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High‑temperature ethanol 
fermentation from pineapple waste 
hydrolysate and gene expression 
analysis of thermotolerant yeast 
Saccharomyces cerevisiae
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Mamoru Yamada4,5 & Pornthap Thanonkeo1,6*

High‑temperature ethanol fermentation by thermotolerant yeast is considered a promising 
technology for ethanol production, especially in tropical and subtropical regions. In this study, 
optimization conditions for high‑temperature ethanol fermentation of pineapple waste hydrolysate 
(PWH) using a newly isolated thermotolerant yeast, Saccharomyces cerevisiae HG1.1, and the 
expression of genes during ethanol fermentation at 40 °C were carried out. Three independent 
variables, including cell concentration, pH, and yeast extract, positively affected ethanol production 
from PWH at 40 °C. The optimum levels of these significant factors evaluated using response surface 
methodology (RSM) based on central composite design (CCD) were a cell concentration of 8.0 ×  107 
cells/mL, a pH of 5.5, and a yeast extract concentration of 4.95 g/L, yielding a maximum ethanol 
concentration of 36.85 g/L and productivity of 3.07 g/L. Gene expression analysis during high‑
temperature ethanol fermentation using RT–qPCR revealed that the acquisition of thermotolerance 
ability and ethanol fermentation efficiency of S. cerevisiae HG1.1 are associated with genes 
responsible for growth and ethanol stress, oxidative stress, acetic acid stress, DNA repair, the 
pyruvate‑to‑tricarboxylic acid (TCA) pathway, and the pyruvate‑to‑ethanol pathway.

Increasing energy demands encourage scientists to find low-cost, clean, renewable, and sustainable alternative 
energy  sources1–3. A comparative study of literature on various alternative fuels, such as ethanol, vegetable oils, 
microbial oils, biomass, glycerol, biodiesel, and hydrogen, has been  reported4,5. Commercial ethanol for biofuel 
is produced from feedstocks such as sugarcane, corn, and cassava. These raw materials, which are also food 
for human needs and animal feed, are competitively  priced6. Agricultural wastes, particularly lignocellulosic 
materials, have been considered promising for second-generation bioethanol production. Pineapple peel, core, 
stem, and leaves are byproducts of pineapple processing (approximately 50% (w/w) of the pineapple weight)7. 
These byproducts are highly biodegradable and rich in proteins and carbohydrates, which are promising raw and 
abundant materials for ethanol  production8,9. Thailand and Vietnam are the top countries in pineapple produc-
tion, producing 2.21 and 0.59 million metric tons, accounting for 8.91% and 2.38% of the world’s production, 
 respectively10.

In summer, the temperature in Thailand and Vietnam dramatically increases, which will increase with global 
warming. Furthermore, the temperature inside a bioreactor may rise from 30 °C to approximately 40 °C during 
ethanol  fermentation11. High temperatures inhibit cell growth and the metabolic activity of yeast cells, resulting 
in a reduction in ethanol yield and volumetric ethanol  productivity12,13. Therefore, the use of thermotolerant 
microorganisms is a promising approach to solving the problem of ethanol production at high temperatures. 
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There are several advantages of using high-temperature ethanol fermentation, such as decreased costs associ-
ated with a cooling system, higher yields obtained in saccharification, and reduced risk of contamination by 
 bacteria14,15. Even though many thermotolerant yeasts can tolerate and ferment at high temperatures, several 
stresses, e.g., thermal, ethanol, osmotic, ionic, lignocellulosic inhibitors, and reactive oxygen species (ROS), are 
unfavorable conditions for yeast growth and fermentation activity. Denaturation of DNA, proteins, lipids, and 
essential cellular structures of yeast cells under stressful situations has been previously  reported16–19. However, 
the molecular mechanism conferring thermotolerance acquisition during high-temperature ethanol fermenta-
tion using PWH as feedstock has not yet been evaluated.

S. cerevisiae can reproduce in anaerobic and aerobic conditions and accumulate ethanol at high concentra-
tions, making it the preferred choice for starter cultures for beverage and food  fermentations20. Recently, S. 
cerevisiae has become one of the most engineered yeasts for ethanol production from the agricultural, kitchen, 
industrial, and lignocellulosic  wastes21,22. S. cerevisiae HG1.1 is one of several thermotolerant yeasts isolated 
from soil samples in  Vietnam23. This newly isolated yeast can grow and produce ethanol at a temperature up to 
45 °C, using a YM medium containing 160 g/L glucose. Furthermore, it can tolerate ethanol and acetic acid up 
to 14% (v/v) and 4 g/L, respectively, when growing on YM agar at 35 °C23. Since its ethanol production potential 
using agricultural waste as feedstock has never been elucidated. Therefore, this newly isolated yeast was chosen 
for ethanol production under high-temperature conditions using PWH as feedstock in this study.

The disadvantages of a single variable optimization technique, for instance, missing the interactions between 
the experimental factors and requiring a large number of experiments, can be eliminated by a statistical experi-
mental model such as response surface methodology (RSM) based on a central composite design (CCD)24. 
Statistical tools such as RSM are used for experimental design, determining the positive and negative variables 
and their interactions, predicting the optimal equation for optimization with the cost-effective process, and 
reducing experimental  runs25,26. Several recent reports have used this statistical method to optimize different 
medium compositions for bioethanol  fermentation27–29. This study used a statistical optimization methodology 
to investigate ethanol production from PWH at high temperatures by the newly isolated thermotolerant yeast S. 
cerevisiae HG1.1. In addition, reverse transcription quantitative real-time polymerase chain reaction (RT–qPCR) 
was applied to analyze the expression levels of selected genes responsible for growth and ethanol stress (ATP6, 
OLE1, ERG8), oxidative stress (GLR1, SOD1), DNA repair (RAD14, MRE11, POL4), the pyruvate-to-tricarboxylic 
acid (TCA) pathway (PDA1, CIT1, LYS21), the pyruvate-to-ethanol pathway (PDC1, ADH1, ADH2), and acetic 
acid stress (ACS1, ALD2) in S. cerevisiae HG1.1. This study could provide the optimum conditions for ethanol 
production from PWH and help better understand the molecular mechanism by which yeast cells acquire ther-
motolerance and fermentation efficiency during high-temperature ethanol fermentation.

Materials and methods
Strain and culture media. The newly isolated thermotolerant yeast S. cerevisiae HG1.1, isolated from soil 
samples from Vietnam, was used in this study. Isolation, screening, and selection of this thermotolerant yeast 
strain were described by Phong et al.23. The yeast culture was stored at the Department of Biotechnology, Faculty 
of Technology, Khon Kaen University, Thailand.

The medium used was YM medium (0.3% yeast extract, 0.3% malt extract, 0.5% peptone, and 1.0% D-glu-
cose). Yeast inoculum was prepared by transferring one colony of a 24-h culture grown on a slant of YM agar 
to a test tube containing 10 mL of YM broth and incubating on a rotary shaker at 35 °C and 100 rpm for 18 h. 
Then, 10 mL of preculture was inoculated into a 500-mL Erlenmeyer flask containing 200 mL of YM broth (pH 
5.0) and incubated on a rotary shaker under the same conditions for 18 h. The final yeast cell concentrations 
were approximately 1.0 ×  108–2.5 ×  108 cells/mL. The active yeast cells were collected by centrifugation and used 
as a starter culture.

Plant material. Pineapple (Ananas comosus L. cv. Pattavia) wastes (pineapple peels and core) were collected 
in May 2018 from the Food Services Center, Khon Kaen University, Khon Kaen province, Thailand, with the 
permission of the Khon Kaen University Office. The plant used in this study is not wild but cultivated in Nong 
Khai province, Thailand. A voucher specimen (dried material) was deposited at the Department of Biotechnol-
ogy, Faculty of Technology, Khon Kaen University, with the code number: KKUDB-PPC-2018-01. All methods 
were performed following relevant guidelines in the method section.

PWH preparation and chemical composition analysis. Pineapple wastes were collected and chopped 
into small pieces. They were dried under natural conditions (sun drying for 3 days) and in a hot air oven for 24 h. 
The dried pineapple wastes were milled by a laboratory blender, mixed in a single lot, and stored prior to use. 
The fiber compositions of dried pineapple wastes were analyzed using an Ankom Fiber  Analyzer30 at the Animal 
Science Laboratory, Faculty of Agriculture, Khon Kaen University.

PWH was prepared by transferring dried pineapple wastes to 0.5% (v/v) sulfuric acid  (H2SO4) and heating at 
121 °C for 15  min31. After hydrolysis, the pellet was removed by centrifugation, and the resulting supernatant was 
collected and kept at − 20 °C. The sugar compositions, acetic acid, formic acid, and furfural were analyzed using 
high-performance liquid chromatography (HPLC) at Central Laboratory, Faculty of Technology, Khon Kaen 
University and Central Laboratory (Thailand) Co., Ltd., Khon Kaen. Minerals, such as nitrogen, phosphorus, and 
magnesium, were analyzed at the Chemical Analysis Laboratory, Agricultural Development Research Center in 
Northeast Thailand, Khon Kaen, Thailand.

Effect of inorganic nitrogen sources on ethanol fermentation. Inorganic nitrogen sources have 
been shown to affect ethanol production under high-temperature fermentation conditions. In this study, based 
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on the literature reviews, various inorganic nitrogen sources, including urea [CO(NH2)2], ammonium sulfate 
[(NH4)2SO4], ammonium nitrate  [NH4NO3], and diammonium phosphate [DAP,  (NH4)2HPO4] at different 
 concentrations27,32 were determined for their effect on ethanol production by S. cerevisiae HG1.1. The ethanol 
fermentation was conducted in triplicate using a 250-mL Erlenmeyer flask containing 100 mL of PWH (pH 5.0) 
supplemented with various nitrogen sources at different concentrations and an initial yeast cell concentration 
of 5.0 ×  106 cells/mL. All flasks were incubated at 40 °C on a rotary shaker at 100 rpm. Samples were withdrawn 
every 12 h and subjected to ethanol and total sugar analyses.

Optimization of ethanol production at high temperature. Based on the literature reviews, several 
environmental factors or variables affect ethanol production under high-temperature conditions. In this study, 
some influence factors include initial yeast cell concentration, pH of the fermentation medium, manganese (II) 
sulfate  (MnSO4·H2O), zinc sulfate  (ZnSO4·7H2O), magnesium sulfate  (MgSO4·7H2O), potassium dihydrogen 
phosphate  (KH2PO4), and yeast extract were  chosen12,23,27,28,32,33. The significant independent factors positively 
affecting ethanol production from PWH by S. cerevisiae HG1.1 were screened and selected using PBD. The codes 
and actual values of the independent factors are presented in Table 1. The batch ethanol fermentation experi-
ments were performed in triplicate using a 250-mL Erlenmeyer flask containing 100 mL of PWH (pH 5.0). The 
ethanol concentration was set as the response variable in this study.

The significant independent variables selected based on PBD were subjected to an optimization experiment 
using the RSM based on the CCD. The confirmatory experiment was carried out using the optimized conditions 
from the response surface analysis.

RT–qPCR analysis of gene expression in S. cerevisiae HG1.1 under high‑temperature ethanol 
fermentation. The yeast inoculum was transferred into a 250-mL Erlenmeyer flask containing 100  mL 
PWH (pH 5.5) supplemented with 4.95  g/L yeast extract with an initial cell concentration of 8.0 ×  107 cells/
mL. All flasks were incubated on a rotary shaker at 100 rpm under four different fermentation conditions: (1) 
unstressed condition (flasks were incubated at 30 °C for 9 h); (2) heat shock condition (flasks were incubated at 
30 °C for 9 h, then shifted to 40 °C for 30 min); (3) short-term heat stress (flasks were incubated at 30 °C for 9 h, 
then shifted to 40 °C for 3 h); and (4) long-term heat stress (flasks were incubated at 40 °C for 9 h). Yeast cells 
were harvested at specific time points (i.e., 9 h for unstressed, 9 h and 30 min for heat shock, 12 h for short-term 
heat stress, and 9 h for long-term heat stress) by centrifugation at 5,000 rpm and 4 °C for 5 min, and then sub-
jected to total RNA isolation using an RNA extraction kit (GF-1 Total RNA extraction kit, Vivantis, USA) with 
some modifications as described by Techaparin et al.34. The RNA concentration in each sample was measured 
and adjusted using a BioDrop μLITE (BioDrop Ltd, UK). RT–qPCR was performed in triplicate on a 7500 Fast 
Real-Time PCR System using the qPCRBIO SyGreen One-Step Detect Lo-ROX (PCR Biosystems, London, UK). 
The reactions were conducted with a total volume of 20 μL containing 1 μL RNA sample (100 ng RNA), 0.8 μL 
of each specific forward and reverse primer, 1 μL 20 × RTase, 10 μL 2 × qPCRBIO Sygreen One-Step mix, and 6.4 
μL RNase-free water. The thermal cycling conditions were as follows: 45 °C for 30 min; 95 °C for 2 min; 40 cycles 
of 95 °C for 15 s, and 60 °C for 1 min. A list of primer pairs used for RT–qPCR is shown in Table 2. The RNase-
free water was used instead of the RNA template for the negative control. The actin gene (ACT1) was used as an 
internal control. The relative gene expression was calculated using the  2−ΔΔCT method in which the target gene 
amount was adjusted to the reference gene (ACT1 gene).

Analytical methods and data analysis. Viable cell concentration was determined by a haemacy-
tometer using the methylene blue staining  technique35. The total sugars were analyzed by the phenol sulfuric 
acid  method36 using a spectrophotometer (UV-1601, Shimadzu). The ethanol concentration was determined 
by gas chromatography (GC-14B, Shimadzu) using a packed column of polyethylene glycol (PEG-20 M) with 
a flame ionization  detector37. The following equations were used to calculate the fermentation parameters: 
ethanol yield  (Yp/s, g/g) =  PE/[S0  −   St]; volumetric ethanol productivity  (Qp, g/L.h) =  PE/t; yield efficiency  (Ey, 
%) =  [Yp/s/0.511] × 100; sugar consumption  (Sc, %) =  [St/S0] × 100, where  PE is ethanol concentration (g/L),  S0 is 
initial sugar concentration (g),  St is sugar concentration (g) at time t, and t is fermentation time (h). The data 
are expressed as the mean ± standard deviation (SD). Analysis of variance was used to evaluate the differences 
among the treatments using Duncan’s multiple range tests (DMRT). The statistical analysis was carried out using 
Statgraphics Centurion XV (Statpoint Technologies Inc., USA).

Table 1.  Codes and actual values of the independent factors for the designed experiment.

Code Factor Unit Low level (− 1) High level (+ 1)

A Initial cell concentration cells/mL 1 ×  106 5 ×  107

B pH g/L 4.0 6.0

C Manganese (II) sulfate  (MnSO4·H2O) g/L 0.02 1.5

D Zinc sulfate  ZnSO4·7H2O g/L 0.02 1.5

E Magnesium sulfate  (MgSO4·7H2O) g/L 0.05 2.0

F Potassium dihydrogen phosphate  (KH2PO4) g/L 0.05 2.0

G Yeast extract g/L 0.0 6.0
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Results and discussion
Composition of dried pineapple waste and PWH. The dried pineapple waste had high contents of 
hemicelluloses (28.81%) and cellulose (16.57%), and the total crude fiber was 48.72%, while lignin comprised 
only 3.04% of the total dry matter. Previous studies by Niwaswong et al.38 reported that raw pineapple peel com-
prised 9.43% hemicellulose, 20.44% cellulose, and 41.21% lignin. Choonut et al.8 showed that 51.13% hemicellu-
lose, 37.68% cellulose, and 10.24% lignin were detected in pineapple peel after hot water pretreatment at 100 °C 
for 240 min. The cellulose content of pineapple waste used in this study was lower than that of other agricultural 
wastes, such as rice straw (32–47% cellulose)39 and corn stover (38–40% cellulose)40. However, the cellulose and 
hemicellulose contents were greater than those of yam peel (5.7% cellulose, 5.1% hemicellulose) and cassava peel 
(12.7% cellulose, 5.5% hemicellulose)41.

Glucose and fructose were the principal sugars found in PWH, accounting for 41.11 and 40.87 g/L, respec-
tively, while sucrose and maltose were not detected. Xylose and arabinose were also detected at 5.34 and 4.42 g/L, 
respectively. Rattanapoltee and  Kaewkannetra31 reported that only 18.41 g/L glucose and 24.55 g/L fructose 
were present in pineapple peel hydrolysate. The total sugar concentration was only 55.91 g/L. Niwaswong et al.38 
reported 82.10 g/L reducing sugars by dilute acid hydrolysis of pineapple peel waste. Formic acid, acetic acid, and 
furfural are considered inhibitors that are derived from acid hydrolysis. The acetic acid concentration of PWH 
was 8.39 g/L, whereas the concentrations of formic acid and furfural were 0.96 g/L and 0.36 mg/L, respectively, 
which were lower than those reported by Rattanapoltee and  Kaewkannetra31.

The total sugars of PWH were 103.03 g/L, which was as high as the total sugars found in orange peel hydro-
lysate (101 g/L)33 and banana peel hydrolysate (155 g/L)42. Furthermore, the PWH also contains some miner-
als, such as nitrogen (686 mg/L), phosphorus (274 mg/L), magnesium (126 mg/L), manganese (34 mg/L), and 
zinc (5 mg/L), which are essential for yeast growth and metabolic activity. Based on the sugar and mineral 

Table 2.  A list of primer pairs used for RT−qPCR.

No Gene Primer Nucleotide sequence (5′–3′)

1 ATP6
ATP6–F GAG ATT AGA CTA TTA TTT GG

ATP6–R TAC TAA TGG TAA TGG TGT AC

2 OLE1
OLE1–F CCA GCA GTG GCA TTG TCG AC

OLE1–R CCC TTC AAC GGA AGC ACA ACC 

3 ERG8
ERG8–F GTG CCC CAG GGA AAG CGT TA

ERG8–R ACT GTG ACT AAA CCT GCC GA

4 GLR1
GLR1–F AGA GCT GCA TCT TAT GGT GC

GLR1–R CCA ATA TAA CCA GCG CCA AC

5 SOD1
SOD1–F TAA AGG GTG ATG CCG GTG TCT 

SOD1–R TTA GAC CAA TGA CAC CAC AGG 

6 RAD14
RAD14–F GAG TAC GAT TTT GCC ACC ATGC 

RAD14–R CCT TCT TCT CCA CCC CAT TT

7 MRE11
MRE11–F TGT TGC ATG GGT GAC AAG CC

MRE11–R GAC CCC ATA TCA CCA TAT CCAG 

8 POL4
POL4–F CAG TTG CAT CAC AAA GTG GG

POL4–R GCA ATT TCC GAC CCA ATG CCG 

9 LYS21
LYS21–F TCT CCC GTA GCA TCC GAA CA

LYS21–R CCA CCT TCC AAA GCA GTG TA

10 PDA1
PDA1–F CAT CAG AAG AAT GGA GAT GGC 

PDA1–R GGT ACC CAT ACC GTA CTT GTTG 

11 CIT1
CIT1–F GGG AAG GTT CCG TGT TAG AC

CIT1–R CGT TAC CAC CTT CAT GAT CAG 

12 PDC1
PDC1–F AGA TGG GCT GGT AAC GCC AA

PDC1–R GCA TCA GCC AAG ATA ACT GGG 

13 ADH1
ADH1–F CTC TGG TGT CTG TCA CAC TG

ADH1–R CTG TAA CCC ATA GCC TTG GC

14 ADH2
ADH2–F CCC AGT TCC AAA GCC AAA GCC 

ADH2–R CTG TAA CCC ATC GCC TTA GC

15 ACS1
ACS1–F GCA TGG TTC CTC AAC GGC CA

ACS1–R GGA TCC TCA GAA TCA ACG GG

16 ALD2
ALD2–F TCG AAA CTG TGA ACC CAG CTAC 

ALD2–R ATA ACC GTG TTA CCG GCT GC

17 ACT1
ACT1–F GGT AGA CCA AGA CAC CAA GG

ACT1–R GAA GTC CAA GGC GAC GTA AC
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contents presented in PWH, it was considered a promising potential feedstock for ethanol and other biochemi-
cal production.

Effect of inorganic nitrogen sources on ethanol production. The supplementation of inorganic 
nitrogen sources into the PWH did not significantly increase the final ethanol concentrations compared to 
the control treatment without inorganic nitrogen supplementation. The highest ethanol concentrations of 
34.60, 34.56, and 33.55  g/L were achieved from the medium supplemented with  NH4NO3,  (NH4)2SO4, and 
 (NH4)2HPO4, respectively, which were not significantly different from the control treatment (33.54 g/L). Fur-
thermore, supplementation with CO(NH2)2 resulted in a lower ethanol concentration than the control (Table 3). 
Due to the low sugar content of PWH, S. cerevisiae HG1.1 quickly converted all sugars to reach the maximum 
ethanol concentration with a low consumption level of nitrogen sources. On the other hand, PWH may contain 
sufficient nitrogen sources for yeast growth and metabolic activity. Generally, nitrogen is essential when the fer-
mentation process is carried out at a high initial sugar concentration (for example, greater than 200 g/L)43. The 
results in the present study coincide with those reported by Charoensopharat et al.32 and Arora et al.44.

The C/N ratio of the fermentation medium also played a crucial role in ethanol production. One study 
reported the optimum C/N ratio of 7.9 for ethanol production from sago starch using recombinant S. cerevisiae 
YKU  13145, while the other reported the value of 35.2 for ethanol production from tapioca starch using co-
culture of Aspergillus niger and S. cerevisiae46. In this study, the C/N ratio of the fermentation medium was not 
determined; thus, further study is needed to clarify this hypothesis. Based on the results in this study, inorganic 
nitrogen was not selected as the independent variable in the experiment on screening factors that affected ethanol 
production using a Plackett–Burman design (PBD).

Screening of significant factors for ethanol production by S. cerevisiae HG1.1 using a Plackett 
and Burman design (PBD). The PBD used 7 independent factors and 12 experimental runs. The maximal 
ethanol concentration of 32.73 g/L and volumetric ethanol productivity of 2.18 g/L.h were achieved after 15 h of 
fermentation at 40 °C (Table 4). Three factors, including initial cell concentration (A), pH (B), and yeast extract 
(G), were the most significant variables in ethanol production from PWH by the thermotolerant yeast S. cerevi-
siae HG1.1, with p values < 0.05 (Table 5). Analysis of the adequate levels of these three crucial factors showed 
that the most influential factor was pH (p value was 0.0002), and yeast extract was the most negligible influential 
factor (p value was 0.0485). The selected model was significant (p value < 0.005), with a high confidence level 
based on the values of R-squared (0.9837) and adjusted R-squared (0.9551). Based on the t value limit on the 
Pareto chart (Fig. 1), three variables, including initial cell concentration (A), pH (B), and yeast extract (G), were 

Table 3.  Kinetic parameters of ethanol production from PWH supplemented with various inorganic nitrogen 
sources and concentrations at 40 °C for 18 h. PE: ethanol concentration (g/L);  Yp/s: ethanol yield (g/g);  Ey: 
yield efficiency (%); and  Sc: sugar consumption (%). Mean values with different letters in the same column are 
significantly different (p value < 0.05) based on DMRT analysis.

Concentration (g/L)

Parameter (Mean ± SD)

PE (g/L) Yp/s (g/g) Ey (%) Sc (%)

0 33.45 ± 0.78abc 0.43 ± 0.00 81.57 ± 1.53 76.94 ± 1.61

Ammonium nitrate (AN)

0.25 34.60 ± 0.49a 0.48 ± 0.01 92.30 ± 2.17 71.47 ± 1.54

0.50 34.27 ± 0.17ab 0.49 ± 0.01 96.08 ± 1.24 70.34 ± 1.14

0.75 33.56 ± 0.12abc 0.44 ± 0.01 86.98 ± 1.36 75.88 ± 1.13

1.0 33.99 ± 0.14ab 0.46 ± 0.01 90.29 ± 1.17 72.62 ± 1.00

Ammonium sulfate (AS)

0.25 34.56 ± 0.24a 0.46 ± 0.03 90.34 ± 2.47 73.79 ± 1.97

0.50 33.92 ± 0.27ab 0.45 ± 0.01 87.71 ± 1.20 76.28 ± 1.21

0.75 33.90 ± 0.44ab 0.47 ± 0.03 92.21 ± 2.41 72.46 ± 1.34

1.0 33.93 ± 0.63ab 0.45 ± 0.02 87.34 ± 1.73 75.02 ± 1.02

Diammonium phosphate (DAP)

0.25 29.56 ± 0.21 g 0.43 ± 0.02 84.86 ± 1.63 67.22 ± 1.25

0.50 32.53 ± 0.98 cd 0.43 ± 0.01 83.75 ± 2.42 76.60 ± 1.00

0.75 33.55 ± 0.71abc 0.45 ± 0.02 88.73 ± 3.04 74.33 ± 1.44

1.0 33.11 ± 0.88bcd 0.44 ± 0.01 87.01 ± 1.49 73.43 ± 0.75

Urea (UR)

0.25 29.80 ± 0.48 fg 0.42 ± 0.00 81.64 ± 0.27 70.33 ± 0.90

0.50 31.06 ± 0.82ef 0.45 ± 0.02 87.60 ± 1.79 69.92 ± 0.16

0.75 31.82 ± 0.47de 0.43 ± 0.02 84.91 ± 1.22 73.77 ± 1.66

1.0 31.94 ± 0.25de 0.43 ± 0.01 84.03 ± 0.91 73.39 ± 1.04
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considered significant variables. All three variables positively affected ethanol production from PWH using S. 
cerevisiae HG1.1.

In PWH with low total sugars (ca. 103 g/L), both inorganic nitrogen sources and other salts were unnecessary. 
However, the initial cell concentration strongly affects the ethanol production rate. Higher initial cell concen-
trations can promote the fermentation rate and ethanol production efficiency. Techaparin et al.28 reported that 
when the initial cell concentration increased from 1.0 ×  107 to 3.0 ×  108 cells/mL, the ethanol concentrations 
from sweet sorghum juice were raised from 64.79 to 84.32 g/L using S. cerevisiae KKU-VN8. Greater than ten 
times higher ethanol productivity from hydrolyzed sugarcane bagasse was achieved when the inoculum size of S. 
cerevisiae ITV-01 was increased from 0.2 to 10 g/L47.

Yeast growth and fermentation activity are affected directly by the pH of the fermentation medium. The 
enzymes involved in the yeast growth and ethanol production pathway may be inactivated at a low pH  level48. 
Although S. cerevisiae can grow well at pH values between 4.0 and 6.0, the optimum pH for ethanol production 
is approximately 5.0–5.5. Singh and  Bishnoi49 demonstrated that pH 5.5 was the optimum pH value from statisti-
cal optimization of ethanol production from pretreated wheat straw hydrolysate using S. cerevisiae MTCC 174. 
Izmirlioglu and  Demirci50 also found that pH 5.5 was the optimum value for ethanol production from potato 
mash waste using S. cerevisiae ATCC 24,859, which yielded a 30.99 g/L ethanol concentration. This pH value was 
also the optimum condition for ethanol production using K. marxianus NIRE-K3 at 45 °C, providing a 93.2% 
yield efficiency and 0.48 g/g ethanol  yield44.

Yeast extract is widely used as the primary organic nitrogen source in several ethanol fermentation processes. 
It has been recognized as having a highly positive effect on ethanol  production44,51. In the present study, 4.95 g/L 
yeast extract was the optimum concentration for ethanol production from PWH by S. cerevisiae HG1.1. Different 
optimum concentrations of yeast extract for ethanol production have also been reported. For instance, Schni-
erda et al.51 demonstrated that 9.43 and 9.24 g/L ethanol were attained from molasses-based medium (20 g/L 
sugar) supplemented with 0.5 g/L total yeast assimilable nitrogen by S. cerevisiae EC1118 and I. orientalis Y1161, 

Table 4.  Plackett–Burman design matrix for the screening of variable effects on ethanol production from 
PWH using S. cerevisiae HG1.1.

Std Run

Variables Responses

A B C D E F G Ethanol (g/L) Productivity (g/L.h)

5 1 1.0 ×  106 4.0 1.50 0.02 2.00 2.00 0 0.93 ± 0.15 0.06 ± 0.01

6 2 1.0 ×  106 4.0 0.02 1.50 0.05 2.00 9 2.18 ± 0.71 0.15 ± 0.05

12 3 1.0 ×  106 4.0 0.02 0.02 0.05 0.05 0 0.81 ± 0.11 0.05 ± 0.01

10 4 1.0 ×  106 6.0 1.50 1.50 0.05 0.05 0 11.95 ± 1.02 0.80 ± 0.07

11 5 5.0 ×  107 4.0 1.50 1.50 2.00 0.05 0 6.15 ± 0.25 0.41 ± 0.02

7 6 5.0 ×  107 4.0 0.02 0.02 2.00 0.05 9 15.04 ± 1.76 1.00 ± 0.12

1 7 5.0 ×  107 6.0 0.02 1.50 2.00 2.00 0 27.15 ± 1.40 1.81 ± 0.09

3 8 5.0 ×  107 4.0 1.50 1.50 0.05 2.00 9 9.07 ± 0.38 0.60 ± 0.03

8 9 5.0 ×  107 6.0 0.02 0.02 0.05 2.00 0 26.26 ± 1.07 1.75 ± 0.07

9 10 5.0 ×  107 6.0 1.50 0.02 0.05 0.05 9 32.73 ± 2.12 2.18 ± 0.14

2 11 1.0 ×  106 6.0 1.50 0.02 2.00 2.00 9 18.54 ± 1.24 1.24 ± 0.08

4 12 1.0 ×  106 6.0 0.02 1.50 2.00 0.05 9 17.95 ± 0.95 1.20 ± 0.06

Table 5.  Analysis of variance (ANOVA) from the Plackett–Burman design of ethanol production from PWH 
using S. cerevisiae HG1.1.

Source Sum of square df Mean square F value p value Prob > F Note

Model l1264.96 7 180.71 34.46 0.0020 Significant

A-Cell concentration 341.76 1 341.76 65.17 0.0013 Significant

B-pH 840.01 1 840.01 160.17 0.0002 Significant

C-  MnSO4.H2O 8.37 1 8.37 1.60 0.2752

D-  ZnSO4.7H2O 32.87 1 32.87 6.27 0.0665

E-  MgSO4.7H2O 0.63 1 0.63 0.12 0.7454

F-  KH2PO4 0.021 1 0.021 3.973E−3 0.9528

G-Yeast extract 41.29 1 41.29 7.87 0.0485 Significant

Residual 20.98 4 5.24

Cor Total 1285.93 11

Std. Dev 2.29 R-Squared 0.9837

C.V. % 16.28 Adj R-Squared 0.9551
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respectively. Yeast extract at 3.0 g/L was determined to be the optimum concentration for ethanol production 
by S. cerevisiae NP01 using a fermentation medium containing 280 g/L  sucrose52.

In comparison, yeast extract at 9.0 g/L promoted ethanol production from sweet sorghum juice containing 
270 g/L total sugars using S. cerevisiae  NP0153. Yeast extract is essential for efficient ethanol fermentation, espe-
cially under very high gravity fermentation conditions and high-temperature fermentation processes, but the 
most challenging factor is the high cost. Therefore, many scientists have tried to replace other low-cost organic 
nitrogen sources, such as dried spent yeast, corn-steep liquor, poultry meal, and feather meal. They have also 
demonstrated their potential application in the production of ethanol and other  biochemicals32,52.

Optimization conditions for ethanol production by S. cerevisiae HG1.1 using CCD. The experi-
mental design codes and actual values of the significant independent factors, including initial cell concentration 
(5.0 ×  106 to 1.0 ×  108 cells/mL), pH (4.0 to 6.5), and yeast extract (3.0 to 12.0 g/L), are shown in Table 6. The 
observed ethanol concentrations from the CCD with 20 experimental runs were 19.10–33.54 g/L, and the pre-
dicted ethanol concentrations were 19.49–33.78 g/L (Table 7). The ethanol productivities were 1.59–2.80 g/L.h. 
The quadratic polynomial regression model and a second-order polynomial equation to predict the final ethanol 
concentration (PE) as a function of the fermentation variables were established, and the prediction equation was 
as follows:

The results revealed that the model was statistically significant (p value < 0.0001) (Table 8). The model was 
reliable because the p value of lack of fit was not statistically significant (p value > 0.005), the R-squared was 
0.9808, and the adjusted R-squared was 0.9635, which was close to the R-squared. The standard deviation and 
coefficient values were only 0.71 and 2.40%, respectively. ANOVA also demonstrated that all these factors strongly 

PE
(

g/L
)

=31.19+ 2.32A+ 2.52B− 1.14C− 1.65AB

+0.32AC+ 1.42BC− 0.46A2
− 1.67B2 − 0.21C2

Figure 1.  Pareto chart of standardized effects for the Plackett–Burman design of initial cell concentration (A), 
initial pH (B),  MnSO4.H2O (C),  ZnSO4.7H2O (D),  MgSO4.7H2O (E),  KH2PO4 (F), and yeast extract (G).

Table 6.  Codes and actual values of the independent factors for CCD on ethanol production from PWH using 
S. cerevisiae HG1.1.

Codes Factors Units

Levels

− 1.68 − 1 0 + 1 + 1.68

A Cell concentration cells/mL 5.0 ×  106 2.4 ×  107 5.3 ×  107 8.1 ×  107 1.0 ×  108

B pH 4.5 4.9 5.5 6.1 6.5

C Yeast extract g/L 3.00 4.82 7.50 10.18 12.00
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affected ethanol production from PWH by S. cerevisiae HG1.1 at 40 °C. The p values of these significant factors 
were less than 0.0001.

The 3-D response surfaces and contour plots for ethanol are presented in Fig. 2. The most fixed model was 
achieved when the yeast extract value was fixed at 7.50 g/L, and the cell concentration and pH levels were var-
ied. The ethanol concentration was strongly affected by both cell concentration and pH. The maximum ethanol 
concentration of 33.54 g/L was achieved after 15 h of fermentation at the center pH value (pH 5.5) and cell 
concentration of 1.0 ×  108 cells/mL. The maximum ethanol productivity (2.80 g/L.h) was also attained. Based on 
the three-factor quadratic polynomial equation, the maximum predicted ethanol concentration was 33.67 g/L 
under the optimum conditions: cell concentration of 8.0 ×  107 cells/mL, pH of 5.4, and yeast extract concentra-
tion of 4.9 g/L.

Table 7.  The central composite design matrix for ethanol production using S. cerevisiae HG1.1 at 40 °C.

Std Run Inoculum (cells/mL) pH Yeast extract (g/L)

Ethanol (g/L)

Productivity (g/L.h)Predicted Observed

3 1 2.4E+07 6.09 4.82 30.75 31.13 ± 1.55 2.59 ± 0.13

4 2 8.1E+07 6.09 4.82 31.45 31.96 ± 1.34 2.66 ± 0.11

17 3 5.3E+07 5.50 7.50 31.19 31.39 ± 1.71 2.62 ± 0.14

10 4 1.0E+08 5.50 7.50 33.78 33.54 ± 0.33 2.80 ± 0.03

1 5 2.4E+07 4.91 4.82 25.26 25.56 ± 0.71 2.13 ± 0.06

11 6 5.3E+07 4.50 7.50 22.22 22.23 ± 2.16 1.85 ± 0.19

13 7 5.3E+07 5.50 3.00 32.53 31.62 ± 1.19 2.64 ± 0.10

6 8 8.1E+07 4.91 10.18 28.05 27.79 ± 0.88 2.32 ± 0.07

12 9 5.3E+07 6.50 7.50 30.71 30.52 ± 1.17 2.54 ± 0.10

2 10 8.1E+07 4.91 4.82 32.54 32.97 ± 0.35 2.75 ± 0.03

14 11 5.3E+07 5.50 12.00 28.69 29.43 ± 1.46 2.45 ± 0.12

5 12 2.4E+07 4.91 10.18 19.49 19.10 ± 0.41 1.59 ± 0.03

7 13 2.4E+07 6.09 10.18 30.67 30.36 ± 1.63 2.53 ± 0.14

8 14 8.1E+07 6.09 10.18 32.65 32.47 ± 1.77 2.71 ± 0.15

15 15 5.3E+07 5.50 7.50 31.19 30.01 ± 0.64 2.50 ± 0.05

16 16 5.3E+07 5.50 7.50 31.19 32.10 ± 0.71 2.68 ± 0.06

20 17 5.3E+07 5.50 7.50 31.19 31.65 ± 1.56 2.64 ± 0.13

19 18 5.3E+07 5.50 7.50 31.19 31.11 ± 0.59 2.59 ± 0.05

9 19 5.0E+06 5.50 7.50 25.99 26.06 ± 0.82 2.17 ± 0.07

18 20 5.3E+07 5.50 7.50 31.99 30.94 ± 0.52 2.58 ± 0.04

Table 8.  Analysis of variance (ANOVA) and results of regression analysis of the CCD on ethanol production 
from PWH using S. cerevisiae HG1.1.

Source Sum of square df Mean square F value p value Prob > F Note

Model 258.11 9 28.68 56.79  < 0.0001 Significant

A 73.21 1 73.21 144.97  < 0.0001

B 86.86 1 86.86 172.01  < 0.0001

C 17.78 1 17.78 35.21 0.0001

AB 21.65 1 21.65 42.87  < 0.0001

AC 0.82 1 0.82 1.62 0.2316

BC 16.19 1 16.19 32.06 0.0002

A2 3.07 1 3.07 6.09 0.0333

B2 40.32 1 40.32 79.85  < 0.0001

C2 0.61 1 0.61 1.21 0.2980

Residual 5.05 10 0.50

Lack of Fit 2.51 5 0.50 0.99 0.5052 Not significant

Pure Error 2.54 5 0.51

Cor Total 263.16 19

SD 0.71 R-Squared 0.9808

C.V. % 2.40 Adj R-Squared 0.9635
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Figure 2.  3-D response surface plots showing the effect of cell concentration (A), pH (B), and yeast extract (C) 
on ethanol concentration.
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Based on the result of the CCD experiment and the solution of the three-factor quadratic polynomial equa-
tion, three runs of experiments that gave high levels of ethanol were selected for a confirmatory experiment. A 
cell concentration of 8.0 ×  107 cells/mL, pH values in the range of 5.39–5.50, and yeast extract concentrations 
of 4.90–4.97 g/L were chosen for the confirmation test. The maximum ethanol concentration of 36.85 g/L, the 
productivity of 3.07 g/L.h, the ethanol yield of 0.48 g/g, corresponding to a yield efficiency of 93.61%, and sugar 
consumption of 74.81% were achieved under the optimum conditions, i.e., cell concentration of 8.0 ×  107 cells/
mL, pH of 5.5, and yeast extract concentration of 4.95 g/L. The ethanol concentrations of these three confirma-
tory runs were not significantly different (36.07–36.85 g/L) (Table 9).

Figure 3 shows the time profile of ethanol production from PWH at 40 °C using S. cerevisiae HG1.1. The 
ethanol concentration quickly reached the maximal value (36.85 g/L) after 12 h of fermentation, corresponding 
to the dramatic decrease in total sugars (from 102.98 to 25.93 g/L). The ethanol content was slightly decreased 
after it reached the maximum concentration due to the oxidation of ethanol by yeast when the sugar in the 
fermentation medium was depleted. The remaining sugars, mostly C-5 sugars, such as xylose and arabinose, 
were almost unchanged since S. cerevisiae could not consume this type of sugar. The remaining total sugars in 
the fermented medium were 21.79 g/L. Although PWH contained some fermentation inhibitors, such as acetic 
acid (8.23 g/L), formic acid (0.96 g/L), and furfural (0.68 mg/L), the growth and fermentation activity of S. 
cerevisiae HG1.1 were not affected. The ethanol concentration, productivity, and yield efficiency achieved from 
PWH by S. cerevisiae HG1.1 at 40 °C were relatively high compared to several previous studies summarized in 
Table 10. This finding suggests that pineapple waste is a promising agricultural waste for second-generation 
bioethanol production.

RT–qPCR analysis of gene expression in thermotolerant S. cerevisiae HG1.1. Hundreds of genes 
possess different expressions in response to heat stress in yeast  cells60–62. However, most previous gene expres-

Table 9.  The experimental design and results of verification experiments. PE: ethanol concentration (g/L);  Qp: 
ethanol productivity (g/L.h);  Yp/s: ethanol yield (g/g);  Ey: yield efficiency (%);  Sc: sugar consumption (%); and t: 
fermentation time (h).

Run Cell conc. (cells/mL) pH Yeast extract (g/L)

Ethanol  (PE, g/L)

Qp (g/L.h) YP/S (g/g) Ey (%) SC (%) t (h)Predicted Observed

1 8.0 ×  107 5.40 4.90 33.67 36.07 ± 0.92 3.01 ± 0.08 0.47 ± 0.02 92.20 ± 2.98 74.38 ± 2.91 12

2 8.0 ×  107 5.39 4.97 33.65 36.55 ± 0.46 3.05 ± 0.04 0.48 ± 0.01 93.03 ± 1.15 74.68 ± 1.78 12

3 8.0 ×  107 5.50 4.95 33.63 36.85 ± 0.72 3.07 ± 0.06 0.48 ± 0.01 93.61 ± 2.56 74.81 ± 0.72 12

Figure 3.  Time profile of ethanol production from pineapple waste hydrolysate using S. cerevisiae HG1.1 under 
optimum conditions. Symbols: filled black rhombus, ethanol; unfilled rhombus, total sugars; filled black square, 
glucose; unfilled square, fructose and xylose; unfilled circle, arabinose; unfilled triangle, formic acid; filled black 
triangle, acetic acid; filled black circle, yeast cells.
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sion studies were carried out using the synthetic medium. Only a few studies have shown the gene expression 
pattern using lignocellulosic materials as a feedstock. Thus, this study evaluated the expression of some groups 
of genes related to growth and ethanol production pathway, ethanol, oxidative and acetic acid stress, and DNA 
repair.

The expression levels of sixteen genes responsible for growth and ethanol stress (ATP6, OLE1, ERG8), oxidative 
stress (GLR1, SOD1), DNA repair (RAD14, MRE11, POL4), the pyruvate-to-TCA pathway (PDA1, CIT1, LYS21), 
the pyruvate-to-ethanol pathway (PDC1, ADH1, ADH2), and acetic acid stress (ACS1, ALD2) in S. cerevisiae HG 
1.1 were successfully evaluated using RT–qPCR. As shown in Table 11, ERG8, RAD14, ADH2, and ALD2 were 
up-regulated under a control growth condition (30 °C) and down-regulated under heat stress. ATP6, GLR1, 
SOD1, CIT1, LYS21, ADH1, and ACS1 genes were highly expressed under heat shock at 40 °C for 30 min 

Table 10.  Comparative study on ethanol production from waste hydrolysate using S. cerevisiae and other yeast 
strains. T: temperature;  S0: initial sugar concentration;  PE: ethanol concentration;  Qp: ethanol productivity; 
 Ey: yield efficiency; *: calculated by the authors (not given directly in the reference); –: not determined in the 
referenced study.

Strain Substrate T (°C) S0 (g/L) PE (g/L) Qp (g/L.h) Ey (%) References

S. cerevisiae ATCC24859 Waste potato mash 30 137.0 32.90 3.59 92.16* 50

S. cerevisiae (Fleischmann’s yeast, USA) Banana peels 37 48.0 28.20 2.30 74.51* 54

S. cerevisiae (Angel Yeast, China) Pomelo peel waste 30 – 36.00 0.75 73.50 55

S. cerevisiae MTCC 174 Wheat straw 30 65.0 16.40 0.45 94.12* 49

S. cerevisiae KF-7 Rice straw 35 – 21.50 0.90* 77.30 56

S. cerevisiae TISTR 5048 Pineapple peel waste 30 82.1 27.33* – 65.27 38

K. marxianus K21 Carrot pomace 42 – 37.00 0.88 42.80 57

P. kudriavzevii SI Sugarcane bagasse 42 48.5 22.57 0.66 91.20 58

I. orientalis IPE100 Cornstalk 42 95.7 45.90 0.96 93.80 59

S. cerevisiae HG1.1 Pineapple waste 40 103.0 36.85 3.07 93.61 This study

Table 11.  Expression level of genes in the thermotolerant yeast S. cerevisiae HG1.1 during high-temperature 
ethanol fermentation using RT-qPCR.

Pathway or function 
involve Gene Product

Relative expression level

Unstressed (30 °C) Heat shock
Short-term heat 
stress

Long-term heat 
stress

Response to growth 
and ethanol stress

ATP6 F1F0 ATP synthase 
subunit 1.48 ± 0.06 1.84 ± 0.10 1.68 ± 0.08 1.32 ± 0.06

OLE1 Acyl-CoA desatu-
rase 1 1.60 ± 0.10 1.74 ± 0.12 1.86 ± 0.04 1.48 ± 0.05

ERG8 Phosphomevalonate 
kinase 1.63 ± 0.12 1.40 ± 0.06 1.25 ± 0.08 0.86 ± 0.02

DNA repair

RAD14 DNA excision repair 
protein RAD14 1.16 ± 0.03 0.91 ± 0.04 0.88 ± 0.06 0.06 ± 0.01

MRE11 Double-strand break 
repair protein 0.82 ± 0.06 1.20 ± 0.05 1.26 ± 0.05 0.84 ± 0.02

POL4 DNA polymerase IV 0.80 ± 0.01 1.12 ± 0.04 1.21 ± 0.04 0.78 ± 0.03

Oxidative stress
GLR1 Glutathione reduc-

tase 0.82 ± 0.04 0.96 ± 0.10 0.92 ± 0.06 0.66 ± 0.03

SOD1 Superoxide dis-
mutase [Cu–Zn] 0.94 ± 0.08 1.22 ± 0.04 1.16 ± 0.03 1.06 ± 0.06

Pyruvate-to-TCA 
pathway

PDA1 Pyruvate dehydro-
genase 1.98 ± 0.06 2.28 ± 0.10 2.36 ± 0.12 1.97 ± 0.06

CIT1 Citrate synthase 0.92 ± 0.05 1.30 ± 0.06 1.18 ± 0.04 1.06 ± 0.07

LYS21 Homocitrate syn-
thase 0.69 ± 0.05 1.07 ± 0.07 0.88 ± 0.05 0.52 ± 0.02

Pyruvate-to-ethanol 
pathway

PDC1 Pyruvate decarboxy-
lase 1.16 ± 0.04 1.40 ± 0.05 1.58 ± 0.08 1.32 ± 0.05

ADH1 Alcohol dehydroge-
nase 1 1.78 ± 0.08 2.08 ± 0.09 1.94 ± 0.06 1.79 ± 0.03

ADH2 Alcohol dehydroge-
nase 2 1.13 ± 0.06 1.09 ± 0.06 0.87 ± 0.05 0.62 ± 0.04

Response to acetic 
acid stress

ACS1 Acetate-CoA ligase 1 0.70 ± 0.05 1.06 ± 0.05 0.96 ± 0.04 0.55 ± 0.03

ALD2 Aldehyde dehydro-
genase 0.98 ± 0.06 0.92 ± 0.04 0.76 ± 0.05 0.08 ± 0.01
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and markedly decreased under short- and long-term stress conditions. In contrast, the expression levels 
of OLE1, MRE11, POL4, PDA1, and PDC1 were highly increased when yeast cells were shifted from 30 °C to 
40 °C for 3 h (short-term stress) and then dramatically decreased when cells were shifted from 30 °C to 40 °C 
for 9 h (long-term stress). Under heat stress, the expression levels of the PDC1 gene were more remarkable than 
that under a control condition. Relatively low expression levels of the RAD14 gene responsible for DNA repair 
and the ALD2 gene responsible for acetic acid stress were detected in yeast cells under long-term stress. It should 
be noted from the present study that genes involved in the same stress condition exhibited different expression 
patterns, suggesting their unique expression profile during high-temperature ethanol fermentation.

ATP6, OLE1, and ERG8 are essential genes responsible for yeast growth and ethanol  stress63. In response to 
heat and ethanol stresses, more ATP is needed for several biosynthesis processes that produce critical compo-
nents to protect microbial cells, such as trehalose, glycogen, unsaturated fatty acids and heat shock  proteins63. As 
shown in the present study, the expression of ATP6 was triggered by a heat shock condition, and its expression 
was slightly decreased under short- and long-term heat stresses. ATP6 mitochondrially encoded subunit a of 
the F0 sector of mitochondrial F1F0 ATP synthase. It integrates into the F0F1-ATPase complex and completes 
the process to yield a functional  ATPase64. Thus, a high level of ATP6 expression in S. cerevisiae HG1.1 might be 
correlated with ATP production under heat shock conditions. In S. cerevisiae sun049T and K. marxianus DMKU 
3–1042, the ATP6 gene is also highly up-regulated during high-temperature ethanol production at 38°C65 and 
45°C60, respectively.

OLE1, encoding a fatty acid desaturase, synthesizes monounsaturated fatty acids, such as palmitoleic acid 
and oleic acid, from saturated fatty acids, such as palmitic acid and stearic  acid66. These unsaturated fatty acids 
and ergosterol maintain membrane fluidity as an adaptive response to the physiochemical interaction of both 
temperature and ethanol  stresses67. It has been reported in S. cerevisiae that the overexpression of the OLE1 
gene enhanced acetic acid tolerance and other stresses, such as ethanol,  H2O2, NaCl, benzoic acid, diamide, and 
 menadione68. In this study, the OLE1 gene of S. cerevisiae HG1.1 was highly expressed under heat shock and 
short-term heat stress, which was different from that of Qiu and  Jiang69, who demonstrated that the OLE1 gene 
of S. cerevisiae M1 was approximately 2.2–3.0-fold overexpressed at 30 °C under very high gravity ethanol 
production. The overexpression of the OLE1 gene at 30 °C was also observed in S. cerevisiae K-9 under shaking 
and static sake  fermentation70. Based on the present study, OLE1 is a heat-shock responsive gene in S. cerevisiae 
HG1.1. The ERG8 gene encodes phosphomevalonate kinase, which converts phosphomevalonate to diphosphom-
evalonate using ATP in ergosterol  biosynthesis71. In the present study, the ERG8 gene was down-regulated under 
heat stress conditions, which coincided with Rossignol et al.72, who pointed out that most of the genes encoding 
proteins involved in ergosterol biosynthesis in S. cerevisiae EC1118, including ERG8, were down-regulated at 
high-temperature fermentation. In S. cerevisiae YZ1 and YF3, low levels of ERG8 expression were also observed 
under high-temperature conditions (42 °C), resulting in a reduction in ergosterol  accumulation73.

DNA damage, including base disruption, base loss, and strand breaks, is not only induced by exposure to 
environmental agents, such as heat, UV rays, ROS, and oxidizing agents but also spontaneously generated during 
cellular  metabolism18. RAD14, MRE11 and POL4 are common genes that encode proteins or enzymes involved 
in the DNA repair of  yeast74,75. The expression of the RAD14 gene in S. cerevisiae HG1.1 was decreased under 
heat stress, similar to that reported by Boiteux and Jinks-Robertson76. The RAD14 gene is recognized as a DNA 
damage binding factor for nucleotide excision repair in the UV-damaged DNA of S. cerevisiae. This gene is not 
induced by heat stress. The other two genes, i.e., MRE11 and POL4, were up-regulated under heat shock and 
short-term heat stress conditions, and their expression was slightly reduced under long-term heat stress. The 
present results were similar to those of the MRE11 and POL4 genes in K. marxianus DMKU 3–1042, in which 
both genes were up-regulated under high-temperature  stress60. It was proposed from the present study that 
MRE11 and POL4 are involved in the DNA repair of S. cerevisiae HG1.1 under heat stress conditions.

Oxidative stress, by increasing the accumulation of reactive oxygen species (ROS), such as superoxide anions, 
hydrogen peroxide, and hydroxyl radicals, has been shown to cause denaturation of macromolecules, such as 
DNA, RNA, proteins, and lipids, in yeast cells. Several genes, including SOD1 and GLR1, are responsible for 
oxidative stress in yeasts. The SOD1 gene encodes superoxide dismutase, while the GLR1 gene encodes glu-
tathione reductase. Both proteins have been shown to scavenge the superoxide anion radical and hydrogen 
peroxide, which can then be converted to water by the action of catalases or  peroxidases19. The up-regulation 
of SOD1 and GLR1 genes under heat stress might correlate with high ROS accumulation. The overproduction 
of superoxide dismutase and glutathione reductase in S. cerevisiae HG1.1 might be needed to convert oxidative 
substrates such as superoxide anion radicals to hydrogen peroxide and finally to  H2O. Overexpression of SOD1 
and GLR1 has also been reported in K. marxianus DMKU 3–1042 and S. cerevisiae YZ1 and YF3 under heat 
 stress60,77. In S. cerevisiae M1, up-regulation of the SOD1 gene and down-regulation of the GLR1 gene under 
high ethanol and high osmotic pressure have been  reported69. Based on this information, the SOD1 gene, but 
not GLR1, can be activated by heat, ethanol, and osmotic stresses, depending on the yeast species.

PDA1 and CIT1 are involved in the pyruvate-to-TCA pathway. These genes in S. cerevisiae HG1.1 were up-
regulated under heat stress conditions, particularly under heat shock and short-term heat stress. Under long-term 
heat stress, the expression levels of both genes were slightly reduced. The expression of the PDA1 gene of S. cer-
evisiae HG1.1 was similar to that of S. cerevisiae Y-5031663. However, they differed somewhat from those reported 
in S. cerevisiae M1, where the PDA1 gene was down-regulated while CIT1 was up-regulated under heat  stress69. 
In S. cerevisiae Y-50316, the expression of the PDA1 gene is activated not only by heat but also by ethanol  stress63. 
A high expression level of the CIT1 gene has also been reported in S. cerevisiae when cells are exposed to a high 
temperature of 35 °C for 10 min. The increasing expression level of CIT1 increased the conversion of acetyl-CoA 
into the TCA pathway, leading to the accumulation of metabolic intermediates involved in the stress  response16.

LYS21 encodes homocitrate synthase, which functions to synthesize homocitrate from acetyl-CoA and oxo-
glutarate. Homocitrate is a precursor for the biosynthesis of L-lysine, which plays an essential protective role 
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in response to oxidative stress induced by hydrogen peroxide in S. cerevisiae78. Furthermore, the homocitrate 
synthase enzyme is also associated with the mechanism of DNA repair in the  nucleus79. In the present study, 
the expression of LYS21 was enhanced under heat shock and short-term heat stress, and its expression slightly 
decreased after exposure to long-term heat stress. In K. marxianus DMKU 3–1042, the LYS21 gene is also up-
regulated under heat stress at 45°C60. Therefore, it was proposed from this finding that the S. cerevisiae HG1.1 
The LYS21 gene may be involved in DNA repair under heat stress.

In yeast cells, PDC1, ADH1, and ADH2 are involved in a pyruvate-to-ethanol pathway. These genes are 
highly expressed in the stationary growth phase of K. marxianus DBKKU Y-102 under heat stress at 45°C32. 
Down-regulation of the ADH2 gene has been reported in S. cerevisiae KKU-VN8 under heat stress at 40°C34. 
In S. cerevisiae Y-50316, the expression of ADH1 and ADH2 is also induced by ethanol  stress63. In this 
study, PDC1 and ADH1, but not ADH2, were up-regulated under heat stress at 40 °C, suggesting that heat 
stress could trigger the expression of PDC1 and ADH1 genes while suppressing the expression of ADH2 in S. 
cerevisiae HG1.1 during high-temperature ethanol fermentation. A high ethanol concentration produced by S. 
cerevisiae HG1.1 at 40 °C might also be correlated with the overexpression of PDC1 and ADH1 genes.

Several genes, including ACS1 (encoded acetate-CoA ligase) and ALD2 (encoded aldehyde dehydrogenase), 
are responsible for acetic acid stress. The expression of these genes in S. cerevisiae HG1.1 under heat stress was 
investigated in this study. The results revealed that ACS1 was up-regulated under heat shock and short-term heat 
stress, whereas ALD2 was down-regulated under all stress conditions. The up-regulation of ACS1 in S. cerevisiae 
HG1.1 under heat stress may lead to a high formation of acetic acid from acetyl-CoA but not from acetaldehyde 
because aldehyde dehydrogenase also utilizes NAD(P) + . The conversion of acetyl-CoA to acetic acid might gen-
erate more ATP, which can be used as an energy source for the biosynthesis of essential components or enzymes 
critical for yeast adaptation under heat stress. In K. marxianus DMKU 3–1042, ACS1 and ALD2 are up-regulated 
under heat stress at 45°C60, while they are highly expressed in S. cerevisiae M1 under normal growth condition 
(30 °C)69, suggesting that their expression profiles depend on the yeast species.

Conclusion
The maximum ethanol concentration of 36.85 g/L, the productivity of 3.07 g/L.h, and yield efficiency of 93.61% 
were achieved after fermentation of PWH using S. cerevisiae HG1.1 at 40 °C under the optimum yeast inoculum 
concentration of 8.0 ×  107 cells/mL, pH of 5.5, and yeast extract concentration of 4.95 g/L. The expression of 
genes during high-temperature ethanol fermentation using RT–qPCR revealed that most of the genes, except 
ERG8, RAD14, ADH2, and ALD2, were up-regulated under heat stress conditions, particularly under heat shock 
and short-term heat stress. Interestingly, up-regulation of the SOD1, PDA1, CIT1, PDC1, and ADH1 genes was 
observed under all stresses compared to a control treatment (unstress). Although the gene expression profiles 
were distinctive depending on the nature and characteristics of the yeasts, the thermotolerance acquisition and 
fermentation efficiency of S. cerevisiae HG1.1 during high-temperature ethanol fermentation correlated with 
genes responsible for growth and ethanol stress, oxidative stress, acetic acid stress, DNA repair, pyruvate-to-TCA, 
and pyruvate-to-ethanol pathway. These results provide useful information for further advanced research to 
explore the regulation of the genes to benefit this potential thermotolerant yeast for producing ethanol or other 
valuable bio-products under high-temperature fermentation conditions.
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