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Abstract: Yeasts were isolated from four potential sources, sweet sorghum juice, sugar cane juice,
grapes and rambutan. The 27 yeast isolates were tested for their ethanol tolerance (15% v/v of
ethanol) and ethanol fermentation performance in a synthetic ethanol production medium (200 g/L
of total sugar). Only five isolates, SCJ04KKU, SCJ07KKU, SCJ09KKU, SCJ14KKU and SSJ01KKU
could tolerate 15% ethanol and produce ethanol at levels higher than 55 g/L. The ethanol production
efficiency from sweet sorghum juice under high gravity (HG, 200 and 240 g/L of total sugar)
and very high gravity (VHG, 280 g/L of total sugar) conditions of the five isolates was tested.
Saccharomyces cerevisiae NP01 and S. cerevisiae ATCC4132 were used as reference strains. The results
showed that the SSJ01KKU isolate gave the highest ethanol production efficiency under all conditions.
Ethanol concentration (PE), yield (YP/S) and productivity (QP) values were 98.89 g/L, 0.50 and
1.18 g/L·h, respectively, with sugar consumption (SC) of 98.96% under the HG condition at 200 g/L
of total sugar. Under the HG condition at 240 g/L of total sugar, the PE, YP/S and QP values were
118.12 g/L, 0.51 and 1.41 g/L·h, respectively, with the SC of 95.79%. These values were 82.29 g/L,
0.34 and 0.98 g/L·h, respectively, with the SC of 85.59% under the VHG condition. Addition of urea
into the sweet sorghum juice under all conditions significantly shortened the fermentation time,
resulting in increased QP values. Based on molecular taxonomic analysis of the five isolates using
sequence analysis of the D1/D2 domain and the ITS1 and ITS2 regions, SSJ01KKU is S. cerevisiae,
whereas SCJ04KKU, SCJ07KKU, SCJ09KKU and SCJ14KKU are Pichia caribbica.

Keywords: bioethanol; high gravity fermentation; Saccharomyces cerevisiae; very high gravity fermentation

1. Introduction

Bioethanol is one of the most important biofuels from renewable resources.
Using bioethanol as a biofuel has attracted much attention since it has higher environmen-
tal and economic benefits in comparison to fossil fuels. Ethanol is mainly produced from
sugarcane, sugarcane molasses, sugar beets, cassava, corn and starch by yeast fermentation.
Sugarcane, sugarcane molasses and sugar beets have an advantage in that they contain
directly fermentable sugars, such as sucrose, glucose and fructose. However, the use of
these crops for ethanol production competes with their use as food and feed sources.

Sweet sorghum {Sorghum biocolor (L.) Moench} is a high biomass- and sugar-yielding
crop. It is characterized by high sugar content in the juice from its stalks, mainly sucrose,
but also fructose and glucose, which can be easily converted to ethanol. Sweet sorghum is
the only crop that provides grain and stems that can be used for human food or livestock
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feed, silage, grazing, biofuels [1]. It is one of the most drought resistant agricultural crops as
it has the capability of remaining dormant during the driest periods [2]. Additionally, it is
also well adapted to different climates. The plant grows to a height of about 100 to above
400 cm, depending on the variety and growing conditions. It can be either an annual or
short perennial crop [3,4]. In light of this, sweet sorghum is a substrate that shows great
promise for ethanol production.

Ethanol is fermentatively produced by yeasts and bacteria. Such microorganisms
use sugar to ethanol and carbon dioxide via glycolysis pathway under anaerobic con-
dition. Theoretically, 1 g of glucose can be metabolized to form 0.511 g of ethanol and
0.499 g of CO2. Two molecules of ATP are produced in glycolysis that are used to drive
yeast cell biosynthesis, including a variety of energy-requiring reactions under anaero-
bic conditions. Hence, ethanol fermentation is tightly coupled with yeast growth as a
growth-associated product.

The ability of yeast to produce ethanol depends on many factors such as the strain used,
nutrients and environmental conditions. Moreover, it also depends on the initial sugar
concentration in the fermentation medium [5–7]. The initial sugar concentrations of normal
gravity (NG) fermentations (<180 g/L of sugar) are most often used in industrial processes.
To increase ethanol concentration in the same fermenter, high gravity (HG) conditions
(180–240 g/L of sugar) and very high gravity (VHG) fermentations (≥250 g/L of initial
sugar) are introduced [6,8]. However, substrate inhibition may occur at high sugar concen-
trations. Furthermore, ethanol at high levels can stress yeast cells, causing fermentation
failure. Zhang et al. [9] reported that the growth of Saccharomyces cerevisiae BY4742 was
stopped completely by exogenous ethanol concentration over 70 g/L, and the greater
impact was occurred from the endogenous ethanol during fermentation. Ethanol targets
to interact with the lipid bilayer of the plasma membrane through the hydrophilic side,
disturbing the original membrane structure resulting cell lysis [10]. However, with its
nutritional needs met and under appropriate environmental conditions, S. cerevisiae can
thrive in the presence of high ethanol concentrations [6,7].

The objectives of the research are to isolate, screen and characterize novel potential
yeast strains having high ethanol production efficiency under HG and VHG conditions from
various sources. Physiology of the yeast strains during ethanol fermentation from sweet
sorghum juice under HG and VHG conditions was also studied. Additionally, the efficiencies
of ethanol fermentation from sweet sorghum juice under HG and VHG conditions by the
isolated yeast strains were investigated.

2. Materials and Methods
2.1. Isolation and Screening of Yeasts for Ethanol Tolerance and Ethanol Fermentation
2.1.1. Yeast Isolation

Yeasts were isolated from four potential sources, sweet sorghum juice (obtained from
the Faculty of Agriculture, Khon Kaen University, Khon Kaen, Thailand), sugarcane juice,
grapes and rambutan (from local market, Khon Kaen, Thailand). Each sample (5 g) was
added into 25 mL of sterile distilled water. Then, they were serially diluted and spread
on yeast extract peptone dextrose agar (YEPDA) plates (modified from Bhima et al. [11]).
The YEPDA medium consisted of (g/L) yeast extract, 10; peptone, 20; dextrose, 20 and
agar, 20. To inhibit bacterial growth, 500 ppm of chloramphenicol was added into the
YEPDA medium [12]. After incubation at 30 ◦C for 48 h, the developed colonies were
observed to determine their morphological features. The yeast colonies were off-white
in colour, circular in shape, convex elevated with opaque growth and smooth texture.
Additionally, yeast cells were spherical and egg-shaped with budding under microscopic
examination [11,13]. A single colony of each isolate that was similar to yeast colony was
grown on a YEPDA slant and stored at 4 ◦C for further experiments.
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2.1.2. Inoculum Preparation

A loopful of each isolate from the slant was transferred into 50 mL of YEPD broth and
incubated at 200 rpm and 30 ◦C for 18 h. The yeast cells (10% of inoculum size) were then
transferred into 250 mL of a sweet sorghum juice (SSJ) medium containing 100 g/L of total
sugar [14] and incubated under the same conditions for 15 h before use as an inoculum
for ethanol tolerance and ethanol fermentation tests (modified from Deesuth et al. [5]).
S. cerevisiae NP01 (accession number KP866701) isolated from Loog-pang (Chinese yeast
cake) [6] and S. cerevisiae ATCC4132, obtained from the Thailand Institute of Scientific and
Technological Research (TISTR), were used as the reference strains.

2.1.3. Ethanol Tolerance Test

To assess the ethanol tolerance of yeast isolates, each isolate from Section 2.1.1 was
inoculated into 50 mL of sterile SSJ medium containing 100 g/L of total sugar and 15% (v/v)
ethanol to obtain the initial cell concentrations of ~3.0 × 107 cells/mL. Then, they were
incubated at 30 ◦C under static conditions. Yeast viability was measured after 24 h.

2.1.4. Ethanol Fermentation Test

To obtain the appropriate yeast isolates for ethanol fermentation under various initial
sugar concentrations, the yeast isolates were tested for their ethanol production in a
synthetic ethanol production (EP) medium. The synthetic EP medium was modified from
Melzoch’s medium, which consisted of (g/L) sucrose, 200; yeast extract, 6.0; KH2PO4, 0.5;
(NH4)2SO4, 1.0; CaCl2·2H2O, 1.0 and MgSO4·7H2O, 0.025 [15]. Each isolate was transferred
into 50 mL of a sterile EP medium in an air-locked flask, and the initial cell concentration in
the medium was ~3.0 × 107 cells/mL. The fermentation was carried out in batch mode at
30 ◦C under static conditions. The yeast viability, sugar consumption and resulting ethanol
concentrations were determined after 48 h of fermentation.

2.2. Batch Ethanol Fermentation under HG and VHG Conditions
2.2.1. Microorganisms and Inoculum Preparation

The potential yeast isolates on YEPDA slants obtained from Section 2.1.4 were inocu-
lated into 125 mL air-locked flasks containing 50 mL of YEPD medium and incubated on a
rotating shaker at 200 rpm and 30 ◦C for 18 h. Then, the yeast cells (10% of inoculum size)
were transferred into 250 mL of a SSJ medium containing 100 g/L of total sugar [16,17] and
incubated under the same conditions. After 15 h, the active cells were harvested and used
as an inoculum for ethanol production.

2.2.2. Raw Materials

Sweet sorghum juice (cv. KKU 40), extracted from its stalks using a sugarcane juice
extractor, was obtained from the Department of Plant Science and Agricultural Resources,
Faculty of Agriculture, Khon Kean University, Thailand. The juice containing total soluble
solids of 18 ◦Bx was concentrated to 65 ◦Bx to prevent bacterial growth and stored at 4 ◦C
until further use.

2.2.3. Batch Ethanol Fermentation

The concentrated juice was diluted with distilled water to obtain initial total sugar
concentrations of 200 and 240 g/L for HG conditions and 280 g/L for VHG conditions.
These media were transferred into 500-mL air-locked flasks with a final working volume of
350 mL before autoclaving at 110 ◦C for 28 min and use as ethanol production media [18].
The inoculum was added into the sterile media to obtain initial cell concentrations of
~3.0× 107 cells/mL. The fermentation was operated in batch mode at 30 ◦C and 200 rpm [7].
Samples were withdrawn at regular time intervals for analyses. The media were supple-
mented with 1.54 g/L urea to improve ethanol production efficiency and sugar utilization
under the HG and VHG conditions. This corresponds to a nitrogen content equivalent to
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addition of 6 g/L of yeast extract (from Melzoch’s medium). The batch fermentation under
urea addition was carried out as previously described.

2.3. Molecular Identification
2.3.1. Genomic DNA Extraction and PCR Amplification

Genomic DNA (gDNA) was extracted from actively growing cells of yeast isolates
in YEPD medium and purified following a protocol from Harju et al. [19] with slight
modification. The freezing process in liquid nitrogen for 1 min and heating process in a
water bath at 95 ◦C for 1 min were applied to efficiently break the yeast cells. Then, the stan-
dard phenol-chloroform extraction was performed, and the gDNA was precipitated using
absolute ethanol. The quality and quantity of the extracted gDNA were determined using
agarose gel electrophoresis employing a 1% agarose gel stained with ethidium bromide
(modified from Harju et al. [19]). For polymerase chain reaction (PCR), primer pairs NL1
(5′-GCA TAT CAA TAA GCG GAG GAA AAG-3′) and NL4 (5′-GGT CCG TGT TTC AAG
ACG G-3′) were used to amplify the D1/D2 domains of the 26S rDNA. The internal tran-
scribed spacer (ITS) regions 1 (ITS1) and 2 (ITS2) were also amplified by PCR using the
ITS1 (5′-TCC GTA GGT GAA CCT GCG G-3′) and ITS4 (5′-TCC TCC GCT TAT TGA TAT
GC-3′) primer pairs [12]. The PCR amplification was carried out in a thermal cycler using a
standard protocol: an initial denaturation at 95 ◦C for 5 min, 35 cycles of denaturation at
95 ◦C for 1 min, annealing at 53 ◦C for 1 min, and extension at 72 ◦C for 1 min, followed by
a final extension at 72 ◦C for 7 min. The quality and quantity of the PCR products were
analyzed by agarose gel electrophoresis. Amplified fragments were purified with a GF-1
Ambiclean kit (Vivantis Technologies Sdn Bhd, Kuala Lumpur, Malaysia). Purified PCR
products were sequenced at First BASE Laboratories (First BASE Laboratories Sdn Bhd,
Seri Kembangan, Selangor, Malaysia).

2.3.2. Sequence Analyses

The D1/D2 and ITS sequences were compared to the reference data available at
the National Center for Biotechnology Information (NCBI) database using Basic Local
Alignment Search Tool (BLASTN). Phylogenetic tree was constructed with the bootstrap
analysis based on 1000 replicates using the neighbor-joining method with the Molecular
Evolutionary Genetics Analysis version 5 (MEGA5) program [20].

2.4. Analytical Methods

The viable cell numbers in the fermented broth were determined by direct counting
method using a haemacytometer with methylene blue staining technique under an optical
microscope [21]. The fermented broth was centrifuged at 12,000 rpm for 10 min. The su-
pernatant was used for determination of the total residual sugar via a phenol-sulfuric
acid method [22]. The total sugar was measured in terms of total carbohydrate in the
fermentation broth. Ethanol concentration was analyzed using gas chromatography [18].
The ethanol yield (YP/S), volumetric ethanol productivity (QP) and sugar consumption (SC)
were calculated as follows:

YP/S (g/g) =
Actual ethanol produced (g/L)

Sugar utilized (g/L)

QP (g/L·h) =
Actual ethanol produced (g/L)

Fermentation time (h)

SC (%) =
Sugar utilized (g/L)

Initial sugar concentration (g/L)
× 100

All experiments were carried out in triplicate, and the results are expressed as
mean values ± SD.
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3. Results and Discussions
3.1. Isolation and Screening of Yeast for Ethanol Tolerance and Ethanol Fermentation
3.1.1. Yeast Isolation

Based on yeast colony morphological characteristics and microscopic observation,
27 yeast isolates were obtained from the four potential sources. SSJ01KKU was isolated
from sweet sorghum juice, SCJ01KKU to SCJ14KKU were isolated from sugarcane juice,
GR01KKU to GR10KKU were isolated from grapes, and RBT01KKU to RBT02KKU were
isolated from rambutan. The morphological features of yeast colonies grown on YEPD agar
for 48 h were observed. They were off-white in color, circular in shape, convex elevated
with high opacity and smooth textures. The yeast cells were spherical and egg shaped with
budding under microscopic observation. The sizes of isolated yeasts in this study were in
the range of 2.50 to 7.50 µm.

3.1.2. Ethanol Tolerance Test

The ethanol tolerance of the 27 isolates was investigated in the presence of 15% (v/v)
ethanol at 30 ◦C for 24 h. The two isolates from rambutan that could not be tested in this
study because of flocculation and clumping of cells. This phenomenon was an obstacle
for determination of cell concentration. It was found that there were seven isolates, i.e.,
SCJ02KKU, SCJ06KKU, SCJ07KKU, SCJ09KKU, SCJ14KKU (Figure 1A), GR01KKU and
SSJ01KKU (Figure 1B) could survive 24 h of incubation. Interestingly, 15% ethanol had
no effect on SCJ07KKU, SCJ09KKU and SSJ01KKU cells. Viable cell counts of these three
isolates remained constant over 24 h.
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3.1.3. Ethanol Fermentation Test

When the ethanol fermentation capability of the remaining 25 isolates was tested,
it was found that only five isolates, SCJ04KKU, SCJ07KKU, SCJ09KKU, SCJ14KKU and
SSJ01KKU could produce ethanol in concentrations higher than 55 g/L with sugar con-
sumption of 58–69%. However, S. cerevisiae NP01 and ATCC4132 (reference strains) pro-
duced 56–61 g/L of ethanol with sugar consumption of 56–61% (Table 1). High ethanol
yields (YP/S, 0.46–0.50 g/g) were obtained from these strains, except for SCJ09KKU
(YP/S, 0.42), indicating that by-products were produced at low levels during the fermen-
tation [8]. Additionally, the results showed that ethanol productivity of the five isolates
(QP, 1.16–1.33 g/L.h) was also higher than others. Interestingly, it was observed that
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SCJ04KKU could not tolerate 15% ethanol (Figure 1A), but it could produce 58 g/L
of ethanol.

Table 1. Fermentation parameters of batch ethanol production from the SSJ medium containing 200
g/L of total sugar.

Isolate
Sugar

Consumption (%)
Parameter

PE (g/L) QP (g/L·h) YP/S (g/g)

NP01 (control) 55.97 ± 1.86 h,j 56.46 ± 0.43 l,n 1.18 ± 0.02 n 0.51 ± 0.00 a

ATCC4132 (control) 61.03 ± 0.21 k,l 61.31 ± 0.56 m 1.28 ± 0.02 j,m 0.49 ± 0.01 a

SCJ01KKU 33.70 ± 1.46 c 25.71 ± 0.21 b 0.54 ± 0.01 b 0.37 ± 0.00 a

SCJ02KKU 38.29 ± 1.43 d,e 31.54 ± 0.27 c 0.66 ± 0.01 b 0.40 ± 0.01 a

SCJ03KKU 44.13 ± 0.17 f 42.01 ± 041 d,e,f 0.88 ± 0.02 c,d,e 0.48 ± 0.00 a

SCJ04KKU 68.64 ± 1.87 n 58.17 ± 0.27 l,m 1.21 ± 0.02 j,m 0.46 ± 0.00 a

SCJ05KKU 33.53 ± 1.42 c 31.27 ± 0.52 c 0.65 ± 0.01 b 0.46 ± 0.01 a

SCJ06KKU 46.62 ± 1.03 f 41.71 ± 0.42 d,e,f 0.87 ± 0.02 c,d 0.49 ± 0.01 a

SCJ07KKU 67.42 ± 1.35 n 55.88 ± 0.46 k,l 1.16 ± 0.01 g,h,j 0.46 ± 0.00 a

SCJ08KKU 53.59 ± 1.56 g,h 41.56 ± 0.30 d,e,f 0.87 ± 0.02 c,d 0.38 ± 0.01 a

SCJ09KKU 66.34 ± 1.50 m,n 56.37 ± 0.34 k,l 1.17 ± 0.02 h,j 0.42 ± 0.01 a

SCJ10KKU 53.23 ± 1.07 g,h 43.61 ± 0.40 d,e,f 0.91 ± 0.02 c,d,e,f 0.40 ± 0.01 a

SCJ11KKU 53.23 ± 1.26 g,h 44.97 ± 0.35 e,f,g 0.94 ± 0.02 c,d,e,f 0.41 ± 0.00 a

SCJ12KKU 53.23 ± 1.40 g,h 50.00 ± 0.28 h,j 1.04 ± 0.02 g,h 0.46 ± 0.01 a

SCJ13KKU 63.82 ± 1.68 l,m 48.88 ± 0.30 g,h,j 1.02 ± 0.02 d,e,f 0.38 ± 0.00 a

SCJ14KKU 58.32 ± 0.06 j,k 60.12 ± 0.48 l,m,n 1.25 ± 0.03 j,m 0.50 ± 0.00 a

GR01KKU 43.90 ± 1.73 h 42.45 ± 0.35 h 0.88 ± 0.01 h 0.40 ± 0.01 a

GR02KKU 50.48 ± 1.53 h 43.43 ± 0.27 h 0.90 ± 0.02 h 0.42 ± 0.01 a

GR03KKU 51.30 ± 1.24 g 46.23 ± 0.32 f,g,h 0.96 ± 0.072 c,d,e,f 0.44 ± 0.00 a

GR04KKU 53.20 ± 1.84 g,h 49.36 ± 0.41 j,k 1.03 ± 0.02 f,g 0.45± 0.00 a

GR05KKU 9.82 ± 0.68 a 13.06 ± 0.19 a 0.27 ± 0.00 a 0.49 ± 0.00 a

GR06KKU 52.72 ± 1.22 g,h 49.01 ± 0.53 g,h,j 1.02 ± 0.01 e,f 0.45 ± 0.01 a

GR07KKU 21.41 ± 0.81 b 14.13 ± 0.15 a 0.29 ± 0.00 a 0.32 ± 0.00 a

GR08KKU 39.64 ± 0.85 e 40.51 ± 0.25 d,e 0.84 ± 0.02 c 0.49 ± 0.00 a

GR09KKU 36.80 ± 1.54 c,d,e 39.59 ± 0.38 d 0.82 ± 0.02 c 0.49 ± 0.01 a

GR10KKU 35.56 ± 0.84 c,d 32.19 ± 0.50 c 0.67 ± 0.01 b 0.44 ± 0.00 a

SSJ01KKU 60.82 ± 0.21 k,l 63.96 ± 0.63 n 1.33 ± 0.03 m 0.50 ± 0.00 a

PE = ethanol concentration, QP = ethanol productivity and YP/S = ethanol yield. The results were performed in
triplicate and expressed as ± SD. a,b,c,d,e,f,g,h,j,k,l,m,n Means followed by the same letter within the same column are
not significantly different using Duncan’s multiple range test at the level of 0.05.

Even though SCJ01KKU, SCJ06KKU, GR01KKU could survive in 15% ethanol, they pro-
duced only ~26–43 g/L of ethanol. Therefore, only five isolates, SCJ04KKU, SCJ07KKU,
SCJ09KKU, SCJ14KKU and SSJ01KKU, were selected as potential strains for ethanol fer-
mentation from the SSJ medium in subsequent experiments.

3.2. Batch Ethanol Fermentation under HG and VHG Conditions
3.2.1. Ethanol Fermentation from SSJ Medium without Nutrient Addition

Five isolates, SCJ04KKU, SCJ07KKU, SCJ09KKU, SCJ14KKU and SSJ01KKU, were in-
vestigated for their ethanol production efficiency and sugar utilization from the SSJ medium
with no nutrient addition under two HG conditions (200 and 240 g/L of total sugar) and a
VHG condition (280 g/L of total sugar). The time profiles of cell viability, total sugar and
ethanol concentrations during batch fermentation under an initial sugar level of 200 g/L
for the five isolates are shown in Figure 2A,B. The cell numbers of all isolates increased into
the range of 1.12 × 108 to 2.01 × 108 cells/mL in 24 h and remained constant throughout
the experiments (Figure 2A). The highest sugar consumption and ethanol production rates
were observed for SSJ01KKU (Figure 2B, Table 2). SCJ09KKU showed the lowest sugar con-
sumption and ethanol production, followed by SCJ07KKU (Table 2). Additionally, lower QP
values (0.66–0.93 g/L·h) were obtained for these two isolates. These values of the two
isolates were significantly lower than those of other isolates and the reference strains,
indicating that SCJ07KKU and SCJ09KKU were not suitable for ethanol fermentation under
HG conditions. Therefore, they were not used in subsequent experiments.
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The sugar consumption and ethanol production of SCJ14KKU and SSJ01KKU were
similar to those of ATCC4132 and were higher than those of NP01 at an initial sugar con-
centration of 200 g/L (Table 2). Among the remaining isolates, SCJ04KKU gave a lower
PE (~89 g/L) compared to those of SCJ14KKU and SSJ01KKU (~99 g/L), but SCJ04KKU also
had a high ethanol yield (0.50 g/g) with ~91% sugar consumption. Additionally, high QP
(>1.0 g/L·h) was achieved by these isolates. Hence, SCJ04KKU, SCJ14KKU and SSJ01KKU
were further examined for their ethanol production capabilities under higher initial
sugar concentrations.

Under the HG condition at 200 g/L of initial sugar (Table 2), all isolates tested except
SCJ09KKU had relatively high ethanol yields (0.50–0.51 g/g), implying the production
of few by-products and that the yeast cells were not stressed. This was supported by Bai
et al. [8], who proposed that yeast cells suffered from various stresses such as those from
nutrient deficiency, temperature, contamination and ethanol. These stresses have adverse
effects on yeast growth and ethanol production, leading to lower yeast viability and ethanol
yield. In the present study, temperature and pH during the fermentation should not have
a negative effect on the yeast growth and ethanol fermentation because they were in the
optimum ranges for S. cerevisiae [9,23,24]. Additionally, our results revealed that the sugar
utilization of SCJ14KKU and SSJ01KKU (96–99%) was almost complete, higher than the
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reference strains (93–94%) (Table 2). These results suggested that SCJ14KKU and SSJ01KKU
were suitable strains for ethanol production from SSJ medium under the HG condition at
200 g/L of initial sugar.

Table 2. Fermentation parameters of batch ethanol production from SSJ media under HG and VHG conditions with no
nutrient addition.

Initial Sugar
(g/L)

Parameter

Strains

NP01
(Control)

ATCC4132
(Control) SCJ04KKU SCJ07KKU SCJ09KKU SCJ14KKU SSJ01KKU

200
(HG)

SC (%) 93.06 ± 1.09 b,c 94.43 ± 1.08 b 90.83 ± 0.92 c 74.31 ± 1.37 d 61.89 ± 0.78 e 96.11 ± 0.68 a,b 98.96 ± 0.17 a

PE (g/L) 93.05 ± 0.57 b 98.18 ± 0.44 a 88.89 ± 0.27 c 78.28 ± 0.45 d 55.79 ± 0.46 e 98.49 ± 0.19 a 98.89 ± 0.20 a

QP (g/L·h) 1.11 ± 0.01 c 1.36 ± 0.02 a 1.06 ± 0.02 d 0.93 ± 0.02 e 0.66 ± 0.02 f 1.17 ± 0.01 b 1.18 ± 0.01 b

YP/S (g/g) 0.51 ± 0.01 a 0.50 ± 0.01 a 0.50 ± 0.01 a 0.51 ± 0.00 a 0.45 ± 0.00 b 0.50 ± 0.00 b 0.50 ± 0.01 a

t (h) 84 72 84 84 84 84 84

240
(HG)

SC (%) 94.68 ± 0.22 b 95.82 ± 0.41 a 85.47 ± 0.69 c - - 74.17 ± 0.69 d 95.79 ± 0.13 a

PE (g/L) 114.94 ± 0.40 b 115.32 ± 0.30 b 103.78 ± 0.45 c - - 87.06 ± 0.39 d 118.12 ± 0.57 a

QP (g/L·h) 1.37 ± 0.02 b 1.37 ± 0.00 b 1.24 ± 0.01 c - - 1.04 ± 0.00 d 1.41 ± 0.01 a

YP/S (g/g) 0.51 ± 0.00 a 0.50 ± 0.01 a,b 0.51 ± 0.00 a - - 0.49 ± 0.00 a 0.51 ± 0.00 a

t (h) 84 84 84 - - 84 84

280
(VHG)

SC (%) 84.55 ± 0.04 d 81.20 ± 0.17 c 80.65 ± 0.04 b - - - 85.59 ± 0.17 a

PE (g/L) 80.40 ± 0.31 b 79.32 ± 0.58 c 80.03± 0.76 c,b - - - 82.29± 0.10 a

QP (g/L·h) 0.96 ± 0.00 b 0.94 ± 0.01 c 0.96 ± 0.01 b - - - 0.98 ± 0.00 a

YP/S (g/g) 0.34 ± 0.00 a 0.35 ± 0.00 a 0.35 ± 0.01 a - - - 0.34 ± 0.00 a

t (h) 84 84 84 - - - 84

HG = high gravity, VHG = very high gravity, SC = sugar consumption, PE = ethanol concentration, QP = ethanol productivity,
YP/S = ethanol yield and t = fermentation time. - = not tested. The results were performed in triplicate and expressed as mean ± SD.
a,b,c,d,e,f Means followed by the same letter within the same row are not significantly different using Duncan’s multiple range test at the
level of 0.05.

The time profiles of cell viability, total sugar and ethanol concentrations during batch
fermentation under an initial sugar concentration, 240 g/L, of SCJ04KKU, SCJ14KKU,
SSJ01KKU and the reference strains are shown in Figure 2C,D. The cell numbers of all
strains increased to 1.79 × 108 to 2.02 × 108 cells/mL in 24 h and remained constant until
the end of the fermentation (Figure 2C). SCJ14KKU showed the lowest sugar consumption
and ethanol production, followed by SCJ04KKU. However, the values of SSJ01KKU were
comparable to those of the two reference strains (Figure 2D and Table 2). Surprisingly, the PE
of SCJ04KKU produced under the initial sugar of 200 g/L (~89 g/L) was lower than that of
SCJ14KKU (~99 g/L). Under an initial sugar concentration of 240 g/L, the PE produced by
SCJ04KKU (~104 g/L) was higher than that of SCJ14KKU (~87 g/L). This might have been
due to the capability of SSJ04KKU for higher sugar utilization and concurrently higher
ethanol production. However, the PE values produced by SCJ04KKU were ~11–14% lower
than those of SSJ01KKU and the reference strains. Thus, both SSJ01KKU and SCJ04KKU
were chosen for the subsequent VHG experiments.

Under an initial sugar concentration of 240 g/L, SSJ01KKU gave the highest ethanol
production efficiency among all of the isolates, including the reference strains. The cell
viability of SSJ01KKU was relatively constant after 24 h, indicating that it could tol-
erate high PE conditions, up to ~118 g/L (Figure 2C,D and Table 2). High ethanol
yields of SCJ04KKU and SSJ01KKU and the reference strains (0.50–0.51 g/g) were ob-
served, suggesting that few by-products were produced under the HG condition [8].
The sugar consumption of the reference strains was about the same under HG conditions
(200–240 g/L of initial sugar). However, the sugar consumption of the isolates tested
(SSJ04KKU, SCJ14KKU and SSJ01KKU) slightly decreased under an initial sugar concentra-
tion of 240 g/L, suggesting susceptibility to osmotic pressure, especially for SCJ04KKU and
SCJ14KKU. However, the sugar consumption of SSJ01KKU, NP01 and ATCC4132 under
an initial sugar concentration of 240 g/L was similar and almost complete with 95–96%
(Table 2), suggesting that these three isolates were suitable for ethanol production from the
SSJ under the HG condition.



Energies 2021, 14, 557 9 of 15

Under the VHG condition, the cell numbers of all strains increased over 24 h (Figure 2E).
The cell concentrations ranged from 1.84 × 108 to 2.02 × 108 cells/mL, and they remained
constant throughout the experiments. At the end of fermentation, the sugar consump-
tion of SSJ01KKU and NP01 was similar, approximately 85–86% (Figure 2F and Table 2).
Among the four strains, including the reference strains, the PE and QP values of the
SSJ01KKU were the highest, indicating that it was the most suitable strain for ethanol
production from the SSJ medium under VHG conditions.

The results clearly show that when the initial sugar concentration was increased
in the fermentation broth (from HG to VHG), the percentage of sugar consumption of
almost all strains decreased. This might have been due to osmotic pressure. Ozmihci and
Kari [25] reported that osmotic pressure increased with sugar concentration, resulting in a
reduction of sugar utilization. However, SSJ01KKU gave the highest ethanol production
efficiency, PE of 82.29 g/L, QP of 0.98 g/L·h and YP/S of 0.34 g/g under VHG conditions.
Low ethanol yield was observed in all strains under the VHG condition, suggesting that the
utilized carbon was converted to other products in pyruvate metabolism such as organic
acids (e.g., acetic, succinic and pyruvic acids) and glycerol. Nevertheless, these possible
by-products were not quantified in the current study. Low ethanol yields under the
VHG conditions might have been due to environmental stresses on the yeast cells [8].
However, many researchers reported that higher sugar consumption could be achieved if
essential nutrients were provided in the fermentation medium [5,7,26]. Chan-u-tit et al. [14]
reported that nutrient supplementation (yeast extract, and dried spent yeast as well as
glycine as an osmoprotectant) promoted ethanol production from SSJ (containing 280 g/L
of total sugar) in terms of concentration (~32%), productivity (~54%) and sugar utilization
(~41%). Hence, in the subsequent experiments, addition of urea as a low-cost nitrogen
supplement into the fermentation broth was further investigated to improve the sugar
consumption and ethanol production from the SSJ medium under HG and VHG conditions.

3.2.2. Ethanol Fermentation from SSJ Medium with Urea Addition

The time profiles of cell viability, total sugar and ethanol level during the HG batch
fermentation from the SSJ medium containing 200 g/L of total sugar and 1.54 g/L of urea
are shown in Figure 3A,B. The cell concentrations of SCJ04KKU and SCJ14KKU increased
into the range of 2.19 × 108 to 3.13 × 108 cells/mL in 24 h, and remained constant until the
end of experiments. However, the cell concentrations of SSJ01KKU, NP01 and ATCC4132
decreased dramatically after 60 h of fermentation. Bai el al. [8] reported that yeast cells suffer
from various stresses during ethanol fermentation. Some stresses are from the yeast cell
metabolism such as ethanol accumulation, leading to reduced yeast viability. Higher sugar
consumption rates were observed with urea addition compared to those with no urea
addition, with at least 94% sugar consumption (Figure 2B, Figure 3B and Table 3). The PE
values of SSJ01KKU, NP01 and ATCC4132 obviously increased over 36 h and remained
constant after 48 h, while the ethanol production rate of SCJ04KKU and SCJ14KKU was
lower in the first 48 h. However, at 60 h, the ethanol levels produced by SCJ04KKU were
similar to those of SSJ01KKU and the two reference strains. Additionally, the results
showed that the fermentation times of all strains with urea addition were about 24–36 h
shorter than those with no urea addition (Tables 2 and 3), suggesting that urea as a nitrogen
source boosted the rate of ethanol production or ethanol productivity. Similar results were
observed by Yue et al. [27], who demonstrated that a dramatic reduction of the time for the
fermentation cycle was obtained with supplemental urea in concentrated sweet sorghum
juice at an initial sugar concentration of 300 g/L by S. cerevisiae 3013, which decreased the
fermentation time from 60 h to 48 h. Under all conditions tested in the current experiments,
YP/S values of 0.50–0.51 g/g were observed in all strains tested, demonstrating that urea as a
nitrogen source did not have any effect on the metabolic pathway of ethanol fermentation.
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Figure 3C,D show the time profiles of cell viability, total sugar and ethanol concen-
tration during HG fermentation from the SSJ medium containing 240 g/L total sugar and
1.54 g/L of urea. The changes of cell concentration in all strains were similar during 80 h
of fermentation, ranging from 1.48 × 108 to 2.21 × 108 cells/mL. After 80 h, the viable
cell count of SCJ04KKU was relatively constant, but others decreased to 2.97 × 107 to
5.47 × 107 cells/mL after 84 h (Figure 3C). This was also true for SCJ04KKU which could
tolerate high ethanol concentrations, up to 109 g/L, under the HG condition in the presence
of sufficient nitrogen supplementation. However, the PE of SCJ04KKU was about 1–6 g/L
lower than those of SSJ01KKU and the reference strains (Table 3). These results also showed
that under both HG conditions (200 and 240 g/L of initial sugar) shorter fermentation
time was occurred with urea addition (Tables 2 and 3), suggesting that supplemental
nitrogen promoted ethanol productivity. Again, urea supplementation did not disturb
the ethanol fermentation pathway as similar YP/S values (0.50–0.51 g/g) were observed
for all isolates tested except SCJ14KKU. A significantly lower sugar consumption (72%)
and ethanol production (79 g/L) were observed for SSJ14KKU, indicating that this strain
could not tolerate high initial sugar concentrations of 240 g/L or it was under osmotic
stress. Additionally, a lower YP/S (0.46 g/g) value for the SSJ14KKU strain was obtained,
implying that the metabolic pathway of this strain was changed due to osmotic pressure
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under HG conditions at 240 g/L of sugar. Therefore, SSJ14KKU was not further studied
under VHG conditions.

Table 3. Fermentation parameters of batch ethanol production from SSJ media under HG and VHG conditions with urea
addition (1.54 g/L).

Initial Sugar
(g/L)

Parameter
Strains

NP01 (Control) ATCC4132
(Control) SCJ04KKU SCJ14KKU SSJ01KKU

200
(HG)

SC (%) 96.34 ± 0.76 b 95.62 ± 0.09 b 96.18 ± 0.46 b 93.59 ± 0.41 a 96.91 ± 0.12 b

PE (g/L) 97.97 ± 0.33 b 113.26 ± 0.13 c 97.94 ± 0.11 b 94.44 ± 0.13 a 97.10 ± 0.05 b

QP(g/L·h) 2.04 ± 0.02 c 2.04 ± 0.00 c 1.63 ± 0.00 b 1.57 ± 0.01 a 2.02 ± 0.00 c

YP/S (g/g) 0.51 ± 0.00 a 0.51 ± 0.00 a 0.51 ± 0.00 a 0.50 ± 0.01 a 0.50 ± 0.01 a

t (h) 48 48 60 60 48

240
(HG)

SC (%) 90.97 ± 0.01 b 92.41 ± 0.13 b 91.31 ± 0.08 b 72.30 ± 2.86 a - 91.89 ± 0.11 b

PE (g/L) 110.32 ± 0.65 b 115.32 ± 0.30 b 109.03 ± 1.27 b 78.95 ± 1.21 a 112.47 ± 0.31 c

QP(g/L·h) 2.30 ± 0.01 c 2.36 ± 0.00 d 1.82 ± 0.02 b 1.10 ± 0.02 a 2.34 ± 0.01 d

YP/S (g/g) 0.51 c 0.51 c 0.50 b 0.46 a 0.51 c

t (h) 48 48 60 72 48

280
(VHG)

SC (%) 88.23 ± 0.09 c 86.98 ± 0.39 b 80.66 ± 0.52 a - 88.47 ± 0.04 c

PE (g/L) 118.23 ± 0.70 b,c 117.06 ± 0.71 b 103.20 ± 0.13 a - 119.06 ± 0.64 c

QP(g/L·h) 1.64 ± 0.01 b,c 1.63 ± 0.00 b 1.43 ± 0.00 a - 1.65 ± 0.01 c

YP/S (g/g) 0.48 ± 0.00 b 0.48 ± 0.01 b 0.46 ± 0.00 a - 0.48 ± 0.01 b

t (h) 72 72 72 - 72

280
(VHG **)

SC (%) 88.85 ± 0.48 b 87.68 ± 0.25 a - - 89.07 ± 0.10 b

PE (g/L) 119.91 ± 0.32 b 119.05 ± 0.09 a - - 121.83 ± 0.49 c

QP (g/L·h) 1.67 ± 0.00 b 1.65 ± 0.01 a - - 1.69 ± 0.00 c

YP/S (g/g) 0.48 ± 0.00 b 0.48 ± 0.00 b - - 0.49 ± 0.00 a

t (h) 72 72 - - 72

HG = high gravity, VHG = very high gravity, SC = sugar consumption, PE = ethanol concentration, QP = ethanol productivity,
YP/S = ethanol yield and t = fermentation time. - = not tested. The results were performed in triplicate and expressed as mean ± SD.
a,b,c,d Means followed by the same letter within the same column are not significantly different using Duncan’s multiple range test at the
level of 0.05. ** Urea addition at 2.30 g/L.

Under the VHG condition (280 g/L total sugar) with urea addition (1.54 g/L), the cell
numbers of all strains increased into the range of 1.60 × 108 to 2.11 × 108 cells/mL in 24 h
(Figure 3E) as found under the HG conditions with and without urea addition (Figures 2 and 3).
After 24 h, the cells counts remained constant throughout all experiments. A higher sugar
consumption rate was observed for SSJ01KKU and the reference strains, corresponding to
higher ethanol production rates (Figure 3F) compared to those with no urea addition
(Figure 2F). The results suggested that high productivity of SSJ01KKU and the reference
strains on the SSJ medium under the VHG condition was achieved. Among the four strains,
the PE values of SSJ01KKU, NP01 and ATCC4132 (~117 to 119 g/L) were significantly
higher (approximately 14–16%) than that of SCJ04KKU (~103 g/L). Additionally, under the
VHG condition supplemented with urea, higher ethanol production efficiencies were
clearly gained compared to those with no supplemental urea (Table 3). These results again
indicated that urea was a suitable nitrogen source to promote ethanol production from the
SSJ medium.

To improve ethanol production efficiency and sugar consumption of SSJ01KKU,
NP01 and ATCC4132 strains, more urea, 2.3 g/L (corresponding to the nitrogen content
provided by 9 g/L yeast extract) was added into the VHG medium (Table 3). The results
showed that the ethanol production and sugar utilization under both urea concentrations
(1.54 and 2.3 g/L of urea) were similar. Therefore, 1.54 g/L urea (nitrogen content equiv-
alent to that supplied by 6 g/L of yeast extract) was sufficient for the yeasts to produce
ethanol under the HG and VHG conditions.
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3.3. Molecular Identification of the Selected Yeasts

After primary isolation of each isolate using morphological characterization, their molec-
ular taxonomy was investigated using nucleotide sequence determination of the D1/D2
domain and the ITS1 and ITS2 regions [28]. Kurtzman and Robnett [28,29] characterized
ascomycetous yeast nucleotide divergence in the D1/D2 variable region of the 26S rDNA.
The degree of divergence was sufficient to resolve nearly all ascomycetous species. The ITS1
and ITS2 regions are useful for phylogenetic analysis of closely related species. Since both
the non-coding ITS regions and the 5.8S are quite variable and show high interspecific
divergence [30], sequence analysis of these regions has thus been useful for differentiation
of species within Saccharomyces [31]. In the present study, SSJ01KKU was identified as
S. cerevisiae, and SCJ04KKU, SCJ07KKU, SCJ09KKU and SCJ14KKU strains were identified
as Pichia caribbica, based on clusters defined by the tree nodes with high bootstrap sup-
port. The bootstrap percentages indicate the reliability of the cluster descending from that
node. (Figure 4). Similarly, phylogenetic analysis of the internal transcribed spacer 1 and
2 regions (ITS1 and ITS2) was in good agreement with the results of the D1/D2 domain,
confirming the molecular identification of all isolates. (Figure 5). Based on the morpho-
logical and molecular data, including its unique geographical origin, SSJ01KKU as an
accession number KU 059,757 from GenBank is a novel effective yeast strain of S. cerevisiae,
which can grow and produce ethanol effectively under both HG and VHG conditions,
yielding ethanol up to 15% (v/v). In addition, SCJ04KKU (accession number KU 059758),
SCJ07KKU (accession number KU 059759), SCJ09KKU (accession number KU 059760) and
SCJ14KKU (accession number KU 059761) were novel yeast strains of Pichia caribbica.
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based on a combined sequence analysis of the ITS1 and ITS2 regions. Clustering was performed
using the neighbor-joining method, MEGA (Molecular Evolutionary Genetics Analysis) Version 5.
The percentages at the nodes indicate the levels of bootstrap support for the branch point based on
1000 bootstrap replicates. The scale bar represents 0.1 nucleotide substitution per sequence position.

Higher sugar utilization and ethanol production efficiency from the SSJ medium under
VHG conditions may be obtained if adequate amounts of essential nutrients such as some
vitamins, sterols and trace elements (Mg2+, Mn2+ and Zn2+) as well as an osmoprotectant
(such as glycine and proline) are supplied [5,8,14,26,32]. Additionally, an aeration technique
using the redox potential control during ethanol fermentation under the VHG condition
may improve ethanol production efficiency [33,34].

4. Conclusions

Effective yeast strains for ethanol production from sweet sorghum juice and sugarcane
juice were isolated. In ethanol fermentation from a SSJ medium with no nutrient supple-
ment under the HG conditions at 200 g/L of sugar, the SCJ14KKU and SSJ01KKU strains
gave high ethanol production efficiencies that were comparable to the reference strains.
The SCJ04KKU and SSJ01KKU strains showed high ethanol production efficiency under
the HG conditions at 240 g/L of sugar, whereas SSJ01KKU was the most suitable for VHG
fermentation at 280 g/L of sugar.

Nitrogen supplementation in the SSJ medium promoted ethanol production efficiency
(in terms of PE and QP) under both HG and VHG conditions. Under the VHG condi-
tion, the SSJ01KKU strain gave the highest ethanol production efficiency with ethanol
concentration, productivity and yield of 121.83 g/L, 1.69 g/L·h and 0.49, respectively.
Molecular taxonomic analysis revealed that the SSJ01KKU strain is S. cerevisiae. The results
obtained from this study demonstrate S. cerevisiae SSJ01KKU as a novel effective yeast
strain with high potential for use in industrial ethanol fermentation processes under both
HG and VHG conditions.
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