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Improvement of High-temperature and Inhibitor Stress Tolerance of Xylose-fermenting

Yeast Strains based on Transcriptomic Analysis

The development of renewable energy has drawn interests among researchers not only because
of the steady rise in oil prices, but also the limited fossil fuel reserves. The reserves would
somehow be depleted and the transportation sector would be severely affected. Countries such
as Brazil and United States had started their biofuel production mainly from sugarcane and corn,
respectively. However, with the interest not to compete with food supply, agricultural biomass

residues would be an alternative replacement. -

Thus, Chapter 1 describes an overview of bioethanol production from lignocellulosic
biomass. Described in this chapter is also the concept of consolidated bioprocessing replacing
the conventional process which requires lesser unit operations and costs. Ethanol production via
consolidated bioprocessing requires a robust microorganism to withstand the harsh fermentation
environment of high temperature, high ethanol concentration and exposure to inhibitors. It is
also important that the microorganism selected for use in converting hemicellulosic
hydrolyzates have the ability to ferment both glucose and pentose rapidly and at high yield to
maximize conversion performance. The prominent ethanol producer Saccharomyces cerevisiae
is not able to uptake xylose as the carbon source. However, most pentose utilizing strains such
as Scheffersomyces stipitis, Candida shehatae and Kluyveromyces marxianus were not capable
of handling ethanol toxicity and hydrolysates inhibitors when compared to S. cerevisige. Thus, S.
cerevisige obtained from different industrial backgrounds were genetically modified by
expressing the xylose reductase (XR) and xylitol dehydrogenase (XDH) from S. stipitis and
xylulokinase (XK) from S. cerevisige, enabling it to produce ethanol from xylose. After
conferring the xylose uptake ability, the interest to develop a heat band inhibitor tolerant strain
was implemented through inverse metabolic engineering strategy involving the use of DNA

microarray for gene expression analysis.

In Chapter 2, a high throughput transcriptomics analysis using DNA microarray was
performed to study the genes response between several industrial yeast strains to heat stress.
Production of ethanol from xylose as the sole carbon source at high temperature would be an
economical approach since it reduces risk of contamination and allows both the saccharification
and fermentation steps in simultaneous saccharification and fermentation (SSF) to be running at

elevated temperature. Eight recombinant xylose-utilizing S. cerevisiae strains
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developed from industrial strains were constructed and subjected to high-temperature
fermentation at 38°C. The best performing strain was sun049T, which produced up to 15.2 g/L
" ethanol (63% of the theoretical production), followed by sun048T and sun588T, both with 14.1
&/L ethanol produced. Via transcriptomic analysis, expression profiling of the top three best
ethanol producing strains compared to 2 négative control strain, sun473T, led to the discovery of
genes in common that were regulated in the same direction. Identification of the 20 most highly
up-regulated and the 20 most highly down-regulated genes indicated that the cells regulate their
cenfral metabolism and maintain the integrity of the cell walls in response to high temperature.
We also spéculate that ¢ross-protection in the cells occurs, allowing them to maintain ethanol
production at higher concentration under heat stress than the negative controls. This novel report
: provides further transcriptomics information in the interest of producing a robust microorganism

for high-temperature ethanol production utilizing xylose.

Chapter 3 describes the first investigation on heat responsive genes via time-based
transcriptomics analysis when xylose is the only carbon source during ethanol fermentation. The
genetically enhanced industrial S. cerevisige strain, sun049T enabjed to uptake xylose as the
sole carbon source at high fermentation temperature was chosen as the best candidate strain for
this analysis, based on the fermentation performance in Chapter 2. This strain was able to
produce 13.9 g/L ethanol from 50 g/L xylose at 38°C. To better understand the xylose

consumption ability during long-term high temperature conditions, we compared by -

transcriptomics two fermentation conditions: high temperature (38°C) and control temperature
(30°C) during the first 12 h of fermentation. The results suggest that genes related to amino acid,
cell wall and ribosomal protein synthesis are down-regulated under heat stress. To allow cell
stability and continuous xylose uptake in order to produce ethanol, hexose transporter HXTS,
heat shock proteins, ubiquitin proteins and proteolysis were all induced at high temperature. We
also speculate that the strong- relationship between high temperature and increased xylitol

accumulation represents the cell’s mechanism to protect itself from heat degradation.

" Apart from high temperature stress during the SSF process, lignocellulosic biomass
usually contains inhibitory compounds such as furfural that are not well tolerated by S.
cerevisiae."l'hus, in Chapter 4, S. cerevisiae strains with the capability of utilizing both glucose
and xylose in the preserice of inhibitors such as furfural were successfully developed. Under the
synergistic conditions of transaldolase (TAL) and alcohol dehydrogenase (ADH) overexpression,
S. cerevisiae MT8-1X/TAL-ADH was found to be able to produce 1.3-fold and
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2.3-fold more ethanol in the presence of 70 mM furfural than a TAL-expressing strain and a
control strain, respectively. We also tested the strains® ability by mimicking industrial ethanol

production from hemicellulosic hydrolysate containing fermentation inhibitors, and ethanol

-production was further improved by 16% when using MT8-1X/TAL-ADH compared to the
‘control strain, Transcript analysis further revealed that besides the pentose phosphate pathway

genes TKLI and TALl, ADH7 was also up regulated in response to furfural siress, which
resulted in higher ethanol production compared to the TAL-expressing strain. The improved
capability of our modified strain was based on its capacity to remain viable in a toxic
environment and to more quickly reduce furfural in situ with higher ethanol production. The
co-expression of TAL/ADH genes is one crucial strategy to fully utilize undetoxified

lignocellulosic liydrolysate, leading to cost-competitive ethanol production.

Besides furfural, another common inhibitor liberated during the pretreatment of
lignocellulosic biomass is acetic acid. Metal jons supplementation such as zinc, magnesium and
calcium was found to be essential in maintaining better cell growth and metabolism under
inhibitor stress condition as elaborated in Chapter 5. Ethanol fermentation in media containing
30 mM acetic acid was carried out using S. cerevisiae sun049T. The optimum concentrations
for each metals; zinc, magnesium and calcium for improved ethanol production under acetic
acid stress was 180 pM, 3.5 mM Mg and 2 mM Ca, respectively. The improved ethanol
production was found linked to higher cell viability observed with the metal supplementation.
Among the three metal tested, 2 mM calcium supplementation gave the highest ethanol
production, 15 g/L, while 3.5 mM magnesium supplementation resulted in the highest cell
viability, 91%. The improvement observed in both xylose consumption and ethanol production
was further elucidated using the microarray analysis to analyze the gene regulation during metal
ions supplementation. Comparative transcriptomics between the supplemented cultures and the
control suggest that the cell viability was improved by upregulation of cell wall and membrane
genes. Also, upregulation of hexose transporter genes and genes in metabolic pathways might

enhance the ethanol production in the presence of acetic acid.

To conclude, efforts have been made to develop thermotolerant and inhibitor tolerant
strains. Chapters 2-and 3 focused on developing a thermotolerant yeast strain by analyzing gene
expression profiling from different perspectives, while Chapters 4 and 5 demonstrates the efforts
in developing an inhibitor tolerant strain for use in bioethanol production from cellulosic wastes.

Transcriptomics results obtained from Chapters 2 and 3 helps narrows down the list of genes
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responsive to heat stress. Further investigation is required to determine whether a single gene or
a network of genes made up the heat tolerance phenotype in the industrial strain. In terms of
inhibitor tolerant strain, the application of the genetically improved strain was demonstrated
using real undetoxified hydrolyzates mimicking the industrial practise and the results showed
promising. Also, the impact of metal ions supplementation showed improvements in tolerating
acetic acid stress in fermentation media. This work serves as an additional contribution in
augmenting the genetic toolbox for developing a multi-tolerant S. cerevisiae strain for

consolidated ethanol bioprocessing.
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