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Il Summary

The magnesium (Mg) capability to attenuate the toxicity of aluminum (Al) for the trehalose content, anaerobic growth,
viability and budding rate of Saccharomyces cerevisiae, was studied in this work. Fermentations were carried out in triplicate with
sterilized and diluted sugar cane media (4% total reducing sugars/pH 4.0) containing different Al (0.0, 50, 100 and 150 mg L")
and Mg (0.0, 50 and 100 mg L") concentrations. The media were inoculated with 1 mL of 1% (wet basis) yeast suspension
and incubated at 30°C, 70 rpm for 20 hours in orbital shaker. At specific times during fermentation portions of cell suspension
were taken out and the biomass concentration, yeast viability, budding rate and trehalose content on cells determined.
The increase of Al levels, from 0.0 up to 150 mg L', showed a reduction on the yeast growth of approximately 95%, 55% and
18% as Mg increased from 0.0 to 50 and 100 mg L™, respectively. The trehalose content experienced its lowest reduction
when greater amounts of Mg were added to the fermentation process. Cell viability showed greater reductions as the content
of Alin the media increased. Magnesium effectively protected yeast cells against the deleterious effects of Al on cell growth,
viability, budding and trehalose content.

Keywords: Yeast viability;, Fermentation; Trehalose content.

Il Resumo

A capacidade do magnésio (Mg) em atenuar os efeitos toxicos do aluminio (Al) para o conteddo de trealose, o
crescimento anaerobio, a viabilidade e a taxa de brotamento em Saccharomyces cerevisiae foi estudada no presente trabalho.
As fermentacdes foram realizadas em triplicatas, com suco de cana-de-acucar esterilizado e diluido (4% de agUcares redutores
totais/pH 4,0) contendo diferentes concentragdes de Al (0,0, 50, 100 e 150 mg L") e de Mg (0,0, 50 e 100 mg L"). Os meios
foram inoculados com 1 mL de 1% (base umida) de suspensao de levedura e incubados a 30°C, 70 rpm durante 20 horas,
em agitador orbital. Em tempos especificos, durante a fermentacao, porcdes da suspenséo de células foram retiradas e a
concentracdo de biomassa, a viabilidade das leveduras, a taxa de brotamento e o conteddo de trealose foram determinados.
O aumento dos teores de Al, de 0,0 a 150 mg L', mostrou uma reducé&o no crescimento da levedura de aproximadamente
95%, 55% e 18%, na presenca de 0,0, 50 e 100 mg L' de Mg, respectivamente. O conteudo de trealose sofreu a menor
reducao quando maiores teores de Mg foram adicionados ao meio de fermentacéo. A viabilidade celular apresentou maiores
guedas a medida que se aumentou o conteldo de Al no processo fermentativo. O magnésio protegeu eficazmente as células
da levedura contra os efeitos deletérios do Al sobre o crescimento celular, a viabilidade, o brotamento e o teor de trealose.

Palavras-chave: Viabilidade da levedura; Fermentagcao, Contetdo de trealose.
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Il 1 Introduction

Itis crucial to consider the physiological conditions
imposed by the industrial process on microorganisms
present in the fermentation environment in order to identify
the microbiological, physical and chemical elements that
might be exerting, stimulating or stressing effects on these
microorganisms (yeast and bacteria) (BASSO, 2006).

In the most widely fermentation processes used
(Melle-Boinot), either in its fed batch version or in the
continuous one, several factors which limit productivity,
i.e., the uncontrolled microbiological contamination of the
yeast due to biocides, the reduction in the yeast viability
(BASSO et al., 2011; SOUZA, 2012) and the yeast low
growth rate (WALKER, 2010), have already been diagnosed.
Also, the high rates of aluminum (Al) in the must can be
correlated to the decrease in the fermentative efficiency
of yeasts (ANGELONI, 2009; FARIA, 2010; BASSO et al.,
2011).

Despite being the most abundant metal in the
Earth’s crust, making up to 8% of the total weight of the
Earth’s external crust (ATSDR, 2008), Al ions can be very
toxic to a variety of living organisms (DOREA; CLARKE,
2008). When in neutral or light acid (pH > 6.0) soils, Al is
found in insoluble and harmless forms. Nevertheless, in
more acid soils, the bioavailability and toxicity of Al are
potentialized, as it is found in its ionic (hexahydrated or
Al(H,0),*) and/or cationic (Al*®) forms (HOEKENGA, et al.,
2003), which can be toxic to many plants, animals and
microorganisms (DOREA; CLARKE, 2008; KIMOTO et al.,
2010; SHAW; TOMLJENOVIC, 2013).

Aluminum toxicity is especially raised when soil
acidity is intensified by land-use intensification, i.e.,
industrial activities, and fertilization with acid action
fertilizers (DIDHAM et al., 2015; FAGERIA; NASCENTE,
2014). Tropical South America has an amount of 85% of
acid soils, of which about 24% in located in the central
part of Brazil (FAGERIA; NASCENTE, 2014). Liming the
soils to correct acidity is a good strategy to enhance
agricultural productivity (PAGANI; MALLARINO, 2012),
however, the high amount of limestone necessary for soil
correction might not be a favorable economical choice,
resulting in applications of lime below what is necessary
(GOULDING, 2016).

When sugarcane is cultivated in low pH soils,
consequently containing high amounts of available Al, it
is expected that the juice used to prepare the must would
contain a significant amount of the element (BASSO et al.,
2011), transferring it to the industrial process of carburant
alcohol production. Another possibility for the entrance of
Al'in the industrial process is the use of water treated with
potassium alum or aluminum sulfate, a practice, which is
used in many industrial facilities (ARANHA, 2002).
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Many studies have demonstrated (ANGELONI,
2009; BASSO, 2006; BASSO et al., 2011) that industrial
must used in many distilleries in S&o Paulo State might
present Al rates which rank from 8 to 40 mg L, reaching
in some cases amounts as high as 500 mg L', which
are normally associated to the decrease in the yeast cell
viability. Aranha (2002) reports analyses carried out by
Copersucar Centro Tecnoldgico that have shown Al average
rates of 156 mg L' in the juice destined to fermentation,
although, Oliveira et al. (2009) assert that concentrations
above 13.5 mg L' already exert depressive action over
fermentation.

In the industrial process of ethanol production yeast
are reused from one fermentative cycle to another, in
6-10-hour fermentation, performing easily 2 fermentative
cycles a day throughout a harvest that lasts from 200 to
250 days. These yeast intense cycles — which are a specific
feature of the process settled in the country — could lead
to an accumulative effect of Al, generating toxic effects
of the metal itself in lower levels than those presented in
the specific literature (ANGELONI, 2009; FARIA, 2010).

Interestingly, it is noticeable that, although Al toxicity is
widely reported in biotechnological processes such as bakery
(JALBANI et al., 2007), vinification (GALANI-NIKOLAKAKI,
KALLITHRAKAS-KONTOS, 2007), biomass production
(REHMUS et al., 2014), brewery (SCHWALFENBERG et al.,
2013) and carburant alcohol production (BASSO et al.,
2011), only a few studies have been published about it
in physiological conditions of a biotechnological process.
Therefore, the aim of this study was to assess the effects
of Al toxicity on the trehalose content, anaerobic growth,
viability and budding rate of S. cerevisiae and the capability
of Mg to attenuate this toxicity.

Il 2 Material and methods
2.1 Preparation of lab equipment

All reusable lab equipment (glass, quartz,
polyethylene, Polytetrafluoroethylene, etc) were prepared
for use by washing with detergent, rinsing with ultra pure
water and soaking them for four hours in a mixture of
nitric acid, hydrochloric acid and water (1:2:9) followed
by another rinsing with ultra pure water and heat drying
(MARIANO-DA-SILVA et al., 2009).

2.2 Yeast

Saccharomyces cerevisiae PE-2 was kindly provided
by the Latino Americana Company (LNF).

2.3 Yeast pre-growth

Yeast was reactivated in YEPD (Yeast Extract Peptone
Dextrose) medium from a pure-culture (lyophilized) and
pre-grown, at 30 °C, in sterilized (autoclaved at 1 ATM, 120°C
for 20 minutes) molasses medium with 6% TRS (total reducing
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sugars), supplemented with KH,PO, (8.36 mmol L),
(NH,),SO, (6 mmol L), urea (38.75 mmol L"), MgSO,.H,O
(8.57 mmol L"), ZnS0O,.7H,0 (0.10 mmol L"), MnSO,.H,0
(0.12 mmol L") and linolenic acid (0.11 mmol L). Cells
from the late-exponential growth phase were harvested
by centrifugation (800 G, 20 min) and re-suspended in
distilled deionized water to a final concentration of 1g (fresh
weight) 100 mL" (MARIANO-DA-SILVA; BASSO, 2004).

2.4 Growth assay

Fermentation was carried out in triplicate with
sterilized (autoclaved at 1 ATM, 120°C for 20 minutes) 75 mL
of diluted sugar cane (2% total reducing sugars/pH 4.0)
medium in 125 mL Erlenmeyer flasks sealed with anhydrous
cotton and aluminum foil. The flasks received different
Al (0.0, 50, 100 and 150 mg L") and magnesium (Mg)
concentrations (0.0, 50 and 100 mg L), for a total of
12 treatments. The flasks were inoculated in aseptic
conditions with 1 mL of 1% (wet basis) yeast suspension
and incubated at 30 °C, 70 rpm for 20 hours in orbital
shaker (MARIANO-DA-SILVA et al., 2009).

2.5 Growth curves

At specific times during fermentation (0, 2, 4, 6,
8,10, 12, 14, 16, 18 and 20 hours), 1 mL portions of cell
suspension were removed and transferred to a test-tube with
9 mL of deionized water. The biomass concentration was
determined by turbidity measurements at 570 nm (Bausch
and Lomb) using a standard-line previously performed.

2.6 Cell counting

At specific times during fermentation (0, 2, 4, 6,
8, 10, 12, 14, 16, 18 and 20 hours) 0.5 mL of each cell
suspension was sampled, diluted, erythrosine colored and
directly counted with a microscope for yeast viability and
budding rate evaluation, according to Amorin et al. (1989).

2.7 Yeast trehalose

During the growth (every 2 hours), trehalose was
extracted from 60 mg of washed cells (fresh weight) using
2 mL of 0.5 mol L trichloroacetic acid kept in ice bath
for 20 minutes (the suspension was frequently shaken).
The suspension was then centrifuged (TREVELYAN;
HARRISON, 1956a, b) and 0.2 mL of each supernatant was
subjected to anthrone reaction according to Brin (1966).

2.8 Statistical analysis

The response of all the variables was analyzed using
JMP Pro 12® (SAS Institute, Cary, NC). The variables were
submitted to F-tests (ANOVA) following casual delineation
in crossed model with triplicates. The averages were
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compared using Tukey’s HSD multiple comparison method
(alpha = 0.01) (ARES; GRANATO, 2014).

I 3 Results and discussion

Figure 1 shows the simultaneous effects of Al and
Mg on the growth of Saccharomyces cerevisiae. In the
absence of Mg (Figure 1A) there was a decrease in the
growth rate of the yeast. Moreover, in the concentrations
of 50 and 100 mg L' a delay at the end of the Log phase
was observed, which had already been reported by,
Mariano-da-Silva and Basso (2004) and Oliveira et al.
(2012) concerning cadmium.
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Figure 1. Growth curves of Saccharomyces cerevisiae: (A) in
the presence of different Al concentrations and absence of Mg;
(B) in the presence of different Al concentrations and 50 mg L
of Mg; (C) in the presence of different Al concentrations and
100 mg L' of Mg.
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Oliveira et al. (2009) obtained, in their study, a
higher depressive effect on the biomass concentration of
S. cerevisiae when they used 54 mg L of Al in the medium,
which resulted in a reduction of approximately 19% when
compared to the control (0.0 mg L'"). For the specific growth
rate of S. cerevisiae these authors concluded thatincrements
in the Al concentration from 13.5 to 54 mg L' reduced
the growth rate from 14% to 56%, in media containing
0.0 and 150 g L of vinasse content, respectively. In our
work we found a reduction of biomass concentration, for our
treatment “50 mg L' AI X 0.0 mg L' Mg”. This higher toxicity,
found by Oliveira et al. (2009), might be due to the growth
medium used by the authors (YED - yeast dextrose medium),
which is less complex than the sugarcane juice medium
and, thus, has fewer potentially chelating/sequestrating
agents (MARIANO-DA-SILVA et al., 2009).

When 100 and 150 mg L' of Al were added, a
decrease in the growth rate was observed and the final
cell density was reduced by approximately 50 and 100%,
respectively, in comparison to the control (0 mg L™).

In the absence of Al, an addition of 100 mg L™ of
Mg caused the prolongation of the exponential phase from
14 to 18 hours, leading to a higher accumulation of cell
mass (Figures 1B and 1C), probably due to the increase
in the carbohydrate conversion and the decrease of time
required for this conversion (DOMBEK; INGRAM, 1986;
WALKER et al., 2003).

Aranha (2002) asseverates that the action of Al,
although discreet, is characterized by the reduction of
biomass production. According to the author, cell viability
is reduced possibly due to the reduction of trehalose and
glycogen levels in the yeast cells.

Aluminum toxicity significantly decreases with Mg
increase, following the findings of Trofimova et al. (2010).
In the media containing 50 mg L' of Mg, Al toxicity was
slightly attenuated (Figure 1B), however, increasing the
Mg concentration to 100 mg L suppressed the toxicity
of Al'in all the concentrations tested.

Aluminum has been shown to cause toxicity in
S. cerevisiae through several mechanisms, as being an
inhibitor of hexokinases (WOMACK; COLOWICK, 1979),
glucose-6-phosphate dehydrogenase (CHO; JOSHI, 1989)
and isocitric dehydrogenase (YOSHINO et al., 1992).
The hypothesis that the Al toxicity mechanism was due
to its bonds to catalytic sites of enzymes dependent on
metal-activation was initially raised in our study. However,
Jones and Kochian (1997) demonstrated the high affinity
of the Al ion for phosphatidylinositol-4,5-bisphosphate,
component of the signaling transduction membrane,
showing that the cause of Al toxicity is not due to the
enzymes interaction/inhibition, but changes in the membrane
permeability instead, which according to Li et al. (2011)
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can cause an intracellular calcium (Ca) homeostasis
affecting the apoptosis in yeast.

MacDiarmid and Gardner (1998) and Schott and
Gardner (1997) disclosed that it is the super-expression
of the Mg transport systems in S. cerevisiae that confer
tolerance to the Al ion and that Al toxicity would be the
consequence of a reduction in the Mg influx by such carrier.
Trofimova et al. (2010) show that Mg play an important
role on yeast growth and metabolism, i.e., the function of
key enzymes and cell membrane stabilization.

Tables 1 and 2 show the cell viability and budding
rate at different Al and Mg concentrations, respectively.

In treatments without Al, or when Mg was added,
the most significant effect for both parameters was
the decrease of cell viability and the increment of the
budding rate over time. In treatments without Mg and with
50, 100 and 150 mg L' of Al we found a strong decrease in
the yeast cell viability and budding when compared to the
control. Adding 100 mg L' of Mg resulted in a considerable
loss of viability and restored the budding rates. These
parameters (cell viability and budding rate) reflect the
physiological state of the culture, provided that, cell viability
indicates the physiological stress to which the yeast was
submitted, and the budding rate offers information on the
development of the culture (MARIANO-DA-SILVA, 1998;
RODRIGUES-PORRATA et al., 2008; OLIVEIRA et al., 2012).

The pH decreased during growth reaching a level
of 2.98 at the stationary phase (Table 3), going into
accordance to the findings of MacDiarmid and Gardener
(1996). When working with the YPD medium, the authors
observed that the pH decreased during growth, from
3.5 10 2.9. The fermentative growth of yeast is known to
reduce the medium pH (WALKER, 2010) by extrusion of
metabolites.

It was possible to observe that 100 to 150 mg L™
of Al reduced the rate of CO, production (Figure 2A).
Nonetheless, when 50 and 100 mg L' of Mg were added, the
deleterious action of Al was suppressed (Figure 2B and 2C).
The highest production of CO, was found in the treatment
containing 100 mg L' of Mg (Figure 2C). That might be
due to the fact that Mg is an important enzymatic cofactor
of several glycolytic enzymes, stimulating glycolysis and
the consequent CO, production (BIRCH et al., 2003;
LIM et al., 2011).

Intracellular trehalose content decreased during
fermentation in all the treatments (Figure 3); however,
this decrease was greater for the treatments with
50, 100 and 150 mg L' of Al. When adding Mg to the
media, we observed an attenuation of the toxic effects
of Al on the trehalose content of cells. Moreover, for
the treatments “0,0 mg L' Al x 100 mg L' Mg” and
“50mg L' Al x 100 mg L' Mg” the final trehalose contents
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Figure 2. CO, produced by Saccharomyces cerevisiae: (A) in
the presence of different Al concentrations and absence of Mg;
(B) in the presence of different Al concentrations and 50 mg L'
of Mg; (C) in the presence of different Al concentrations and
100 mg L' of Mg.

were higher than those found in the control. According to
Basso et al. (2011), aluminum is, in toxic levels, responsible
for decreasing fermentation performance, negatively
affecting the yeast viability, cellular trehalose levels,
fermentation rate and ethanol yield, on the other hand, Mg
can alleviate this toxicity by conforming the cells higher
resistance (TROFIMOVA et al., 2010; LIM et al., 2011).

Intracellular trehalose contents reflect the stress to
which cells are submitted, keeping an optimal relationship
with the growth and the viability rate (MARIANO-DA-SILVA
et al., 2007, 2009; OLIVEIRA et al., 2012). It is possible
that Al, likewise cadmium (MARIANO-DA-SILVA, 1998;
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Figure 3. Trehalose content in: (A) presence of different Al
concentrations and absence of Mg; (B) presence of different Al
concentrations and 50 mg L of Mg; (C) presence of different
Al concentrations and 100 mg L' of Mg.

OLIVEIRA et al., 2012), inhibited the transport of glucose in
the cell (new studies to prove this hypothesis are needed),
thus, reducing the intracellular contents of trehalose in cells.

Il 4 Conclusions

The increase of Al levels in the media caused a
significant reduction of the yeast growth, trehalose content
and cell viability, however, magnesium effectively protected
yeast cells against the toxic effects of Al. These results
have shown that the use of Mg in the fermentation media
may be a good option in order to obtaining better results
concerning faster fermentative cycles, longer yeast cell
life, and greater resistance to toxic metals present during
the fermentation process.
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