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ABSTRACT

Furfural is a major toxic byproduct present in the hydrolysate of lignocellulosic biomass, which inhibits
the growth and ethanol fermentation of Saccharomyces cerevisiae. To enhance yeast tolerance to furfural,
extracellular redox potential (ORP) regulation was employed for the fermentation system through con-
trolling ORP at —150 mV, —100 mV and —50 mV, respectively, by adjusting its aeration. When ORP was
controlled at —100 mV, yeast cells exhibited improved growth, furfural degradation and ethanol produc-
tion. Analysis of intracellular redox pairs such as NADH/NAD" and GSH/GSSG indicated a correlation
between extracellular ORP and intracellular redox homeostasis. Moreover, intracellular reactive oxygen
species (ROS) caused by furfural stress decreased under the redox control condition, which consequently
conferred yeast cells tolerance to furfural. Comparative transcriptome analysis for yeast cells sampling
under the ORP control at —100 mV further revealed that the expression of genes for proliferation was
up-regulated to degrade furfural more efficiently. These results demonstrated that extracellular ORP reg-
ulation would be a strategy for enhancing yeast tolerance to furfural stress during cellulosic ethanol
fermentation.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Fuel ethanol from lignocellulosic biomass such as forest wastes
and crop residues has been believed to be an auspicious substitute
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of fossil fuels due to its social, environmental and economic sus-
tainability (Ming and Dale, 2009). The main process of cellulosic
ethanol production includes feedstock pretreatment, enzymatic
hydrolysis of cellulose and ethanol fermentation (Chen et al,
2017). Pretreatment is a primarily step to address the recalcitrance
of lignocellulose composed of cellulose, hemicelluloses and lignin
which are intertwined together (Lynd et al., 2017). Unfortunately,


http://crossmark.crossref.org/dialog/?doi=10.1016/j.ces.2018.11.059&domain=pdf
https://doi.org/10.1016/j.ces.2018.11.059
mailto:cg.liu@sjtu.edu.cn
https://doi.org/10.1016/j.ces.2018.11.059
http://www.sciencedirect.com/science/journal/00092509
http://www.elsevier.com/locate/ces

K. Li et al./Chemical Engineering Science 196 (2019) 54-63 55

toxic by-products are generated during the process, and compro-
mise the growth and viability of yeast cells during ethanol fermen-
tation. Furan derivatives, phenolic compounds and weak acids are
common inhibitors, which are released during the pretreatment
from cellulose, lignin, and hemicelluloses.

As a main degradation by-product of hemicelluloses in lignocellu-
losic biomass, furfural usually reaches to more than 4 g/L in corn cob
hydrolysate after dilute acid pretreatment (Liu et al., 2004; Wang
etal., 2011). Furfural inhibits the key enzymes of yeast involved in gly-
colysis and ethanol production (Jung et al., 2017; Taherzadeh et al.,
2000). Moreover, furfural substantially disturbs the intracellular redox
homogeneity through comprising the synthesis of intracellular reduc-
ing power NAD(P)H or accelerating its degradation. As a core cofactor,
NAD(P)H participates in multiple essential processes of mass and
energy metabolism (Liu et al., 2013). Strategies for rebuilding redox
balance have been proven to assist yeast cells to overcome furfural
inhibition (Wang et al., 2017; Jayakody et al., 2014).

Redox (oxidoreduction) potential (ORP) reflects valuable meta-
bolic information with the cultivation of aerobic and anaerobic
microorganisms (Schrader and Dehmlow, 2000). ORP of fermenta-
tion systems is a combination indicator for pH, dissolved oxygen
and metabolism with a large number of redox pairs (Sato et al.,
1998), and the intracellular redox balance and physiology of cells
at multiple metabolic levels can be partially determined by extra-
cellular ORP (Graef et al., 1999). Regulation of extracellular ORP has
been shown to enhance stress tolerance of yeast to high-
concentration ethanol (Liu et al., 2013). At the same time, chip
analysis for gene expression also showed that the changes of ORP
correlated with the expression of many stress response pathways
such as the HSP family (Liu et al., 2013).

Since many inhibitors with aldehyde group such as furfural and
vanillin cause imbalance of intracellular ORP (Wang et al., 2017),
controlling ORP could be a primal choice to enhance the tolerance
for yeast cells. Compared with genetic engineering that modifies
metabolic pathway directly, process engineering aims to provide
a proper environment for optimal cell metabolism without under-
taking complicated strain modifications. There are three
approaches often employed to control ORP including aeration tun-
ing, reductant (oxidant) supplementation and electronic reactions
(Liu et al., 2013), where accurate control on aeration is the most
convenient method for aerobic or micro-aerobic fermentation,
because oxygen with high standard redox potential is effective
for altering ORP levels.

This study focused on the improvement of yeast tolerance to
furfural during ethanol fermentation by adopting ORP control.
The effect of extracellular redox levels on intracellular redox bal-
ance and metabolism were analyzed to depict mechanism underly-
ing the enhancement of stress tolerance with yeast cells.

2. Material and methods
2.1. Media, yeast strain, and fermentation

The yeast strain BY4741 was cultured in the YPD medium com-
posed of yeast extract (10 g/L), peptone (20 g/L), and glucose (20 g/
L), to the mid-log phase (around 18 h) in shake flasks and inoculated
into fermenter with 1 L working volume. The media in fermenter
contained yeast extract (3 g/L), peptone (4 g/L), glucose (100 g/L),
and furfural (4 g/L). A 10% inoculum was provided, and culturing
was performed at 30 °C, pH = 4.5, at shaking speed of 150 r/min.

2.2. Redox control strategy

An autoclavable ORP electrode (model: Pt4805-DPAS-SC-
K8S/225, Mettler Toledo, Switzerland) was implanted into the

fermenter to monitor redox potential, and a known voltage signal
was managed by a pH/ORP controller designed by the authors.
When the known ORP value was dropped than the set point,
1 vvm filter-sterilized (0.2 um nylon membrane) air was splashed
into the fermenter until the ORP returned above the set point.
ORP was maintained at: —50 mV, —100 mV, and —150 mV based
on previous research (Liu et al., 2016). The aeration time was mea-
sured by PID algorithm built in the pH/ORP controller. No-aeration
means no additional air supply during whole fermentation. Half-
aeration was under aeration before 12 h and without air supply
afterward. The stirring speed is 150 r/min for all.

2.3. Analyses

A 2-mL of the sample was collected from the fermentation
broth every 12 h. Cells were removed by centrifugation (10,000g
for 5 min), and the supernatant was subjected to glucose, ethanol,
and furfural quantification using HPLC (Model: Waters 1525) with
an RI detector (Model: Waters 2414) at 50 °C. An ion-exclusion col-
umn (Model: Aminex HPX-87H 300 x 7.8 mm, Bio-Rad, USA) was
employed to separate the metabolites. H,SO4 (10 mmol/L) served
as mobile phase at a flow rate of 0.6 mL/min (Qiu and Jiang,
2017; Wallace-Salinas and Gorwa-Grauslund, 2013). Cell growth
was monitored by measuring optical density at 600 nm.

2.4. Measuring the intracellular redox potential

Intracellular values of the GSSG/GSH redox potential
(Ehgsscj2gsn) and NADH/NAD™ redox potential (Eh napn/nap) Were
calculated from concentrations of redox pairs using the Nernst
equation (Drakulic et al., 2005):

B kT [GSSG]
Ehgssc/csi = Eocssc/csu + 2.303 ﬁlOglo m (1)
kT NAD
Ehnap/napi = Eonap/napn + 2.303 oF log;g ﬁ 2)

Eocssc/csn and Eq napynapn are the standard potentials for GSSG/
GSH (—0.24 V) and NAD/NADH (-0.32 V) at pH 7. Where “k” is the
Boltzmann’s constant (8.31 J/mol/K), “T” is the absolute tempera-
ture, “n” is the number of electrons transferred, and “F” is the Fara-
day’s constant (96406 J/V).

2.5. Measurements of intracellular GSH, NADH, and ROS

NADH and NAD" concentrations were measured using a Kit in
accordance with the manufacturer’s instructions (Qiao Suo Co.,
Ltd., Shanghai, China). Briefly, the NADH cycling assay was per-
formed using Spectra Fluor Plus in a 96-well plate format. The
reaction mixture comprised 40 pL sample extract, 16 puL bicine
(1.0 mol/L, pH =8.0), 40 pL neutralizing buffer (0.1 mol/L NaOH
for NAD* or 0.1 mol/L HCI for NADH), 16 pL phenazine ethosulfate
(PES), 16 pL 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium
bromide (MTT), 16 pL absolute ethanol (~100%), and 30 uL EDTA
(40 mmol/L, pH = 8.0). At the end, the PES and MTT were added
to the 96-well plate, and the mixture was incubated at 30 °C for
3 min. Next, 3.2 pL of alcohol dehydrogenase (500 U/mL) prepared
in the bicine buffer (pH = 8.0) was added to the reaction mixture to
initiate the reaction assay. An increase in absorbance (570 nm) was
recorded within 10 min. The rate of reduction of MTT is propor-
tional to the concentration of NAD* or NADH in the sample. Known
concentrations of NAD" (0.0375 nmol/L) and NADH (0.75 nmol/L)
were applied to calibrate the assay. A 2',7'-dichlorodihydrofluores
cein diacetate (DCFH-DA)-based kit (Beyotime Institute of Biotech-
nology, China) was used to quantitate reactive oxygen species
(ROS). Yeast samples treated with gold nanoparticles (10 pig/mL)
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for 4 h by centrifugation were stained with 10 pmol/L DCFH-DA.
Fluorescence intensity of ROS was estimated by a microplate
reader (Tecan Infinite 200) with excitation set at A 488 nm and
emission at 525 nm (Allen et al., 2010).

GSH and GSSG levels were measured using commercial kits
(Beyotime Biotechnology, Nantong, China) following the manufac-
turer’s protocol. Cells (2 x 10°/mL) were seeded into 6-well plates
and treated with different benzoquinone concentrations (0, 10, and
20 pmol/L) for 24 h. The cells were washed with phosphate-
buffered-saline, and protein removal agent was added. The sam-
ples were freeze-thawed twice with liquid nitrogen in a water bath
at 37 °C. The cells were clarified by centrifugation (10,000g) for
10 min at 4 °C. The supernatant was used for the measurement
of GSH and GSSG at 450 nm using a microplate reader. All chemi-
cals used were of analytical grade and were purchased from Sigma
or other vendors of equivalent standards (Wang et al., 2016).

2.6. Transcriptome analysis

Samples were collected 48 h after inoculation at the fermenta-
tion stage. Cell pellets were clarified by centrifugation (8000 g,
5 min, at 4 °C) and then were immediately frozen in liquid nitro-
gen. Total RNA was extracted by Spin Column Plant total RNA
Purification Kit (Sangon, Shanghai, China) according to the manu-
facturer’s instructions. RNA-Seq analyses were performed on two
independently replicated fermentation experiments to ensure
reproducibility of results. Agilent 2100 Bioanalyzer was used for
determining RNA quality and quantity. Total RNA was submitted
to NovelBio for processing and chip hybridization following the
instructions of the manufacturer (Bio-Pharm Technology Co.,
Ltd). The arrays were scanned with the Agilent Microarray Scanner
(Agilent p/n G2565BA), and the data were extracted using featured
software (Agilent Feature Extraction software). Normalization was
performed by the robust multi-array average (RMA) method
(Zhang et al., 2016, 2013). Differentially expressed genes were
determined through gene ontology (GO) and a web-based software
GOEAST (Zheng and Wang, 2008). Fisher’s exact test was employed
to classify the GO categories, and the false discovery rate (FDR) was
determined to correct the P-value (Prieto et al., 2008).

3. Results and discussion
3.1. Effect of inhibitors on yeast growth

Corn stover is an abundantly available feedstock for lignocellu-
losic ethanol production. Industrial scale pretreatment of lignocel-
lulose often involves the use of a dilute acid due to the low
associated costs and availability of established technology. We
sought to determine the effect of inhibitors resulting from acid pre-
treatment on the growth of Saccharomyces cerevisiae in the pres-
ence of 4 g/L acetic acid, 1 g/L 5-HMF, or 4 g/L furfural (Fig. S1),
similar concentrations of which are known to accumulate in the
corn stover hydrolysate after acid pretreatment. While 1 g/L
5-HMF showed no significant inhibitory impact on cell growth,
4 gL acetic acid and 4 g/L furfural were found to prolong the lag
phase in yeast by 12 and 36 h, respectively. Furfural was therefore
identified to be the major inhibitor of yeast growth in corn stover
hydrolysate after acid pretreatment. 4 g/L furfural was conse-
quently used in the following experiments to study the impact of
ORP-mediated regulation of furfural tolerance.

3.2. Yeast growth and fermentation under redox potential control

All fermentation experiments exhibited almost similar redox
profiles (Fig. 1A). Yeast cultured in freshly prepared media

exhibited vigorous growth resulting in rapid depletion of dissolved
oxygen in the broth; degradation of carbohydrates was associated
with increase in reducing power and reduction of oxidizing power
in the medium resulting in a radical decline in ORP from 70 to
—220 mV. However, redox-control and half-aeration performed
during the early 12 h of growth were found to increase the redox
value. ORP control was initiated at 18, 28, and 46 h to be main-
tained at —50, —100, and —-150 mV, respectively. The half-
aeration group with no air supply after 12 h showed an ORP drop
to —176 mV at the end of fermentation.

The yeast cells grown under no-aeration (the control) displayed
a prolonged lag phase of 36 h due to the inhibitory effect of furfural
(Fig. 1B). On the contrary, the other groups grown under aeration
for the first 12 h exhibited much greater biomass and specific
growth rate. Yeast maintained under an ORP of —50 mV displayed
the greatest acceleration in growth during the first 24 h and
through 48 h; because it reached the set value of —50 mV was
attained within 18 h with the aeration supplied in the early stages
of growth.

The glucose consumption in the cultures that received no aera-
tion was found to be significantly reduced with 15 g/L residual glu-
cose measured at 72 h (Fig. 1C). Aeration during the first 12 h of
growth was found to alleviate this problem and increase glucose
utilization; the aerated groups displayed elevated rates of glucose
consumption and were able to reduce glucose levels to about 8 g/L
by 72 h. Maintenance of ORP further promoted glucose utilisation,
under which state the yeast exhausted the glucose by 72 h. Main-
tenance of cultures at —50 mV led to sugar depletion even faster by
around 60 h.

The ethanol accumulation is shown in Fig. 1D. No-aeration
group produced the least ethanol because of the lowest glucose
consumption. The —50 mV group displayed the fastest rate of etha-
nol production before 60 h. The ethanol production, however,
decreased by 72 h due to the depletion of glucose and aeration
stripping loss. The optimal conditions for efficient fermentation
by yeast were determined to be at an ORP of —100 mV.

Glycerol is a major by-product of ethanol fermentation by S.
cerevisiae (Medina et al., 2010). As shown in Fig. 1E, the final con-
centration of glycerol produced by yeast in the redox-controlled
group was much higher than in the no-aeration group. The highest
concentration of glycerol attained in group maintained at —50 mV
was 3 g/L, which was 0.4 g/L higher than what was seen in the no-
aeration controls.

The consumption of furfural is illustrated in Fig. 1F. Yeast cells
with no-aeration consumed the furfural by 48 h, whereas, cells in
half-aeration group (that only received aeration for the initial
12 h) were able to consume furfural faster, by 36 h; ORP-
controlled groups displayed moderately accelerated furfural con-
sumption compared to that seen in the half-aeration group. Aera-
tion during the initial stages of yeast growth was, therefore,
found to play an important role in the detoxification of furfural.

Overall, aeration improved cell growth and utilization of fur-
fural and glucose that was correlated with an increase in ethanol
titres. Groups under ORP control displayed better and faster etha-
nol fermentation with high ethanol titres.

3.3. Aeration statement for redox potential control

As a result of the common aeration step, the redox-controlled
groups and those subjected to only the initial aeration (the half-
aeration group) showed similar profiles of growth and fermenta-
tion during the first 12 h (Fig. 1). The redox-controlled group even-
tually displayed better overall growth and fermentation compared
to its non-redox controlled counterpart. As expected, the redox-
controlled groups maintained at —50 mV showed the best growth
owing to the greatest air volume; the biomass of groups
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Fig. 1. Performance of ethanol fermentation under redox potential regulation in presence of 4 g/L furfural. (A) ORP profile; (B) Cell growth; (C) Glucose consumption; (D)
Ethanol production; (E) Glycerol accumulation; (F) Furfural degradation. Error bars indicate standard deviation of biological triplicates.

maintained at an ORP of —100 or —150 mV were found to be a
function of their aeration volume as well. The pathway of cellular

respiration fuelled by oxygen is likely to generate enough energy
to promote both cellular proliferation and furfural stress tolerance.
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As shown in Fig. 2, during the first 12 h of growth, the half-
aeration and redox-controlled groups were aerated with constant
air flow at the rate of 0.07 vvm. In the half-aeration group, the aer-
ation was stopped at 12 h. The —50 mV redox-controlled group
was created via manipulated-aeration beginning at the 18 h incu-
bation mark; similar aeration strategies were adopted beginning
at the 28 and 46 h incubation point to maintain the redox potential
of two other groups at —100 and —150 mV, respectively. The group
maintained at —50 mV ORP received aeration for the longest period
accounting for the greatest aeration volume; however, for the
redox-controlled group maintained at —150 mV, only a little air
was sparged into the fermenter during ORP manipulation. The aer-
ation volume of groups maintained at —50 mV displayed a 49.82%
increase over the aeration-induced volume of group maintained at
—100 mV. Similarly, the aeration-induced volume was 4.71%
higher in group maintained at —100 mV than in group maintained
at —150 mV. Likewise, the aeration-induced volume was found to
be 1.01% higher in group maintained at —150 mV than in the
half-aeration group that did not receive redox maintenance. Over-
all, this indicates that the maintenance of higher ORP levels during
ethanol fermentation requires much more air, which could lead to
problems including contamination, ethanol loss, and high energy
costs. Notably, despite the small difference between the aeration-
induced volume of the —150 mV controlled and half-aeration
groups (only 1.01%), yeast cells controlled at —150 mV consumed
more glucose at the rate of 10g/L when compared to half-
aeration group (Fig. 1C). This is suggestive that a little aeration
can bring about a significant tolerance to stress. It remains to be
clarified if stress tolerance in yeast cells is a direct consequence
of the amount of oxygen from the aeration or an indirect effect
of ORP regulation by oxygen.

3.4. The main redox metabolites in yeast under redox potential control

Since significant differences in cell growth, glucose utilization,
and ethanol production were observed between the no-aeration
and redox-controlled conditions, it was essential to monitor the
intracellular redox metabolites in response to extracellular ORP
control, to elucidate the correlation between intra and extracellu-
lar redox potential. The highest ethanol titre was observed in the
ORP-controlled group at —100mV; this group was, therefore,
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compared with the no-aeration group for the presence of intracel-
lular redox metabolites such as cofactors, ROS, and glutathione, in
the presence of furfural.

Cofactors are involved in several metabolic reactions that
specifically affect redox balance and cellular processes overall
(Holm et al., 2010). As illustrated in Fig. 3A, the lowest ratio of
NADH/NAD* was measured at 12-24 h, during the lag phase, when
yeast cells re-adjust their metabolic profile for a new environment
with low reducing power due to low glucose consumption. There
was no significant difference in the NADH/NAD" ratio between
the no-aeration and —100 mV redox-controlled groups at all except
the 36 h point, which was indicative that the cells preferred to
maintain the intercellular redox homogeneity even though the
extracellular redox changed dramatically. The ratio of NADH/
NAD" in the —100 mV group was found to be higher than in the
no-aeration group at 36 h. While cells without aeration had just
begun the exponential phase because of furfural inhibition, cells
maintained at —100 mV were in the mid-exponential phase of
growth vigorously metabolising carbohydrates with an accompa-
nied increase in the reducing power. Another potential reason for
the higher NADH/NAD" ratio in the cells maintained at —100 mV
could be the detoxification of furfural which is an NADH requiring
process. Consistent with this reasoning, yeast cells at —100 mV
consumed furfural earlier when compared to the no-aeration
group, which means more reducing power was conserved.

ROS is a common family of oxidants that damages cell compo-
nents and is associated with universal stress responses including
that induced by furfural (Allen et al., 2010). Thus, intracellular
ROS content could be an indicator of the furfural stress, in addition
to the oxidative stress induced by ORP control. Fig. 3B shows that
ROS fluorescence intensities in the —100 mV ORP-controlled group
at 12 h and 24 h were much higher than that in the no-aeration
group; this is consistent with the yeast cells in the —100 mV ORP
group being subjected to not only the furfural-induced stress but
also the oxidative stress caused by aeration during the first 24 h.
The synergetic effect of aeration and furfural is likely to account
for the high ROS content. After 24 h, however, yeast cells under
the —100 mV control were able to quickly consume furfural; the
constant aeration was replaced by accurate ORP control with small,
regulated bouts of aeration which led to alleviation of the stress
and consequently reduced intracellular ROS. On the other hand,
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difference P-value < 0.05. Error bars indicate standard deviation of biological triplicates.

yeast cells in the no-aeration group took longer to degrade the fur-
fural leading to increase in production of ROS until 48 h. The ROS
content of the cells in the no-aeration group was, therefore, higher
when compared to that in cells in the —100 mV group between 36
and 48 h. After 48 h, neither aeration nor furfural caused the accu-
mulation of ROS indicated by the reduction in fluorescence inten-
sity of ROS comparable to that seen in cells at 0 h. No significant
difference was observed between the —100 mV controlled and
no-aeration groups by this point.

The glutathione (GSH) reduction system helps in the mainte-
nance of a reduced environment in the S. cerevisiae cytosol
(Rouhier et al., 2010). Reduced GSH can be regenerated from oxi-
dized GSSG utilizing the reducing power of NADPH. Sufficient
reducing power in the cytosol is, therefore, important for a high
GSH/GSSG ratio. The breakdown of glucose serves as a pivotal
source of reducing power in the cell; a correlation can, therefore,
be established between residual glucose profiles and GSH/GSSG
ratios. As shown in Fig. 3C, cells were found to have a low ratio
of GSH/GSSG at 12h in both the no-aeration and —100 mV-
controlled groups as a result of slow glucose utilization due to fur-
fural stress. Entry of the —100 mV controlled cells into the expo-
nential phase at 24h was accompanied by rapid glucose
consumption resulting in a 2-3 fold increase in the GSH/GSSG ratio
that was found to prevail until depletion of glucose at 60 h; a steep
fall in the GSH/GSSG ratio was observed by 72 h. In contrast, cells
in the no-aeration group were delayed in their entry into exponen-
tial phase displaying rapid consumption of glucose by 36 h and a
subsequent increase in GSH/GSSG the ratio. These observations
indicate that the control of ORP not only influenced the extracellu-
lar redox potential but also contributed to the intracellular meta-
bolic and redox shift.

3.5. Correlation of extracellular and intracellular redox potential

The above results have revealed that regulation of extracellular
redox potential improves the resistance to furfural. We were,
therefore, interested to determine if there was a correlation
between the redox status inside and out of the cell. Cells tend to
maintain an intracellular redox balance; hence, the measured
Ehnap+/Napny and Ehgssg/gsuy were found to vary within very nar-
row ranges (50-110 mV) despite relatively wide variations in the
environmental ORP varying from (-250 - 100 mV). In addition,
the values of Ehnap+/napny and Ehgssgjcsny between the two no-
aeration and —100 mV redox controlled groups were not found

to be significantly different (Fig. S2). The ability of yeast cells to
attenuate the effect of extracellular ORP fluctuations can be attrib-
uted to the cytomembrane barrier and to metabolism regulation.
As mentioned in Section 3.2, the ORP was found to decrease grad-
ually and finally become stable at —100 mV and around —220 mV
in the ORP controlled and no-aeration groups, respectively, the
persistent reducing power being driven by the catabolism of
carbohydrates.

Intracellular values of the GSSG/GSH half-cell redox potential
(Eh(cssc/csn)) were determined during whole phases as an indicator
of the cellular redox environment (Schafer and Buettner, 2001). A
similar trend was noted with Ehap+/napn) Where a decrease in
the first 12 h was followed by a gradual increase. These observa-
tions are indicative that extracellular redox can influence the intra-
cellular redox balance, although the relationship is indirect.

The profiles of extracellular redox potential, Eh(nap+/napn) and
Eh(gssc/csny were found to consistently decrease between 0 and
12 h. At the start of fermentation, yeast cells in exponential phase
with abundant reducing power were inoculated into fresh medium
rich in dissolved oxygen and a high ORP. The huge differences
between the extracellular and intracellular redox status stimulate
the cells to adjust metabolism pathways to acclimatize into the
fresh medium as is seen in the lag phase; the cellular redox status
is, consequently, observed to climb to a higher ORP level within
12 h. It must be clarified that extracellular as well as intracellular
redox potential is the sum of individual redox potentials of all sub-
stances comprising the redox environment. Each substance that
can be oxidized or reduced has its own redox potential range.
Eh(gssc/gsmy is known to be in the range of —260 to —370 mV,
whereas Eh(nap+/napny IS in the range of —220 to —270 mV. An
accurate intracellular redox potential can, therefore, be calculated
if the concentrations of all redox pairs in the cell are known. Cur-
rent methods, unfortunately, use concentrations of a few represen-
tative redox metabolites revealing only metabolite-specific redox
potential that gives only a partial glimpse of the intracellular ORP.

3.6. Differential gene expression between redox-controlled and no-
aeration groups

The mRNA fractions purified from mid-exponential phase (48 h)
cells cultured at —100 mV ORP and from the no-aeration group
were subjected to gene expression profiling for the identification
of differentially expressed genes. Taking log,(—100 mV/no-
control) > 2 or <-2 as a criterion, it was shown that 52 genes were



60

up-regulated while 41 were down-regulated in the —100 mV con-
trolled cells relative to the gene expression profile of the no aera-
tion group of cells. These genes were subjected to GO enrichment
analysis, and catalogues were then sorted in the descending order
in accordance with -log;o(P-value) (Table S1).

Among the up-regulated genes, 10 enrichments (Fig. 4A) were
shown to be related to the protein biosynthetic pathway, 7 groups
were shown to be related to rRNA processing and ribosome bio-
genesis, and 3 groups were found to be involved in the mRNA
polymerase-I promoter. Examples include SPB1 (fold change
2.11), involved in rRNA processing and 60S ribosomal subunit mat-
uration (Bonnerot et al., 2003); BFR2 (fold change 2.31), an essen-
tial protein component of 90S pre-ribosomes that may be involved
in rRNA processing (Soltanieh et al., 2014); and SSF1 (fold change
2.17), that encodes integral proteins of 66S pre-ribosomal particles
and is required for the maturation of the larger ribosomal subunit
(Bogengruber et al., 2003). The convergent synthesis of mRNA,
tRNA, and ribosomes in yeast cells under ORP control could
account for the apparent growth advantage in these cells. The fas-
ter cell growth in the —100 mV ORP group, facilitated the rapid
breakdown of furfural, depleting furfural from the medium within
48 h.

The down-regulated genes were shown to be related mainly to
carbohydrate metabolism, glycogen biosynthesis, and the pentose
phosphate shunt (Fig. 4B). Examples of these genes included
GSY1 (fold change —2.62) and ZWF1 (fold change —1.37). GSY1 is
a glycogen synthesis gene that is induced by glucose limitation.
Furfural-mediated reduction of the rate of glucose assimilation
(despite high glucose levels in the medium during the early stages
of growth) in the no-aeration group could have stimulated the cells
to synthesize glycogen. ZWF1, on the other hand, is a glucose-6-
phosphate dehydrogenase (G6PD) which catalyses the first step
of the pentose phosphate pathway and may be involved in cellular
adaptation to oxidative stress. There is lesser oxidative stress expe-
rienced by cells maintained at —100 mV than those subjected to
no-aeration. Consequently, cells in —100 mV controlled state do
not need to synthesize as much NADPH (compared to cells in the
no aeration group) via pentose phosphate pathway to eliminate
the oxidative stress caused by furfural.

The two main categories of stress response in cells include
oxidation-reduction reactions and the trehalose biosynthetic pro-
cess. The detoxification of furfural has been shown to be an
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oxidation-reduction reaction; furfural can be reduced to furfuryl
alcohol using molecular NADH. Trehalose is known as a protective
agent in cells and is present under various circumstances of stress.
The genes down-regulated in the ORP controlled group were
reflective of the stress status of the cell and this regulation was
relieved after 48 h. Therefore, the yeast cells under —100 mV con-
trolled ORP initially invested in the synthesis of proteins to detox-
ify furfural followed by the subsequent activation of carbohydrate
metabolism pathways.

3.7. Glucose metabolism at the transcriptional level

To analyse glucose catabolism, the transcriptome was superim-
posed on the metabolic network to further analyse changes in cells
maintained at —100 mV controlled ORP relative to cells in no-
aeration groups (Fig. 5).

Genes involved in the glycerol synthesis pathway, including
GUT1 (glycerol kinase), GPD1, and GPD2 (glycerol-3-phosphate
dehydrogenase) (Albertyn et al., 1994) were down-regulated in
the —100 mV controlled group because NADH generation was sur-
passed as shown in Fig. 3. The expression of TDH2, on the other
hand, was upregulated; TDH2 that encodes glyceraldehyde-3-
phosphate  dehydrogenase catalyses the conversion of
glyceraldehyde-3-phosphate to 1,3 bis-phosphoglycerate was
enhanced. There was a shift in carbon flux to the ethanol pathway
but not to glycerol synthesis. Additionally, the PDC1 gene encoding
a pyruvate decarboxylase was up-regulated; this gene product
increases the carbon flux to both acetic acid and ethanol. However,
acetic acid concentration in the —100 mV controlled group was not
significantly higher when compared to the no-aeration group due
to the down-regulation of ALD3 that encodes aldehyde dehydroge-
nase to convert acetaldehyde to acetic acid (Navarro-Avifo et al.,
1999). Ethanol production was, hence concurrently increased.
Taken together, ORP maintenance favours the ethanol synthesis
pathway rather than the glycerol or acetic acid synthesis pathways
in the presence of furfural. It implies that proper ORP level not only
determines the metabolic reaction via changing the ratio of cofac-
tors but also regulates the expression of genes that are involved in
fermentation. In brief, ORP shifts metabolic flux, though the change
was not significant because of the robust fermentation pathways in
yeast that maintain the stability of metabolic flux.
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Fig. 4. Pathway enrichment of different expression genes between —100 mV and no-aeration. (A) Up-regulated genes; (B) Down-regulated genes. The numbers labeled in Y-
axis stand for the enriched pathways and the sphere size represents the gene number 1: ribosome; 2: rRNA processing; 3: rRNA methylation; 4: positive regulation of
transcription from RNA polymerase I promoter; 5: ribosomal large subunit biogenesis; 6: maturation of SSU-rRNA transcript; 7: maturation of LSU-rRNA tricistronic rRNA
transcript; 8: ribosomal large subunit assembly; 9: transcription of nuclear large rRNA transcript from RNA polymerase I promoter; 10: regulation of transcription from RNA
polymerase I promoter; 11: glycogen biosynthetic process; 12: carbohydrate metabolic process; 13: pentose-phosphate shunt; 14: polyamine catabolic process; 15: beta-
alanine biosynthetic process; 16: glycogen catabolic process; 17: pentose-phosphate shunt, oxidative branch; 18: oxidation-reduction process; 19: trehalose biosynthetic

process; 20: metabolic process.
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Interestingly, the TCA pathway did not exhibit changes under
the ORP controlled compared to no aeration conditions despite
52 L of aeration volume in the —100 mV controlled group. ORP con-
trol is not just a simple aeration process but involves an accurate
redox-based modulation of metabolism for efficient ethanol pro-
duction and robust stress tolerance. In this case, the ORP controlled
group seemed to increase ethanol production mainly through the
enhancement of strain growth rather than upregulation of ethanol
synthesis genes. Extracellular ORP control exhibited greater effects
on cytoplasmic enzymes than on TCA-related enzymes in the mito-
chondria; this was indicative that extracellular ORP is tightly cor-
related with the cofactors in the cytoplasm but has less influence
on the mitochondrial cofactors due to compartmental isolation.

3.8. Oxidative stress-responsive genes

Expression of selected genes involved in endogenous antioxi-
dant defence was also studied under furfural stress during the
exponential phase (48 h) in the —100mV controlled group
(Fig. 6). The expression levels of all genes were found to be
decreased significantly compared to the no-aeration group (expect
for GSH1). As mentioned above, furfural was depleted by 36 h in
—100 mV ORP group but was present even after 48 h in the no-
aeration group. Thus, the presence of furfural led to the upregula-
tion of most genes as part of the antioxidant response. The function
of some of these genes are as follows: CTA1 and CTT1 encode per-
oxisomal catalases (catalase A and T) in the cytosolic matrix,
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(ZWF1), glutathione reductase (GLR1), catalase T and A (CTT1 and CTAI, respec-
tively), Cu/Zn-superoxide dismutase (SOD1). Error bars indicate standard deviation
of biological triplicates.

respectively (Nishimoto et al., 2015), which decompose hydrogen
peroxide to water and oxygen; SOD1 and SOD2 encoding cytoplas-
mic and mitochondrial superoxide dismutases, respectively, clear
up superoxide, one major member of ROS (Azad et al., 2014); The
GRX2 gene encodes glutaredoxin that is oxidized by substrates
and reduced non-enzymatically by glutathione (Rouhier et al.,
2010); TRX2 encodes thioredoxin which is reduced by thioredoxin
reductase that specifically reduces glutaredoxin (Gémezpastor
et al., 2012); GLR1 encodes glutathione reductase that converts oxi-
dized glutathione to reduced glutathione; GPX1 encodes glu-
tathione peroxidase which reduces free hydrogen peroxide to
water and is involved in glutathione metabolism, which is the
main pathway to overcome the ROS (Magnus et al., 2013; Ohdate
et al., 2010); and ZWF1 encodes glucose-6-phosphate dehydroge-
nase that catalyses the first step of the pentose phosphate pathway
which reduces NADP * to NADPH (Partow et al., 2017).

The expression of these stress-responsive genes is closely
related to the presence of furfural, which is clearly indicative that
furfural induced the oxidative stress. The early degradation of fur-
fural allows the cell to divert the energy and carbon flux used for
stress-responsive protein synthesis to pathways that support bet-
ter cell growth. The —100 mV ORP group was able to degrade fur-
fural faster and consequently attain the greatest measured biomass
with the highest ethanol titer among the groups tested.

4. Conclusions

ORP control by aeration was proven to be a simple strategy to
improve the tolerance of S. cerevisiae to furfural. Higher ORP levels
benefited yeast growth, glucose utilization, ethanol production and
furfural degradation. However, controlling ORP at —100 mV was
optimal for obtaining the highest ethanol titer, and the intracellu-
lar redox pairs NADH/NAD* and GSH/GSSG as well as their redox
profiles were regulated, which consequently alleviated ROS dam-
age caused by furfural. Transcriptional analysis conformed that
the ORP control enhanced ethanol production and furfural degra-
dation by shifting genes expression related to carbohydrate meta-
bolism. With early furfural degradation, the expression of genes for
stress response was down-regulated, which consequently saved
energy and carbon flux for better proliferation. This strategy could

be employed to improve furfural tolerance of yeast cells without
extensive metabolic engineering for robust ethanol production.
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