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Scarcity of energy and pollution are two major challenges that have become a threat to all living
things worldwide. Bioethanol is a renewable, ecological-friendly clean energy that may be utilized

to address these issues. This study aimed to develop simultaneous saccharification and fermentation
(SSF) process through high temperature-substrate adaptation and co-cultivation of S. cerevisiae with
other potential amylolytic strains. In this study, we adapted our previously screened thermosensitive
Saccharomyces cerevisiae Dj-3 strain up-to 42 °C and also screened three potential thermotolerant
amylolytic strains based on their starch utilization capability. We performed SSF fermentation at
high temperature by adapted Dj-3 and amylolytic strains using 10.0% starch feedstock. Interestingly,
we observed significant ethanol concentration [3.86% (v/v)] from high temperature simultaneous
saccharification and fermentation (HSSF) of adapted Bacillus amyloliquefaciens (C-7) and Dj-3. We
attribute the significant ethanol concentration from starch of this HSSF process to C-7's high levels of
glucoamylase activity (4.01 U/ml/min) after adaptation in starch (up-to 42 °C) as well as Dj-3's strong
glucose fermentation capacity and also their ethanol stress tolerance capability. This study suggests
the significant feasibility of our HSSF process.

The worldwide depletion of energy supplies and the escalating energy crises are driving humanity to implement
an alternative green energy source such as biofuels’? Ethanol is a type of convenient biofuel that is created
through the fermentation process. Thermotolerant microorganisms can tolerate high temperatures ranges from
37 to 50 °C, play significant role in biofuel production®?. High-temperature ethanol fermentation process is
considered as one of the economical fermentation technologies, because it reduces the cooling cost, contami-
nation risk, operation cost and increases the saccharification and fermentation rates®*. Several raw materials,
including sugarcane, sugar beets, maize, wheat, and molasses have been utilized as substrates for fuel ethanol
production’. Currently, agricultural biomass is the major focus for industrial bioethanol production. In addition,
starchy biomass is a potential substrate for bioethanol production. However, the cost of the large quantities of
hydrolyzing enzymes, required for starch-based bioethanol production, makes starchy biomass as a less com-
petitive feedstock®. A three-step procedure is extensively used in industrial bioethanol production from starchy
biomass: (1) liquefaction of starch by an endo-amylase such as alpha-amylase; (2) enzymatic saccharification of
the low-molecular-weight liquefaction products (dextrins) to produce glucose; and (3) fermentation of glucose
to ethanol’. Removing the necessities of liquefaction and saccharifying enzymes for bioethanol production from
starch is considered as key steps to reduce the costs®*®.
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Starch Glucose

Assimilation Fermentation Assimilation Fermentation
Sample ID 37 42 45 37 42 45 37 42 45 37 42
C-7 +++ ++ ++ ++ ++ + +++ +++ +++ +++ ++ +
C-8 - - - - - - +++ +/- - ++ +/- -
M-3 ++ + - ++ + + +++ + + ++ ++ +
N-3 + - - + - - ++ ++ + ++ + -
Dfs-1 ++ ++ + ++ + + +++ +++ +++ +++ ++ +
P-5 + - - + - - +++ +++ + +++ +++ +
Y-1 + - - + - - ++ ++ + ++ + +
Y-3 ++ - - + - - ++ ++ + ++ + +

Table 1. The effect of various medium temperatures (°C) and carbon sources on the growth of thermotolerant
microbes isolated from the various fermented sources of Bangladesh. Three-isolates (C-7, M-3 and DFS-1)
could assimilate and ferment both starch and glucose at 42 °C where C-7 showed maximum result. Remaining
5-isolates (C8, N3, P-5, Y1 and Y3) showed very weak or no starch assimilation as well as fermentation at 37,
42 and 45 °C.

Conventional multistage use of commercial amylase enzymes for liquefaction and saccharification followed
by fermentation in SHF (separate hydrolysis and fermentation) process have two main drawbacks: (a) process
is carried out in two separate independent reactors for saccharification and fermentation as a result the capital
cost is relatively higher than the simultaneous process; (b) the detoxifying effect of fermented inhibitors present
in the pretreatment hydrolysate, which decreases the overall performances of the process. Simultaneous sac-
charification and fermentation (SSF), in which enzymatic hydrolysis is coupled with fermentation by yeast in the
same vessel is advantageous over SHF process because it requires less equipment and fermentation time'°. It was
found that SSF could overcome the drawbacks of SHF'!-13. However, in SSF process the optimum temperature
of enzymatic hydrolysis is typically greater than the fermentation temperature therefore, it is necessary to find
an equilibrium point where the process will work properly'. The difference in optimum temperature between
saccharification and fermentation is a drawback of efficient ethanol production in the simultaneous saccharifica-
tion and fermentation (SSF). The application of thermotolerant yeast strains to the SSF process will overcome
the drawback by performing hydrolysis and fermentation at elevated temperature'.

S. cerevisiae is the most preferred organism for bioethanol production because of its high-fermentation capac-
ity, ethanol tolerance, osmo- and inhibitor tolerance during industrial fermentation processes>'>. However, the
increasing demand of larger volumes of cheaper ethanol worldwide, S. cerevisiae is challenged with new process
requirements. One of the main limitations of S. cerevisiae is its inability to convert starch into bioethanol®.
Co-cultivation of S. cerevisiae with amylolytic strain- Aspergillus niger was considered for utilization of potato
starch at lower temperature (30 °C)"”. Detection of suitable couple co-cultivating thermotolerant amylolytic and
fermenting strain offers an advantage for performing hydrolysis and fermentation at elevated temperature. This
will contribute in the improvement of SSF fermentation efficiency along with reduction of cooling costs and
helps in preventing contamination!®-22.

In our previous work, we isolated xylose assimilating and high ethanol producing thermosensitive S. cerevi-
siae (Dj-3) from date palm juice in Bangladesh that could produce maximum ethanol from glucose at 25 °C but
growth rate was very low at 42 °C!. In this study, we adapted Dj-3 isolate at high temperature (up to 42 °C) with
improving their growth rate. We also adapted three of our amylolytic strains in higher temperature and starch
concentration. Finally, we performed co-cultivation of adapted Dj-3 and amylolytic strains. Our results suggest
the feasibility of high temperature starch-based bioethanol production using thermotolerant S. cerevisiae and
Bacillus amyloliquefaciens.

Results

Screening of microorganisms. We screened isolates based on their starch assimilation and fermentation
capability in high temperatures. When cells were grown in different temperatures, the highest starch assimilation
and fermentation activity was observed at 37 °C (Table 1). Among the 8 isolates, 3 isolates (C-7, M-3 and DFS-1)
could assimilate and ferment both starch and glucose at 42 °C where C-7 showed maximum fermentation capa-
bility from starch and glucose (Table 1). The rest of the 5 isolates could not assimilate and ferment starch at 42 °C.
Based on the above findings, the 3 isolates C-7, M-3 and Dfs-1 were selected for further analysis.

Fluorescent microscopic observation. We observed different shapes, sizes of cells and nucleoids using
DNA specific dye DAPI from the four different isolates (C-7, M-3, Dfs-1 and Dj-3) in fluorescent microscope
(Fig. 1). Strain Dj-3 is a thermosensitive xylose assimilating Saccharomyces cerevisiae. The 4 isolates showed dif-
ferent cell morphology on fluorescent microscopic examination which was further characterized through DNA
sequencing.
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Figure 1. Fluorescent microscopic image of thermotolerant adapted strains. The left and right panels represent
phase contrast and DAPI images, respectively, to observe the shape, sizes and nucleoids area on to the cell. The
procedure for cell culture, preparation and fixation for microscopic study are detailed in the “Methods” section.
Scale bar represents 10 um.

Strain identification by nucleotide sequencing. The nucleotide sequence analysis was conducted to
identify the strains genetically. Multiple sequence alignment was conducted by using the ClustalW program.
Isolate C-7 showed 94% similarity with Bacillus amyloliquefaciens strain American Type Culture Collection
(ATCC) 1390, Dfs-1 showed 93% similarity with Kluyveromyces marxianus, M3 showed 97% similarity with
Bacillus licheniformis strain ATCC 1402. The phylogenetic tree of strain M3 represented close relationship with
Bacillus species (data not shown).

Measurement of glucoamylase activity. The glucoamylase activity of the screened isolates was meas-
ured by using the DNS (3, 5-dinitrosalicylic acid) method®. Isolate, C-7 showed the highest glucoamylase activ-
ity (2.8 Unit/ml/min) followed by isolates M-3 and Dfs-1 (about 2.7 and 0.9 Unit/ml/min), respectively (Fig. 2).
After adaptation, all of the isolates showed significant increase of glucoamylase activity especially, C-7 showed
around 4.01 Unit/ml/min at 42 °C.

Growth physiology of thermotolerant microorganisms. A typical growth curve of 3 isolates was
examined at various growth temperatures (30, 37 and 42 °C) to understand their optimum growth in starch
(Fig. 3), where all of the isolates showed similar growth patterns in starch. A comparative analysis among the
isolates revealed that different isolates had different growth patterns under the study conditions.

Estimation of ethanol concentration. Ethanol concentration was measured by the solvent extraction
and dichromate oxidation method?*. Isolates C-7, M-3 and Dfs-1 produced low ethanol concentration- less than
1.5% (v/v) from 10.0% starch at different growth temperatures (30, 37 and 42 °C) are shown in Fig. 3. Interest-
ingly, we observed adaptation of those isolates to high temperature and starch concentration increased their
glucoamylase activity, especially C-7 isolate showed the highest activity; 4.01 U/ml/min (Fig. 4). Next, we per-
formed co-cultivation of each adapted amylolytic isolate with the thermally adapted Dj-3 (Saccharomyces cerevi-
siae), because thermosensitive Dj-3 strain produced maximum ethanol from glucose at 25 °C but the growth was
very week at 42 °C in our previous study’. Interestingly, we observed adapted C-7 and Dj-3 coupled co-culture
produced 3.86% (v/v) ethanol concentration from starch fermentation at 42 °C (Fig. 5).

Measurement of ethanol stress-tolerant activity. Ethanol stress-tolerant activity of selected isolates
were evaluated in a solid agar plate containing various concentrations of ethanol at different growth tempera-
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Figure 2. Amylolytic activity of selected starch fermenting microorganisms. Here, in image (a) the left

and right panels represent glucose standard solutions (0.0 ml, 0.2 ml, 0.4 ml, 0.6 ml, 0.8 ml and 1.0 ml) and
experimental samples, respectively. The image in the middle represents the standard glucose curve based on the
value estimated from the image on the left. Number 1-4 of every 4-tube from the right image represent samples
identified as C-7, M-3, Dfs-1 and P5 respectively. Herein (b), (c) and (d) represents amylase activity of screened
strains at 30 °C, 37 °C and 42 °C respectively. One unit (IU) of amylase activity was defined as the amount of
enzyme required to release 1 umole of glucose (from starch hydrolysis) in 1 min.

tures. Here, ethanol stress-tolerant activity was recorded based on the comparison of growth profile among
different strains at various temperatures and ethanol concentration. Different bioethanol producing isolates had
different ethanol stress-tolerant activity. All of the isolates tolerated ethanol well up to 10% at 37 °C (Fig. 6, left
panel). The strains C-7, M-3 and Dfs-1 tolerated 8% ethanol even at 42 °C (Fig. 6-left panel). After adaptation
process, all of the isolates improved their ethanol stress-tolerant activity even up to 12.0% (Fig. 6, right panel).

Discussion
Direct fermentation of starch through co-cultivation of amylolytic and glucose fermenting yeast in simultane-
ous saccharification and fermentation (SSF) process offers a promising alternative to the conventional separate
hydrolysis and fermentation (SHF) process. Abouzied et al., in 1996, investigated the SSF of potato starch into
bioethanol through symbiotic co-cultivation of amylolytic fungus Aspergillus niger and S. cerevisiae at 30 °CY7.
Development of suitable co-cultivation of thermotolerant, amylolytic and fermenting strain offers an advantage
for performing hydrolysis and fermentation at elevated temperature. As a result, it will improve SSF fermentation
efficiency, reduce cooling costs and helps in preventing contamination'®-?2. In our study we aimed to investi-
gate the feasibility of high temperature starch-based ethanol production by HSSF process using thermotolerant
amylolytic strains and thermally adapted S. cerevisiae. We screened some potential thermotolerant amylolytic
isolates and moved toward construction of thermotolerant S. cerevisiae. Laboratory adaptive evolution can lead
to identification and observation of important fermentation characteristics as well as the ability to design and
perform future experiments. These findings will lead to develop yeast strains with desired industrial properties®.
The adapted strains can stably survive on the higher concentration of substrate and high temperature in the
fermentation process. The adaptation process of microorganisms involves both physiological and molecular
changes®>?”. We succeeded to adapt our previously isolated thermo-sensitive S. cerevisiae (Dj-3) strain at high
temperature (up to 42 °C) with improved growth pattern through laboratory adaptive condition (Fig. 5). To
improve the amylolytic capability of isolated thermotolerant amylolytic strains (C-7, M-3 and Dfs-1), we also
adapted them to high temperature (up to 42 °C) and starch concentration (10%).

Finally, we performed the high temperature simultaneous saccharification and fermentation (HSSF) using
thermally adapted S. cerevisiae, Dj-3 with isolated three adapted amylolytic strains. Interestingly, we observed one
of the strains, C-7 (B. amyloliquefaciens) showed the highest ethanol productivity, 3.86% (v/v) when co-cultured
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Figure 3. Growth pattern and their ethanol production capability (%) of selected strains from starch
fermentation. Here (a—c) represent growth pattern, where (d—f) represents the ethanol production capability
of selected strains from starch fermentation at 30 °C, 37 °C and 42 °C respectively. Samples were collected

at 6-h intervals, put on an ice bucket to seize the growth. Subsequently, their growth was measured by a
spectrophotometer at 600 nm against the YPS broth as blank. For ethanol concentration measurement, samples
were taken at 8 h, 16 h, 48 h, 96 h and 120 h intervals from starch fermentation broth medium.
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Figure 4. Growth pattern, amylolytic activity and ethanol production ability (%) of adapted strains from starch
fermentation. Here (a-c) and (d-f) represents 37 °C and 42 °C respectively. High temperature and substrate
(starch) adaptation process are illustrated in the “Methods” section. Samples were collected at 6-h intervals,

put on an ice bucket to seize the growth. Subsequently, their growth was measured by a spectrophotometer at
600 nm against the YPS broth as blank. For ethanol concentration measurement, samples were taken at 0 h, 4 h,
8h,12h, 16 h,24 h, 48 h, 72 h, 96 h and 120 h intervals from starch fermentation broth medium.

with thermally adapted Dj-3 (Fig. 5). Monocultures provided low ethanol concentration, less than 1.5% (v/v),
probably due to feedback inhibition of reducing sugars on the enzyme activity?®. The reduced enzyme production
may form less reducing sugar and lower ethanol, reciprocally. It is well-known that Saccharomyces cerevisiae lacks
starch degrading enzymes®. A possible reason of higher ethanol production by co-cultures can be the ability of
amylolytic strain (C-7) to convert starch polysaccharides into simple sugar units through saccharification. Fur-
ther, the resultant soluble substrates are converted into ethanol through fermentative Saccharomyces cerevisiae.
During ethanol fermentation process microbes undergoes different stress like reactive oxygen species, ethanol
intolerance and so on®**'. Interestingly, we observed all adapted strains improved their ethanol stress-tolerant
activity even up to 12.0% (Fig. 6).

Bioethanol productivity from starch fermentation by co-cultivation of our adapted strain in HSSF process
is comparatively less than SHF processes. Probably, the sugar produced during starch breakdown slows down
a-amylase action, higher rates, yields and concentrations of ethanol than SHF. However, our HSSF process was
performed at higher temperature which might be beneficial over previous SHF process in terms of operational
cost and reducing process time. Further, utilization of thermotolerant S. cerevisiae in HSSF process offers an
advancement to overcome the drawbacks of SSF process by performing hydrolysis and fermentation at elevated
temperature. This study provides the baseline information for future studies on economical starch-based bioetha-
nol production through adaptation and co-culture of yeast S. cerevisiae with other microorganisms. We antici-
pated; process optimization may help in further improvement of ethanol productivity of our HSSF process. Future
studies on the mutation points identification of adapted strain and optimization of HSSF process is required for
starch based economical bioethanol production.

Methods

Sample collection, isolation and screening of thermotolerant microorganisms for bioethanol
production. Various samples were aseptically collected from natural fermented sources including rumi-
nants’ guts, rotten woods, decomposed grasses and boiled potato plates exposed to the open air near agricultural
dustbins in Bangladesh. The samples were collected during the summer season when temperatures fluctuated
between 30 and 42 °C. The collected samples were preserved immediately at 4 °C until further use. Thermotol-
erant microorganisms were isolated from the collected samples through the spreading or streaking method on
YPD (Yeast Extract Peptone Dextrose) solid media and incubated at 37-45 °C for 24 h. Cultured microorgan-
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Figure 5. Improvement of ethanol production capability (%) of adapted strains through co-culturing with
adapted thermotolerant Dj-3 (Saccharomyces cerevisiae). Here (a) represents growth pattern of Dj-3 at 30 °C,
37 °C and 42 °C, before and after temperature adaptation in YPD medium, where (b-d) represents the ethanol
production capability of adapted starch fermenting strains with adapted Dj-3 strains in co-culture conditions
at 30 °C, 37 °C and 42 °C respectively. Co-culture process, experimental procedures and conditions have been
explained in the “Methods” section.
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Figure 6. Ethanol stress tolerance activity of selected bioethanol producing strains before (left panel) and after
adaptation process (right panel). Here, top and bottom images of left and right panel represent ethanol tolerance
activity of four strains at 37 °C and 42 °C, respectively. In left panel (non-adapted), every 3-spot from left to
right represents a sample spot applied for five microliters of 10, 100 and 1000-folds diluted sample, respectively
where in right panel (adapted) represents a sample spot applied for five microliters of 10, 100 and 1000, 10,000
and 100,000-folds diluted sample, respectively. Experiments were conducted at least thrice independently and
the suitable ethanol tolerant spots are shown.

isms were primarily screened on xylose or starch-containing YP medium for 2 days. Pure colonies were kept on
YPD agar plates and slants and stored at — 30 °C?.

Selected microorganisms were further screened for their starch fermenting capabilities in fermentation broth
media supplemented with 2.0% starch, 2.0% peptone and 1.0% yeast extract, 2-3 drops of bromo-cresol purple-
blue indicator (0.1 g/100 ml). About 50 ul of 24-h-old culture was added on to a 5 ml test tube and incubated
for 72 h at 37 °C, 42 °C and 45 °C. The positive fermentation results were evaluated by the color change of the
medium and the production of gas in the Durham tube?.

Fluorescent microscopic study. A fresh single colony from the solid plate culture was inoculated and
grown in liquid media at 37 °C overnight. Cells were harvested through mild centrifugation (5000 rpm for
5 min) and prepared for microscopic study. The fixed cells (5 pl) were dropped into the well of a 10-well multi-
test microscope slide (76 x 26 mm with 24 x 60 mm coverslip; Matsunami Glass Ind., Ltd., Japan) and air-dried
at 27 °C. The cells were washed, fixed and stained with 5 ug/ml DAPI (4', 6-diamidino-2-phenylindole di-hydro-
chloride) dye to visualize the DNA/nucleoid of the cells. An immunofluorescence microscope (Olympus, Japan)
was used for the morphological characterization of thermotolerant microorganisms, specially, shape, size and
nucleoid area of the cell were obsereved®.

Strain identification by DNA sequencing. Cells were cultured overnight at 30 °C in YPD broth and
their genomic DNA extraction, purification, polymerase chain (PCR) and DNA sequencing reactions were
tested as follows: cells were washed once with distilled water and re-suspended in 1.5 ml of distilled water. One
milliliter of the cell suspension was collected in the 1.5 ml micro-centrifuge tube. After centrifugation, the excess
water was removed, and the cells were stored in a freezer (- 20 °C) until further use. The genomic DNA was
separated and purified by using a DNA extraction kit (Takara, Japan). The sequencing of the D1/D2 domain
of the yeast 26S rDNA or 16S rDNA for bacteria was conducted as described previously* The sequences were
determined with an ABI PRISON BIO Genetic Analyzer (Applied Biosystems) according to the instructions of
the manufacturer. The sequence was compared pair-wise using the basic local alignment search tool (BLASTn).

Glucoamylase activity observation. Selected microorganisms were screened for starch hydrolysis capa-
bility by measuring their glucoamylase activity. One loopful of selected isolates were inoculated on the YPS broth
medium and incubated at 37 °C at 150 rpm for 3 days. After incubation, cultures were centrifuged at 5000 rpm
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for 15 min at 4 °C. The supernatant (crude enzymes) was collected for measurement of glucoamylase activity
through the DNS (3, 5-dinitrosalicylic acid) method?®.

Growth physiology of thermotolerant microorganisms. Thermotolerant microbial cells were grown
in YPS (Yeast Extract Peptone Starch) liquid medium for understanding their growth physiology. Initially, one
loop of microbial colony was inoculated from a fresh YPS plate into the test tube containing 3 ml of YPS broth
and incubated at 37 °C for 24 h in a shaking water bath (100 rpm). About 300 pl cells from a young, actively
growing culture from the YPS broth were inoculated into the 100 ml conical flask containing 27,000 pl of YPS
medium (100-fold dilution) and incubated at 37 °C for 114 h. The culture was collected at 6 h intervals and kept
on an icebox to prevent further growth. Subsequently, the cultures were examined to determine the growth by
measuring OD (optical density) at 600 nm (Specord UV/Visible Spectrophotometer, Analytic Jena, Germany).
The YPS broth medium as used as the blank in the analysis.

High concentration substrate adaptation. For high concentration substrate adaptation process, sub-
strate concentration was periodically increased from 2 to 10%. At first, the samples were plated on the 2% YPS
plate at 37 °C for 24 h, then transferred to 3.0 ml media contained in the 10 ml tube and one loop full samples
from the actively growing cultures from the plate was mixed. The culture was grown further at 37 °C for 18.0 h at
160 rpm in the shaking incubator. Cultures were collected and cell density was measured by spectrophotometer
at 600 nm. Cell concentrations were adjusted by equation C,V,=C,V, on to the 10.0 ml tube containing 3.0 ml
of 3.0% YPS medium. The tubes were kept at 37 °C at 160 rpm for 3 days in the shaker incubator. This step was
repeated in order to perform higher cell growth. Finally, adapted samples were plated on to the 3% YPS plate for
at least 2 days at 37 °C. This substrate dependent adaptation process was carried out gradually from 4%, 5%, 6%,
7%, 8%, 9%, 10% YPS'.

High temperature adaptation. Temperature adaptation process was completed by periodically increas-
ing 1 °C temperature from 37 to 40 °C and increasing 0.5 °C from 40 to 42 °C. The yeast samples were taken
from 10% YPS plate which was incubated at 37 °C for 24 h. One loop full of fresh inoculum was mixed onto the
3.0 ml of 10% fresh YPS broth. The tubes were incubated for 18 h at 37 °C in shaking device at 160 rpm. Culture
were collected and cell density was measured by spectrophotometer at OD 600 nm. Cell concentration were
adjusted by equation C,V,=C,V, onto the 10.0 ml tube containing 3.0 ml of 10% YPS medium. Finally, tempera-
ture adaptation process was carried out at 38 °C, 39 °C, 40 °C, 40.5 °C, 41 °C, 41.5 °C and 42 °C at 160 rpm for
3.0 days. This step was repeated in order to perform higher cell growth. In each individual adapted temperature,
samples were collected and plated onto the 10% YPS solid medium for further analysis. The thermal adaptation
of yeast sample was performed from 30 to 42 °C. In case of strain Dj-3 (Saccharomyces cerevisiae) adaptation,
YPD medium was used instead of YPS and followed the above illustrated method".

Bioethanol estimation.  Sample preparation.  First, one loopful microbial colony was inoculated into the
test tube containing 3 ml of YPS broth from a fresh YPD plate. Then, it was incubated at 37 °C for 48 h in a
shaking water bath (100 rpm). S. cerevisiae inoculum was prepared in the same process except YPD broth was
used (pH 5.5) and incubation was done for 24 h. About 300 pl cells from a young actively growing culture were
inoculated into 100 ml conical flask containing 27,000 pl (100-fold dilution) of 10% starch in the YP medium,
incubated at 37 °C for 5 days. For the co-culture, the prepared S. cerevisiae inoculum was similarly added to the
medium at the same time. Samples were taken at 8 h, 16 h, 48 h, 96 h and 120 h intervals to measure ethanol
concentration. The fermented sample was centrifuged at 14,000 rpm for 10 min. After centrifugation, the super-
natant was collected and filtered using a syringe filter (0.22-0.45 uM). The ethanol concentration in the sample
was estimated using previously developed solvent extraction and dichromate oxidation method**.

Measurement of ethanol stress-tolerance activity. ~Selected microbial isolates were pre-cultured at 30 °C in the
YPD broth medium containing dextrose 2.0%, yeast extract 1.0% and peptone 2.0%. Cells were pelleted down
through centrifugation, washed with distilled water and suspended in water to OD 600 as 1.0. The cell suspen-
sion was serially diluted in sterile water (dilution series: 1/10, 1/100, 1/1000 and so on). Five microliters of each
dilution were observed in the YP Agar medium containing 7.0%, 8.0%, and 10.0% ethanol, and the plate was
incubated at 37 °C, 42 °C, and 45 °C for 2 days”. Here, ethanol stress-tolerant activity was recorded based on
the comparison of growth profile among different strains at various temperatures and ethanol concentration.

Received: 6 July 2021; Accepted: 27 January 2022
Published online: 07 March 2022

References

1. Talukder, A. A. et al. Fuel ethanol production using xylose assimilating and high ethanol producing thermosensitive Saccharomyces
cerevisiae isolated from date palm juice in Bangladesh. Biocat. Agric. Biotech. 18, 101029 (2019).

2. Talukder, A. A, Easmin, F, Mahmud, S. A. & Yamada, M. Thermotolerant yeasts capable of producing bioethanol: Isolation from
natural fermented sources, identification and characterization. Biotechnol. Biotechnol. Equip. 30, 1106-1114 (2016).

3. Pattanakittivorakul, S., Lertwattanasakul, N., Yamada, M. & Limtong, S. Selection of thermotolerant Saccharomyces cerevisia e for
high temperature ethanol production from molasses and increasing ethanol production by strain improvement. Anton van Leeu.
112, 975-990.

4. Tesfaw, A., & Assefa, E Current trends in bioethanol production by Saccharomyces cerevisiae: Substrate, inhibitor reduction, growth
variables, coculture, and immobilization. Hin Pub Corp. 11, 532852 (2014).

Scientific Reports |

(2022) 12:3630 | https://doi.org/10.1038/s41598-022-07589-3 nature portfolio



www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

. Halder, P. K., Hossain, M. A., Paul, N. & Khan, I. Agricultural residue potential for electricity generation in Bangladesh. J. Mech.

Civ. Eng. 11, 89-94 (2014).

. Peng, E, Peng, P, Xu, F. & Sun, R. C. Fractional purification and bioconversion of hemicelluloses. Biotechnol. Adv. 30, 879-903

(2012).

. Kumar, S., Singh, S. P, Mishra, I. M. & Adhikari, D. K. Recent advances in production of bioethanol from lignocellulosic biomass.

Chem. Eng. Technol. 32, 517-526 (2009).

. Haan, D. et al. Engineering Saccharomyces cerevisiae for next generation ethanol production. J. Chem. Technol. Biotechnol. 88,

983-991 (2013).

. Laluce, C. & Mattoon, J. R. Development of rapidly fermenting strains of Saccharomyces diastaticus for direct conversion of starch

and dextrin to ethanol. Appl. Environ. Microbiol. 48, 17-25 (1984).

Wingren, A., Galbe, M. & Zacchi, G. Techno-economic evaluation of producing ethanol from softwood: Comparison of SSF and
SHF and identification of bottlenecks. Biotechnol. Prog. 19, 1109-1117 (2003).

Szambelan, K., Nowak, J., Szwengiel, A., Jelen, H. & Lukaszewski, G. Separate hydrolysis and fermentation and simultaneous
saccharification and fermentation methods in bioethanol production and formation of volatile by-products from selected corn
cultivars. Ind. Crops Prod. 118, 355-361 (2018).

Pothiraj, C., Arun, A. & Eyini, M. Simultaneous saccharification and fermentation of cassava waste for ethanol production. Biofuel
Res. J. 5,196-202 (2015).

Ohgren, K., Bura, R., Lesnicki, G., Saddler, J. & Zacchi, G. A comparison between simultaneous saccharification and fermentation
and separate hydrolysis and fermentation using steam-pretreated corn stover. Process Biochem. 42(5), 834-839 (2007).

Olofsson, K., Bertilsson, M. & Lidén, G. A short review on SSF—an interesting process option for ethanol production from lig-
nocellulosic feedstocks. Biotechnol. Biofuels 1,7 (2008).

Shigechi, H. et al. Direct production of ethanol from raw corn starch via fermentation by use of a novel surface-engineered yeast
strain co-displaying glucoamylase and alpha-amylase. Appl. Environ. Microbiol. 70, 5037-5040 (2004).

Yamada, R. et al. Efficient production of ethanol from raw starch by a mated diploid Saccharomyces cerevisiae with integrated
alpha-amylase and glucoamylase genes. Enzyme Microb. Technol. 44, 344-349 (2009).

Abouzied, M. M. & Reddy, C. A. Direct fermentation of potato starch to ethanol by cocultures of Aspergillus niger and Saccharo-
myces cerevisiae. Appl. Environ. Microbiol. 52, 1055-1059 (1986).

Ruchala, J., Kurylenko, O. O., Dmytruk, K. V. & Sibirny, A. A. Construction of advanced producers of first- and second-generation
ethanol in Saccharomyces cerevisiae and selected species of non-conventional yeasts (Scheffersomyces stipitis, Ogataea polymorpha).
J. Ind. Microbiol. Biotechnol. 47, 109-132 (2020).

Lin, L. L., Ma, Y. J., Chien, H. R. & Hsu, W. H. Construction of an amylolytic yeast by multiple integration of the Aspergillus awamori
glucoamylase gene into a Saccharomyces cerevisiae chromosome. Enzyme Microb. Technol. 23, 360-365 (1998).

Huynh, X. P. et al. Ethanol production from molasses at high temperature by thermotolerant yeasts isolated from cocoa. Can. Tho
Univ. J. Sci. 19, 32-37 (2016).

Shahsavarani, H., Sugiyama, M., Kaneko, Y., Chuenchit, B. & Harashima, S. Superior thermotolerance of Saccharomyces cerevisiae
for efficient bioethanol fermentation can be achieved by overexpression of RSP5 ubiquitin ligase. Biotechnol. Adv. 30, 1289-1300
(2012).

Shi, D. J., Wang, C. L. & Wang, K. M. Genome shuffling to improve thermotolerance, ethanol tolerance and ethanol productivity
of Saccharomyces cerevisiae. J. Ind. Microbiol. Biotechnol. 36, 139-147 (2009).

Miller, G. L. Use of dinitrosalisylic acid reagent for determination of reducing sugar. Anal. Chem. 31, 426-428 (1959).

Miah, R. et al. Inexpensive procedure for measurement of ethanol: Application to bioethanol production process. Adv. Microbiol.
7, 743-748 (2017).

Tattici, F. & Catallo, M. Designing new yeasts for craft brewing: when natural biodiversity meets biotechnology. Beverages. 6, 3
(2020).

Kosaka, T. et al. Capacity for survival in global warming: adaptation of mesophiles to the temperature upper limit. PLoS ONE 14,
€0215614 (2019).

Yamada, M., Charoensuk, K., Murata, M. & Kosaka, T. Molecular mechanisms of thermotolerance and thermal adaptation in
thermotolerant ethanologenic Zymomonas mobilis. New Biotech. 44, S92-S93 (2018).

Thippeswamy, S., Girigowda, K. & Mulimani, V. H. Isolation and identification of a-amylase producing Bacillus sp. from dhal
industry waste. Indian J. Biochem. Biol. 43, 295-298 (2006).

Hossain, T., Miah, A. B. & Mahmud, S. A. Enhanced bioethanol production from potato peel waste via consolidated bioprocessing
with statistically optimized medium. Appl Biochem Biotechnol. 186, 425-442 (2018).

Costa, V., Reis, E., Quintanilha, A. & Moradasferreira, P. Acquisition of ethanol tolerance in Saccharomyces cerevisiae: the key role
of the mitochondrial superoxide dismutase. Arch. Biochem. Biophys. 300, 608-614 (1993).

Du, X. & Takagi, H. N-Acetyltransferase Mpr1 confers ethanol tolerance on Saccharomyces cerevisiae by reducing reactive oxygen
species. Appl. Microbiol. Biotechnol. 75, 1343-1351 (2007).

Talukder, A. A., Hiraga, S. & Ishihama, A. Two types of localization of the DNA binding protein within the Escherichia coli nucleoid.
Gene Cell. 5, 613-626 (2000).

Tanimura, A. et al. Direct ethanol production from starch using a natural isolate, Scheffersomyces shehatae: Toward consolidated
bioprocessing. Sci. Rep. 5, 9593 (2015).

Author contributions

R.M,, A.S. and A.A.T made the conceptualization. R.M., A.S., U.C., .ET,, N.K.B., A.U. and T.A. developed
methodology; R.M., A.S., N.S. performed software, validation, formal analysis, and investigation; A.A.T. col-
lected resources; data curation, R.M. and A.S. ; R-M. and N.S. performed writing—original draft preparation,
writing—review and editing and visualization, R.M. and N.S.; A.A.T., S.K.D. and M.Y. conducted supervision,
project administration, and funding.

Funding
This article was funded by Ministry of Science and Technology (Grant nos. 17/10, M-15/2007/226, HEQEP,
W1, CP-3413).

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to A.A.T.

Scientific Reports |

(2022) 12:3630 | https://doi.org/10.1038/s41598-022-07589-3 nature portfolio



www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022) 12:3630 | https://doi.org/10.1038/s41598-022-07589-3 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Development of high temperature simultaneous saccharification and fermentation by thermosensitive Saccharomyces cerevisiae and Bacillus amyloliquefaciens
	Results
	Screening of microorganisms. 
	Fluorescent microscopic observation. 
	Strain identification by nucleotide sequencing. 
	Measurement of glucoamylase activity. 
	Growth physiology of thermotolerant microorganisms. 
	Estimation of ethanol concentration. 
	Measurement of ethanol stress-tolerant activity. 

	Discussion
	Methods
	Sample collection, isolation and screening of thermotolerant microorganisms for bioethanol production. 
	Fluorescent microscopic study. 
	Strain identification by DNA sequencing. 
	Glucoamylase activity observation. 
	Growth physiology of thermotolerant microorganisms. 
	High concentration substrate adaptation. 
	High temperature adaptation. 
	Bioethanol estimation. 
	Sample preparation. 
	Measurement of ethanol stress-tolerance activity. 


	References


