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Abstract The principal desirable characteristics of the
yeasts used in order to maintain the yield and the efficiency
high during the process of ethanol production are mainly
thermotolerance, Killer activity and high resistance to
inhibitor compounds like acetic acid. Yeast represents the
most important factor to achieve an efficient conversion
process of the different raw materials used to produce
ethanol like sorghum and sugarcane juice or their ligno-
cellulosic materials. The aim of this work was to isolate
and select native yeasts from sweet sorghum juice with
thermotolerance and resistance to toxic compounds like
acetic acid, furfural and 5-hydroxymethylfurfural, capable
of producing high ethanol concentrations. The results
obtained showed that native yeast Pichia kudriavzevii ITV-
S42 exhibit thermotolerance at 40 °C, positive Killer
activity, tolerant to acetic acid up to 24 g/L initial con-
centration, and tolerant to furfural and 5-hydroxymethyl-
furfural up to 1 g/L. for both compounds. An ethanol
productivity and yield of 0.54 g/Lh and 0.376 g ethanol/g
glucose, respectively, were obtained. These results show
that the desirable characteristics of Pichia kudriavzevii
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ITV-S42 could be interesting for their implementation in
first and second generation ethanol process production.

Keywords Pichia kudriavzevii - Ethanol -
Thermotolerance - Acetic acid - Furfural

Introduction

Large-scale ethanol production is carried out by the fer-
mentation of different types of raw materials rich in fer-
mentable sugars such as sugarcane, molasses, beet and
corn. Currently, sweet sorghum (Sorghum bicolor (L.)
Moench) has begun to be considered for ethanol production
in some countries as an alternative to sugarcane since it has
similar characteristics (Almodares and Hadi 2009),
specifically its stem is rich in fermentable sugars, harvest
period is short, it grows in different types of climates and
soils, it is resistant to drought, salinity and floods and the
whole plant can be used (Ratnavathi et al. 2011).

Yeasts have certain advantages in alcoholic fermenta-
tion because they are capable of using a wide variety of
substrates, are more resistant to ethanol and have higher
yields, their membranes are rich in sterols, so they maintain
their fermentative activity for longer, and the residual
biomass they generate can be used as livestock feed.

Desirable characteristics have been reported in yeasts
such as easy propagation, being genetically stable, resistant
to toxic compounds, capable of using various substrates,
resistant to low pH, acid-tolerant, osmotolerant, thermo-
tolerant and possessing Killer activity (Panchal 1990).

Therefore, it is necessary to search for yeasts that help to
counteract the problems present in industrial alcoholic
fermentations due to ethanol and substrate inhibition and
microbial contamination produced by the presence of
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bacteria and yeasts that lead to a decrease in ethanol pro-
duction, economic losses (Ortiz-Zamora et al. 2007). This
study deals with the isolation and screening of highly
efficient ethanol fermenting yeasts which are also ther-
motolerant and resistant to inhibitor compounds. The
yeasts selected were identified based on phenotypic char-
acteristics, biochemical tests and amplification of the ITS1-
5.8S rADN-ITS2 region by means of oligonucleotide pri-
mer (ITS1 and ITS4) gene sequence analysis.

Materials and Methods
Isolation and Selection

For the isolation of the yeasts, sweet sorghum juice was
fermented spontaneously at 30 °C, 250 rpm for 36 h.
Dilutions were prepared from the fermented juice
(1 x 10 and 1 x 10_5cel/mL), which were seeded by
means of the plate extension technique in a culture medium
containing 20 g/L glucose, 10 g/L yeast extract, 20 g/L
agar—agar and 0.1 g/L antibiotic (chloramphenicol).

The isolated strains were selected through fermentations
in semi-synthetic medium proposed by Strehaiano (1984)
(20 g/L glucose, 5 g/ KH,POy, 2 g/L (NHy) ,SOy4, 0.4 g/
L MgS0,4-7H,0, 1 g/L yeast extract) based on its capacity
to produce ethanol with ethanol yields above 0.35 g/g.

Subsequently, a secondary selection was carried out in a
semi-synthetic medium to determine if the isolated strains
showed to be resistant to high temperatures and preserve
their fermentative capacity. The temperatures evaluated
were: 30, 34, 36, 38, 40 °C.

Killer activity was evaluated using the method described
by Rosini (1983): the yeast strain sensitive to Killer toxin
was activated in semi-synthetic medium at 30 °C for 24 h
at 250 rpm. Subsequently, 25 x 10° viable cells/mL were
inoculated in a medium containing YPD-Agar-BM (20 g/L
glucose, 20 g/L Peptone, 10 g/L. Yeast Extract, 30 g/L
agar—agar, 0.003 g/L methylene blue) at 45 °C, which was
homogenized and poured into Petri dishes. Once solidified,
wells were made on the agar, where the selected yeast
biomass with possible Killer Activity was inoculated for
48-72 h at 22 °C. The formation of an inhibition halo
surrounded by blue around the well where the biomass was
deposited, denotes Killer activity.

In order to evaluate the resistance of yeasts in the
presence of toxic compounds present in lignocellulosic
hydrolysates, different concentrations of acetic acid (0, 3,
7,9, 18, 24 g/L), 5-hydroxymethylfurfural (5-HMF) and
furfural (0.5, 1.0, 1.5 g/L) were evaluated.

Statistical Analysis

Data means were compared using an analysis of variance
(ANOVA) to test the significant differences (P = 0.05)
between treatments, with a post hoc Tukey multiple range
test between all group mean values to pinpoint the location
of any significant differences. All data analyses were
conducted using GraphPad Prism version 5.

Analytic Methods
Biomass Analysis

Cellular growth was measured using a correlation between
optic density (620 nm) and dry weight. The correlation was
also checked using direct count of the cells with a Thoma
chamber (Blau Brand, Germany).

Substrate and Product Analysis

Samples from the fermentation kinetics were centrifuged
(10 min; 4 °C; 10,000 rpm). Glucose, fructose, ethanol,
acetic acid, glycerol, furfural and 5-hydroxymethyl furfural
concentrations were measured using High-Performance
Liquid Chromatography (HPLC) (Waters 600, TSP Spectra
System, Waters, Milford, MA, USA), with a Waters 2414
index detector (TPS Refracto Monitor V Waters, Milford,
MA, USA) at 50 °C, using a Shodex SH 1011 column
(8 x 300 mm); the mobile phase was a 5 mM H,SO4
solution with a 0.6 mL/min flow rate (Diaz-Nava et al.
2017).

Identification of Yeasts

Identification was carried out by means of the amplification
of the ITS1-5.8S rADN-ITS2 region by means of
oligonucleotide primers (ITS1 and ITS4). Sequencing was
carried out in the DNA Synthesis and Sequencing Unit
(USSDNA) of the Biotechnology Institute (Autonomous
National University of Mexico, UNAM, Mexico City) the
sequences obtained being that were compared with those of
reference sequences reported in the Gene bank using the
NCBI database.

Stoichiometric and Kinetic Parameters

The kinetic and stoichiometric parameters were carried out
from the Monod Model (1949), this model is often used to
predict fermentations process and describes the interaction
between the growth of microorganisms in a batch culture.
Where ethanol yields (YEt/s) were defined as the ratio
between final ethanol concentration (P) and glucose
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consumed during fermentation (SO-S); biomass yield (Yx/
s) was defined as the ratio between final biomass concen-
tration and the concentration of glucose consumed. Ethanol
productivity (Qp) was considered as the ratio between final
ethanol or biomass concentration (X) and end fermentation
time (7).

Results and Discussion

Sixty strains of ethanol-producing yeasts were isolated
from the spontaneous fermentation of the juice of different
varieties of sweet sorghum. The colonial morphology of
these strains had the following characteristics: white, cream
and yellowish, with viscous appearance, creamy, convex,
rough on the periphery, with brightness. With respect to
microscopic morphology, most of the isolated strains had
an ellipsoid or ovoid shape, with mono-polar budding, and
some of them tended to be grouped into clusters of 5 to 6
cells whose dimensions ranged from 2 to 5 pm in width
and 3-7 pum in length (Fig. 1).

Fig. 1 Macroscopic and
microscopic morphology of
some of the yeast strains
isolated from the spontaneous
fermentation of sweet sorghum
juice
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Fermentations were carried out in a synthetic medium in
which the ethanol production capacity of the 60 isolates
was evaluated. A primary selection was made taking as a
criterion those yeast strains that presented ethanol yields
above 0.35 g/g, since the theoretical yield for glucose
conversion to ethanol is 0.511 g/g, however, the yields
achieved in the industry vary between 87 and 93% of the
theoretical yield (Vazquez and Dacosta 2007); only 22
strains met this criterion (Fig. 2). Most of the yields were
between 0.35 and 0.38 g/g, however six strains stood out
for having yields above 0.4 g/g, similar to those reported
for Saccharomyces cerevisiae, Pichia stipitis, and Klu-
veromyces marxianus starting from the same initial sugar
concentration (20 g/L) (Rouhollah et al. 2007).

Seven strains were selected, which were identified as
Pichia kudriavzevii (Issatchenkia orientalis). This identi-
fication was carried out by amplification of the ITS1-5.8S
rDNA-ITS2 region by means of primer oligonucleotides
(ITS1 and ITS4). The sequence analysis of the ITS1-5.8S
rDNA-ITS2 region was carried out using the BLAST tool
from the NCBI website to identify the yeast strains isolated
from sorghum juice. Analysis of the seven strains revealed
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Fig. 2 Ethanol yields obtained with strains isolated from sweet sorghum juice

about 99% similarity to the Pichia kudriavzevii species.
With this information, a phylogenetic tree (Fig. 3) was
elaborated using the Neighbor Joining method and 1000
replicas to obtain the Bootstrapping value.

The effect of temperature on glucose consumption and
ethanol production in the selected strains was evaluated.
The phenomena related to thermotolerance and tolerance to
ethanol in yeasts have been investigated by several authors,
who have suggested that tolerance to ethanol and high
temperatures interact with each other, that is, high con-
centrations of ethanol decrease the optimal temperature of
growth and an increase in temperature increases the inhi-
bitory effect of ethanol (Ingram and Buttke 1985; D’ Amore
et al. 1990). This may be due to the fact that the mechanism
of cellular response to stress by temperature and by ethanol
is essentially similar (Piper 1995) and consists of changes
in the lipid composition of the plasma membranes.

The results showed that both glucose consumption and
ethanol production remained constant up to 38 °C, with
100% glucose consumption and maximum ethanol

Fig. 3 Phylogenetic tree for the
selected strains

99

concentrations of 20 g/L. However, there is a notable de-
crease in the production of ethanol when exposed to 40 °C
(Fig. 4) which may be related to the report by Sohn et al.
(1994) who mention that certain yeasts are able to grow up
to temperatures between 40 and 45 °C but their fermenta-
tive capacity decreases or disappears above 40 °C.

Product yield values between 0.31 to 0.38 g/g were
observed for all evaluated strains; however, ethanol pro-
ductivity showed a notable decrease. Up to 38 °C, the
strains presented productivities around 0.8 g/Lh and that
when exposed to 40 °C they decreased by up to 50%
(Table 1). This has been previously observed by Hernandez
et al. (1986), who reports that due to the heating of the
culture media by the exothermic reactions and by the
environmental temperature, the temperatures in the biore-
actors reach 40 °C causing thermal stress and decreasing
the productivity.

According to some researchers (Lee and Kodama 1993)
thermotolerant yeasts are those capable of growing and
fermenting at temperatures above 38 °C. Although
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Table 1 Effect of different temperatures on ethanol yield and productivity of the selected strains
T (°C) 30 °C 34 °C 36 °C 38 °C 40 °C
Strain  YEt/s (g/g) Qp (g/Lh) YEt/s (g/g) Qp (g/Lh) YEt/s (g/g) Qp (g/Lh) YEt/s (g/g) Qp (g/Lh) YEt/s (g/g) Qp (g/Lh)
S6 0.382° 0.859° 0.358° 0.801%® 0.347° 0.749%® 0.371° 0.715° 0.336° 0.413¢
S16 0.366° 0.832° 0.375° 0.835° 0.376 0.794? 0.363% 0.708° 0.313% 0.213°
S18 0.376* 0.847* 0.361* 0.816° 0.372% 0.790° 0.352% 0.678° 0.355° 0.544¢
S30 0.380% 0.858° 0.363° 0.813° 0.352° 0.766° 0.360° 0.681¢ 0.347° 0.367°
S41 0.373* 0.830° 0.365 0.824* 0.368%° 0.777° 0.360%° 0.691¢ 0.344° 0.470¢
S42 0.373* 0.842° 0.367° 0.824%° 0.344%° 0.745° 0.363% 0.698° 0.367° 0.471¢
S43 0.377° 0.841° 0.356° 0.798° 0.348° 0.776 0.353? 0.674¢ 0.376 0.572¢

Different letters indicate significant differences (P < 0.05) induced by different temperatures

Kluyveromyces marxianus is considered a thermoethalo-
genic yeast commonly used in industrial processes
(Ballesteros et al. 2004; Costa et al. 2014; Arora et al.
2015), species such as Pichia kudriavzevii (Koutinas et al.
2016; Chamnipa et al. 2018; Rahman et al. 2021) have
received great interest in the ability to produce ethanol at
elevated temperatures.

The selected strains that were isolated from sweet sor-
ghum game are considered to be thermotolerant at 40 °C.
According to the studies of Chamnipa et al. (2018), this
characteristic suggests that they could manifest an adaptive
response at elevated temperatures and thus modify the
composition of the cell membrane or synthesize HSP
proteins, which have been identified in microorganisms
such as S. cerevisiae and K. Marxianus by conferring
thermotolerance (Charoensopharat et al. 2015).

Each of seven strains with desirable characteristics was
evaluated in order to determine if any of them had Killer
activity. Only two strains, ITV-S30 and ITV-S42, exhibited
Killer activity. Killer yeasts or their toxins can be used as
biological control agents against plant pathogens, food

@ Springer

spoilage, fungi, yeasts, and bacteria (Hernandez et al.
2008). The fact that a yeast strain has Killer activity is very
important in fermentative processes because, for the most
part, they do not use sterile media, and can be used to
control undesirable microorganisms in the process, since it
reduces the risk of contamination from other strains of
yeast or bacteria.

The presence of Killer activity has been demonstrated in
strains of Pichia farinosa and Pichia anomala (Suzuki
et al. 2001; Polonelli et al. 2011).

Given the problems with the hydrolysis process of lig-
nocellulosic materials in ethanol production from agro-in-
dustrial waste, the objective was to evaluate the effect of
inhibitory compounds, because this process generates toxic
compounds that have a negative influence on the respira-
tion-fermentative metabolism of the yeast (Martin et al.
2007): acetic acid, furfural (product of pentose degrada-
tion) and 5-hydroxymethylfurfural (5-HMF) (product of
hexose oxidation) mainly.

Concentrations of acetic acid, furfural and 5-HMF were
selected based on critical concentrations of yeast toxic
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compounds present in traditional cane bagasse hydrolysates
reported in the literature (Ortiz-Muiiiz et al. 2010a, 2010b).
Because the selected yeast strains were seen to be of the
same genus and species, similar behaviors were expected
among them, so it was decided to test 4 yeast strains. Two
of them with Killer activity (ITV-S30 and ITV-S42) and
two that did not present (ITV-S6 and ITV-S16) and that
were also found in nearby neighboring nodes of the phy-
logenetic tree obtained.

Figure 5 shows the results obtained from the effect of
acetic acid concentration on the ethanol production and
acetic acid consumption. Maximum ethanol production
was observed to be around 20 g/L in the four strains, and
no significant differences were found between the evalu-
ated concentrations (0, 3,7, 9 and 18 g/L acetic acid). In all
the selected strains, an acetic acid consumption between 10
and 90% was observed when an initial concentration of
3-24 g/L. was evaluated. This consumption decreased as
concentrations increased. Otherwise Table 2 shows the
productivity obtained under the influence of the previous
concentrations ranged around 1.2 g/Lh in all strains;
however, when subjected to a concentration of 24 g/L
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Fig. 5 Effect of different concentrations of acetic acid in the culture
medium on the production of ethanol a, and the consumption of acid
b in strains isolated and selected from sweet sorghum juice

acetic acid, productivity was reduced by approximately
50% (0.56 g/Lh).

Felipe et al. (1997) and Morita et al. (2000) observed
that acetic acid could be used by yeast as an additional
nutrient for growth, which may explain why it was con-
sumed partially during the fermentation process. Reports
by Ortiz-Muiiiz (2010a, 2010b) show that native strains of
P. stipitis and S. cerevisiae have inhibitory effects on cell
growth (acetic acid concentrations of 4.8 and 8.46 g/L,
respectively), while P. kudriavzevii ITV-S42 was able to
use this acid as an alternative carbon source and produce
ethanol with acetic acid concentrations of 18 g/L, outlining
the guidelines for the use of these strains in later work.

With furfural and 5-HMF inhibitors, 0.5, 1.0 and 1.5 g/L
concentrations were evaluated and it was observed that
maximum ethanol production in a medium supplemented
with furfural, no changes were observed up to a 1.0 g/L
concentration; however, ethanol production was affected
when furfural concentration in the medium increased to
1.5 g/L, unlike 5-HMF where strains presented similarity
in terms of ethanol production, (approximately 20 g/L) and
did not present variation when initial 5-HMF concentration
increased.

Ethanol productivity in media supplemented with fur-
fural reached values of around 0.43 g/Lh in the four strains,
while in media supplemented with 5-HMF productivity
was approximately 0.52 g/Lh, compared to the yield
obtained by the strains without the addition of inhibitory
compounds ranging from 1 to 1.2 g/Lh (Figs. 6 and 7).

Cell growth inhibition was affected in the presence of
both compounds. It was observed that at a 1.5 g/L con-
centrations cell growth inhibition of the four selected
strains was above 90% in the case of furfural and around
70% for 5-HMF. This inhibitory effect is due to the inhi-
bition mechanism of furfural and 5-HMF in the central
enzymes of glycolysis and the repression of the enzymes of
the tricarboxylic acid cycle by the consumption of NADH
leading to cell death (Rangel 2006). In a similar way with
that reported by Delgenes et al. (1998) who found that the
inhibitory concentrations for furfural and 5-HMF were 1.0
and 0.5 g/L, respectively, the yeasts isolated from sweet
sorghum juice showed inhibitory effects for these two
compounds up to a 1.0 g/L. concentration.

The inhibitory compounds acetic acid, furfural and
SHMF not only decreased cell performance as concentra-
tions in the medium increased, but also the cell growth
phase was prolonged. The ethanol productivity was
reduced by approximately 50% from that reported for
values in the absence of toxic compounds, which was
around 1.2 g/L. However, with the exception of furfural,
the maximum ethanol production was not affected in the
presence of inhibitors.
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Table 2 Productivity and cell growth by strains isolated and selected from sweet sorghum juice growing in different initial acetic acid

concentration
Strain S6 S16 S30 S42
Acetic acid (g/L) Biomass (g/L) Qp (g/Lh) Biomass (g/L) Qp (g/Lh) Biomass (g/L) Qp (g/Lh) Biomass (g/L) Qp (g/Lh)
0 13.02° 1.12% 13.1% 1.09% 13.27 1.12% 13.63° 1.15°
3 7.09° 1.15% 7.12° 1.14 7.16° 1.15° 8.01° 1.18°
7 5.04° 1.16* 5.20%° 1.17%® 4.88%° 1.17%® 6.11° 1.23°
9 4.56* 1.147 4.13° 1.14% 4.98° 1.08% 5.24¢ 1.15%
18 278 1.17° 3.36% 1.15% 3.27% 1.13% 3.67° 1.18%
24 2.842 0.52° 3.0% 0.50° 2.80% 0.53° 3.24° 0.60*
Different letters indicate significant differences (P < 0.05) induced by different substrate concentrations
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Fig. 6 Effect of different furfural concentrations on productivity
a and inhibition of cell growth b in the selected strains

Conclusions

A native strain of Pichia kudriavzevii ITV-S42 was iso-
lated and identified from the spontaneous fermentation of
sweet sorghum juice. This strain has presented desirable
characteristics in the ethanol production process, mainly
thermotolerance and high resistance to acetic acid, resis-
tance to furfural and 5-HMF and presenting positive Killer
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5-HMF (g/L)
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Fig. 7 Effect of different 5-HMF concentrations on productivity
a and inhibition of cell growth b in the selected strains

activity. It should be noted that there is little information
about this species of yeast, and the results obtained are of
great interest, since they provide the basis for its applica-
tion in the production of first and second generation
ethanol.
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