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Abstract

The development of yeast that converts raw corn or cassava starch to ethanol without adding the exogenous
a-amylase and/or glucoamylase would reduce the overall ethanol production cost. In this study, two copies of codon-
optimized Saccharomycopsis fibuligera glucoamylase genes were integrated into the genome of the industrial Saccha-
romyces cerevisiae strain CCTCC M94055, and the resulting strain CIBTS1522 showed comparable basic growth charac-
ters with the parental strain. We systemically evaluated the fermentation performance of the CIBTS1522 strain using
the raw corn or cassava starch at small and commercial-scale, and observed that a reduction of at least 40% of the
dose of glucoamylase was possible when using the CIBTS1522 yeast under real ethanol production condition. Next,
we measured the effect of the nitrogen source, the phosphorous source, metal ions, and industrial microbial enzymes
on the strain’s cell wet weight and ethanol content, the nitrogen source and acid protease showed a positive effect
on these parameters. Finally, orthogonal tests for some other factors including urea, acid protease, inoculum size, and
glucoamylase addition were conducted to further optimize the ethanol production. Taken together, the CIBTS1522
strain was identified as an ideal candidate for the bioethanol industry and a better fermentation performance could
be achieved by modifying the industrial culture media and condition.

Keywords: Starch bioethanol production, Glucoamylase producing Saccharomyces cerevisiae strain, Raw corn starch
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Introduction

The conversion of starch into ethanol via hydrolysis—
fermentation is practiced widely for the production of
bioethanol, whiskey, beer, among others. The bioetha-
nol was widely viewed as a potential new energy source
and alternative to fossil fuels, Although, lignocellulosic
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material-based bioethanol has received more attention
due to certain previously discussed advantages (Hahn-
Hagerdal et al. 2006; Peplow 2014), it is still facing the
unresolved challenges such as developing cost-effective
lignocellulosic material pretreatment technologies, the
robustness of the Saccharomyces cerevisiae strain, ena-
bling the use of different sugars, and tolerating inhibi-
tors present in the hydrolysate (Jansen et al. 2017). Thus,
starch ethanol is still the dominant biofuel produced to
date.

The conventional process for the fermentation of starch
to ethanol is well established and mature technology that
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includes two main steps: (1) Starch is converted into glu-
cose using a-amylase and glucoamylase. (2) Glucose is
fermented by the S. cerevisiae to produce ethanol (Crip-
well et al. 2020). In step one, the cost of the exogenous
addition of the a-amylase and glucoamylase is estimated
at US$0.048 per gallon of ethanol produced, which is
equivalent to 8.3% of the total processing cost (Gorgens
et al. 2015). Therefore, a genetically engineered amylo-
lytic S. cerevisiae strain is strongly required to hydrolyze
the starch and ferment the resulting sugars to ethanol
(Chandel et al. 2018; Cripwell et al. 2019b).

The glucoamylase from different species have been
cloned and expressed in S. cerevisiae. In 1985, Cetus
Corporation firstly reported that Aspergillus awamori
glucoamylase was successfully expressed in S. cerevi-
siae and the resulting strains were capable of growing
on starch as the sole carbon source (Innis et al. 1985).
Aspergillus oryzae, Rhizopus oryzae, Saccharomyces
diastaticus, Talaromyces emersonii, and S. fibuligera
glucoamylase genes were also expressed (Chi et al.
2009; Cripwell et al. 2019b; Favaro et al. 2012; Kotaka
et al. 2008; Nakamura et al. 1997). To increase the level
of the starch decomposition, a-amylase genes were also
expressed in yeast combined with the glucoamylase,
devoting to achieve liquefaction, hydrolysis and fer-
mentation (consolidated bioprocessing, CBP) using a
single organism (Altintas et al. 2003; Chen et al. 2008;
Cripwell et al. 2019a, b; Kim et al. 2010; Liao et al. 2012;
Nonato and Shishido 1988; Pretorius et al. 1991). How-
ever, the a-amylase expressing strain cannot produce
sufficient starch degrading enzymes when inoculated,
causing a longer fermentation time (~>120 h) at high
starch loading situation (>10%), (Gorgens et al. 2015;
van Zyl et al. 2012). Therefore, a glucoamylase produc-
ing yeast strain in combination with a-amylase addition
is a more practical approach.

Despite the fact that glucoamylase producing yeast
strains have been widely developed, the researchers
preferred to choosing the laboratory strains as the host
because of the easier genetic manipulation (Gorgens
et al. 2015). However, laboratory strains showed lower
thermotolerance and decreased glucose fermentation
rates when compared with industrial yeast strains (Kong
et al. 2018). In addition, the starch-degrading enzymes
genes were always expressed using episomal plasmids
rather than integration into the genome, the selection
marker and the copy number of the plasmids will affect
the growth ability and cellular metabolism of the cell
inevitably (Karim et al. 2013). More importantly, the fer-
mentation performance tests of the constructed amylo-
lytic yeast strains are usually done at a small-scale, which
is far from the real bioethanol production environment
(Gorgens et al. 2015). Meanwhile, there is a fundamental
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lack of understanding of how commonly used industrial
nitrogen source, phosphorous source, metal ions, indus-
trial enzymes, and culture conditions affect the amylo-
lytic yeast strain’s ability to grow and produce ethanol.

For these reasons, we chose the widely used indus-
trial bioethanol-producing S. cerevisiae strain CCTCC
M94055 (hereafter referred to as AQ) as the host (Diao
et al. 2013; Wang et al. 2019), integrated the codon-opti-
mized S. fibuligera glucoamylase gene, which has been
proven to have a high glucoamylase activity (Chi et al.
2009), into the & sites on the genome. We firstly evalu-
ated the basic growth performance of the newly con-
structed glucoamylase expressing strain compared with
the parental AQ strain under different conditions. Next,
we systemically evaluated the ethanol production capa-
bility of the glucoamylase expressing strain from corn or
cassava starch at small and industrial scale. Finally, we
studied how the nitrogen source, phosphorous source,
metal ions, and the commonly used industrial enzymes,
affect the strain’s ethanol production capability. An
orthogonal test was also conducted to optimize ethanol
production. As far as we know, this is the first study to
thoroughly characterize this glucoamylase-producing
yeast strain under real industrial condition and to pro-
vide a good reference to the bioethanol industry.

Materials and methods

Strains, plasmids, and growth conditions

Strains and plasmids used in this study are listed in
Table 1. In brief, the industrial bioethanol production
diploid S. cerevisiae strain AQ was used as the original
host. All of the molecular cloning operations were con-
ducted in Escherichia coli strain DH5a. Strain DH5a
was cultured in LB medium at 37 C, and 100 pg/mL
ampicillin was added if necessary. For routine S. cerevi-
siae molecular engineering, strains were maintained in
YPD20 medium. For the induction of the Cre recom-
binase expression plasmid when deleting the G418
selection marker gene, strains were cultured in YPG20
medium. Antibiotics 300 pg/mL G418 or 400 pg/mL
hygromycin was added. The composition of the medium
used is shown in the Additional file 1: supporting
information.

Plasmids and strain construction

The KOD-plus-neo DNA polymerase (Toyobo, Japan) or
KOD FX polymerase (Toyobo, Japan) was used for PCR
amplifications. The DNA restriction enzymes for cloning
were from Thermo Fisher Scientific (USA). The primers
used for plasmid construction are all listed in Additional
file 1: Table S1. The codon-optimized S. fibuligera glucoa-
mylase gene (GenBank accession number: MW082635)
was synthesized by GenScript Biotech Corporation (China).
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Detailed procedures for plasmid and strain construction are
described in the Additional file 1: supporting information.

Evaluation of the ethanol, glucose, NaCl, temperature

and pH tolerance and ethanol production capability

of the glucoamylase expressing strain

The 2°P wort (Provided by Angel Yeast Co., Ltd) containing
various concentration of ethanol were used to determine
the ethanol tolerance of the strains. The plate containing
gradient concentration of glucose or NaCl were used to test
the glucose and NaCl tolerance. The bubbles in the Duch-
enne tubule were used to evaluate the temperature and
pH tolerance of the strains. The detailed procedures are
described in the Additional file 1: supporting information.

Fermentation test using corn and cassava starch at a small
and industrial scale

The corn liquefied slurry used for the small-scale
(350 mL) test was obtained from COFCO Biochemi-
cal Energy (Zhaodong) Co., Ltd. The reducing and total
sugars contents were 5.9% and 26.5%, respectively. The
yeast inoculum was prepared by mixing 10 g of active
dry CIBTS1522 yeast with 143 mL of H,O and incubat-
ing at 35 °C for 20 min. Five milliliters of the strain cul-
ture were added into 350 mL of corn liquefied slurry (pH
4.6). 2.65 g of glucoamylase was dissolved in 100 mL of
H,O and 5 mL (defined as a 100% dosage) were added to
the fermentation broth. A volume of 2.5 and 1.5 mL of
glucoamylase solution were added in parallel, which are
50% and 30% dosages, respectively. The fermentation was
conducted at 32 °C, 80 rpm for 72 h.

Industrial-scale bioethanol production from corn
starch was conducted in Mengzhou Huaxing Alcohol
Co., Ltd. The liquefaction and saccharification pro-
cess was consistent with the existing one, except that

Table 1 Plasmids and strains used in this study
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glucoamylase was decreased to 0.22 kg/ton corn material,
which is 70% of the previous dosage. Thirty kilograms
of active dry CIBTS1522 strain were added to the 80
cubic meters seed tank, together with the saccharifica-
tion mash. About 6 kg/ton corn material of urea was also
added. After 3 h, another 40 cubic meters saccharifica-
tion mash were added until the seed tank was full. After
another 10-12 h, it was pumped to the fermentation tank
to start the fermentation, the overall fermentation time
was about 60 h.

To assess the ability of the recombinant strain to pro-
duce ethanol from cassava, the amylolytic CIBTS1522
strain was incubated in YPD20 medium for 24 h at 30 °C,
and inoculated into the YPCassava+ Amylase + Glucoa-
mylase, YPCassava+ Amylase or YPCassava medium at
0.5 g/L inoculum size.

The 50 L scale bioethanol production from cassava
starch was conducted in Guangxi COFCO Biomass
Energy Co., Ltd. For this, 40 kg of cassava liquefied slurry
were added to a 50 L fermentation tank, and 40 g of
active dry CIBTS1522 yeast was inoculated. A 100% dos-
age of glucoamylase (1.15 kg/ton cassava starch) and urea
(1.36 kg/ton cassava starch) were added. The fermenta-
tion was conducted at 30 “C, 300 rpm, in aerobic condi-
tion in the first 4 h, and later in anaerobic condition, 33
°C, 200 rpm.

Optimization of the ethanol production

by the glucoamylase expressing strain

To assess the effect of the different commonly used fer-
mentation promoting factors on the bioethanol produc-
tion by amylolytic strain CIBTS1522, 100 g of corn starch
were placed into a 500 mL flask and about 240 mL of
water were added. The starch slurry was adjusted to pH
6.0, heated above 90 °C to allow gelatinization and kept

Characters

Reference

Strains
CCTCC M94055 (AQ)

Industrial ethanol producing S. cerevisiae strain, MAT a/a

Provided by Angel Yeast Co., Ltd

CCTCC M94055-GA CCTCC M94055 &:Ppyoi-GA-Tenor Papur-GA-Tppcs This study
CIBTS1518 CCTCC M94055-GA derivative This study
CIBTS1519 CCTCC M94055-GA derivative This study
CIBTS1520 CCTCC M94055-GA derivative This study
CIBTS1521 CCTCC M94055-GA derivative This study
CIBTS1522 CCTCC M94055-GA derivative This study
(CCTCC M2014657)
Plasmids
pSH47-hph Cre recombinase expression plasmid Wang et al. (2019)
pYIE2-2GA-O Glucoamylase expression plasmid This study

pYIE2-XKS1-PPP-0 Backbone plasmid

Wang et al. (2019)
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for 90 min in the presence of a-amylase (100 uL, 48,000
U/mL) to facilitate liquefaction. The mixture was cooled
to 35 °C and adjusted to pH 4.5 with the addition of glu-
coamylase when necessary, various fermentation pro-
motion factors were added according to the designed
amount, and 0.2 g/100 g corn starch of dry CIBTS01522
strain were inoculated. The deionized water was added
again to yield a raw corn starch to water ratio of 1:2.6,
samples were taken at specific time intervals to deter-
mine the cell wet weight and ethanol content.

Analytical methods

Cell densities (ODy,) were measured using a Beckman
Coulter DU 730 Spectrophotometer. The glucose, acetic
acid, glycerol, and ethanol concentrations were detected
using an Agilent 1200 HPLC, a Bio-Rad HPX-87H col-
umn and a refractive index detector. The column was
eluted at 65 °C with 5 mM sulfuric acid at a flow rate of
0.6 mL/min.

In the industrial-scale fermentation test, the content of
the total sugars and the reducing sugars were determined
according to an existing protocol (http://egyankosh.ac.in/
bitstream/123456789/12041/1/Experiment-4.pdf).  The
acidity was measured using the NaOH titration method.
The alcohol was distilled, and the content was deter-
mined using alcohol meter. The number of the yeast cell
was determined according to the report (Doran-Peterson
et al. 2009).

Results and discussion

The industrial glucoamylase producing strain construction
We chose the industrial Angel super dry yeast AQ as the
original host, two copies of codon optimized S. fibuligera
glucoamylase expression gene were cloned into plasmid
pYIE2-2GA-6 (Fig. 1a) and expressed under the control
of the strong promoter and terminator combinations
Prpnoi-GA-Teno; and Pypy-GA-Tppyy,, respectively. The
two GA gene pairs were assembled in a tail-to-tail man-
ner in case of the possible loss during the mitosis recom-
bination (Fig. 1b). The Not I-linearized GA expression
cassette was integrated into the J sites of the AQ genome
and verified using PCR using the primer pairs GA1l-ver-
F/GA1l-ver-R and GA2-ver-F/GA2-ver-R (Fig. 1b), two
copies of GA were integrated successfully (Fig. 1c). The
Cre recombinase expression plasmid pSH47-hph was
introduced to eliminate the G418 selection marker, later
the pSH47-hph plasmid was cured and the resulting five
colonies were named as CIBTS1518-CIBTS1522.

The basic characteristics of the developed glucoamylase
expressing S. cerevisiae strains

Table 2 illustrates the basic characters of the glucoamyl-
ase expressing yeast strains compared with the parental
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AQ yeast. In the presence of 12% ethanol, all strains
showed obvious growth, and in the presence of 14% etha-
nol, only the parental strain, CIBTS1521 and CIBTS1522
showed little growth, and no growth was observed in
the 16% ethanol conditions. Regarding glucose toler-
ance, all strains showed obvious growth using 50 g/L and
150 g/L glucose concentration conditions. At a glucose of
300 g/L condition, the control strain AQ showed moder-
ate growth on day 1 and obvious growth at last, which
was better than the glucoamylase expressing strains.
Only CIBTS1522 and AQ strain were capable of growing
at 400 g/L glucose, indicating their good potential use in
high gravity fermentation. The performance pattern of
the NaCl tolerance of strains was almost the same as that
of glucose tolerance except the CIBTS1521 showed little
growth on day 7 at 150 g/L NaCl

The CIBTS1522 strain exhibited better temperature tol-
erance than the control, even exposed to 63 °C for 10 min
before culture. The CIBTS1522 strain showed moderate
growth. The CIBTS1522 yeast could grow at pH 3.0 con-
dition, which is consistent with AQ yeast results. Finally,
we compared the ethanol titer from corn saccharified
slurry of the preliminary strains, all the glucoamylase
producing strains produced more ethanol than the con-
trol, which demonstrated the function of glucoamylase,
especially the CIBTS1522, which produced 1 g/L more
ethanol than the parental strain. Overall, the CIBTS1522
yeast exhibited excellent ethanol, glucose, NaCl, tem-
perature, pH tolerance, and a higher ethanol production.
Since these factors are significant physiological proper-
ties for high gravity fermentation process (Gibson et al.
2007), CIBTS1522 strain was chosen to perform the sub-
sequent fermentation tests.

Small and commercial-scale fermentation by CIBTS1522
using corn starch
The cell wet weight, ethanol, and sugar production pro-
files during fermentation of corn starch liquefied slurry
using AQ yeast at 100% glucoamylase loading and
CIBTS1522 yeast with various glucoamylase loadings
are illustrated in Fig. 2. In the small-scale conditions, the
cell wet weight profiles of the respective enzyme sup-
plementation condition were similar for the parental
strain, except for CIBTS1522 without glucoamylase addi-
tion, which grew more slowly than the others (Fig. 2a).
After 72 h, the CIBTS1522 supplemented with 50% and
30% glucoamylase loading produced 15.13% and 15.02%
ethanol, respectively, which was similar to the control
(15.12%), higher than the 0% glucoamylase condition
(12.64%) (Fig. 2b; Table 3).

Glycerol and acetic acid production are considered as
an indicator of yeast stress, and typically about 1.2—-1.5%
glycerol concentrations are observed in starch ethanol
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Fig. 1 Construction of S. fibuligera derived glucoamylase expressing industrial S. cerevisiae strain. The map of the pYIE2-2GA-6 plasmid (a), the 5/
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production (Murthy et al. 2005). In our result, the glyc-
erol and acetic acid were both maintained at lower levels
(Table 3). The ethanol yield of 30% glucoamylase loading
was comparable to that of the AQ yeast at 100% load-
ing (Table 3). Maximum residual reducing sugars was
observed at 0% glucoamylase loading (0.65%, w/v), indi-
cating a relatively slow saccharification during fermenta-
tion. Taken together, we could save 70% of glucoamylase
based on small-scale tests. The strain CIBTS1522 exhib-
ited comparable fermentation capability to the previous
reported strains (Additional file 1: Table S2).

More discreetly, we chose 70% glucoamylase load-
ing under commercial-scale fermentation at Mengzhou
Huaxing Alcohol Co., Ltd (China, Mengzhou). At 28 h,
almost all of the sugars had been utilized and the ethanol
achieved maximum of 13.7% (Fig. 2c), this was consist-
ent with the parental strain supplemented with 100% glu-
coamylase loading (data not shown). The cell count was
kept at approximately 2 x 108/mL (Fig. 2d). The results
demonstrated that at least 30% of glucoamylase could be
saved without affecting ethanol productivity. It is esti-
mated that the cost of glucoamylase is RMB 28/ton corn
ethanol; when using the recombinant CIBTS1522 strain,
the glucoamylase cost was decreased to RMB 19.6/ton
corn ethanol. Assuming an annual production of 180,000

tons, the cost could be reduced by RMB 1.512 million per
year.

Small and large-scale fermentation using CIBTS1522 using
cassava starch
To verify the wide application of the constructed glu-
coamylase expressing strain CIBTS1522, we chose cas-
sava, another commonly used material when making
bioethanol (Blagbrough et al. 2010), as the material to
use for the small and large-scale bioethanol fermenta-
tion tests. When the cassava starch was pretreated with
only a-amylase, few glucose (1.26 g/L) was produced, and
when extra glucoamylase was added, 17.7 g/L of ethanol
were produced (Fig. 3a). At 28 h, the CIBTS1522 strain
supplemented without a-amylase and glucoamylase
showed 0.52 g/L glucose residues, indicating that starch
hydrolysis remains the rate limiting step in ethanol pro-
duction. CIBTS1522 supplemented with only a-amylase
produced an equivalent amount of ethanol compared
with the AQ strain, when treated with both a-amylase
and glucoamylase before fermentation, and a higher con-
centration of ethanol was produced by CIBTS1522 with
the addition of glucoamylase (Fig. 3b).

When the fermentation was scaled up to a 50 L biore-
actor, at 22 h, the CIBTS1522 supplemented with 60%
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Table 2 Physiological characteristics of the glucoamylase producing strains and the parental strain
CCTCC M94055  CIBTS1518 CIBTS1519 CIBTS1520 CIBTS1521 CIBTS1522
Ethanol conc. (%, v/v) 12 +++ +++ +++ +++ +++ +++
4+ - - - + +
6 - - - - - -
Glucose conc. (g/L)* 5 +++/+++ A+ /A /A A/ A A
150 +4++/+++ +++/+++ +++/+++ +H++H/+++ A+ /A A+
300 ++/+++ +4+/++ +4+/++ +4+/++ +4+/++ +4+/4++
400 +/+ —/++ —/— —/— —/— +/+
NaCl conc (g/L) 5 +++/+++ +++H/ 4+ FFH/ A+ /A /A A4+
50 +/4++ +/+ +/+ +/+ +/++ +/+
150 —/— —/— —/— —/— —/+ —/—
200 —/— —/= /= —/= /= /=
Temp. C° 57 +++ +++
59 +++ +4++
61 +++ +++
63+ ++
65 - -
pH® 20 — -
30 ++ ++
40 +++ +++
5.0 +++ +4++
Ethanol titer from corn 216 225 22.1 21.7 226

starch (%, v/v)©

+ + +, obvious growth; + +, moderate growth; +, little growth; —, no growth
2 The results of days 1 and 7 are separated by the “/” symbol

b The temperature and pH tolerance test was only conducted using the control and CIBTS1522 strains

¢ The measurements represent the mean of three repeats

glucoamylase showed the highest reducing sugar con-
centration and the lowest ethanol production (Fig. 3 c
and d). However, at 46 h, all the test strains showed the
same residual reducing sugars concentrations and etha-
nol production, implying that the recombinant strain
secreted the glucoamylase and matched the fermenta-
tion rate of the control over time. This was consistent
with the corn starch fermentation results (Fig. 2a) and
previous reports (Cripwell et al. 2019a). The cell count
was stable during fermentation (Fig. 4e). Based on the
fermentation results of cassava starch at a small and
industrial-scale, we can conclude that at least 40% of
glucoamylase could be saved when using the glucoam-
ylase expressing strain CIBTS1522 (Fig. 3). The glucoa-
mylase cost is about RMB 31.35/ton cassava ethanol,
and the cost could be reduced by RMB 12.54/ton cas-
sava ethanol when using the recombinant CIBTS1522
strain.

Effect of the nitrogen and phosphorous source on the cell
wet weight and ethanol content of CIBTS1522 cells

In commercial-scale bioethanol production, supple-
mentation of the fermentation media with various

nutrients, such as urea and ammonium sulfate, have
been investigated for enhancing yeast cell performance
and survival (Guillaume et al. 2019; Yue et al. 2012).
We first evaluated the effect of nitrogen and phospho-
rous sources on the growth and ethanol production
of the strain. As a commonly used nitrogen source,
urea was contributed to the fermentation in the range
of 0-0.4 g/100 g corn starch and no obvious promo-
tion was observed when the amount increased further
(Fig. 4a). When using the inorganic nitrogen source
ammonium sulfate, the optimal concentration was
0.3 g/100 g corn starch (Fig. 4b), about 1 g/L, which was
in agreement with the previous report (Duhan et al.
2013). For the compound nitrogen and phosphorous
sources, (NH,),HPO, and NH,H,PO,, showed a similar
pattern, but (NH,),HPO, had a better promoting func-
tion, with an optimal concentration >0.3 g (Fig. 4c) and
>0.4 g (Fig. 4d), respectively. These results clearly dem-
onstrated that the significant promotion function of the
nitrogen and phosphorous sources.
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Table 3 Product formation by the CIBTS1522 strain after 72 h of fermentation in the corn starch liquefied slurry at small-

scale

CIBTS1522 AQ+100% GA 15224+ 50% GA 1522+ 30% GA 1522+ 0% GA
Final ethanol (%, v/v) 15.12 1513 15.02 12.64

Glycerol (%, w/v) 1.18 1.09 1.03 0.80

Acetic acid (%, w/v) 0.06 0.04 0.04 0.03

Residual reducing sugars (%, w/v) 030 0.28 033 0.65

Ethanol productivity (g/L h) 2.10 2.10 2.09 1.76
Estimated ethanol yield (% of theoretical 85.28 85.34 84.72 7130

yield)?

The data represent the average of three ind
GA glucoamylase, AQ CCTCC M94055 strain

ependent tests

? 34.25% (dw/v) raw starch loading is equivalent to 177.28 g/L ethanol (6.95 mol carbon), the theoretical ethanol yield from glucose is 0.51

Effect of metal ions on the cell wet weight and ethanol

content of CIBTS1522 cells
Next we tested the impact of
mentation of the strain. All

the metal ions on the fer-
of the tested metal ions

showed no effect under the given concentration range,
except for Cu>" (Fig. 5). Metal ions such as Zn>*, Mg”™,
and Mn”" have been reported as the trace elements for
yeast growth and ethanol fermentation (Walker 1998).
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Mg*" and Zn*" were proved to increase the heat and eth-
anol tolerance (Birch and Walker 2000; Zhao et al. 2009),
while under normal condition and in the tested concen-
tration range, Mg?" and Zn>" showed no influence on
the growth and ethanol production of the strain (Fig. 5a,
b). Previously reported that KCl and NaCl showed glu-
cose utilizing inhibition above the concentration of 0.1 M
(Casey et al. 2013). In our study, KCl and NaCl showed
no effect on the fermentation of the strain at the given
range of concentrations (Fig. 5¢, d). Cu®>" showed a sig-
nificant negative effect on the cell wet weight and ethanol
production above 0.1 g (Fig. 5e). In addition, Fe*", Ca’",
and Mn>" showed no influence on the fermentation per-
formance of the strain (Fig. 5f-h).

Effect of microbial enzymes on the cell wet weight

and ethanol content of CIBTS1522 and optimization

of the ethanol production of the strain using

an orthogonal test

The effects of four kinds of microbial enzymes (acid pro-
tease, xylanase, cellulase, and phytase) on the fermen-
tation performance of the strain with or without the
addition of urea were evaluated. The protease was proved
to increase the fermentation rate (Vidal et al. 2009) and
the ethanol yield by liberating free amino acids for the
yeast (Johnston and McAloon 2014; Perez-Carrillo et al.
2012). Consistent with this, the cell wet weight and
ethanol production increased with an increasing acid
protease concentration from 0 to 20 U/g corn (Fig. 6b).
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When the urea was added, the function of the acid pro-
tease was masked (Fig. 6a).

When xylanase, cellulose, or phytase were added dur-
ing the fermentation process, no positive effect was
observed (Fig. 6¢c—h), which implied that the enzymes
may function at other steps such as pretreatment pro-
cedure. For example, cellulases and xylanases may help
in releasing the starch bound to the corn fiber, and
induce cost and energy savings by decreasing the vis-
cosity and reducing the binding of water to grains, thus
facilitating the centrifugation and drying steps (Harris
et al. 2014). Phytase has also shown positive impact on
oil recovery in the corn dry grinding process (Luang-
thongkam et al. 2015). These results confirmed the dis-
tinct effect of urea on the fermentation improvement of
the strain.

Based on the results of the single factor experiments
conducted above, we chose urea and acid protease,
together with the yeast inoculum size and exogenous
glucoamylase, to design an orthogonal test to further
optimize the fermentation conditions of the CIBTS1522
under high corn starch loading. The experimental design
and result are shown in Table 4. The results showed
that the order of the four factors regarding the ethanol
content was: A>B=D>C, that is, the urea>acid pro-
tease =exogenous glucoamylase>inoculum size. The
best combination should be A2B3C3D3; however, this

combination was not included in the existing trial. We
conducted an additional experiment to verify the hypoth-
esis, indeed, the ethanol content of this combination was
14.0£0.0 (%, v/v), corresponding to 96.4% of the theoret-
ical ethanol yield, higher than the results among the tri-
als. The results may be beneficial for further optimization
of the industrial-scale ethanol production process.

Conclusion

The glucoamylase expressing yeast strain CIBTS1522
was constructed and at least 30-40% of the dosage of
glucoamylase could be reduced when fermenting the
raw corn or cassava starch at an industrial-scale. We
evaluated the effect of the nitrogen source, phospho-
rous source, compound inorganic nitrogen and phos-
phorous sources, metal ions, and industrial microbial
enzymes on the cell wet weight and ethanol production
of the strain. The nitrogen source and the acid protease
showed significant positive effects on the fermentation
performance of the strain. An orthogonal test includ-
ing urea, acid protease, inoculum size, and glucoam-
ylase addition was designed and conducted to further
optimize ethanol production, and 14.0% ethanol could
be produced, corresponding to 96.4% of the theoretical
ethanol yield.
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Table 4 Orthogonal test design and results for the production of ethanol using CIBTS1522 under high ratio of raw corn

starch to water (1:2.6)

Trial A B C D Ethanol
Urea (g/100g corn  Acid protease (U/100 g Yeast inoculum (g/100g  Glucoamylase (U/100g  content (%,
starch) corn starch) corn starch) corn starch) v/v)

1 0.1 5 0.1 15 114

2 0.1 10 0.2 30 128

3 0.1 25 03 45 136

4 0.25 5 0.2 45 136

5 0.25 10 03 15 134

6 0.25 25 0.1 30 136

7 0.4 5 0.3 30 13.1

8 04 10 0.1 45 133

9 0.4 25 0.2 15 133

k1 12.600 12.700 12.767 12.700

k2 13.533 13.167 13.233 13.167

k3 13.233 13.500 13.367 13.500

R 0933 0.800 0.600 0.800

Sum of squares of 1.362 0.969 0.596 0.969

deviations
Order A>B=D>C

Supplementary Information

The online version contains supplementary material available at https://
doi.org/10.1186/540643-021-00375-5.

[ Additional file 1. Supporting information. }

Abbreviations
CBP: Consolidated bioprocessing; GA: Glucoamylase; AMS: a-Amylase.

Acknowledgements
We would like to thank Jesse Zhang from the University of Southern Cali-
fornia, and Editage (www.editage.cn) for English language editing.

Authors’ contributions

WX, LB, LZJ, DLY, YJJ, JY, ZSM, LYG and YS conceived and designed the
research. WX, LZJ, DLY, YJJ, JY, and YS designed the experiments and
analyzed the data. LB, LGX, QFH and WX performed all the experiments.
WX wrote the manuscript. WX, DLY, YJJ, JY, ZSM, LYG and YS revised the
manuscript. All the authors read and approved the final version.

Funding
This study was funded by the National Natural Science Foundation of
China (Grant numbers 31921006, 21825804, 31670094 and 31971343).

Availability of data and materials
All data generated or analysed during this study are included in this
published article (and its supplementary information files).

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

! College of Biological Engineering, Henan University of Technology, Zheng-
zhou 450001, Henan, China. 2 State Key Laboratory of Agricultural Microbiol-
ogy, College of Life Science and Technology, Huazhong Agricultural University,
Wuhan 430070, Hubei, China. > Angel Yeast Co, Ltd, Yichang 443000, Hubei,
China. * Biosense Suzhou Limited, Suzhou 215021, Jiangsu, China. ® Shanghai
Research and Development Center of Industrial Biotechnology, Shang-

hai 201201, China. © Key Laboratory of Synthetic Biology, CAS Center for Excel-
lence in Molecular Plant Sciences, Chinese Academy of Sciences, 300 Fenglin
Road, Shanghai 200032, China.” Huzhou Center of Industrial Biotechnology,
Shanghai Institutes for Biological Sciences, Huzhou 313000, Zhejiang, China.

Received: 8 December 2020 Accepted: 19 February 2021
Published online: 25 February 2021

References

Altintas MM, Ulgen KO, Kirdar B, Onsan Zi, Oliver SG (2003) Optimal sub-
strate feeding policy for fed-batch cultures of S. cerevisiae expressing
bifunctional fusion protein displaying amylolytic activities. Enzyme
Microb Technol 33(2):262-269. https://doi.org/10.1016/S0141
-0229(03)00122-4

Birch RM, Walker GM (2000) Influence of magnesium ions on heat shock
and ethanol stress responses of Saccharomyces cerevisiae. Enzyme
Microb Technol 26(9-10):678-687. https://doi.org/10.1016/50141
-0229(00)00159-9


https://doi.org/10.1186/s40643-021-00375-5
https://doi.org/10.1186/s40643-021-00375-5
http://www.editage.cn
https://doi.org/10.1016/S0141-0229(03)00122-4
https://doi.org/10.1016/S0141-0229(03)00122-4
https://doi.org/10.1016/s0141-0229(00)00159-9
https://doi.org/10.1016/s0141-0229(00)00159-9

Wang et al. Bioresour. Bioprocess. (2021) 8:20

Blagbrough IS, Bayoumi SA, Rowan MG, Beeching JR (2010) Cassava: an
appraisal of its phytochemistry and its biotechnological prospects.
Phytochemistry 71(17-18):1940-1951. https://doi.org/10.1016/j.phyto
chem.2010.09.001

Casey E, Mosier NS, Adamec J, Stockdale Z, Ho N, Sedlak M (2013) Effect of
salts on the Co-fermentation of glucose and xylose by a genetically
engineered strain of Saccharomyces cerevisiae. Biotechnol Biofuels
6(1):83. https://doi.org/10.1186/1754-6834-6-83

Chandel AK, Garlapati VK, Singh AK, Antunes FAF, da Silva SS (2018) The
path forward for lignocellulose biorefineries: bottlenecks, solutions,
and perspective on commercialization. Bioresour Technol 264:370-
381. https://doi.org/10.1016/j.biortech.2018.06.004

Chen JP, Wu KW, Fukuda H (2008) Bioethanol production from uncooked
raw starch by immobilized surface-engineered yeast cells. Appl
Biochem Biotechnol 145(1-3):59-67. https://doi.org/10.1007/51201
0-007-8054-6

Chi Z, Chi Z, Liu G, Wang F, Ju L, Zhang T (2009) Saccharomycopsis fibulig-
era and its applications in biotechnology. Biotechnol Adv 27(4):423-
431. https://doi.org/10.1016/j.biotechadv.2009.03.003

Cripwell RA, Rose SH, Favaro L, van Zyl WH (2019a) Construction of indus-
trial Saccharomyces cerevisiae strains for the efficient consolidated
bioprocessing of raw starch. Biotechnol Biofuels 12:201. https://doi.
0rg/10.1186/513068-019-1541-5

Cripwell RA, Rose SH, Viljoen-Bloom M, van Zyl WH (2019b) Improved
raw starch amylase production by Saccharomyces cerevisiae using
codon optimisation strategies. FEMS Yeast Res 19(2). https://doi.
org/10.1093/femsyr/foy127.

Cripwell RA, Favaro L, Viljoen-Bloom M, van Zyl WH (2020) Consolidated
bioprocessing of raw starch to ethanol by Saccharomyces cerevisiae:
achievements and challenges. Biotechnol Adv 42:107579. https://doi.
org/10.1016/j.biotechadv.2020.107579

Diao L, Liu Y, Qian F, Yang J, Jiang Y, Yang S (2013) Construction
of fast xylose-fermenting yeast based on industrial ethanol-
producing diploid Saccharomyces cerevisiae by rational design
and adaptive evolution. BMC Biotechnol 13(1):110. https://doi.
org/10.1186/1472-6750-13-110

Doran-Peterson J, Jangid A, Brandon SK, DeCrescenzo-Henriksen E, Dien
B, Ingram LO (2009) Simultaneous saccharification and fermentation
and partial saccharification and co-fermentation of lignocellulosic
biomass for ethanol production. Methods Mol Biol 581:263-280.
https://doi.org/10.1007/978-1-60761-214-8_17

Duhan JS, Kumar A, Tanwar SK (2013) Bioethanol production from starchy
part of tuberous plant (potato) using Saccharomyces cerevi-
siae MTCC-170. Afr J Microbiol Res 7(46):5253-5260. https://doi.
org/10.5897/AJMR2013.6122

Favaro L, Jooste T, Basaglia M, Rose SH, Saayman M, Gorgens JF, Casella S,
van Zyl WH (2012) Codon-optimized glucoamylase sGAI of Aspergil-
lus awamori improves starch utilization in an industrial yeast. Appl
Microbiol Biotechnol 95(4):957-968. https://doi.org/10.1007/50025
3-012-4001-8

Gibson BR, Lawrence SJ, Leclaire JP, Powell CD, Smart KA (2007) Yeast
responses to stresses associated with industrial brewery han-
dling. FEMS Microbiol Rev 31(5):535-569. https://doi.org/10.111
1/j.1574-6976.2007.00076.x

Gorgens JF, Bressler DC, van Rensburg E (2015) Engineering Saccharo-
myces cerevisiae for direct conversion of raw, uncooked or granular
starch to ethanol. Crit Rev Biotechnol 35(3):369-391. https://doi.
org/10.3109/07388551.2014.888048

Guillaume A, Thorigné A, Carré Y, Vinh J, Levavasseur L (2019) Contribution
of proteases and cellulases produced by solid-state fermentation to
the improvement of corn ethanol production. Bioresour Bioprocess
6(1). doi:https://doi.org/10.1186/540643-019-0241-0

Hahn-Hagerdal B, Galbe M, Gorwa-Grauslund MF, Liden G, Zacchi G (2006)
Bio-ethanol—the fuel of tomorrow from the residues of today.

Page 13 of 14

Trends Biotechnol 24(12):549-556. https://doi.org/10.1016/j.tibte
ch.2006.10.004

Harris PV, Xu F, Kreel NE, Kang C, Fukuyama S (2014) New enzyme insights
drive advances in commercial ethanol production. Curr Opin Chem
Biol 19:162-170. https://doi.org/10.1016/j.cbpa.2014.02.015

Innis MA, Holland MJ, McCabe PC, Cole GE, Wittman VP, Tal R, Watt KW,
Gelfand DH, Holland JP, Meade JH (1985) Expression, glycosylation,
and secretion of an Aspergillus Glucoamylase by Saccharomyces
cerevisiae. Science 228(4695):21-26. https://doi.org/10.1126/scien
ce.228.4695.21

Jansen MLA, Bracher JM, Papapetridis |, Verhoeven MD, de Bruijn H, de
Waal PP, van Maris AJA, Klaassen P, Pronk JT (2017) Saccharomyces
cerevisiae strains for second-generation ethanol production: from
academic exploration to industrial implementation. FEMS Yeast Res
17(5). https://doi.org/10.1093/femsyr/fox044.

Johnston DB, McAloon AJ (2014) Protease increases fermentation rate
and ethanol yield in dry-grind ethanol production. Bioresour Technol
154:18-25. https://doi.org/10.1016/}.biortech.2013.11.043

Karim AS, Curran KA, Alper HS (2013) Characterization of plasmid burden
and copy number in Saccharomyces cerevisiae for optimization of
metabolic engineering applications. FEMS Yeast Res 13(1):107-116.
https://doi.org/10.1111/1567-1364.12016

Kim JH, Kim HR, Lim MH, Ko HM, Chin JE, Lee HB, Kim IC, Bai S (2010)
Construction of a direct starch-fermenting industrial strain of Sac-
charomyces cerevisiae producing glucoamylase, alpha-amylase and
debranching enzyme. Biotechnol Lett 32(5):713-719. https://doi.
org/10.1007/510529-010-0212-1

Kong, I, Turner TL, Kim H, Kim SR, Jin YS (2018) Phenotypic evaluation
and characterization of 21 industrial Saccharomyces cerevisiae yeast
strains. FEMS Yeast Res 18(1). https://doi.org/10.1093/femsyr/foy001.

Kotaka A, Sahara H, Hata Y, Abe Y, Kondo A, Kato-Murai M, Kuroda K, Ueda
M (2008) Efficient and direct fermentation of starch to ethanol by
sake yeast strains displaying fungal glucoamylases. Biosci Biotechnol
Biochem 72(5):1376-1379. https://doi.org/10.1271/bbb.70825

Liao B, Hill G, Roesler W (2012) Stable expression of barley a-amylase in
S. cerevisiae for conversion of starch into bioethanol. Biochem Eng J
64:8-16. https://doi.org/10.1016/j.be}.2012.02.004

Luangthongkam P, Fang L, Noomhorm A, Lamsal B (2015) Addition of
cellulolytic enzymes and phytase for improving ethanol fermentation
performance and oil recovery in corn dry grind process. Ind Crop
Prod 77:803-808. https://doi.org/10.1016/j.indcrop.2015.09.060

Murthy GS, Townsend DE, Meerdink GL, Bargren GL, Tumbleson ME, Singh
V (2005) Effect of Aflatoxin B1 on dry-grind ethanol process. Cereal
Chem 82(3):302-304. https://doi.org/10.1094/CC-82-0302

Nakamura Y, Kobayashi F, Ohnaga M, Sawada T (1997) Alcohol fermenta-
tion of starch by a genetic recombinant yeast having glucoamylase
activity. Biotechnol Bioeng 53(1):21-25. https://doi.org/10.1002/
(SICI)1097-0290(19970105)53:1%3c21::AID-BIT4%3e3.0.CO;2-0

Nonato RV, Shishido K (1988) Alpha-factor-directed synthesis of Bacillus
stearothermophilus alpha-amylase in Saccharomyces cerevisiae. Bio-
chem Biophys Res Commun 152(1):76-82. https://doi.org/10.1016/
50006-291x(88)80682-x

Peplow M (2014) Cellulosic ethanol fights for life. Nature 507(7491):152—
153. https://doi.org/10.1038/507152a

Perez-Carrillo E, Serna-Saldivar SO, Chuck-Hernandez C, Cortes-Callejas
ML (2012) Addition of protease during starch liquefaction affects free
amino nitrogen, fusel alcohols and ethanol production of fermented
maize and whole and decorticated sorghum mashes. Biochem Eng J
67:1-9. https://doi.org/10.1016/j.bej.2012.04.010

Pretorius IS, Lambrechts MG, Marmur J (1991) The glucoamylase multi-
gene family in Saccharomyces cerevisiae var. diastaticus: an overview.
Crit Rev Biochem Mol Biol 26(1):53-76. https://doi.org/10.3109/10409
239109081720


https://doi.org/10.1016/j.phytochem.2010.09.001
https://doi.org/10.1016/j.phytochem.2010.09.001
https://doi.org/10.1186/1754-6834-6-83
https://doi.org/10.1016/j.biortech.2018.06.004
https://doi.org/10.1007/s12010-007-8054-6
https://doi.org/10.1007/s12010-007-8054-6
https://doi.org/10.1016/j.biotechadv.2009.03.003
https://doi.org/10.1186/s13068-019-1541-5
https://doi.org/10.1186/s13068-019-1541-5
https://doi.org/10.1093/femsyr/foy127
https://doi.org/10.1093/femsyr/foy127
https://doi.org/10.1016/j.biotechadv.2020.107579
https://doi.org/10.1016/j.biotechadv.2020.107579
https://doi.org/10.1186/1472-6750-13-110
https://doi.org/10.1186/1472-6750-13-110
https://doi.org/10.1007/978-1-60761-214-8_17
https://doi.org/10.5897/AJMR2013.6122
https://doi.org/10.5897/AJMR2013.6122
https://doi.org/10.1007/s00253-012-4001-8
https://doi.org/10.1007/s00253-012-4001-8
https://doi.org/10.1111/j.1574-6976.2007.00076.x
https://doi.org/10.1111/j.1574-6976.2007.00076.x
https://doi.org/10.3109/07388551.2014.888048
https://doi.org/10.3109/07388551.2014.888048
https://doi.org/10.1186/s40643-019-0241-0
https://doi.org/10.1016/j.tibtech.2006.10.004
https://doi.org/10.1016/j.tibtech.2006.10.004
https://doi.org/10.1016/j.cbpa.2014.02.015
https://doi.org/10.1126/science.228.4695.21
https://doi.org/10.1126/science.228.4695.21
https://doi.org/10.1093/femsyr/fox044
https://doi.org/10.1016/j.biortech.2013.11.043
https://doi.org/10.1111/1567-1364.12016
https://doi.org/10.1007/s10529-010-0212-1
https://doi.org/10.1007/s10529-010-0212-1
https://doi.org/10.1093/femsyr/foy001
https://doi.org/10.1271/bbb.70825
https://doi.org/10.1016/j.bej.2012.02.004
https://doi.org/10.1016/j.indcrop.2015.09.060
https://doi.org/10.1094/CC-82-0302
https://doi.org/10.1002/(SICI)1097-0290(19970105)53:1%3c21::AID-BIT4%3e3.0.CO;2-0
https://doi.org/10.1002/(SICI)1097-0290(19970105)53:1%3c21::AID-BIT4%3e3.0.CO;2-0
https://doi.org/10.1016/s0006-291x(88)80682-x
https://doi.org/10.1016/s0006-291x(88)80682-x
https://doi.org/10.1038/507152a
https://doi.org/10.1016/j.bej.2012.04.010
https://doi.org/10.3109/10409239109081720
https://doi.org/10.3109/10409239109081720

Wang et al. Bioresour. Bioprocess. (2021) 8:20

van Zyl WH, Bloom M, Viktor MJ (2012) Engineering yeasts for raw starch
conversion. Appl Microbiol Biotechnol 95(6):1377-1388. https://doi.
0rg/10.1007/500253-012-4248-0

Vidal BC, Rausch KD, Tumbleson ME, Singh V (2009) Protease treatment to
improve ethanol fermentation in modified dry grind corn pro-
cesses. Cereal Chem 86(3):323-328. https://doi.org/10.1094/Cchem
-86-3-0323

Walker GM (1998) Yeast physiology and biotechnology. Wiley

Wang X, Yang J, Yang S, Jiang Y (2019) Unraveling the genetic basis of fast
|-arabinose consumption on top of recombinant xylose-fermenting
Saccharomyces cerevisiae. Biotechnol Bioeng 116(2):283-293. https://
doi.org/10.1002/bit.26827

Page 14 of 14

Yue GJ, Yu JL, Zhang X, Tan TW (2012) The influence of nitrogen sources
on ethanol production by yeast from concentrated sweet sorghum
juice. Biomass Bioenerg 39:48-52. https://doi.org/10.1016/j.biomb
i0e.2010.08.041

Zhao XQ, Xue C, Ge XM, Yuan WJ, Wang JY, Bai FW (2009) Impact of zinc
supplementation on the improvement of ethanol tolerance and yield
of self-flocculating yeast in continuous ethanol fermentation. J Bio-
technol 139(1):55-60. https://doi.org/10.1016/j.jbiotec.2008.08.013

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Submit your manuscript to a SpringerOpen®
journal and benefit from:

» Convenient online submission

» Rigorous peer review

» Open access: articles freely available online
» High visibility within the field

» Retaining the copyright to your article

Submit your next manuscript at » springeropen.com



https://doi.org/10.1007/s00253-012-4248-0
https://doi.org/10.1007/s00253-012-4248-0
https://doi.org/10.1094/Cchem-86-3-0323
https://doi.org/10.1094/Cchem-86-3-0323
https://doi.org/10.1002/bit.26827
https://doi.org/10.1002/bit.26827
https://doi.org/10.1016/j.biombioe.2010.08.041
https://doi.org/10.1016/j.biombioe.2010.08.041
https://doi.org/10.1016/j.jbiotec.2008.08.013

	Reducing glucoamylase usage for commercial-scale ethanol production from starch using glucoamylase expressing Saccharomyces cerevisiae
	Abstract 
	Introduction
	Materials and methods
	Strains, plasmids, and growth conditions
	Plasmids and strain construction
	Evaluation of the ethanol, glucose, NaCl, temperature and pH tolerance and ethanol production capability of the glucoamylase expressing strain
	Fermentation test using corn and cassava starch at a small and industrial scale
	Optimization of the ethanol production by the glucoamylase expressing strain
	Analytical methods

	Results and discussion
	The industrial glucoamylase producing strain construction
	The basic characteristics of the developed glucoamylase expressing S. cerevisiae strains
	Small and commercial-scale fermentation by CIBTS1522 using corn starch
	Small and large-scale fermentation using CIBTS1522 using cassava starch
	Effect of the nitrogen and phosphorous source on the cell wet weight and ethanol content of CIBTS1522 cells
	Effect of metal ions on the cell wet weight and ethanol content of CIBTS1522 cells
	Effect of microbial enzymes on the cell wet weight and ethanol content of CIBTS1522 and optimization of the ethanol production of the strain using an orthogonal test

	Conclusion
	Acknowledgements
	References




