Bioresource Technology 170 (2014) 38-44

Contents lists available at ScienceDirect =

BIORESOURCE
TECHNOLOGY

Bioresource Technology

journal homepage: www.elsevier.com/locate/biortech

Enhanced pathway efficiency of Saccharomyces cerevisiae by introducing
thermo-tolerant devices

@ CrossMark
Yueqin Liu®', Genli Zhang ™', Huan Sun”, Xiangying Sun®, Nisi Jiang°, Aamir Rasool , Zhanglin Lin®,
Chun Li >*

2School of Chemical Engineering, Tianjin University, Tianjin 300072, China

b School of Life Science, Beijing Institute of Technology, Beijing 100081, China
“Tsinghua University, Beijing 100084, China

HIGHLIGHTS

« Thermo-tolerant devices were constructed to refactor the thermo-tolerance of yeast.
« Improved thermo-tolerance of S. cerevisiae preserved by thermo-tolerant devices.

« Pathway efficiency of thermo-tolerant engineered S. cerevisiae was enhanced.

« The optimal growth temperature range of S. cerevisiae was broadened to 28-35 °C.
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In this study, thermo-tolerant devices consisting of heat shock genes from thermophiles were designed
and introduced into Saccharomyces cerevisiae for improving its thermo-tolerance. Among ten engineered
thermo-tolerant yeasts, T.te-TTE2469, T.te-GroS2 and T.te-IbpA displayed over 25% increased cell density
and 1.5-4-fold cell viability compared with the control. Physiological characteristics of thermo-tolerant
strains revealed that better cell wall integrity, higher trehalose content and enhanced metabolic energy
were preserved by thermo-tolerant devices. Engineered thermo-tolerant strain was used to investigate
the impact of thermo-tolerant device on pathway efficiency by introducing B-amyrin synthesis pathway,
showed 28.1% increased B-amyrin titer, 28-35 °C broadened growth temperature range and 72 h short-
ened fermentation period. The results indicated that implanting heat shock proteins from thermophiles
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to S. cerevisiae would be an efficient approach to improve its thermo-tolerance.

© 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Microbial fermentations play an important role in various
aspects of social and economic development including energy,
chemicals, materials and medicines, but there still exists some dis-
advantages such as few chemicals types and low yield. In view of
this, promising microbial cellular factories should be constructed
to meet human demand for these chemicals to achieve sustainable
development. The microbial cells face a variety of environmental
stresses during fermentation processes, resulting in reduced pro-
duction capacity. Improving cellular robustness of microbes is of

* Corresponding author at: School of Life Science, Beijing Institute of Technology,
Beijing 100081, China. Tel./fax: +86 10 68913171.
E-mail address: lichun@bit.edu.cn (C. Li).
! These authors contributed equally to this work.

http://dx.doi.org/10.1016/j.biortech.2014.07.063
0960-8524/© 2014 Elsevier Ltd. All rights reserved.

great importance for efficient production of biofuels and biochem-
icals (Zhu et al., 2012). One of the most required traits for microor-
ganisms to be used in industrial processes is their ability to survive
at higher temperature. Higher temperature fermentations not only
effectively accelerate the chemical reaction rate, facilitate down-
stream product recovery, shorten microbial fermentation period
(Postmus et al., 2012), but also mitigate the cooling costs, avoid
or minimize microbial contamination (Hasunuma and Kondo,
2012; Lin and Xu, 2013). Take million tons of chemicals enterprise
for example, according to the calculations, the cooling water and
cooling power consumption will be reduced 15% and 10% respec-
tively every year if the fermentation temperature is increased
5 °C. However, higher temperature affects cell metabolism, reduce
cell viability and fermentation capability, and consequently
reduce the production stability which determines the amount of
the end-product (Amillastre et al., 2012). Among industrial
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microorganisms, model strain Saccharomyces cerevisiae exhibits
optimal growth between 28 and 30 °C. It is more sensitive to ele-
vated temperature and unable to cope with the chronic exposure
to higher temperature. Moreover, the optimal growth temperature
of S. cerevisiae is also dismatch with the optimum enzymatic tem-
perature (35-50°C) leading to the poor enzymatic efficiency.
Therefore, the possibility of performing fermentation at higher
temperatures using thermo-tolerant yeasts capable of fermenta-
tion and growth at temperatures compatible with optimal enzyme
activities would greatly improve the enzymatic efficiency and
increase the chemicals production in microbial fermentation pro-
cesses, and thereby make the production processes more econom-
ically feasible (Shahsavarai et al.,, 2013). Hence, improving the
thermo-tolerance of microorganism cells is very important for
improving biological catalytic efficiency, reducing energy con-
sumption and production cost.

Several breeding methods such as mutagenesis, adaptation evo-
lution, protoplast fusion, and genetic engineering strategies
(Benjaphokee et al., 2012a; Auesukaree et al., 2012) had been
previously used to improve the thermo-tolerance of S. cerevisiae.
Although some thermo-tolerant S. cerevisiae have been applied in
industrial fermentation processes (Hasunuma and Kondo, 2012;
Shahsavarai et al., 2013), such strains still cannot meet the indus-
trial requirement of direct application in consolidated bioprocess-
ing (CBP) and simultaneous saccharification and fermentation
(SSF).

In nature, thermophilic bacteria show superior robustness
under harsh conditions, possibly owing to their well adapted
stress-response genes during long-term natural evolution
(Egorova and Antranikian, 2005). The thermophiles such as
Thermoanaerobacter tengcongensis thrive under optimal tempera-
ture of =50 °C, they resist high temperature by various thermo-
tolerance mechanisms including spore, the components of cell
membranes, thermophilic enzyme, protein spatial structure, heat
shock protein and genetic material (Saunders et al., 2003;
Berezovsky and Shakhnovich, 2005; Lin and Xu, 2013). Reportedly,
producing a large amount of heat shock proteins is a widely
adapted mechanism. Heat shock proteins (HSPs) are a family of
proteins that protect proteins from being irrevocably denatured,
misfolded or aggregated under various exogenetic, abiotic stress
conditions, and help organisms to modulate stress responses and
protect organisms from cellular damages, thus considered to play
an important role in conferring thermo-tolerance (Meng et al.,
2009; Smith et al., 2012). Additionaly, some molecules such as
trehalose and heat shock glycoprotein also can refactor thermo-
tolerance to microorganisms but HSPs showed higher thermo-
tolerance (Morano et al, 2012). Although wild thermophilic
microorganisms have been employed in biochemicals production
(Argyros et al., 2011), their industrial applications still hampered
by many disadvantages such as sensitive to solvent and osmotic,
low cellular biomass and difficult genetic manipulation (Lin and
Xu, 2013). There are also very few engineered S. cerevisiae to grow
at temperature higher than 41 °C (Shi et al.,, 2009). Therefore, if
the thermo-tolerance characteristics of heat shock genes from
thermophiles are implanted to S. cerevisiae by constructing
thermo-tolerant devices, it would be a novel way to engineer a
thermo-tolerant strain. Currently, there are a few literature reports
describing the improvement of industrial fermentation process at
higher temperature via implanting thermo-tolerant devices into
microorganisms (Luan et al., 2014).

In the present study, thermo-tolerant genes were cloned from
T. tengcongensis to construct thermo-tolerant devices and expressed
in S. cerevisiae. Effects of thermo-tolerant devices on growth and
physiological characteristics of S. cerevisiae were investigated.
Meanwhile, the function of thermo-tolerant device in value added
compound producing strain was verified though enhanced

pathway efficiency. This work significantly improved the thermo-
tolerance of S. cerevisiae, which will greatly reduce pollution and
energy consumption, ultimately lower the industrial production
cost.

2. Methods
2.1. Strains, vectors, media, and reagents

The strains of T. tengcongensis MB4 (provided by Dr. Ma, Insti-
tute of Microbiology Chinese Academy of Sciences), S. cerevisiae
INVSc1 (MATa his3D1 leu2 trp1-289 ura3-52/MATa his3D1 leu2
trp1-289 ura3-52) (Invitrogen, Carlsbad, CA) and Escherichia coli
Top10 (Novagen, USA) were genetically manipulated in this study.
LB medium (NaCl 10 g/L, yeast extract 5 g/L, tryptone 10 g/L) with
100 mg/L Kanamycin and YPD medium (glucose 20 g/L, tryptone
20 g/L, yeast extract 10 g/L) with 300 mg/L G418 (Invitrogen, Carls-
bad, CA) were used to select E. coli and S. cerevisiae transformants
respectively. Plasmid pRS42K was purchased from EUROSCAREF,
Frankfurt, Germany. Restriction enzymes and DNA polymerase
were obtained from Fermentas (Burlington, ON). The primers were
synthesized by Sangon Biotech (Shanghai, China).

2.2. Construction of thermo-tolerant devices and thermo-tolerant
engineered strains

The genome of T. tengcongensis MB4 and S. cerevisiae INVSc1
were used as templates for amplification of full-length functional
genes and constitutive promoter/terminator respectively. Func-
tional genes, constitutive promoter and terminator were gel puri-
fied by DNA gel purification kit (BioTeKe, Beijing, China) and
constructed expression cassettes (thermo-tolerant devices) via
overlap extension PCR. Thermo-tolerant devices were double-
digested with EcoR I and BamH 1, subsequently ligated into linear-
ized pRS42K that digested with the same restriction endonuclease,
and then transformed into E. coli Top10. Positive transformants
were screened on LB-kanamycin plates and confirmed by colony
PCR. The recombinant plasmid pRS42K was extracted and electro-
transformed into S. cerevisiae INVSc1, then positive transformants
were selected on YPD medium containing G418 and confirmed
via PCR.

2.3. Determination of cell concentration and cell viability

Single colony was inoculated into 100 mL-Erlenmeyer flask con-
taining 40 mL YPD medium, and grew for 36 h at 30°C and
170 rpm. An aliquot of the resulting culture was inoculated in
250 mL-Erlenmeyer flask containing 50 mL fresh medium, starting
with an ODggg nm 0f 0.1 for further cultivation at 30 °C and 170 rpm
for initial 12 h. For heat shock response experiments, two different
sets of fermentation conditions were used: (A) the fermentation
temperature was increased to 35 °C in the first 12 h, then gradually
increased 2 °C every 12 h, up to 45 °C for 72 h. During this process,
cell samples were taken at 12 h-intervals to measure ODggg nm. Cell
concentration of the sample was determined at ODggg iy by using a
spectrophotometer, model U-2900(HITACHI, Chiyoda, Tokyo). The
control was the fermentation medium except cells. Meanwhile,
samples were taken at 24, 36, 48, 60 and 72 h and 10-fold serially
diluted to obtain a cell concentration of 2 x 103 cells/mL, for each
of these cultures, approximately 300 of viable cells were spread
onto YPD-G418 plates and colonies were counted after 3 days of
incubation at 30 °C; (B) the fermentation temperature was directly
increased to 42, 44 and 46 °C for 72 h and the cell samples were
taken at 12 h-intervals to measure ODggo nm. In addition, yeast cells
that cultured at 42 °C were also taken at 24, 36, 48, 60 and 72 h and
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10-fold serially diluted to obtain a cell concentration of 1 x 10°
cells/mL, for each of these cultures, approximately 150 of viable
cells were spread on YPD-G418 plates and colonies were counted
after 3 days of incubation at 30 °C, the cell viability was expressed
as a relative value of viable-cell number. All data represent the
mean standard deviation (SD) from three independent
experiments.

2.4. Congo Red sensitivity of thermo-tolerant engineered strains

To further determine the physiological characteristic of thermo-
tolerant strains, Congo Red sensitivity of three engineered strains
(T.te-TTE2469, T.te-GroS2, T.te-IbpA) and control strain (WT/Vec-
tor) was investigated. The mid-logarithmic phase cells were taken
and diluted in 107! steps so that aliquots (2.5 uL) of the 10-fold
serially-diluted culture could be dropped onto YPD-G418 plates
supplemented with Congo Red at a final concentration of 50 mg/L
for incubation at 30 °C and 42 °C for 3 days. Besides, the cell viabil-
ity of these strains to Congo Red was also determined via counting
the colonies after 3 days of incubation at 42 °C.

2.5. Trehalose accumulation in thermo-tolerant engineered strains

Trehalose concentration was estimated via anthrone method
(Zheng et al., 2011a). The yeast cells cultured at 42 °C were har-
vested at 84 h and quickly chilled, collected, washed and stored
at —20°C until use. Trehalose was extracted from cells and a
200 pL aliquot of each extraction was mixed with 1.8 mL of chilled
distilled water and 8 mL cold anthrone reagent (0.2% anthrone-
H,S0,4). After incubating in boiling water for 2 min, each sample
was cooled immediately in water, and its absorbance was mea-
sured at ODg20 nm.

2.6. Quantitative PCR

Quantitative PCR was performed using method described by Li
et al. (2013). Approximately 1 x 107 yeast cells were harvested
and used for the total RNA extraction using Yeast RNA Kit (OMEGA,
Doraville, GA). Genomic DNA contamination was eliminated by
DNase I treatment. RNA was quantified by measuring the absor-
bance at 260 nm using NanoDrop 2000c (Thermo Scientific, Wal-
tham, MA). Five hundred nanogram of RNA from each sample
was used as template for Transcriptor First Strand cDNA Synthesis
Kit (Roche). Quantitative PCR analysis was performed with the
LightCycler SYBR Green I Master Kit (Roche) according to the man-
ufacturer’s instructions. The reactions were run with the Light-
Cycler 96 real-time system using fast 96 well plates (Roche). The
data were analyzed using LightCycler Software (v. 1.5). The house-
keeping gene act1 was used as a reference gene and reaction with-
out reverse transcriptase was used as a negative control. All
experiments were performed in triplicate.

2.7. Functional verification of thermo-tolerant device in thermo-
tolerant engineered strain

One thermo-tolerant device (FBA1p-gros2-SLM5t) was con-
structed into multiple plasmid pRS42k, subsequently transformed
in B-amyrin producing S. cerevisiae (Sg-sb) to engender the strain
named Sg-sb-T.te-GroS2. Then, a single colony of thermo-tolerant
B-amyrin engineered and control strain was pre-cultured and an
aliquot of the resulting culture was used to inoculate in 40 mL
YPD medium, starting with an ODggg nm Of 0.1, then the culture
was cultivated at 30 °C, 35 °C and 38 °C for 120 h respectively. Dur-
ing these processes, growth was examined by monitoring the
ODggo nm- For the determination of B-amyrin concentration, the
product was extracted and quantified using method described by

Kirby et al. (2008) with some modifications. Yeast culture
(40 mL) in a 50 mL centrifugal tube was centrifuged for 5 min at
10,000 rpm to pellet cells. The cells were resuspended in 10 mL
of a fresh solution of 20% (w/v) KOH in 50% ethanol and boiled
for 10 min in this solution. After cooling, the B-amyrin was
extracted by vortexing with 10 mL hexane for 5 min at room tem-
perature. Then, the supernatant containing f-amyrin was extracted
and transferred into a new 50 mL centrifugal tube. The pellet was
extracted again with same program and then supernatants from
the two extractions were mixed together, swirled and evaporated
at 45-50 °C condensed to 1 mL. The extractions were centrifuged
and transferred to a glass vial and used for the B-amyrin assay
using gas chromatography (GC-2010, shimadzu) installed with
thermoelectric chromatography column TG-5MS (30 m x
0.25 mm x 0.25 um). The oven temperature was held at 80 °C for
1 min after injection, and was then ramped to 280°C at
20°Cmin~!, held at 280°C for 20 min, ramped to 300°C at
20°Cmin~! and held at 300°C for 2 min. Standard curves for
B-amyrin was run at the start and end of each batch of samples.

2.8. Statistical analysis

Results were analyzed via one-way ANOVA. Post hoc analysis
was performed via a least significance difference using the SPSS
13.0 software.

3. Results and discussion

3.1. Mining of thermo-tolerant genes and designing of thermo-tolerant
devices

Previous studies have proved that the appearance and disap-
pearance of strain thermo-tolerance were consistent with the gen-
eration and degradation of HSPs (Auesukaree et al., 2012; Smith
et al., 2012). Thermophilic archaea T. tengcongensis was chosen to
clone thermo-tolerant genes because of its complete genomic
information, clear thermo-tolerant mechanism and diverse heat
shock proteins. As a result, ten heat shock protein genes such as
tte2469, thif, gros2, ibpa and hslo were obtained by PCR. To con-
struct thermo-tolerant devices, thermo-tolerant genes were
expressed downstream of a strong constitutive promoter FBA1p
because a certain amount HSPs expressed before heat shock treat-
ment would be a better strategy for microorganisms to pre-acquire
thermo-tolerance (Lindquist, 1986). Transforming thermo-tolerant

Table 1
Construction of thermo-tolerant devices and engineered S. cerevisiae.

Thermo-tolerant genes® Thermo-tolerant devices” Engineered strains®

WT/Vector
tte2469 FBA1p-tte2469-SLM5t T.te-TTE2469
thif FBA1p-thif-SLM5t T.te-ThiF
gros2 FBA1p-gros2-SLM5t T.te-GroS2
ibpa FBA1p-ibpa-SLM5t T.te-IbpA
hslo FBA1p-hslo-SLM5t T.te-HslO
dnaj FBA1p-dnaj-SLM5t T.te-DnaJ
groel FBA1p-groel-SLM5t T.te-GroEL
groes FBA1p-groes-SLM5t T.te-GroES
grpe FBA1p-grpe-SLM5t T.te-GrpE
dnak FBA1p-dnak-SLM5t T.te-DnaK

@ tte2469 and thif genes encoding ubiquitin protein; gros2, ibpa, hslo and dnaj
genes encoding the heat shock proteins of HSP10, HSP20, HSP33 and HSP40 family
respectively; groel and groes genes encoding HSP60; grpe and dnak genes encoding
HSP70.

b promoter-thermo-tolerant gene-terminator.

¢ Strains with plasmid of pRS42K containing thermo-tolerant devices; WT/Vector
(wild type strain with plasmid of pRS42K); T.te (Thermoanaerobacter tengcongensis
MB4).
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devices linked to plasmid pRS42K into S. cerevisiae resulted in ten
different thermo-tolerant engineered strains. All thermo-tolerant
genes, devices and engineered strains are listed in Table 1. In order
to determine whether these thermo-tolerant genes were tran-
scribed in S. cerevisiae, transcription level of each gene was deter-
mined via qRT-PCR. The results showed that ten genes were
expressed significantly different after heat shock at 42°Cfor 24 h.
Gene tte2469 showed highest expression level (1201 £56.7),
followed by groel (1109.2+87.6), dnak (786.4+70.4), dnaj
(687.6 £50.2), grpe (556.4+66.3), hslo (432.6+46.1), groes
(332.8 £26.6), thif (220.5+35.2), gros2 (210.8+26.1) and ibpa
(180.2 £ 19.4).

3.2. Growth and cell viability of the engineered strains

The growth behavior of engineered strains and control strain
was investigated in YPD liquid medium by gradual increasing tem-
perature from 35 °C to 45 °C or constant temperature 42 °C. As
shown in Table 2, among ten engineered strains, these engineered
strains T.te-TTE2469 (15.2+1.4, 9.6 £0.7), T.te-ThiF (15.9 £ 0.6,
9.9+0.8), Tte-GroS2 (16.7+1.2, 10.5+0.7) and T.te-IbpA
(14.7 £ 0.9, 9.4+ 0.6) displayed over 25% increased cell density
compared with the control strain (11.5+0.8, 7.5+ 0.8) (p <0.05).
The genes tte2469 and thif encoding ubiquitin protein with similar
function, hence only T.te-TTE2469 engineered strain with other
two engineered strains T.te-GroS2 and T.te-IbpA were selected for
further study. To evaluate the survival potential of aforementioned
three engineered strains at higher temperature, cell samples were
collected to investigate the cell viability. The results revealed that
the cell viability decreased drastically with prolonged heat treat-
ment time and three engineered strains showed significantly
higher cell viability compared with the control. Especially, strain
T.te-GroS2 had 3.2-fold and 4-fold cell viability at 72 h compared
with the control under two different sets of fermentation condi-
tions (Fig. 1a,b). Afterward, the precise upper limit growth temper-
ature of these engineered strains was determined at 44 °C and
46 °C. It was evident that engineered strains grew better than the
control (p <0.05), although they displayed severe growth inhibi-
tion at higher temperatures (Table 2). These results revealed that
implanting the thermo-tolerant devices in S. cerevisiae can improve
its thermo-tolerance.

3.3. Protection of thermo-tolerant devices on cell wall integrity

Stress factors gradually reduce cell viability by affecting cell
wall integrity (Ding et al., 2009). The cell wall, a dynamic structure
and essential for the maintenance of cellular integrity and shape,
need to be remodeled and repaired for a cell to attempt to respond
to the heat stress (Hall and Gow, 2013). Heat stress can activate the
cell wall integrity (CWI) pathway of S. cerevisiae, which in turn

Table 2
Comparsion of cell density of engineered and control strains after 84 h at various
temperatures.

Strains ODgso
35°C-45°C 42 °C 44 °C 46 °C

WT/Vector 11.5+0.78 7.5+0.76 4.8 +£0.36 4.6+0.19
T.te-TTE2469 152 +1.42 9.6 £0.72 5.9+0.42 5.6+0.25
T.te-GroS2 16.7 £1.22 10.5 +0.67 5.8+0.21 541034
T.te-IbpA 14.7 £ 0.89 9.4+0.56 5.5+0.38 53+0.17
T.te-THiF 15.9+0.58 9.9+0.78

T.te-HslO 13.9+0.86 8.9+0.62

T.te-DnaJ 13.1+£1.13 8.8+0.35

T.te-GroEL 10.6 £ 0.82 7.9 £0.66

T.te-GroES 10.9 £0.89 7.2+0.28

T.te-GrpE 12.6 £0.58 9.1 £0.51

T.te-DnaK 12.2£0.64 83+0.73
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Fig. 1. Cell viability of strains cultured at temperatures from 35 °C to 43 °C (a) and
42 °C (b).

affects the composition of cell wall and its proteins (Heilmann
et al., 2013). Therefore, the cell wall integrity maintenance poten-
tial of engineered strains was estimated under heat stress by Congo
Red dyeing because Congo Red interferes with cell wall integrity.
The results showed that there was no obviously different between
engineered strains and control strain when they cultured at 30 °C.
However, three engineered strains grew better than the control
when they cultured at 42 °C or supplemented with 50 mg/L Congo
Red. Especially T.te-GroS2 strain showed the best growth. Mean-
while, the cells became smaller when strains cultured at 42 °C
compared to 30 °C (see Fig. S1 in the supplementary material).
Besides, the cell viability of engineered and control strains to
Congo Red sensitivity was also compared. T.te-GroS2 strain
(83.5+4.2)% showed 1.5-fold more cell viability compared with
the control (50 + 6.5)% (p < 0.05). These results indicated that the
thermo-tolerant devices effectively impeded the cell wall deforma-
tion by repairing certain cell wall associated proteins, resulting in
stronger cell survival ability of thermo-tolerant strains at higher
temperature.

3.4. Dual protection roles of thermo-tolerant devices on engineered
strains

Previous studies have revealed that trehalose is an important
compound involved in the survival of S. cerevisiae when exposed
to various severely stressful environments, such as heat and hyper-
osmotic pressure. The protective role of this disaccharide lies in
maintaining membrane stability, facilitating proper protein folding
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by HSPs and preventing protein denaturation under stress condi-
tions (Mahmud et al., 2010; Heilmann et al., 2013; Wang et al.,
2014). To see whether T.te-TTE2469, T.te-GroS2 and T.te-IbpA
strains accumulate a higher content of trehalose than WT/Vector,
trehalose content of strains was compared at 42 °C. Trehalose
accumulation in strains T.te-TTE2469, T.te-GroS2 and T.te-IbpA
was higher by (14.5%1.5), (21.7+2.1) and (10.7+1.3) mg/L
respectively, compared with the control strain (p <0.05). The
results revealed that heat stress caused a significant increase in
trehalose accumulation due to the function of thermo-tolerant
devices. Trehalose and heat shock proteins may play a role in pro-
viding cross-protection against heat stress (Zhao and Bai, 2009).
The previous study also demonstrated that several genes such as
tps1, tps2 and tps3 associated with trehalose metabolism in yeast
strains were highly expressed (Hirasawa et al., 2001). Among these
genes, tps1 (encoding trehalose-6-phosphate synthase) was highly
expressed gene. Fig. 2a shows that the expression of tps1 gene was
up-regulated in three engineered strains after long-term heat
exposure compared with the control (p <0.05) and the trehalose
content was strictly correlated with the gene expression level.
Actually, higher expression of tps1 in thermo-tolerant strain is a
common phenomenon (Auesukaree et al., 2012). However, the
increased trehalose content implied that glycolytic flux was altered
and caused by a change in pyruvate kinase activity which associ-

ated with ATP metabolism. Interestingly, the cdc19 gene encoding
pyruvate kinase (involved in ATP production) was significantly up-
regulated in three engineered strains compared with the control
(Fig. 2b). Especially, strain T.te-GroS2 exhibited the highest expres-
sion level although the expression level decreased 48 h later
(p<0.01). The results suggested that the metabolic rate was
enhanced due to the implanting of thermo-tolerant device, which
may stimulate the energy generating pathway to maintain cellular
homeostasis. Some studies also have shown that cdc19 is impor-
tant for high-temperature tolerance in S. cerevisiae (Benjaphokee
et al., 2012b). Therefore, in this study, another engineered strain
called S.c-CDC19 was also constructed by over-expressing cdc19.
Fermentation experiment results showed that the cell density of
S.c-CDC19 strain was increased (16.2 + 1.3)% compared with the
control. However, three thermo-tolerant engineered strains still
grew significantly better than S.c-CDC19 strain (see Fig. S2 in the
supplementary material). These results indicated that over-expres-
sion of cdc19 can enhance the thermo-tolerance of strain, but the
thermo-tolerance was significantly improved owing to the up-
regulated expression of cdc19 gene by implanting thermo-tolerant
devices. Thermo-tolerant genes tte2469, gros2 and ibpa encoding
ubiquitin, HSP10 and HSP20 respectively. Ubiquitin plays a central
role in controlling protein stability, activity, localization and
protein-protein interactions. Over-expression of ubiquitin protects
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Fig. 2. Comparsion of trehalose accumulation and expression of tps1 gene in three engineered strains T.te-TTE2469, T.te-GroS2 and T.te-IbpA and control stain WT/Vector (a),
and expression level of cdc19 gene in three engineered strains and control stain under heat stress condition (b).
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yeast against multiple stresses (Hiraishi et al., 2006). HSP10 and
HSP20 proteins belong to the small heat shock proteins (sHSPs),
sHSPs are a superfamily found in all organisms such as Archaea,
Bacteria, and Eukarya, and as molecular chaperones, they aid in
binding partially denatured proteins and also prevent irreversible
protein aggregation induced by various environmental stressors.
Over-expression of small heat shock proteins protects microorgan-
isms against heat stress (Ahn et al., 2012; Mayer et al., 2012). This
property makes sHSPs critically important in cellular defenses
against a wide variety of stresses. Therefore, these exogenous heat
shock proteins may possess dual protective roles on cells, on one
hand, they protected proteins from being irrevocably denatured,
misfolded or aggregated, on the other hand, they indirectly
affected stress-response genes such as cdc19 and tps1, engaging
the HSPs, trehalose and energy generating pathway synergically
to withstand adverse heat stress.

3.5. Enhanced pathway efficiency in thermo-tolerant engineered
strains

B-Amyrin is a triterpenes compound and possesses antibacte-
rial, antiviral and antioxidant properties. In order to evaluate the
protective role of thermo-tolerant device on value added com-
pound producing strain, thermo-tolerant B-amyrin engineered
strain Sg-sb-T.te-GroS2 was constructed. Reportedly, the actual fer-
mentation temperature for S. cerevisiae applied in industrial pro-
cesses was between 34°C and 38°C (Gu et al, 2014), the

a 30
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Fig. 3. Pathway efficiency verification of Sg-sb strain cultured at 30 °C, 35 °C and
38°C and Sg-sb-T.te-GroS2 strain cultured at 35°C and 38 °C for 120 h by the
growth potential (a) and p-amyrin titer (b).

mandated temperature for S. cerevisiae fermentation in SSF was
typically no more than 35°C (Cannella and Jergensen, 2014).
Therefore, the fermentation profiles of thermo-tolerant engineered
strain Sg-sb-T.te-GroS2 cultured at 35°C and 38 °C and control
strain Sg-sb cultured at 30 °C, 35 °C and 38 °C were compared. As
shown in Fig. 3a,b, when Sg-sb-T.te-GroS2 strain was cultured at
35 °C, the cell density was increased (10.1 + 0.6)% and the B-amyrin
titer was apparently increased (28.1 +2.6)% compared with the
control strain that cultured at 30 °C. Meanwhile, the cell density
and B-amyrin titer were also increased (20.6+1.8)% and
(49.2 £ 1.4)% respectively compared with the control strain that
cultured at 35 °C. In addition, the B-amyrin titer of Sg-sb-T.te-GroS2
strain (35 °C) was 16.3 mg/L at 48 h, which was slightly higher
than the control strain (30 °C) at 120 h, namely, the fermentation
period of Sg-sb-T.te-GroS2 strain was shortened to 48 h. The saved
fermentation period demonstrated that the metabolic rate of
Sg-sb-T.te-GroS2 strain was enhanced. When Sg-sb-T.te-GroS2
strain was cultivated at 38 °C, although the cell density was
decreased (18.3 £ 1.3)%, the B-amyrin titer was merely decreased
(2.9+0.2)% compared with the control strain that cultured at
30 °C. Moreover, the cell density and B-amyrin titer were increased
(11.3£0.8)% and (25.7 £2.2)% respectively compared with the
control strain that cultured at 38 °C. According to above results and
calculation, the B-amyrin synthesis efficiency of Sg-sb-T.te-GroS2
strain cultured at 38°C was increased (21.2+1.5)% and
(46.7 £ 3.3)% at 48 h compared with the control strain that cultured
at 30 °C and 38 °C respectively. Therefore, the increased B-amyrin
titer indicated that the pathway efficiency of p-amyrin synthesis
was enhanced. Studies have shown that higher temperature
increases glycolytic flux and enzyme activity to improve the effi-
ciency of cell synthesis (Postmus et al.,, 2012; Amillastre et al.,
2012; Lin and Xu, 2013). Therefore, these results indicated that
the thermo-tolerance of S. cerevisiae was improved, pathway
efficiency and metabolic rate were further enhanced due to the
protective role of thermo-tolerant device, which reduced the
energy consumption, increased the p-amyrin titer and shortened
the fermentation period.

4. Conclusions

The main achievement of this work was that the optimal
growth temperature range of S. cerevisiae was broadened to
28-35 °C via introducing thermo-tolerant devices. Three refactored
engineered strains T.te-TTE2469, T.te-GroS2 and T.te-IbpA showed
better growth at higher temperature. The better growth ability
was the result of thermo-tolerant devices may possess dual protec-
tive roles on cells. Thermo-tolerant engineered strain showed
28.1% increased B-amyrin titer and 72 h shortened fermentation
period. This study provides a platform to substantially reduce
energy consumption and production cost and offers a valued scien-
tific reference to construct other resistant strains.
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