucose and the effect on biomass production. A gain of 319.6% on S. boulardii CCT 4308
biomass production was attained after optimization steps of medium composition. A polynomial model
describing the correlation between biomass production (BP) and the three variables (X = glucose, Y =
sugarcane molasses, and Z = yeast extract) was determined (Equation 3).
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Biomass

Run Glucose Molasses e\:(?ra:ctt (NH4)2HPO4 MgSOs K2HPOs KH2POs  ZnSOs4 FeSOa4 CuSO4 MnSQOa4 (gL
Exp. Pred.
1 +1(32) +1(20) +1(15)  +1(8) +1(5)  +1(1.0) +1(1.0) +1(0.01) +1(0.006) +1(0.006) +1(0.006)  4.86 4.63
2 +1(32)  +1(20) +1(15) -1(0) +1(5)  +1(1.0) -1(0)  +1(0.01) -1(0) -1(0) +1(0.006)  4.29 452
3 +1(32) +1(20)  -1(0) +1(8) +1(5) -1(0) +1(1.0)  -1(0) +1(0.006)  -1(0) -1(0) 4.39 4.43
4 +1(32)  +1(20)  -1(0) -1(0) +1(5) -1(0) -1(0) -1(0) -1(0)  +1(0.006) -1(0) 3.48 4.01
5 +1(32) -1(0)  +1(15)  +1(8) -10)  +1(1.0)  +1(1.0)  -1(0) -1(0)  +1(0.006) -1(0) 2.79 3.42
6 +1(32) -1(0) +1(15) -1(0) -1(0) +1(1.0) 1(0) -1(0) +1(0.006) -1(0) -1(0) 3.49 3.42
7 +1(32) -1(0) -1(0) 1(8) -1(0) -1(0) +1(1.0) +1(0.01) -1(0) -1(0) +1(0.006) 2.83 3.16
8 +1(32) -1(0) -1(0) -1(0) -1(0) -1(0) -1(0) +1(0.01) +1(0.006) +1(0.006) +1(0.006) 2.89 2.56
9 -1(0) +1(20) +1(15) +1(8) -1(0) -1(0) -1(0) +1(0.01) +1(0.006) +1(0.006) -1(0) 5.42 5.09
10 -1(0) +1(20) +1(15) -1(0) -1(0) -1(0) +1(1.0) +1(0.01) -1(0) -1(0) -1(0) 3.86 4.20
11 -1(0) +1 (20) -1(0) +1(8) -1(0) +1(1.0) -1(0) -1(0) +1(0.006) -1(0) +1(0.006) 3.82 3.75
12 -1(0) +1 (20) -1(0) -1(0) -1(0) +1(1.0) +1(1.0) -1(0) -1(0) +1(0.006) +1(0.006) 3.40 4.04
13 -1(0) -1(0)  +1(15)  +1(8) +1(5) -1(0) -1(0) -1(0) -1(0)  +1(0.006) +1(0.006)  0.96 1.48
14 -1(0) -1(0)  +1(15) -1(0) +1(5) -1(0) +1(1.0)  -1(0) +1(0.006)  -1(0) +1(0.006)  1.31 1.35
15 -1(0) -1(0) -1(0) +1(8) +1(5)  +1(1.0) -1(0)  +1(0.01) -1(0) -1(0) -1(0) 0.85 1.07
16 -1(0) -1(0) -1(0) -1(0) +1(5)  +1(1.0) +1(1.0) +1(0.01) +1(0.006) +1(0.006) -1(0) 0.90 0.67
17 0(16) 0(10)  0(7.5) 0(4) 0(25)  0(0.5) 0(0.5) 0(0.005) 0(0.003) 0(0.003) 0(0.003)  3.92 3.24
18 0(16) 0(10)  0(7.5) 0(4) 0(2.5)  0(0.5) 0(0.5) 0(0.005) 0(0.003) 0(0.003)  0(0.003)  4.06 3.24
19 0(16) 0(10)  0(7.5) 0(4) 0(25)  0(0.5) 0(0.5) 0(0.005) 0(0.003) 0(0.003)  0(0.003)  4.01 3.24

BP = 8.66-0.15X-0.022X?+0.43Y+0.04Y?+1.247-0.857?+0.47XY+0.25XZ+0.26YZ 3)
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Optimized conditions (glucose 44 g L1, sugarcane molasses 50 g L™ and yeast extract 15 g L) were
then employed in validation experiments of biomass production (9.22 +0.11 g L™).

18 ssuolg]

ln‘ ssuw g

.

Figure 1. Surface response graphs representing the effect of factors’ interaction on S. boulardii CCT 4308 biomass
production a) yeast extract and molasses and b) yeast extract and glucose.

Table 3. 23 CCRD design — Evaluation of medium components for S. boulardii CCT 4308 biomass production.

Run Variables (g L?) Biomass (g L) |
Glucose Molasses Yeast extract Experimental Predicted

) -1(40) -1(40) 1(5) 808 7.98 |
2 -1(40) -1(40) +1(15) 8.92 8.70
3 -1(40) +1(50) -1(5) 7.85 7.68
4 -1(40) +1(50) +1(15) 8.66 8.92
5 +1(44) -1(40) -1(5) 7.59 7.11
6 +1(44) -1(40) +1(15) 8.39 8.34
7 +1(44) +1(50) -1(5) 7.75 7.74
8 +1(44) +1(50) +1(15) 9.62 9.50
9 -1.68(38.64) 0(45) 0(10) 8.72 8.75
10 +1.68(45.36) 0(45) 0(10) 8.22 8.50
11 0(42) -1.68(36.59) 0(10) 7.96 8.36
12 0(42) +1.68(53.41) 0(10) 9.16 9.08
13 0(42) 0(45) -1.68(1.59) 6.08 6.42
14 0(42) 0(45) +1.68(18.41) 8.53 8.50
15 0(42) 0(45) 0(10) 9.11 8.66
16 0(42) 0(45) 0(10) 8.84 8.66
17 0(42) 0(45) 0(10) 8.09 8.66

Effect of sugarcane molasses as sole carbon source on Saccharomyces boulardii CCT 4308 biomass
production

Different concentrations of sugarcane molasses were used as sole carbon source. The best result was
obtained with 150 g L™ of sugarcane molasses with Yysof 17% and biomass production of 9.89 + 0.24 g L™.
A higher concentration of sugarcane molasses (200 g L) promoted a higher biomass production of 10.75 +
0.61 g L't but a lower Yysof 15%. According to Tukey’s test, 150 g L™ and 200 g L of molasses did not show
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statistical difference on biomass production. For this reason, the concentration of 150 g L** molasses was
chosen for further experiments. Also, these values demonstrated that sugarcane molasses possessed great
potential to replace glucose in the medium for probiotic biomass S. boulardii CCT 4308 cultivation with lower
costs.

Batch and fed-batch fermentation for Saccharomyces boulardii CCT 4308 biomass production

Kinetics of S. boulardii CCT 4308 biomass production and sugar consumption were performed in batch
and fed-batch fermentation, in Erlenmeyer flasks and STR. In batch and fed-batch mode, the inoculum was
then cultivated in the optimized medium, which facilitated its adaptation. S. boulardii CCT 4308 reached the
stationary phase after 16 h of batch fermentation in Erlenmeyer flasks (Figure 2).

12 60

>
>
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>
4.
(=]
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) 4
Total and reducing sugars (g L")

6 30
4 N . 20
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N\
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%= pH Biomass  +<-A+- Total sugars === Reducing sugars

Figure 2. Kinetics of S. boulardii CCT 4308 biomass production in Erlenmeyer flasks in batch mode under optimized
medium conditions (biomass, pH, total sugars and reducing sugars).

Biomass production attained 11.10 + 0.19 g L at 24 h, with a productivity of 0.46 g L h'* and almost
completed consumption of total and reducing sugars after 8 h of process, reaching a final concentration of
6.0 and 3.0 g L, respectively, in Erlenmeyer flasks. The pH values presented a slight variation from 5.5 to
4.7. In STR, biomass reached 11.37 g L at 12 h of fermentation and a higher productivity of 0.95 g L*h?,
with total sugars consumption of 50% after 8 h of fermentation (Figure 3). Then, the fermentation time in STR
was reduced to 12 h compared to 24 h required in Erlenmeyer flask batch studies.
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Figure 3. Kinetics of S. boulardii CCT 4308 biomass production in STR in batch mode under optimized medium
conditions (biomass, total and reducing sugars).

Molasses feeding was tested in a fed-batch mode. The control (no sugarcane molasses feeding) in
Erlenmeyer flasks led to a S. boulardii CCT 4308 biomass production of 10.74 + 0.40 g L' at 10 h of
cultivation, while fed-batch process in Erlenmeyer flasks promoted 13.18 + 0.19 g L' and 13.11+ 0.45 g L *of
biomass production with feeding at 4 and 6 h, respectively. The pH showed a slight variation from 5.5 to 5.1.
Sugarcane molasses feeding notably increased (22.7%) biomass production when compared to batch
process (no sugarcane molasses feeding). Reducing sugars concentration 3.80 + 0.11 g L in the end of
batch process, and 6.81 + 0.19 g L in fed-batch process. Biomass (g L), yield (%), productivity (g Lt h'?),
total sugars (g L™?) and reducing sugars (g L) were determined for fed-batch processes in Erlenmeyer flasks,
which are shown in Table 4.

Table 4. S. boulardii CCT 4308 biomass, yield and productivity in fed-batch process with molasses feeding in
Erlenmeyer flasks.

Condition Biomass (g L%)  Yield Yys (%) Pr(‘;dL”_ftri]‘_’li)ty Tm‘f‘é i SUF;Z?‘S"‘EQ”EJ)
No feeding 10.742 £ 0.40 17.08 1.07 7.14 +£0.18 3.80+0.11
Molasses feeding at 4 h 13.185¢+0.19 23.16 1.32 1142 +1.48 6.81+0.19
Molasses feeding at 6 h 13.11¢+ 0.45 22.32 1.31 9.77 £ 0.07 6.21 + 0.08

Tukey multiple comparisons test (p < 0.05), same letters codes do not differ significantly and different letters indicate
significant differences.

As it could be seen, molasses feeding after 4 h or 6 h did not showed a statistically significant (p>0.05)
influence on S. boulardii CCT 4308 biomass production according to Tukey’s test. However, the results
obtained with molasses feeding after 4 h was slightly better with a yield of 23.16% compared to 22.32% of 6
h feeding, 22.7% higher biomass production than control (batch fermentation) and better productivity of 1.32
g L* h't as well. In this way, molasses feeding at 4 h condition was selected for the next study of biomass
production with selenium accumulation. After optimization, S. boulardii CCT 4308 biomass production (13.18
+ 0.19 g L) was 4.38-fold higher and a 20.95-fold higher productivity (1.32 g L' h™') compared to initial
conditions.
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Selenium accumulation by Saccharomyces boulardii CCT 4308

S. boulardii CCT 4308 tolerance to different Se concentrations (from 0 to 400 yg mL™?) was investigated
(Table 5). Biomass production reached a maximum of 1.41 g L and 65% of Se accumulation with addition
of 10 uyg mL™?* of Se to the medium. At 50 ug mL™* of Se, biomass production reached only 0.96 g L, which
represented 24.56% of Se accumulation. Over 150 ug mL* of Se, biomass production was around 0.30-0.35
g L! and very low Se accumulation. Thus, the tested Se concentrations tended to inhibit yeast growth,
probably due to Se toxicity to S. boulardii CCT 4308 cells.

Table 5. S. boulardii strain CCT 4308 tolerance to different Se concentrations.

Se (ug mL?) Biomass (g L) Remaining Se (ug mL?) (supernatant)
0 2.692 + 2.76E-03 0+0.04
10 1.41b+ 8.49E-04 3.52 +0.87
50 0.96¢+ 7.07E-04 37.72 £1.58
100 0.499+ 4.81E-03 100.38 £ 1.36
150 0.32® + 1.48E-03 141.03 £1.78
200 0.30f + 7.07E-05 199.14 £ 1.95
300 0.359 + 7.07E-05 219.65 £ 1,27
400 0.369"+ 7.07E-05 380.41 +£1.02

Tukey multiple comparisons test (p < 0.05), same letters codes do not differ significantly and different letters indicate
significant differences.

In this way, different Se concentrations (50, 75, 100, 125, and 150 uyg mL') were added in the medium
after 10 h of fermentation, end of logarithmic phase, to evaluate S. boulardii CCT 4308 growth. Biomass
production and Se accumulation (mg g* Se in biomass) were determined after 48 h of cultivation. The results
are shown in Table 6. The best biomass production (13.31 + 0.17 g L) was reached with 50 uyg mL* Se
concentration. However, the best Se accumulation condition was observed with the addition of 100 ug mL?,
where accumulation yield was 37.89%. According to Tukey’s test, 50 ug mL* Se and 100 ug mL* did not
show statistical difference (p < 0.05).

Table 6. Se accumulation by S. boulardii CCT 4308 at different Se concentrations added in the medium.

Se Biomass Biomass Absorbed Se Se accumulation
(Mg mL1) (gL decrease (%) (mg Se g* biomass)
(%)
50 13.312+ 0.17 3.38 25.62 1542+ 0.25
75 13.182+0.13 4.34 34.05 3.082+0.07
100 12.662b+ 0.20 4.79 37.89 4562+ 0.44
125 12.37° + 0.05 6.93 31.39 4,732+ 0.66
150 12.12bc+ 0.08 8.84 24.78 4,482+ 0.99

Tukey multiple comparisons test (p < 0.05), same letters codes do not differ significantly and different letters indicate
significant differences.

Therefore, as a strategy to avoid Se toxic effects the addition of Se was at the end of logarithmic phase,
as corroborated by Ponce de Léon et al. [19] and Wang et al. [25]. These results showed that S. boulardii
CCT 4308 had an efficient mechanism that enable to absorb Se. Se-enriched probiotic S. boulardii CCT 4308
biomass production was carried out in 14-L STR bioreactor with optimized conditions (150 g L sugarcane
molasses and 12 g L™ yeast extract) and 100 g L™ molasses feeding after 4 h and 100 ug mL™* of Se after 10
h of fermentation (Figure 4). Best biomass production reached 14.52 g L™ at 12 h, with a productivity of 1.21
gL' h™ and 3.20 mg Se accumulation g biomass.
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Figure 4. Kinetics of S. boulardii CCT 4308 cultivation for biomass production and Se accumulation in STR in fed-batch
mode under optimized conditions (biomass, Se accumulation, total sugars and reducing sugars).

DISCUSSION

Sugarcane molasses is a by-product of the sugarcane industry [23]. Due to its abundant availability and
composition, it can use as substrate for microbial processes to produce value-added products. S. cerevisiae
and S. boulardii biomass production in molasses medium have been already reported in literature [30,22,5].
However, it is the first time that Se-enriched S. boulardii biomass produced was conducted using sugarcane
molasses in fed-batch fermentation. The most reported studies in the literature were related to Se-enriched
S. cerevisiae biomass, while few works were related to S. boulardii and its probiotic properties [31,32]. The
first screening employing a P&B design showed that sugarcane molasses and glucose influenced biomass
production. It is known that molasses is a complex carbon source that is composed of sucrose, glucose,
fructose, small amounts of proteins, vitamins, polysaccharides and nitrogen compounds. Sindhu et al. [23]
reported that it was also composed by several minerals, such as K*, Fe?*, Ca?*, Mg?*, Na*, Mn?*, Zn?*, Cu?*
and F. Thus, with 50% content of fermentable sugars, sugarcane molasses was considered a good feedstock
for fermentation processes when compared to other carbon sources. The results of CCRD indicated that
sugarcane molasses and glucose in the medium were not sufficient for an optimal yeast biomass production.
Furthermore, Figure 1A indicated that higher concentrations of molasses could lead to an optimum region of
yeast cell growth, so further analysis were performed to evaluate this hypothesis. Some studies reported
optimization as a tool to improve yeast biomass production. Trigueros et al. [33] presented an optimum
biomass value of 8.20 g L™ by Saccharomyces cerevisiae var. boulardii under batch operation using 40 g L-
! hydrolyzed cheese whey agro-residue. In the optimization of molasses medium, S. cerevisiae produced
6.69 g L' of biomass [22]. Biomass production by S. cerevisiae increased from 3.73 g L to 5.89 g L™ by
statistical tools [34].

Previous fed-batch cultivation studies in bioreactors had successful Se accumulation, but there were
only reports by S. cerevisiae. A fed-batch process with a high S. cerevisiae biomass production of 37 g L
was developed by Demirci and Pometto 11l [14] with 2.84 mg Se g dry biomass with a single-dose addition
of Se. The same authors proposed a continuous addition of Se where biomass reached 45 g L™ and 2.49 mg
g! Se dry biomass. Rajashree and Muthukumar [31] yielded 32.09 g L of dry S. cerevisiae cell biomass in
fed-batch fermentation in 10 L bioreactor with a working volume of 7 L containing 3.75 mg g of Se. This is
the first report involving Saccharomyces boulardii CCT 4308 Se-enriched biomass cultivation in fed-batch
mode.
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Toxic effects of some elements on yeasts growth have been described in literature. This behavior was
first noticed by Tuite and Oliver [35], who showed that Se, Ag, As, and Pb can negatively affect yeast growth
at concentrations higher than 100 umol L (7.9 yg mL tin the case of Se), which may affect cells division.
For that reason, it is widely common that different fungi species exhibited a specific concentration in
absorbing mineral components [13]. According to some authors Volesky and May-Phillips [36] and Kieliszek
[37] first the microelement rapid binds on the cell wall surface. Then, Se is subsequently adsorbed on anionic
binding sites of the cell structure. However, the rate of metal accumulation depends on microbial metabolism.
Hence, the Se accumulation profile that is shown in Figure 4 corroborated with Volesky and May-Phillips [36]
and Kieliszek [37], once highest Se accumulation of 3.20 mg g was observed at 12 h of fermentation, which
meant a rapid binding of the microelement on the cell surface and then, from 15 to 48 h, the Se accumulation
into yeast cells was established.

Some data about Se accumulation can be found in literature, but only by S. cerevisiae. Suhajda et al.
[38] reported that 30 ug mL* Se were added during the exponential growth phase in the culture medium,
which resulted in Se accumulation in the range of 1200—1400 pg g* dried biomass yeast. Natural medium
for Se-enriched yeast (S. cerevisiae) production was investigated by Yin et al. [7]. The medium was
composed of juices from germinated brown rice (12 °Brix), beerwort (12 °Brix) and soybean sprout (12 °Brix),
with addition of 15 ug mL* of Na,SeQOs. The results showed that the components mixed ratio of 4:4:2 (v:v:v)
obtained the maximum value of biomass and total Se yield were 8.5 g L™ and 3.53 mg L, respectively.
Rajashree and Muthukumar [39] reported the Se accumulation of 2.72 mg g and 2.46 mg g* by S. cerevisiae
in a synthetic medium and industrial medium, respectively, yielding a maximum yeast biomass of 12.8 g L
and 10.2 g L, respectively. Alidee et al. [22] achieved 3.77 mg g* of Se and 6.69 g L of biomass by S.
cerevisiae in a medium of beet and sugarcane molasses (ratio of 1:1) as carbon sources.

The accumulated Se by S. boulardii CCT 4308 biomass is comparable to some commercial products
available on the market, which contain about 2.5 mg Se g* dry biomass [40]. This fact showed great
advantageous perspective of the developed process. Saccharomyces boulardii is recognized as an important
probiotic microorganism. Few works comprising its biomass production have been published so far, mainly
concerning Se accumulation. Very good perspectives were then achieved for this work. A simple and cost-
effective bioprocess was developed to produce Se-enriched probiotic biomass by S. boulardii CCT 4308. The
results obtained in these studies will certainly be useful in further bioprocess development of valuable
products for human and animal health. The process can also be scaled-up, which may certainly interest for
the pharmaceutical industry.

CONCLUSION

A new bioprocess was developed for S. boulardii CCT 4308 Se-enriched biomass production using
sugarcane molasses agro-industrial residue in fed-batch fermentation at bench scale. Optimization of
medium composition led to a 4.82-fold improvement of biomass production compared to initial conditions.
Optimized medium was composed of 150 g L sugarcane molasses and 12 g L yeast extract. Even though
yeasts accumulate some minerals in a natural pathway, these findings proved the potential of the strain S.
boulardii CCT 4308 cells to tolerate and accumulate Se. The most effective fed-batch culture was attained
with feeding of 100 g L sugarcane molasses and 100 yg mL* of Se at 4 h and 10 h of fermentation,
respectively. Accordingly, Se-enriched S. boulardii CCT 4308 biomass production reached 14.52 g L with
Se accumulation of 3.20 mg Se g* biomass at 12 h, which was comparable with available commercial
products. A simple and low-cost bioprocess was developed for a probiotic Se-enriched yeast biomass
production with great application perspectives for human and animal health as well.
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