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Abstract

Purpose: Yeasts are widely used for the production of bioethanol from biomasses rich in sugar. The present study
was aimed at isolating, screening, and characterizing fermentative wild yeast recovered from bio-waste and co-prod-
ucts of Ethiopian sugar factories for bioethanol production using sugarcane molasses as a substrate.

Method: The wild yeasts were identified according to their cellular morphology and D1/D2 and ITS1-5.85-ITS2 rDNA
sequencing. Analysis of ethanol and by-product concentration was done by HPLC equipped with a UV detector.
Higher alcohols, acetaldehyde, and methanol were analyzed using GC-MS equipped with a flame ionization detector
(FID).

Result: Seven strains (Meyerozyma caribbica MJTm3, Meyerozyma caribbica MJTPm4, Meyerozyma caribbica SHIF, Sac-
charomyces cerevisiae TA2, Wickerhamomyces anomalus MJTPm?2, Wickerhamomyces anomalus 4m10, and Wickerhamo-
myces anomalus HCJ2F) were found tolerant to 18% (v/v) ethanol, whereas one strain Meyerozyma caribbica MJTm3
tolerated 20%. These strains also showed tolerance to 45°C, 50% of sugar, and pH 2-10. Meyerozyma caribbica MJTm3
produced 12.7% (v/v) of alcohol with an actual ethanol concentration of 26 g L~ an ethanol yield of 47%, 78% of the-
oretical yield, and a productivity of 0.54 g L=" h™' from 30 °Brix of molasses at 48 h incubation under laboratory scale.
Based on the one variable at a time optimization (OVAT), the optimal parameters for maximum bioethanol produc-
tion were at initial pH 5.5, 35 °Brix, 30°C, 15% inoculum size, 150 rpm, 4 g L~" di-ammonium phosphate supplement,
and 48 h incubation. Under these optimum conditions, 14% (v/v) alcohol, 42 g L~ actual ethanol concentration, 69%
ethanol yield, 89% of theoretical yield, and productivity of 0.88 g L~' h~" were obtained.

Conclusion: These results indicated that M. caribbica MJTm3 should further be evaluated, optimized, and improved
for industrial bioethanol production due to its fermentation potential.
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Background

Industrialization and the continuous growth of the world
population are the causes of the rapid utilization of fossil
fuels as an energy source. This contributes to an increase

*Correspondence: estithawaz19@gmail.com in energy costs and the release of massive amounts of
! Institute of Biotechnology, Addis Ababa University, PO. Box 1176, Addis greenhouse gases that have adverse effects on the envi-
Ababa, Ethiopia ronment (Naik et al. 2010; Solomon 2010). Thus, the
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development of renewable alternative energy sources is
important to minimize the risk of climate change. Bio-
fuels, such as bioethanol, biodiesel, and biogas are major
renewable alternative energy sources (Faaij 2006). Bioeth-
anol is an environmentally important fuel that contrib-
utes to the reduction of greenhouse gases generated by
the global consumption of fossil fuels (de Souza et al.
2018). Moreover, bioethanol has emerged as a potential
renewable energy source since it is an environmentally
friendly oxygenated fuel (Della-Bianca and Gombert
2013; Hansen et al. 2005).

Ethanol is commercially produced by fermentation of
sugar, starch, hemicellulose, and lignocellulose materi-
als. Sugarcane, sugar beet, and sweet sorghum are good
sources of fermentable free sugars and are used as feed-
stock in ethanol production (Ensinas et al. 2009). In the
United States, ethanol is produced from cornstarch,
in Brazil from sugarcane, in India from cane molasses
(Ghosh and Ghose 2003), and in Germany and France
from rapeseed oil (Sagar and Kartha 2007). Molasses is a
by-product of sugar industries that contains fermentable
sugars, especially sucrose, glucose, and fructose (Dhali-
wal et al. 2011) which makes it a more cost-effective feed-
stock than starchy or lignocellulosic materials (Sopandi
and Wardah 2017). Molasses is a non-crystallizable resi-
due that contains 60% sucrose that can be hydrolyzed
into glucose and fructose by an invertase enzyme during
the fermentation process (Dodi¢ et al. 2009). Sugarcane
molasses also contains minerals such as calcium 150—
2000 mg L1, potassium 300-12,000 mg L™}, and magne-
sium 80-3900 mg L' (Basso et al. 2011).

Bioconversion of fermentable sugars into fuel ethanol
using Saccharomyces cerevisiae is widely used (Kosaric
and Velikonja 1995). This is because of the tolerance of
S. cerevisiae to a wide range of pH, and ethanol concen-
trations, its capability to grow in the concentrated fer-
mentation broth, its resistance to inhibitor compounds
and high osmotic pressure, and also its ethanologenic
characteristics (Dien et al. 2003; Olsson and Hahn-Hag-
erdal 1993; Pozo et al. 2014). However, searching for an
ideal yeast with robust fermentation characteristics (i.e.,
one that can withstand stress factors, has an excellent
invertase activity, and ethanol productivity) is important
for converting sucrose to ethanol and is ongoing (Jimé-
nez and Benitez 1986). Several factors are associated with
reduced bioethanol yields and low fermentation efficien-
cies of yeasts; these include quality and pretreatment
methods of raw materials, microbial contaminations, and
poor performance of yeast cells during ethanol produc-
tion. During ethanol fermentation processes, yeasts are
exposed to high temperatures that affect their fermenta-
tion performance (McMeekin et al. 2002; Phisalaphong
et al. 2006).
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In Ethiopia, Metehara and Fincha sugar factories have
ethanol-producing plants that utilize sugarcane molas-
ses as a substrate by diluting it into 12-15 °Brix. Cur-
rently, these factories are producing bioethanol with a
yield below 7% (v/v) compared to other bioethanol-pro-
ducing countries of the world that are producing yields
of 12-14% (v/v). This indicates that the efficiency of
these Ethiopian factories is 50% less efficient than those
in other parts of the world. Therefore, the efficiency of
the ethanologenic capacity of the distilleries needs to be
improved using stress-tolerant and more efficient eth-
anol-producing wild yeasts that could be screened from
the sugar factories’ vicinities. The present research study
was aimed at exploring fermentative wild-type yeasts
from bio-wastes and co-products of Metehara and Fincha
sugar factories for efficient bioethanol production using
sugarcane molasses as a substrate.

Results and discussion

Yeast isolation

In this study, wild yeasts were isolated using YPD
medium from less commonly studied substrates, such as
co-products and bio-wastes of sugar factories. A total of
120 isolates with different cultural characteristics were
isolated. Previous studies have shown that yeast strains
with excellent ethanol fermentation characteristics were
isolated from leaves, flowers, sweet fruits, tree exudates,
grain, roots, insects, dung, soil, water, plants, animals,
local fermented foods, and beverages (Singh et al. 1998).
This is due to their environmental adaptation over time
and association with sugar-rich substrates. The colonies
grown on the YPD agar medium were circular, smooth,
raised, and diverse colors, e.g., creamy, pink, and white.
Yeast isolates characterized as spherical, oval, and elon-
gated cells with multipolar budding under a compound
microscope were selected for further study (data not
shown). Ninety isolates that displayed oval cell shape
with multipolar budding were identified morphologically
as potential Saccharomyces species.

Screening of yeast isolates for stress tolerance

The majority of the yeast isolates exhibited high toler-
ance to 10-14% (v/v) ethanol for 48 h (Fig. 1). Seventeen
yeast isolates (CJm4c, TA2, MJTm7w, MJTm4c, HCJ2F,
CJm3p, CJml, CJm5c, MJTPm2c, MJTPmlp, MJTm3,
MJTPm2, FBm1, SHJE, MJTPm4, MJTm5c, and 4M10)
were highly tolerant to 16% (v/v) ethanol. These results
were consistent with those of Thammasittirong et al.
(2013), who found that yeast isolate UVNR56 tolerated
ethanol concentrations up to 15% (v/v). High ethanol
concentrations are responsible to induce cellular stress
in the metabolism of the yeast and reducing the rate of
growth and cell viability (Cray et al. 2013; Hallsworth
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Fig. 2 Growth performance of thermotolerant yeast isolates at 37,40, 42, and 45°C after 48 h of incubation time on YPD plates

et al. 2003) which consequently leads to low productivity
(Stanley et al. 2010). Yeasts that withstand stress factors
and remain viable during the fermentation process are
required for industrial applications (Tofighi et al. 2014).
In the present study, seven isolates (MJTm3, MJTPm2,
MJTPm4, HCJ2F, SHJF, TA2 and 4m10) tolerated up to
18% (v/v) ethanol. Interestingly, isolate MJTm3 exhibited
an exceptional tolerance to 20% (v/v). Our result agreed
with the findings of Rahman et al. (2013) who isolated
yeasts from grapes that showed growth in 20% ethanol. In
comparison to our study, the study done by Rahman et al.
(2013) and Tikka et al. (2013) reported lower ethanol tol-
erance (12%) by Saccharomyces species which could be
attributed to the difference in the genetic makeup of the
yeast isolates and their ecological origin.

In this study, seven yeast isolates (MJTm3, MJTPM4,
SHJF, 4M10, TA2, HCJ2F, and MJTPm2) recovered from
mill juice and sulfated hot juice tankers were found ther-
motolerant as they were able to grow at 45°C (Fig. 2).
This result is in accordance with Nasir et al. (2017) who
reported thermotolerant yeasts isolated from fruits
were able to grow up to 44°C. It is also consistent with
Techaparin et al. (2017), who reported that yeast isolates
designated as KKU-TH33, KKU-TH43, KKU-TH199,
KKU-LA1, and KKU-LA4 were tolerant to 45°C. In
agreement with the current findings, thermotolerant
yeast isolates (40-42°C) were also reported from Thai-
land, Lao PDR, Vietnam, and Bangladesh (Ramos et al.
2013; Techaparin et al. 2017). High temperature affects
the metabolism of yeasts and promotes the formation of
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Fig. 3 Cell viability of stress-tolerant yeast isolates at 10, 20, 30, 40, and 50% (v/v) sugar concentration after 48 h of incubation time in YPD liquid
medium

acetic acid, glycerol, trehalose, and succinic acid (Singer
and Lindquist 1998). The use of thermotolerant yeasts
during ethanol production is beneficial because they do
not require overall costs necessary for thermal mainte-
nance and distillation (Fonseca et al. 2008), additions of
the exogenous enzyme (Abdel-Banat et al. 2010), and
have less chance of bacterial contamination (Murata et al.
2015).

Investigation of osmotolerant properties of the yeast
isolates was conducted at different glucose concentra-
tions that ranged from 10 to 50% (w/v) (Fig. 3). Twenty-
two yeast isolates (TA2, SHJF, MJTPm4, MJTPma3c,
MJTPm2c, MJTPm2, MJTPmlp, MJTPml, MJTm7w,
MJTmé6c, MJ]Tmbw, M]Tmbc, MJTmdc, MJ]JTm31,
MJTm3, HCJ2F, FBml, CJm5c, CJm4c, CJm3p, CJml,
and 4m10) were highly tolerant to 10-40% (v/v) sugar
concentration. The results showed that yeast isolates
(MJTm3, MJTPM4, SHJE, 4M10, TA2, HCJ2E and
MJTPm?2) were tolerant to high glucose concentrations
(50%). Among these isolates, MJTm3 showed high toler-
ance with a viable cell density 2.2 x 107 cells/mL followed
by TA2 (1.8 x 107 cells/mL), MJTPm2 (1.5 x 107 cells/
mL), HCJ2F (1.4 x 107 cells/mL), 4m10 (1.3 x 10" cells/
mL), MJTPm4 (1.2 x 107 cells/mL), and SHJF (8.0 x 10°
cells/mL), respectively. Thirty percent of glucose concen-
tration was found favorable for the growth of the yeasts.
The increase of sugar concentration up to a certain level

results in increased cell density and when it reaches
above its optimum level, it results in the decline of the
cell population. In the current study, fourteen isolates
(TA2, SHJF, MJTPm4, MJTPm2c, MJTPm2, MJTPm],
MJTmé6c, MJTmb5c, MJTm4c, MJTm31, MJTm3, HCJ2F,
FBm1, and 4m10) were highly tolerant to 3.5 pH. Seven
yeast isolates (MJTm3, MJTPm2, MJTPm4, HCJ2F, SHJF,
and 4m10) were able to grow at pH 2.0. Acidophilous
yeasts are beneficial in preventing bacterial contamina-
tion during the ethanol fermentation process.

Carbon source assimilation test of stress-tolerant yeast

The results of the carbon assimilation capability of
selected yeast isolates using different carbon sources are
shown in Table 1. Results showed that majority of yeasts
were grown on various carbon sources except for lac-
tose, soluble starch, saccharate, galactonic acid, D-glu-
curonate, D-galacturonate, L-rhamnose, quinic acid, and
methanol. The yeast isolates HCJ2F, MJTPm2, and 4m10
demonstrated delayed growth on soluble starch after
2 weeks of incubation. The inability to ferment pentose
sugars by industrial yeast is an intractable challenge in
bioethanol production. In the present study, yeast iso-
lates MJTPm4, SHJF, HCJ2F, and 4m10 fermented xylose
weakly. MJTm3, MJTPm4, MJTPm2, TA2, 4m10, SHJF,
and HCJ2F were able to ferment glucose, galactose, fruc-
tose, sucrose, and raffinose (Table 2). MJTPm2, HCJ2F,
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Table 1 Carbon assimilation profile of potential fermentative and stress-tolerant yeast isolates

Carbon source MJTm3 SHJF MJTPm4 HCJ2F MJTPmM2 TA2 4m10
D-glucose + + + + + + +
D-galactose + + + + + _ +
L-sorbose + + + _ _ _ _
D-glucosamine + + + — _ _ _
D-ribose +d + +d + + — —+
D-xylose + + + + + _ ¥
L-arabinose + + + _ _ _ _
D-arabinose + + + +d +d _ _
L-rhamnose - - — — — _
Sucrose + + + + + + +
Maltose + + + + + + +
a,a trehalose + + + +d +d +d +d
Methyl a-glucoside + + + +d +d + +d
Cellobiose + + + — — — _
Salicin + + + +d +d - +
Arbutin + + + + + — +
Melibiose + + + +d +d - +d
Lactose — - - - — — _
Raffinose + + + + + + +
Melezitose + + + + + _ +d
Inuline + + + - — — _
Soluble starch — — - +d +d _ +d
Glycerol + + + + + _ +
Meso erythitol - - - + + - +
Ribitol + + + + + - +
Xylitol + + + + +d - +
L-arabinitol + + + + _ _ +
D-glucitol + + + + + _ +
D-mannitol + + + + + _ +
Galactitol +d + +d - - — —
Myo-inositol - — — — —_ _ _
Glucono &-lactone +d —+d +d +d +d — +d
2-keto-D-gluconate + + + + _ _ _
D-gluconate +d +d +d + _

D-glucuronate - - - — —_ _ _
D-galacturonate — — — — _ _ _
DL-lactate +d — +d + + _ +
Succinate + + + + + - +
Citrate + + + + + _ +
Methanol — — — — — _ _
Ethanol +d + +d + + +d +
Propane 1,2 diol + +d + + + _ +
Butane 2,3 diol — — — +d +d — —
Quinic acid — — — _ _ _ _
Saccharate — — - — - — _

Galactonic acid - - — — — — _

— = non-assimilation, + = assimilation within one week, and +d = delayed assimilation within 2 weeks. The carbon assimilation test was conducted for 3 weeks
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and TA2 fermented galactose and maltose. HCJ2F,
MJTm3, MJTPm4, SHJF, and TA2 fermented trehalose.
Results of this study showed diversity in the sugar utiliza-
tion profile of the yeast isolates.

Identification of the potential bioethanol-producing yeast
The selected yeast isolates were identified by analyz-
ing the sequences of ITS1/ITS2 and D1/D2 domains.
The obtained sequences were compared with sequences
retrieved from the NCBI database and identified as
Meyerozyma caribbica MJTm3, Meyerozyma caribbica
MJTPm4, Meyerozyma caribbica SHJF, Saccharomyces
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cerevisiae TA2, Wickerhamomyces anomalus MJTPm2,
Wickerhamomyces anomalus 4m10, and Wickerhamomy-
ces anomalus HCJ2F. To confirm the phylogenetic posi-
tion of each strain, several sequences of closely related
species were retrieved from the NCBI database and
phylogenetic trees were constructed using the MEGA
software version 11.0 (Fig. 4). The accession numbers of
the reference and type strains indicated in the tree were
obtained from the NCBI nucleotide database (https://
www.ncbi.nlm.nih.gov/nuccore).

Table 2 Sugar fermentation profile of potential bioethanol-producing yeast isolates at 24 h

Yeast isolates Sugar types

Glu Gal Mal Suc Tre Lac Raf Fru Xyl
MJTPm4 + + + + + - + + +w
MJTPmM2 + + + + - + + -
TA2 + + + + + - + + -
SHIF + + - + + - + + +w
MJTm3 + + - + + - + + -
HCJ2F + + + +w + - + + +w
4m10 + + - + - - + + +w

— = non-fermentative, + = fermentative, and +w = weakly fermentative

Glu glucose, Gal galactose, Mal maltose, Suc sucrose, Tre trehalose, Lac lactose, Raf raffinose, Fru fructose, Xyl xylose

65

64

64

Meyerozyma elateridarum ATCC MYA4325 (NR 111350)

- Meyerozyma amylolytica DSM (NR 154976)

Meyerozyma guilliermondii CBS 2030 (NR 111247)
Meyerozyma gulliermondii strain Ph21 (JN942641)

Meyerozyma caribbica CBS 9966 (NR 149348)

Meyerozyma caribbica MJTm3 (OM329077)

Meyerozyma smithsonii ATCC MYA4323 (NR 111339)

Meyerozyma athensensis ATCC MYA4324 (NR 111340)

|— Saccharomyces cerevisiae CBS 1171 (NR 111007)

90

I— Saccharomyces cerevisiae PYCC 6148 (NR 137586)

Fig. 4 Neighbor-joining based phylogenetic tree of Meyerozyma caribbica strain MJTm3 (OM329077) using maximum likely hood analysis of the
combined inter-transcribed sequence (ITS) 1 and 2 regions using MEGA software version 11.0. The numbers provided on branches are frequencies
with which a given branch appeared in 1000 bootstrap replications. Meyerozyma guilliermondii CBS 2030 and Meyerozyma caribbica CBS 9966 were
used as a type strain as recognized by Schoch et al. (2020). Accession number type strain is in parentheses
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Fig. 5 Cell population dynamics of stress-tolerant yeast isolates propagated at 8, 10, and 12 °Brix using pretreated molasses liquid medium

Yeast propagation and fermentation dynamics
In this study, the dynamics of the stress-tolerant yeast
strains populations showed an increasing trend up to the
completion of the propagation of batches. Meyerozyma
caribbica MJTm3 was shown to produce the highest cell
density in contrast to S. cerevisiae TA2, M. caribbica
MJTPm4, W. anomalus MJTPm2, M. caribbica SHJF,
W. anomalus 4m10, and W. anomalus HCJ2F. Moreo-
ver, the cell density of M. caribbica MJTm3 continued to
increase exponentially until the end of the propagation
phase and reached a maximum count of 9.8 x 10° cells/
mL. The cell density of M. caribbica MJTm3 was shown
to increase by 42%, 46%, and 8% at 8 °Brix, 10 °Brix, and
12 °Brix, respectively (Fig. 5). The propagation of yeast
cells is a prerequisite for achieving a maximum sub-
strate conversion efficiency during ethanol fermentation
(Nurgel et al. 2002).

In this study, the dynamics of alcohol production by
the selected stress-tolerant yeast strains were examined
using a molasses fermentation medium (Fig. 6a). The

thermotolerant (> 40°C) and ethanol tolerant (>18%
(v/v)) yeast strains were shown to produce ethanol in the
range of 8.1-10.5, 10.9-12.7, and 10.7-12.6% (v/v) at 24,
48, and 72 h, respectively. The highest amount of alco-
hol 12.7% (v/v)) was produced by M. caribbica MJTm3
after 2 days of fermentation. The wild yeasts, M. carib-
bica MJTm3, W. anomalus HCJ2F, and W. anomalus
4m10 showed the best performance with an alcohol
production of 12.7, 12.3, and 12.1% (v/v), respectively at
48 h. This confirms that the use of stress-tolerant yeasts
promotes a rapid increase in the concentration of etha-
nol. The yeast strains showed bioethanol production in
the range of 15-26 g L™}, and 44—-78% of the theoretical
yield. The amount of ethanol produced at 48 h by M. car-
ibbica MJTm3 showed a significant difference (p<0.001)
to S. cerevisiae TA2, M. caribbica MJTPm4, W. anomalus
MJTPm2, M. caribbica SHJF, W. anomalus 4m10, and W,
anomalus HCJ2F. M. caribbica MJTm3 demonstrate high
alcohol content (12.7% (v/v)), ethanol concentration (26 g
L), 78% of theoretical yield, ethanol productivity (0.54 g
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Fig. 6 Fermentation dynamics of the stress-tolerant yeast strains at 30°C, 30 °Brix, and pH 4.30 at 24, 48, and 72 h fermentation time

L' h™!), bioethanol yield (47%), and ethanol yield (0.50
g g ! consumed sugar) at 48 h. The percentage of alcohol
was negatively correlated with the molasses concentra-
tion (R?=0.90; p=0.052), cell density (R*=0.93; p=0.033),
and residual sugar content (R*=0.86; p=0.071).

In the present study, W, anomalus 4m10, M. caribbica
MJTm3, S. cerevisiae TA2, and M. caribbica M]JTPm4
showed decreasing in ethanol yield as the fermenta-
tion time increased to 72 h. This is because the yeast
cells entered the stationary phase due to the depletion

of fermentable sugar during fermentation (Fig. 6d).
This is in agreement with Nadir et al. (2009), where
the highest ethanol concentration was obtained at 64h
and then declined by 10% after 72h. During ethanol
fermentation, yeasts produce a considerable amount
of by-products, such as organic acids (i.e., acetic acid,
propionic acid, and succinic acid), acetone, acetal-
dehyde, higher alcohols (i.e., n-butanol, 1-propanol,
isopropanol), and methanol due to their exposure to
stress factors (Mukhtar et al. 2010). Relatively high
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concentrations of acetone (2.5 g L™') and methanol (2.4
g L) were detected in the final fermented products
by W. anomalus HCJ2F and M. caribbica SHJF, respec-
tively (Table 3). Compared to the current concentration,
a higher amount of methanol (4.0 g L™') was reported
from sugarcane juice fermentation using S. cerevisiae
under optimum conditions (Arshad et al. 2008).

The yeast strains showed a cell density in the range of
0.7-3.1 x 10%, 0.7-2.4 x 10% and 1.0-1.8 x 10° cells/
mL at 24, 48, and 72 h, respectively (Fig. 6¢). Determin-
ing the yeast cell density is necessary to monitor etha-
nol production during fermentation processes (Ramos
et al. 2013). Regardless of fermentation time, for major-
ity of the yeast strains, cell counts declined except
for strain W. anomalus 4m10, which exhibited better
adaptability with the highest cell biomass of 2.0 x 10°
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cell/mL at 48 h. Furthermore, strain M. caribbica SHJF
and W. anomalus HCJ2F showed a fast and significant
(p < 0.005) drop in cell counts compared to S. cerevisiae
TA2, M. caribbica M]JTPm4, W, anomalus MJTPm2, W.
anomalus 4m10, and M. caribbica M]Tm3 at 48 h, indi-
cating that persistence and growth of these yeast strains
were less in the fermentation batches. The correlation
analysis of the yeast cell viability with ethanol pro-
duction (R?*=0.93; p=0.033), Brix (R*=0.96; p=0.018),
residual sugar (RS%) (R?=0.96; p=0.021), and fermen-
tation time (R?=0.84; p=0.084) showed that these were
highly negatively correlated.

The results showed that the RS% concentrations of the
fermented substrate decreased inversely proportional
to the increase in fermentation time (Fig. 6d). Wicker-
hamomyces anomalus HCJ2F, W. anomalus MJTPm2,
and S. cerevisiae TA2 showed residual sugar content

Table 3 Ethanol fermentation efficiency and byproduct formation by the stress-tolerant yeast strains at 30°C, 30 °Brix, and pH 4.30

after 48 h
Fermentation Yeast strains
parameters
M. caribbica M. caribbica M. caribbica W. anomalus W. anomalus W. anomalus S. cerevisiae TA2
MJTm3 SHJF MJTPmM4 HCJ2F MJTPm2 4M10
Ethanol concen-  26.0240.02° 17.54+0.01° 15.2140.069 14.56+0.02¢ 15.21+0.049 16.760.08¢ 16.824+0.02¢
tration (g L™")
Bioethanol yield  47.2740.02° 31.89+0.01° 27.6540.069 26.474£0.02¢ 27.65+0.06° 30.4740.08¢ 30.584+0.02¢
(%)
% of theoretical 78.13£0.02° 52.7040.02° 45.70+0.029 43.7540.02¢ 45.70+0.02¢ 50.5640.02¢ 50.5440.02¢
ethanol
Ethanol produc-  0.5440.01° 0.3740.00° 0.3240.02¢ 0.3040.00¢ 0.3240.00¢ 0.3540.00¢ 0.3540.00¢
tivity (g L="h™)
Ethanol yield 0.5040.00° 0.3440.00° 0.2940.00¢ 0.284+0.03¢ 0.2940.01¢ 0.3240.00¢ 0.3240.02¢
99
Ac$tic acid (g.. 0.67+£0.02¢ 0.8640.00¢ 1.1240.06° 0.68+0.001 1.244-0.00° 1.1740.00¢ 1.3040.00°
L™)
Acetone (g L 1.0040.00¢ 2.284+0.01°¢ 24840.01° 1874001 2.1840.00¢ 2.03+0.00¢ 2.3840.00°
Acetaldehyde 0.7740.00¢ 1544001 1.7240.00¢ 16640019 1.61£0.01¢ 1.9040.02° 1.8740.02°
@L™
Glycerol (gL™")  ND ND ND ND ND ND ND
Propionic acid 0.6340.009 1.144+0.01° 1.0640.00° 0.6840.01° 0.91£0.01¢ 1.08+0.02° 1.014£0.02¢
QL™
Succinic acid 0.114£0.00° 0.1740.00¢ 0.224+0.00¢ 0.1340.00f 0.2340.01° 0.2140.00¢ 0.254-0.00°
QL™
n-Butanol (g L")  0.384:0.009 0.6840.01¢ 0.5440.01° 0.7340.01° 0.7040.00¢ 0.6540.00¢ 0.984-0.00°
1-Butanol (g L™ 0.34£0.009 0.954+0.01° 0.7940.00¢ 0.924+0.01¢ 0.73+001° 0.8640.02¢ 1.0040.02°
Iso-butanol 0.284+0.00¢ 0.34240.00f 0.5740.00° 0.3940.00¢ 0.374£0.01¢ 0.38+0.00¢ 0.4540.00°
@L™
n-Propanol 0.3840.00¢ 0474+£0.01°¢ 0.4340.00¢ 0.5440.01° 0394001 04240.02¢ 0.7440.02°
gL
Isopropanol 0.6040.00 0.4140.00¢ 0.9140.00° 1.0240.00° 0.76+£0.01¢ 0.8340.00¢ 0.9040.00¢
GL™
Methanol (g L™ 0.8940.009 1.36+0.00¢ 1.5840.00¢ 1.1240.001 2.354+0.01° 2.014£0.00¢ 2.2240.00°

Different letters in superscripts along a row indicate a significant difference (p < 0.05) but the same letters indicate no significance

ND not detected
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of 1.7%, 1.8%, and 1.8%, respectively, at 48 h. These iso-
lates consumed the fermentable sugar by 97% at 48 h.
The correlation analysis of the percentage of residual
sugar with ethanol production (R*=0.86; p=0.071) and
fermentation time (R*=0.68; p=0.177) was highly nega-
tively correlated, but highly positively correlated with the
cell viability (R*=0.96; p=0.021) and the Brix (R*=0.99;
p=0.003). Three isolates (M. caribbica MJTPm4, S. cer-
evisiae TA2, and W, anomalus MJTPm2) showed the best
performance in lowering the molasses Brix from 30 °Brix
to 12.9, 12.6, and 12.4 °Brix, respectively at 48 h (Fig. 6b).
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The Brix was highly positively correlated with cell viabil-
ity (R*=0.96; p=0.018) and RS (R*=0.99; p=0.003), but
highly negatively correlated with ethanol production
(R?*=0.90; p=0.052) and fermentation time (R?=0.68;
p=0.0175).

Optimization of fermentation parameters

Initially, the pH factor was optimized, and results showed
that alcohol content enhanced as it approached alkaline
conditions (Fig. 7d). The maximum alcohol content of
8.73% (v/v) was recorded at a pH value of 5.5 after 2 days
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of incubation. The optimized pH was maintained in the
following optimization experiments. Other parameters,
including molasses concentration, inoculum size, rpm,
temperature, and supplement concentration, were opti-
mized as described by Fadel et al. (2013).

Different concentrations of molasses (w/v) were used
for determining its effect on the alcohol yield using the
optimized pH of 5.5. The results showed that 35 °Brix was
the most suitable sugar concentration for M.caribbica
MJTm3 to produce an alcohol yield of 14.1% (v/v) at 48
h (Fig. 7a). Arshad et al. (2008) and Fadel et al. (2013)
reported 9.8 and 7.7% (v/v) alcohol yields from 18 and 29
°Brix of sugarcane molasses, respectively, which are lower
than the current value. Regarding supplement optimiza-
tion, 4 g L™' DAP concentration was found effectively
supporting alcohol production of 15.3% (v/v) by M. car-
ibbica M]JTm3 at 48 h (Fig. 7a). Compared to our result,
a lower alcohol yield of 8.4% (v/v) was produced by S.
cerevisiae F-514 using 4 g L™ of DAP supplement (Fadel
etal. 2013).

An extensive investigation was carried out to deter-
mine the effect of different temperatures on alcohol yield.
Results of effect of different temperatures on alcohol
yield showed that 30°C was found to be favorable for M.
caribbica MJTm3 to produce 14.6% (v/v) of alcohol at 48
h (Fig. 7b). Optimization of the mixing rate of the orbital
shaker was carried out by regulating its different speeds
under the optimized pH of 5.5, 35 “Brix, 4 g L' DAP, and
30°C (Fig. 7c). The maximum alcohol content of 15.0%
(v/v) was obtained at 150 rpm at 48 h fermentation. The
effect of the inoculum size was studied under the previ-
ously optimized parameters of pH 5.5, 35 °Brix, 30°C, 150
rpm, and DAP 4 g L™ (Fig. 7c). Maximum alcohol con-
tent of 14.6% (v/v) was found at an inoculum size of 15%
(v/v). Previously, a 20% of inoculum size resulted in 9.8%
(v/v) of alcohol content (Fadel et al. 2013), which is lower
than our result. The incubation period (h) was optimized
using all the indicated optimized parameters, i.e., pH 5.5,
35 °Brix, 30°C, 150 rpm, DAP 4 g L7, and 15% inoculum
size (Fig. 7b). With these optimized conditions, M. carib-
bica MJTm3 produced 15.4% (v/v) alcohol at 48 h.

To verify the reliability of the results from the one
variable at a time (OVAT) experiments, batch fermen-
tation under the optimum operating conditions of the
corresponding parameters was carried out in a biore-
actor with a working volume of 5 L. Meyerozyma car-
ibbica MJTm3 yielded a maximal alcohol percentage
of 14% (v/v), an ethanol concentration of 42 g L™%, an
ethanol yield of 69%, and 89% of theoretical yield, and
productivity of 0.88 g L™' h™! (Table 4). The ethanol
concentration increased by approximately 38% com-
pared to the unoptimized conditions. In addition,

Page 11 of 16

Table 4 Ethanol production efficiency and byproducts
formation by M. caribbica MJTm3 under the optimum
fermentation conditions after 48 h production period

Yeast strain
M. caribbica MJTm3

Fermentation parameters

Alcohol% (v/v) 14.2440.02
Ethanol concentration (g L") 42.1440.01
Bioethanol yield (%) 69.2340.01
Productivity (g L="h™") 0.88+0.03
% of theoretical yield 89.42+40.02
Acetic acid (g L™") ND
Acetone (g L") 0.5440.01
Acetaldehyde (g L") 0424002
Glycerol (g L7 ND
Propionic acid (g L") ND
Succinic acid (g L™ ND
n-Butanol (g L") 0.1640.01
1-Butanol (g L™ 0.1840.01
Iso-butanol (g L™ ND
n-Propanol (g L") ND
Iso-propanol (g L") 0.2140.01
Methanol (g L") 0.3240.01

lower concentrations of acetone (0.4 g L™1), acetalde-
hyde (0.4 g L™?!), methanol (0.3 g L™1), isopropanol (0.2
g L71), 1-butanol (0.2 g L™}), and n-butanol (0.2 g L)
were detected. In connection to this, other compounds,
such as acetic acid, propionic acid, succinic acid, iso-
butanol, and n-propanol, were undetected (Table 4).
Arshad et al. (2008) reported the detection of higher
amounts of methanol (4.0 g L™!) and aldehydes (22.6 g
L) under optimum conditions from sugarcane juice
fermented by S. cerevisiae.

Materials and methods

Samples collection

A total of 176 samples were collected from sugary sub-
strates including mill juice, raw juice, mixed juice, sulfated
hot juice, hot clear juice, clear juice, muddy juice, bagasse,
fine bagasse, tandem B juice, and sugar cane molasses of
Metehara and Fincha Sugar Factories for the isolation of
wild fermentative yeasts. These sites are located at (851’
N 39° °52" E and 8° 31’ N 39° 12/ E, respectively) and are
characterized by a humid subtropical climate with aver-
age temperatures of 31°C. Samples were transported to
Microbial Biotechnology Laboratory, Departments of
Biological and Chemical Engineering, Addis Ababa Sci-
ence and Technology University in an icebox. The sam-
ples were kept at 4°C for further investigation.
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Wild yeasts isolation and characterization

For isolation of yeasts, 0.1 mL dilution of each sample
was spread plated on pre-dried yeast extract peptone
dextrose (YPD) agar medium (Pons et al. 1986) with a
composition of (10 g L™! yeast extract, 20 g L™! peptone,
20 g L! dextrose, and 20 g L™ agar) (Ramos et al. 2013)
and supplemented with 100 mg L™! chloramphenicol to
suppress bacterial contaminants (Duarte et al. 2009) and
incubated at 30°C for 72 h.

The growing colonies were distinguished based on their
cultural characteristics (Boboye and Dayo-Owoyemi
2009; Boekhout and Kurtzman 1996). The colonies were
further purified by repeated streaking on a YPD agar
medium. Yeast isolates were identified based on their
cellular morphology under a microscope and further
identified to strain levels using molecular methods. Mor-
phological characterization (i.e., shape, size, and bud-
ding) was performed according to the classical method
as described in Van der Walt (1984). Isolates were des-
ignated according to the origin of the sample and their
colony texture on the YPD plates. The pure yeast isolates
were preserved using 20% (v/v) glycerol and stored at
—80°C. A carbon assimilation test was conducted using
the liquid medium method (Bhadra et al. 2008; Matos
etal. 2021).

YPD broth was used for determining the sugar fer-
mentation profile of the wild yeast isolates. Nine mL of
the YPD broth and 1 mL of filter sterile 10% (w/v) sugars
(glucose, galactose, maltose, sucrose, trehalose, lactose,
raffinose, fructose, and xylose) were distributed into the
fermentation tubes (Nasir et al. 2017), and inoculated
with 0.1 mL of overnight active yeast cultures. Thereafter,
sterile Durham tubes were inserted into the fermentation
tubes and cotton was plugged and incubated at 30°C for
14 days at 150 revolutions per minute (rpm) evaluated
every 24 h (Matos et al. 2021). Fermentation capabilities
of the yeast isolates were evaluated by observing the for-
mation of gas in the Durham tubes (Barnett et al. 1990).
Finally, the potential fermentative yeasts were selected
for further screening under stress conditions.

Screening of wild yeasts under stress conditions

The ethanol tolerance test was performed by inoculating
each yeast isolate (1 x 10° cells/mL or OD 0.6) into YPD
broth supplemented with varying concentrations of abso-
lute ethanol (v/v) (10, 12, 14, 16, 18, and 20%) (Rahman
et al. 2013; Techaparin et al. 2017). Subsequently, the
cultures were incubated at 30°C for 24-72 h at 150 rpm.
Enumeration of the viable cell population was done with
a hemocytometer and methylene blue staining method
(Alfenore et al. 2004). As an index of ethanol tolerance,
based on the percentage of cell viability at 48 h, the yeast
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isolates were grouped into three categories as follows:
highly tolerant (> 50% survival), moderately tolerant (25—
50% survival), and slightly tolerant (25% survival) (Negi
et al. 2013). Yeast isolates showing high tolerance at 16%
(v/v) of ethanol were selected for further screening.

In order to assess the temperature tolerance activity of
ethanol-tolerant yeasts, the yeasts were spread-plated on
YPD agar and incubated at 37, 40, 42, 44, and 45°C for 72
h (Breisha 2010; Rahman et al. 2013). The growth of the
yeast isolates was confirmed by directly observing their
colony appearance on YPD agar plates. Yeast isolates
capable of growing at 40°C or higher were selected for
further screening. Osmotolerance and pH tolerance of
the yeast isolates were evaluated quantitatively by trans-
ferring portions of active yeast cultures (1 x 10° cells/
mL) into YPD broth adjusted to different pH values (i.e.,
2,3,4,5,6,7, 8,9, and10) (Rahman et al. 2013) and glu-
cose concentrations (i.e., 10, 20, 30, 40, 50, 55, and 60%)
(Fakruddin et al. 2013) and incubated at 30 °C for 72 h at
150 rpm. Viable cell density and percentage of cell sur-
vival were determined as described by Negi et al. (2013).
Yeasts grew at > 16% (v/v) of ethanol concentration, >
40°C, > 2.0 pH, and > 30% of glucose concentration were
selected for molasses fermentation.

Molecular identification of the stress-tolerant yeast isolates
Extraction of genomic DNA of yeast isolates was done
using the Ultraclean Microbial DNA Isolation Kit (MoBio
Laboratories Inc., Solana Beach, USA). The D1/D2 region
of the large subunit (LSU) and internal transcribed spacer
ITS1-5.8S-ITS2 rDNA region (ITS1/ITS2) was amplified
using primer pairs LR5 and LROR (Vilgalys and Hester
1990) and V9G and LS266 (De Hoog and van den Ende
1998; Masclaux et al. 1995), respectively. PCR amplifica-
tion was done using an initial denaturing at 95°C for 5
min; 35 cycles under the following conditions: 95°C for
45 s, 55°C for 45 s, 72°C for 60 s; and final extensions at
72°C for 4 min. The quality of the PCR products was ana-
lyzed by agarose gel electrophoresis (1.5% agarose) and
sequenced using the Sanger sequencer (Applied Biosys-
tem, HITACHI, 3730XL DNA Analyzer) according to
the manufacturer’s recommendations at Westerdijk Fun-
gal Biodiversity Institute, Netherlands. The sequences
were compared pairwise to those previously deposited
sequences from the genebank database using the BLAST
search program (https://blast.ncbinlm.nih.gov/Blast.
cgi) and then aligned with the multiple alignment pro-
gram CLUSTAL W (Fell et al. 2000). The neighbor-join-
ing method was applied to construct a phylogenetic tree
based on the ITS1/ITS2 and D1/D2 rDNA sequences
using MEGA software version 11.0. The evolutionary
distances were computed using the maximum composite
likelihood method (Lépez et al. 2010).
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Bioethanol production from molasses

Pretreatment of molasses

Raw molasses was collected from Fincha Sugar Factory
and pretreated with 99.8% sulfuric acid (H,SO,) to remove
unwanted particles, dirt, and retarding microbial contami-
nants (De Vasconcelos et al. 2004b; Malik 2016; Rahman
et al. 2013). The desired Brix was obtained by diluting
raw molasses with distilled water. For yeast cell propaga-
tion, molasses concentration was adjusted to 8, 10, and 12
°Brix, whereas for ethanol fermentation, was diluted to 30
°Brix. Before adjusting pH, the medium was supplemented
with 5 g L™ di-ammonium phosphate (DAP) and homog-
enized using a magnetic stirrer. Finally, pH was adjusted to
4.0-4.6 using H,SO, and autoclaved at 121°C for 15 min.
The Treated medium was standing overnight to sediment
undesirable constituents, i.e., sludge, ash contents, and
other particulates (Arshad et al. 2008).

Inoculum preparation and propagation

Yeast isolates (24—48 h old cultures) were inoculated
into 10 mL of YPD broth in test tubes at pH 4.6 and
incubated at 30°C and 150 rpm for 24 h (Flayeh 2017).
Yeast cells were harvested by centrifuging at 5000 g for 2
min at 4°C. Harvested cells were washed by resuspend-
ing the pellet in sterile distilled water and recentrifuged.
For propagation of the inoculum, cell biomass was re-
suspended in 10 mL of sterile distilled water (Boboye
and Dayo-Owoyemi 2009).

Propagation of the inoculum was initiated in 250
mL Erlenmeyer flasks that contain 100 mL of molas-
ses diluted to 8 °Brix supplemented with 5 g L™! of
DAP (Prescott et al. 2002). The pH of the fermentation
medium was adjusted to 4.6 using H,SO, and autoclaved
at 121°C for 15 min (De Vasconcelos et al. 2004a). After
cooling, 0.1 mL of aliquots of active yeast cultures were
added into flasks and placed in a rotary incubator at
30°C for 24 h with vigorous shaking (150 rpm) to obtain
homogeneous suspensions. At the end of the propagation
phase, samples were collected and subjected to measure-
ment of Brix, pH, and cell viability using a refractometer,
pH meter, and hemocytometer, respectively.

Propagated yeast cultures were transferred to the sec-
ond stage of propagation in Erlenmeyer flasks of 500 mL
containing 100 mL of 10 °Brix fresh molasses medium
supplemented with 5 g L™' of DAP and sterilized at
121°C for 15 min and incubated at 30°C for 24 h at 150
rpm. Then after, the Brix, pH, and viable cells of the prop-
agated cultures were measured and counted. Propagated
yeast cultures were transferred into a third propagation
flask containing 100 mL of sterilized 12 °Brix of molas-
ses for further yeast cell propagation. Finally, fermented
broth samples were collected to determine the viable

Page 13 of 16

cells, residual sugar (RS%), ethanol content, and Brix. The
yeast cultures with > 3.0 x 10® cells/mL, RS% below 3.0%
and ethanol content 3—-4% (v/v) were taken for molasses
fermentation (Mukhtar et al. 2010).

Fermentation

Batch fermentation system was used to test the bioetha-
nol production efficiency of the selected stress tolerant
wild yeasts. Fermentation was initiated in 2 L Erlenmeyer
flasks containing 1 L of 30 °Brix of molasses fermenta-
tion medium (MFM). Then MFM was inoculated with
the propagated yeast culture at an initial yeast cell den-
sity of (3.13-9.80 x 10® cells/mL). The fermentation pro-
cess was performed at pH 4.30, and 30°C with continuous
orbital shaking at 150 rpm for 72 h. Portions of the fer-
mented samples were collected aseptically at 24 h inter-
vals from 24 to 72 h of fermentation. The fermentation
was considered complete when the Brix level was stable
(Duarte et al. 2009).

Analytical methods

The Brix of fermented samples was measured using a
refractometer (Atago densimeter model 2312; Atago
Co. Ltd., Tokyo, Japan). Yeast cell counts were deter-
mined using a compound microscope (Labomed, USA,
100x) using a hemocytometer (Ebeler 1997). Yeast cell
viability was tested using 1% methylene blue (Alfenore
et al. 2004). Residual sugar was determined using the 3,
5-dinitrosalicylic acid method (DNS) (Miller 1959). The
alcohol content of the fermented sample was measured
with an Ebulliometer (Latif and Rajoka 2001). Analy-
ses of the ethanol, acetic acid, propionic acid, succinic
acid, acetone, and glycerol concentration were done by
high-performance liquid chromatography (HPLC) (1200
Series Agilent HPLC, Germany) equipped with a UV
detector (Duarte et al. 2009). Content of the higher alco-
hols (n-butanol, 1-butanol, iso-butanol, 1-propanol, and
isopropanol), acetaldehyde, and methanol was analyzed
using a Gas chromatography-mass spectrophotometer
(Shimadzu GC-17A version 3.0) equipped with a flame
ionization detector (FID) (Shen et al. 2003). Calculation
of the bioethanol yield (Y,) and percent of theoretical
yield were done according to Hamouda et al. (2015) and
Laopaiboon et al. (2009).

Bioethanol concentration (g L — 1)

x 100
Total sugar utilized (gL — 1)

(1)

Yg/s =

Actual ethanol content (g)
X 100

(2)

% of theoretical yield =
Thereotical ethanol content (g)
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Optimization of fermentation process parameters

A batch fermentation system was used to optimize the
process parameters, including inoculum size (10, 15, 20,
25, 30, and 35%), pH (3.5, 4.0, 4.5, 5.0, 5.5, 6.0, and 6.5),
temperature (25, 30, 35, and 40°C), agitation (50, 80, 110,
130, 150, 180, and 210 rpm), DAP supplement (1, 2, 3, 4,
and 5 g LY and molasses concentration (15, 20, 25, 30,
35, and 40 °Brix) by applying the one variable at a time
method (OVAT) (De Vasconcelos et al. 2004b; Fadel
et al. 2013). Accordingly, raw molasses was diluted with
distilled water to the desired Brix (8, 10, and 12 °Brix)
and then yeast cells were allowed to propagate until the
Brix concentration dropped by half. After obtaining the
required cell number and residual sugar < 2%, batch fer-
mentation was conducted for ethanol production. Sam-
ples were withdrawn at intervals of 24 h for 3 days and
analyzed for alcohol content using Ebulliometer (Latif
and Rajoka 2001).

Fermentation under optimum conditions

Batch fermentation was conducted under optimal fer-
mentation conditions obtained from one variable at a
time optimization step. After sterilization, the broth was
cooled and inoculated with 15% (v/v) inoculum size hav-
ing 9.0 x 108 cells/mL yeast suspension into a bioreac-
tor (ECMA-C20604RS, Taiwan) with a working volume
of 5 L containing 35 °Brix. The fermentation process
was anaerobic and operated at pH 5.5, the temperature
of 30°C, and agitation at 150 rpm. Upon completion of
the fermentation, samples were collected after 48 h of
fermentation. The fermented samples were subjected to
ethanol % (v/v), ethanol concentration (g L), ethanol
yield (%), and byproduct analysis following the previously
described analytical protocols.

Data analysis

The data obtained from the ethanol fermentation experi-
ments were analyzed using one-way ANOVA analysis,
and Duncan’s multiple range test was used for means
separation. The significant difference in the variables was
considered at p < 0.05 using SPSS version 26. The correla-
tion of fermentation process parameters was determined
using the Pearson correlation method. All of the experi-
ments were done in triplicate. The results are expressed
as mean = standard deviation.

Conclusion

In the present study, seven yeast strains, specifically M.
caribbica MJTm3, M. caribbica MJTPm4, W. anomalus
MJTPm2, M. caribbica SHJE, W. anomalus 4m10, W,
anomalus HCJ2F, and S. cerevisiae TA2 were found to
be multi-stress tolerant. Moreover, the non-conventional
strains particularly M. caribbica MJTPm4, M. caribbica
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SHJF, W, anomalus MJTPm2, W. anomalus 4m10, and W,
anomalus HCJ2F were capable of fermenting both hex-
ose and pentose sugars. M. caribbica MJTm3 showed
the highest alcohol-producing capacity. Under labora-
tory scale, M. caribbica MJTm3 yielded a maximum
alcohol production (12.7% (v/v)), ethanol concentra-
tion (26 g L™1), productivity (0.54 g L™' h™?!), ethanol
yield (0.50 g g™!), and low byproduct concentration at 30
°Brix of molasses, 30°C, 15% inoculum size, 150 rpm, 4 g
L~ DAP, 5.5 pH, and 48 h fermentation. In contrast to
unoptimized conditions, the ethanol concentration was
increased approximately by 38% after optimization. The
candidate yeast strain (M. caribbica MJTm3) was found
a stress-tolerant isolate and producing maximum alcohol
of 14% (v/v) with a concentration of 42 g L™! under the
optimized fermentation conditions and has the potential
to be used for bioethanol production from high Brix sug-
arcane molasses. The molecular mechanisms such as the
heat shock response, oxidative stress defense, and cellular
signaling by which yeast cells acquire tolerance to various
stress conditions, should be examined.
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