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HXK1, HXT1,2,4, and PFK1

was significantly different from other genes [in the Embden-Meyerhof-Parnas

pathway, indicating that glucose transport and ghosphorylation could be key nodes

for regulating the intracellular metabolism undér oscillatory conditions. Moreover,

the expression of stress response genes was triggered and affected predominately

by ethanol inhibition in yeast cells. This progress not only contributes to the un-

derstanding of mechanisms underlying the prgcess oscillation observed for con-

tinuous VHG ethanol fermentation, but also pfovides insights for understanding

unsteady state that might develop in other dontinuous fermentation processes

operated under VHG conditions to increase prodtict titers&)r Rolsist production.

continuous ethanol fermentation, metabolomics, oscillation, transcriptomics, very-high-gravity

AM.e'a . 1,3-BPG, 1,3-bis-phospho-glycerate; 6PG, 6-phosphogluconate; 6PGL, 6-phospho-glucono-1,5-lactone; AcCoA, acetyl-CoA; ACE, acetate; AKG, a-ketoglutarate; ALD, aldehyde
dehydtogenase; CER, carbon dioxide evolution rate; DCW, dry cell weight; DEGs, differentially expressed genes; DHAP, di-OH-acetone-phosphate; E4P, erythrose-4-phosphate; EC, energy
charge; EMP, Embden-Meyerhof-Parnas; ETH, ethanol; F6P, fructose-6-phosphate; FBP, fructose-1,6-diphosphate; FUM, fumarate; G1P, glucose-1-phoshate; G3P, 3-phosphoglycerate; G6P,
glucose-6-phoshate; GAP, glyceraldehyde-3-phosphate; GLC, glucose; GOL, glycerol; GOLP, glycerol-3-phosphate; HThPP, 2-hydroxyethyl-ThPP; HSPs, heat shock proteins; ICIT, isocitrate;
MAL, malate; OAA, oxaloacetate; ORP, oxidation reduction potential; OUR, oxygen uptake rate; PEP, phosphoenolpyruvate; PFK, phosphofructokinase; PPP, pentose phosphate pathway;
PYR, pyruvate; R5P, ribose-5-phosphate; Ri5P, ribulose-5-phosphate; RNA-Seq, RNA sequencing; RPKM, reads per kilobase per million mapped reads; ROS, reactive oxygen species; SUC,
succinate; SUCOA, succinyl CoA; TéP, trehalose-6-phosphate; TRE, trehalose; VHG, very high gravity.
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As global demand for crude oil further increases, diversification of
fuel supply through exploring alternative energy sources such as fuel
ethanol has become part of energy policies in many countries
(Kircher, 2015). Although cellulosic ethanol is widely regarded as a
promising liquid biofuel (Liu et al., 2019), a lack of substantial
breakthrough in key technologies is still a major barrier for its im-
plementation. Poor economic feasibility of this technology is a result
of biomass pretreatment, generation of inhibitory compounds in the
hydrolysate, high cost of cellulases and inefficient pentose assimila-
tion by fermentation strains (Han et al., 2020). In addition, achievable
cellulosic ethanol titers of only 5%-8% (v/v) are much lower than
that of 12%-15% (v/v) for ethanol fermentation from starch-based
feedstock, which significantly increases energy cost, particularly in
downstream processes for ethanol distillation and stillage treatment
(Bai et al., 2008).

Very-high-gravity (VHG) fermentation using sugars at con-
centrations higher than 25% (w/v) can produce ethanol as high as
15% (v/v) to save energy consumption for the whole process
(Puligundla et al., 2011). However, VHG ethanol fermentation is
usually practiced via labor-intensive and time-consuming batch op-
eration, which is not suitable for large-scale production. Continuous
VHG ethanol fermentation could be developed, but such a process
often triggers sustained oscillation in residual glucose, ethanol con-
centration and biomass density, making it unsuitable for industrial
production (Bai et al., 2009). Ethanol toxicity to Saccharomyces cer-
evisiae is a primary factor for triggering the process oscillation. Tol-
erance of yeast cells to ethanol toxicity is related to the fluidity,
structure and composition of their plasma membrane as well as the
level of unsaturated fatty acids, ergosterol, amino acids, inositol, heat
shock proteins (HSPs), ATPase and storage carbohydrates (Lam
et al., 2014).

Engineering strategies have been explored to attenuate process
oscillation. For example: A stirred tank bioreactor followed by three
cascade tubular bioreactors packed with Intalox ceramic saddles
effectively alleviated ethanol inhibition in yeast cells, and conse-
quently quasi-steady state was developed for the process (Bai, Chen,
Anderson, et al., 2004). Stripping off ethanol directly from the fer-
mentation broth by nitrogen gas or off-gas also attenuated the
process oscillation (Wang et al, 2013). Kinetic models were also
developed to characterize ethanol fermentation with different pro-
cess states (Chen et al., 2005).

Periodic behavior has been investigated in eukaryotic and
prokaryotic organisms (Panda, 2016). S. cerevisiae exhibits os-
cillatory behavior both in reactions catalyzed by cell-free extract
and during continuous culture and fermentation (Bai et al., 2009;
Chin et al,, 2012) in the form of glycolytic oscillation with a
period of about 1 min, respiratory oscillation with a period of
40-60min, and cell cycle oscillation with a period of 2-45h
(Richard, 2003). The glycolytic oscillation is mediated by glyco-
lytic intermediates, and phosphofructokinase (PFK) and its al-
losteric regulation were assumed to be responsible (Gustavsson
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et al, 2014; Olsen et al.,, 2020). The respiratory oscillation
characterized by dissolved oxygen, oxygen uptake rate (OUR)
and carbon dioxide evolution rate (CER) was modulated by sul-
fate assimilation, ethanol
(Patnaik, 2003; Tu et al.,, 2007). The cell cycle oscillations, syn-
chronized with the cell division cycle, were represented by ex-
(OUR, CER, glucose,

biomass), intracellular variables (storage carbohydrates) and cell

degradation, and respiration

tracellular parameters ethanol, and
cycle-related properties such as budding index and cell size
(Ewald et al., 2016).

Although dynamic ethanol inhibition has been validated to be a
key factor for triggering the process oscillation (Wang et al., 2013),
how yeast cells respond remains a fundamental and unanswered
question. In this study, a systematic approach via transcriptomic and
metabolomic analysis was followed, with a focus particularly on the
intracellular events of S. cerevisiae associated with the process os-
cillation under continuous VHG ethanol fermentation conditions.
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All experiments were performed with the industrial yeast strain S.
cerevisiae 4126 using YPD media composed of 5g/L yeast extract,
3 g/L peptone and glucose at different concentrations. YPD media
containing glucose of 30, 120, and 280 g/L were used for seed cul-
ture, pre-culture, and VHG fermentation, respectively. The media for
seed culture and pre-culture were sterilized at 121°C for 20 min, but
the VHG medium was sterilized at 110°C for 15 min to minimize the
Maillard reaction. Yeast extract, peptone, and glucose were supplied
by Sangon Biotech.

The following metabolites: G6P, F6P, FBP, 6PG, R5P, T6P, TRE,
GAP, GOLP, G3P, PEP, PYR, OAA, CIT, AKG, SUC, FUM, MAL, ATP,
ADP, AMP, NAD+, NADH, NADP+, NADPH andAcCoA used as
standards for the LC-MS/MS analysis were purchased from Sigma-
Aldrich.
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The slant yeast stock was inoculated into a 250 ml flask containing
100 ml seed medium, and cultured overnight at 30°C and 150 rpm,
which was then inoculated into the fermenter (KoBioTech-2.5L)
containing 1.6 L medium composed of 120 g/L glucose for a total
working volume of 1.7 L. The pre-culture was performed at 30°C and
300 rpm with pH-controlled at 4.5 automatically by adding 2 M
NaOH. Meanwhile, membrane-filtered air wassparged continuously
into the fermenter at 85 ml/min, equivalent to 0.05 vvm, for micro-
aeration conditions to stimulate yeast growth. When residual glucose
in the pre-culture decreased to ~1.0 g/L, continuous VHG ethanol
fermentation was initiated by feeding VHG medium at the dilution
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rate of 0.027 h™%, and temperature, rotating speed, pH, and aeration

rate were same as that applied to the pre-culture. The process dia-

gram is shown in Figure S1.
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Fermentation parameters including residual glucose, ethanol, gly-
cerol, biomass, cell viability and oxidation reduction potential (ORP)
were measured to assess the continuous VHG ethanol fermentation
system.

Triplicate samples, each with 5 ml, were centrifuged by Eppen-
dorf 5810R at 10,000 rpm for 2 min, and the same centrifuge was
used thereafter. Cell pellet was collected for biomass measurement,
and the supernatant was frozen at -20°C temporarily for HPLC
analysis. The HPLC system with Rl-detector (Waters 410) and Ami-
nex HPX 87-H column (300 x 7.8 mm; Bio-Rad Laboratories) was
used to analyze glucose, ethanol, and glycerol in the fermentation
broth according to the protocol developed previously by Wang et al.
(2013). Biomass was characterized by dry cell weight (DCW) through
washing the cell pellet twice with deionized water and drying over-
night at 80°C to constant weight for balancing. Cell viability was
evaluated via methylene blue stain described previously by Bai,
Chen, Zhang, et al. (2004). Living cells were calculated through bio-

mass x viability. ORP value was monitored by an ORP electrode.
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About 5 ml yeast cell suspension was sampled from the fermenter at
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designated time point, which was centrifuged at 10,000 rpm for
2 min. The supernatant was frozen at -20°C temporarily for ana-
lyzing extracellular metabolites, and the cell pellet was collected,
washed with 0.9% (w/v) NaCl, and centrifuged again at 10,000 rpm
for 2 min, which was then frozen immediately at -80°C for later RNA
extraction.

Total RNA was extracted by the RNeasy Mini Kit (Qiagen). RNA
quality was confirmed by Asgo/Azgo > 2.0 and agarose gel electro-
phoresis (285/18S 1.5-2.0). RNA samples were dissolved in Milli-Q
water and frozen at -80°C for transcriptome analysis at The Beijing
Genomics Institute (BGI) Huada company.
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High-resolution genome-wide transcription analysis was performed
through RNA-Seq at Beijing Genomics Institute (BGI) Huada. Raw
reads were filtered to remove some adapters and low-quality reads,
and the remained reads were mapped to the reference genome
5288c_reference_genome_R6-1-1_20110203 for transcript informa-
tion. The gene expression was normalized by reads per kilobase per
million mapped reads (RPKM), the number of reads per kilobase per

million mapped reads. Differentially expressed genes (DEGs) were
defined as significantly upregulated or downregulated with the cri-
teria of -1.0 2 Log,R 2 1.0 and false discovery rate (FDR) < 0.01, in
which R is the fold change for the expression of same genes at time
points investigated. In the analysis of the expression of stress-related
genes, we collected the RPKM values for stress-related genes at each
sampling point as a data set to perform paired difference test (t test)

for their expression at different time points.
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qRT-PCR was performed to validate the transcriptomic analysis. Six
genes, ZPS1 (zinc regulatory proteins), DSE1 (cell division), HPF1
(mannose glycoprotein), EGT2 (cell division), TIS11 (iron regulatory
proteins) and GCV1 (synthesis of coenzyme factors), were selected
for the gRT-PCR confirmation, and the primers used for their am-

plification are shown in Table S1.
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Approximately 5 ml suspension was sampled from the fermenter,
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which was mixed with 25 ml 60% (v/v) methanol solution precooled
at -40°C for 3 min to quench yeast cell metabolism. The yeast cells
were then collected by vacuum filtration through a 0.45 um mem-
brane, and the cake was washed with 5ml 50% (v/v) methanol so-
lution precooled at -40°C to remove impurities, which was then
transferred rapidly into 9.5 ml precooled (-40°C) extraction solution
composed of 2.5 ml methanol, 5 ml chloroform and 2 ml tricine-EDTA
buffer solution (3 mmol/L tricine and 3 mmol/L EDTA at pH 7.0). The
mixture was shaken for 50 min at -40 + 5°C in a dry ice-ethanol bath.
The supernatant was collected by centrifugation at 12,000 rpm and
-19°C for 5 min, which was stored at -80°C before analyzing in-
tracellular metabolites. Before the analysis was performed, the
samples were de-frozen and evaporated to remove the solvent. The
residue was dissolved into 100 ul of Mill-Q water for analysis by
LC-MS/MS.

y.} Nb%a?]ysls

The LC-MS/MS system included an HPLC (Thermo Fisher Scientific
Inc) with XBridge BEH Amide column (2.5um, 2.1x 100 mm;
Waters) operated at 25°C and a triple quadrupole mass spectro-
meter TSQ Quantum UltraTM (Thermo Fisher Scientific Inc.). The
auto-sampler temperature was kept at 4°C, and 5 ul of sample was
uploaded for the analysis. A gradient elution was applied using two
eluents: eluent A was 20 mmol/L NH4Ac in Milli-Q water, pH 6.5 and
eluent B was 100% acetonitrile. The process was run at a flow rate of



0.3 ml/min, starting with 5% A, which was increased linearly to 60%
in 20 min and maintained at 60% for 5 min, and then decreased to 5%
A in 10 min. An equilibration time of 15 min was applied to the col-
umn for subsequent analysis.

lonization was performed using an electrospray ionization (ESI)
source operating at either positive or negative ionization mode.
Nitrogen was used for both the sheath and the auxiliary gases and
argon was used for collisionally induced dissociation. The software
Xcalibur 2.2 was used for operating control and data acquisition.
Selected reaction monitoring mode was used to eliminate signal
noise, and the ionization mode with high efficiency of each meta-
bolite was selected by the MS signal. Among 26 key metabolites, 18
of them (GéP, F6P, FBP, 6PG, R5P, T6P, TRE, GAP, GOLP, G3P, PEP,
PYR, OAA, CIT, AKG, SUC, FUM, and MAL) presented ionization
efficiency in the negative mode, and the others (ATP, ADP, AMP,
NAD*, NADH, NADP*, NADPH, and AcCoA) presented ionization
efficiency in the positive mode. The ESI spray voltage, vaporizer
temperature, sheath gas pressure, collision pressure, and auxiliary
gas pressure were 2.5kV, 250°C, 35psi, 1.5psi, and 10 psi,

respectively.
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During continuous VHG ethanol fermentation, the periodic oscilla-
tion of fermentation parameters, such as biomass, cell viability,
ethanol, residual glucose and glycerol, was observed with a period of
approximately 150 h at the dilution rate of 0.027 h™! (Bai, Chen,
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FIGURE 1

Anderson, et al., 2004; Wang et al., 2013). To focus on the in-
tracellular regulation mechanism of yeast cells during the oscillatory
process, a complete period is highlighted in Figure 1, in which
ethanol, glycerol, biomass, cell viability, and the percentage of living
cells exhibit similar oscillatory profiles, but residual glucose presents
an opposite oscillation.

Due to their periodic and sinusoidal characteristics, phase dif-
ferences were analyzed to characterize the oscillatory behaviors of
these process parameters for better understanding of their corre-
lations. We define the phase of a sine function with different pat-
terns in a cycle (Figure S2). The oscillatory profile of residual glucose
was designated with Phase O as the reference. As a result, the os-
cillatory profiles of ethanol and glycerol were characterized by a
phase difference of 1, and so were that for total biomass, cell via-
bility and living cells, since yeast growth was coupled with the pro-
duction of primary metabolites such as ethanol and glycerol.
However, the change of yeast cell growth and viability (gradient)
occurred before other process parameters, reflecting a lag response
of intracellular metabolites to environmental changes. In addition,
high glucose and ethanol simultaneously exerted on yeast cells
caused a synergistic inhibition on their viability. Based on the bio-
mass profile, 5 representative sampling points (P1-P5 in Figure 1)
were selected for the subsequent metabolic profiling and tran-

scriptomic analysis.
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DEGs screened for the oscillation period based on the RNA tran-
scription data are summarized in Figure 2. It is obvious that the

intracellular transcriptional response of yeast cells at P1 is relatively

(b)

190 | P1 P2 P3 P4 P5

Glucose :

v raY 4u ouv ov 1vu 1£v 14

Time (h)


http://wileyonlinelibrary.com

consistent with that detected at P5 with only 10 DEGs screened,
suggesting that yeast cells present similar transcriptional char-
acteristics at the same phase points of different oscillation periods,
and the end for a previous oscillation period represents the start for
the next one.

More counts for DEGs between neighboring points indicate
more significant transcriptional change associated with the unsteady
state of continuous VHG ethanol fermentation. Compared to the
initial status of yeast cells at P1, their total counts of DGEs at P2-P5
fit with the biomass profile through the phase difference of m. The


http://wileyonlinelibrary.com
http://wileyonlinelibrary.com

ZHANG ET AL

of enzyme-catalyzed reactions for aerobic respiration in yeast cells.
For continuous VHG ethanol fermentation, central carbon metabo-
lism of S. cerevisiae was weakened from P2 to P3, especially for EMP
and TCA, but enhanced from P3 to P4 to P5 as more glucose me-
tabolized and ethanol increased.

Figure 4a shows intracellular accumulation of metabolites
involved in the central carbon metabolism and their profiles
within the oscillation period. ATP was the dominant intracellular
adenine nucleotide, and the energy charge (EC =[ATP]+0.5 x
[ADP]/[ATP] + [ADP] + [AMP]) was higher than 0.9, indicating
that yeast cells had a strong potential for phosphoryl transfer to
support active metabolism (Guimaraes & Londesborough, 2008).
Moreover, we noticed that the profile of EC is identical to that
observed for the total biomass (Figure 1), since the growth of
yeast cells was energy-consuming.

With the oscillation of glucose as the reference (Phase 0), most
profiles for intracellular accumulation of metabolites and expression
of DEGs can be fitted into sine function with Phase O, 1/2, 7 and
311/2, respectively (Figure S2). While the expression of 16 genes in
22 genes related to the EMP pathway is with Phase 11/2, the ex-
pression of another five genes (HXK1, HXT1,2,4, and PFK1) is with
Phase 311/2, O and m, respectively, indicating glucose transport and
phosphorylation as well as further phosphorylation of F6P catalyzed
by PFK could be key nodes for regulating the oscillation of in-
tracellular metabolites (Figure 4b). While the oscillatory profiles of
G6P and F6P that are upstream of the phosphorylation catalyzed by
PFK are with Phase 1/2, the profiles of FBP and GAP that are
downstream of the reaction are with Phase O, and the phase dif-
ference of 11/2 is assumed to be induced by the activity of PFK to
convert F6P to FBP, indicating that PFK is the key rate-limiting en-
zyme in the energy-consuming phase of the glycolytic pathway. This
is similar to the mechanism underlying oscillation associated with
continuous culture of S. cerevisiae and the enzymatic reactions cat-
alyzed by extracts of the yeast (Boiteux et al., 1975; Papagiannakis
et al., 2017; Thoke et al., 2018).

For ethanol production downstream of the EMP pathway, the
expression of ADH4 was vigorous, peaking at P3 with a RPKM
value of 4300 with Phase m/2, but the expression of PDC1 and
ADH1 was with Phase 31m/2, which is consistent with the ex-
pression of most genes in the EMP pathway, but presents a phase
difference of m with the expression of PDC5,6 and ADH4
(Figure 4b). The expression profiles of ADH4 and PDC5 are ear-
lier than ethanol with a phase difference of 1m/2, but the ex-
pression level of ADH4 is much higher than that of PDC5,
suggesting that Adh4p might be responsible for ethanol forma-
tion during continuous VHG ethanol fermentation. The gene
ADH4 encodes a zinc-dependent alcohol dehydrogenase iso-
enzyme, and its transcription is induced in response to zinc de-
ficiency, which is consistent with the expression profile of ZPS1, a
gene related to zinc deficiency (Figure S3).

The yeast cells produced 10.2-13.7 g/L glycerol during con-
tinuous VHG ethanol fermentation, and the oscillatory profile of
glycerol shows a pattern of Phase 1, presenting a phase inversion to
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that of HOR2 as well as to the ORP profile (Figure S5). We also found
that there is a phase difference of 1 between the oscillation of gly-
cerol (Figure 1b) and the expression of GDP1 (Figure 4b). The ex-
pression of GPD1 and GPD2 are regulated by osmotic stress and
redox homeostasis, and studies have shown that the HOG pathway
where the GPD1 and GPD2 are located can respond to ethanol stress
(Klein et al., 2017; Udom et al., 2019), suggesting that glycerol pro-
duction during continuous VHG ethanol fermentation might be in-
duced collectively by osmotic stress, ethanol inhibition, and the
redox environment.

The expression of genes related to PPP is far below that of
genes in the EMP pathway, indicating that intracellular anabolism
might be repressed during continuous VHG ethanol fermenta-
tion. The oxidation stage of the PPP pathway is from G6P to 6PG,
and finally to Ri5P, and both generate NADPH, which provides
reducing power and precursor metabolites for the biosynthesis of
yeast cells. The oscillation of 6PG is with Phase m, similar to that
of the total biomass (Figure 1), indicating that yeast growth is
closely related to the generation of NADPH. Furthermore, the
expression of ALD4, ALD6, MAE1 (Figure S6) and ADH4 exhibits a
phase of 31/2, ahead of the intracellular accumulation of NADH
and NADPH. The products of ALD4, ALD6 and MAE1 are involved
in catalyzing the generation of NAD(P)H, suggesting that the
cofactor might be the driving force for the PPP pathway and
biomass accumulation.

Continuous VHG ethanol fermentation was conducted under
microaeration conditions. As a result, flux to the TCA cycle should be
low, and the transcriptional analysis confirmed such a speculation,
since the expression of genes related to the TCA cycle is much lower
than that related to the EMP pathway.
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Yeast cells suffer from multiple stresses during continuous VHG
ethanol fermentation such as ethanol inhibition, osmotic pressure
from glucose and redox stress associated with imbalanced energy
metabolism (Auesukaree, 2017; Burphan et al, 2018; Caspeta
et al., 2015), and metabolism of storage carbohydrates including
trehalose, glycogen, and glycan has been investigated to help de-
termine their impact on yeast cells (Babazadeh et al., 2017; Li
et al., 2009). During the oscillation, significant changes were de-
tected in the expression of genes related to stress response, in
particular the transcription of genes responded to oxidative stress.

Figure 5 shows the transcription profiles of genes responding to
oxidative stress, and most of them were overexpressed at P4 with
the one-tailed p value of .024 for the paired samples between P4 and
P3. For ethanol fermentation, major stresses on yeast cells are from
ethanol inhibition and osmotic pressure exerted by glucose. Since
glucose decreased from P3 to P4 for less osmotic stress, but ethanol
increased to exert more severe inhibition on yeast cells, we conclude

that ethanol inhibition would be the major stress on yeast cells
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FIGURE 4 (a) Intracellular metabolites and (b) the expression of genes in an oscillation period. Major pathways for carbon metabolism such
as glycolysis (red), ethanol production (pink), TCA (yellow), glycerol production (purple), trehalose synthesis (green), PPP (blue), and other

related factors (black) were targeted for the analysis. PPP, pentose phosphate pathway; TCA, tricarboxylic acid cycle [Color figure can be
viewed at wileyonlinelibrary.com]
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FIGURE 4 Continued

during oscillation observed under continuous VHG fermentation
conditions.

HSPs are a highly conserved family of molecular chaperones that
play a key role in the correct transport, assembly, and folding of
proteins (Muhlhofer et al., 2019). Due to the synergistic effect of
multiple stresses during continuous VHG ethanol fermentation, the
upregulation of HSPs is observed. HSP10 and HSP60 are molecular
chaperones to help correct misfolding of proteins in mitochondrial
matrix including ATPases (Hipp et al., 2019), which cooperates with
each other so that their expression profiles are similar. HSP26 and

HSP42 are small heat shock proteins that form oligomers to suppress

unfolded protein aggregation under stressful conditions (Franzmann
et al., 2008), which were also differentially expressed. The expression
of these HSPs is consistent with changes in ethanol concentration,
indicating that cellular protein denaturation might be predominately
triggered by ethanol inhibition. Although the expression of HSP31
was much higher at P4, no significant difference was observed be-
tween P3 and P4, indicating its role in responding to ethanol stress
faster than others.

In addition, it seems that the oscillation of ethanol
concentration was mainly responsible for the expression re-

sponse of SOD1. During continuous VHG ethanol fermentation,



S. cerevisiae experienced stress from intracellular reactive oxy-
gen species (ROS), and consequently oxidative damage to its cell
structures. Superoxide dismutases (SODs), the major ROS-
scavenging enzymes, are classified into two groups based on their
subcellular localization and demand for metal cofactors, namely
cytosolic Cu/Zn-SOD (Sod1p) and mitochondrial Mn-SOD
(Sod2p) (Culotta et al., 2006). Although both SOD1 and SOD2
were overexpressed in the whole oscillation for tolerance to ROS
stress, the expression of SOD1 was 21.6% higher than that of
SOD2, which might be due to ethanol production in the cytoplasm
for ROS stress.

OYE2 encoding NADPH dehydrogenase is another gene re-
sponding to oxidative stress (Partow et al., 2017), which was
overexpressed at P4 to address redox imbalance. On the other
hand, the expression of two oxidative stress-related genes, CTT1
encoding cytosolic catalase (Martins & English, 2014) and GRX8
encoding glutathione-disulfide reductase (Tang et al., 2014),
were much lower within the complete oscillation period, prob-
ably due to their weak role in responding to stresses exerted by
ethanol inhibition and osmotic pressure from glucose as well.

Moreover, when the expression of these oxidative stress-
responding genes was compared between P1 and P5, no significant
difference was observed, indicating that oscillation also occurred in

their expression and intracellular metabolism.
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Biomass density as an important process parameter oscillated
periodically in continuous VHG ethanol fermentation, indicating
that anabolism of yeast cells might also experience oscillation.
Transcriptome analysis indicated that a large number of genes
related to ribosome synthesis were expressed in a periodic pat-
tern. As shown in Figure 6, most DEGs were upregulated from P1
to P2 and P4 to P5/P1, but downregulated from P3 to P4, but no
significant difference was observed at P2 and P3. As a result, the
expression of genes related to ribosome synthesis oscillated with
Phase 0, indicating that ribosome synthesis was robust from P1
to P2 to P3 and P4 to P5/P1, but not active from P3 to P4.

The upregulated expression of genes related to ribosome
synthesis symbolizes starting of anabolic metabolism. Thus, it can
be speculated that yeast cell anabolism was initiated at P4 with the
lowest transcription of genes related to ribosome synthesis, and the
process continued to next oscillation period from P4 to P5/P1 to P2.
While oscillation for biomass density presented with Phase 1, which
was later than the ribosome synthesis for a phase difference of 1, the
increased expression of ribosomal genes before the biomass accu-
mulation indicated that ribosome synthesis was a preparation for
yeast growth under stressful conditions. In addition, oscillation in the
expression of ribosomal synthesis gene is opposite in phase to that
for ethanol concentration with a phase difference of 1, which might
suggest that regulation on the expression of ribosomal synthesis

genes was also related to ethanol stress.
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Among stresses that yeast cells encounter during VHG ethanol fer-

mentation, dynamic ethanol inhibition was recognized as a major factor
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FIGURE 6 Analysis of DEGs in the synthesis of ribosome subunits. The DEGs between (a) P2/P1, (b) P3/P2, (c) P4/P3, (d) P5/P4, and (e) the
total counts. DEG, differentially expressed gene [Color figure can be viewed at wileyonlinelibrary.com]

subunits of the heterooctameric enzyme in yeast for the activity of
PFK (Heinisch et al., 1996). It's interesting that unlike PFK1, PFK2
was not substantially induced from P2 to P3 to P4 (Figure 4b), in-
dicating that PFK1 was upregulated more significantly than PFK2 in
response to the increase of glucose concentration.

On the other hand, PFK activity is also subject to allosteric
regulation: inhibited by ATP, but activated by AMP (Heinisch
et al.,, 1996) and ADP (Zheng, Liu, Sun, Wu, & He, 2017). Therefore,
the oscillation of intracellular ATP with Phase O was characterized by
a phase inversion compared to that for the expression of PFK1 with
Phase 1, reflecting its allosteric regulation on PFK, but the oscillation
of intracellular AMP was different from ATP, probably because its
oscillation amplitude was much lower than that of ATP, making its
regulation less significant.

According to the results in Figure 4b, the expression of ADH1
and PDC1 was consistent with that for most genes of the EMP
pathway, but the expression of ADH4, PDC5, and PDC6 was different.
It is speculated that regulation on the expression of ADH1 and PDC1
is closely related to the metabolic flux for catabolism, but regulation
on the expression of ADH4, PDC5, and PDCé is more related to the
metabolic flux for anabolism.

Glycerol is formed in response to osmotic stress for intracellular
redox homeostasis (Udom et al., 2019), but the flux of the TCA cycle
is not significant under microaeration conditions employed to VHG
ethanol fermentation. Meanwhile, genes for oxidative stress re-
sponse, particularly those encoding the HSPs family proteins, were
differentially expressed during continuous VHG ethanol fermenta-
tion, triggered mainly by ethanol inhibition.
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Ethanol is a primary metabolite, and its production is tightly
coupled with the growth of yeast cells through anabolic meta-
bolism. Genes responsible for anabolic metabolism need to be
upregulated before biomass accumulation. However, under
stressful conditions associated with VHG ethanol fermentation,
such a biosynthetic process is initiated from stress sensing, ex-
pression of related genes, to synthesis of proteins and many
other metabolites, and phase differences have been observed on
some of these events, suggesting a necessity for time delay in the
biological process for yeast growth. As a result, we propose a
mechanism underlying the process oscillation: a synergetic effect
from the growth of yeast cells and their production of ethanol

and response to ethanol inhibition.

Continuous VHG ethanol fermentation using concentrated sugars for
high ethanol titers not only saves energy consumption for ethanol
distillation, but also reduces stillage discharge to save even more
energy consumption for stillage treatment, but yeast cells inevitably
experience various stresses, particularly ethanol inhibition that can
trigger oscillation, making the process unsuitable for industrial pro-
duction. Analysis on intracellular accumulation of metabolites asso-
ciated with the central carbon metabolism of yeast cells and
differential expression of genes encoding key enzymes and re-
sponding to environmental stresses confirmed their oscillations with
phase differences for time delay. The enhancement of yeast toler-
ance to ethanol inhibition would help attenuate the process oscilla-
tion. Moreover, engineering other related metabolic pathways of
yeast cells would be an alternative strategy for such a purpose to
make continuous VHG ethanol fermentation at quasi-steady state,
and thus suitable for industrial production.
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