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ABSTRACT: Global climate change caused by the emission of
anthropogenic greenhouse gases (GHGs) is a grand challenge to
humanity. To alleviate the trend, the consumption of fossil fuels
needs to be largely reduced and alternative energy technologies
capable of controlling GHG emissions are anticipated. In this study,
we introduced a synthetic reductive pentose phosphate pathway
(rPPP) into a xylose-fermenting Saccharomyces cerevisiae strain SR8
to achieve simultaneous lignocellulosic bioethanol production and
carbon dioxide recycling. Specifically, ribulose-1,5-bisphosphate
carboxylase/oxygenase from Rhodospirillum rubrum and phosphor-
ibulokinase from Spinacia oleracea were introduced into the SR8
strain. The resulting strain with the synthetic rPPP was able to exhibit
a higher yield of ethanol and lower yields of byproducts (xylitol and
glycerol) than a control strain. In addition, the reduced release of
carbon dioxide by the engineered strain was observed during xylose fermentation, suggesting that the carbon dioxide generated
by pyruvate decarboxylase was partially reassimilated through the synthetic rPPP. These results demonstrated that recycling of
carbon dioxide from the ethanol fermentation pathway in yeast can be achieved during lignocellulosic bioethanol production
through a synthetic carbon conservative metabolic pathway. This strategy has a great potential to alleviate GHG emissions during
the production of second-generation ethanol.
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Global climate change caused by anthropogenic emission of
greenhouse gases (GHGs) is one of the grand challenges

jeopardizing human society. The consumption of fossil fuels
needs to be limited to mitigate carbon dioxide (CO2) emission
and global warming.1−4 Therefore, an alternative energy source
is necessary to decrease reliance on fossil fuels. Biofuel has been
considered a promising solution,2 and bioethanol is currently
the most widely produced and utilized biofuel at industrial
scales.5,6 Traditionally, bioethanol has been produced by an
innate producer, Saccharomyces cerevisiae, via sugar fermentation
using sugar cane and cornstarch as feedstock. However, this
utilization of edible biomass for producing biofuel inevitably
faces a dilemma between “food versus fuel”.7

Lignocellulosic biomass, which is derived from agriculture
and forestry residues or industrial wastes, is the most abundant
organic resource on Earth, and it might be a better feedstock

for bioethanol production without disturbing the food supply
and arable land.1,8,9 However, S. cerevisiae cannot ferment
xylose, which is the second most abundant sugar in
lignocellulosic biomass hydrolysates.10−12 To solve this
problem, two alternative heterologous xylose utilization path-
ways have been introduced into S. cerevisiae. One is the xylose
reductase (XR)/xylitol dehydrogenase (XDH) pathway from
Scheffersomyces stipitis (Figure 1),13 and the other is the bacterial
xylose utilization pathway in which xylose isomerase converts
xylose to xylulose.14,15 By introducing xylose utilization
pathways together with up-regulation of the native pentose
phosphate pathway (PPP), efficient and rapid fermentation of
xylose into ethanol has been achieved.10,11
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As a carbon-neutral process, lignocellulosic bioethanol
production can contribute to the reduction of CO2 emission,
but it will be ideal if the fermentation process becomes carbon-
conservative via reassimilating the carbon from the carbon
dioxide released from the decarboxylation step of pyruvate into
acetaldehyde in the ethanol-producing pathway. Bioethanol
production from phototrophic microorganisms offers a
promising future to capture the lost carbon through direct
fixation of atmospheric CO2. However, the titers of usable
biofuels produced from the engineered autotrophic micro-
organisms have so far failed to match the industrial require-
ments.16−19 In the meanwhile, the feasibility of introducing
CO2 conservative pathways to heterotrophic hosts has been
demonstrated. For instance, the CO2 fixation pathways
including the reductive pentose phosphate pathway
(rPPP)20−22 and the 3-hydroxypropionate pathway,23 as well
as synthetic pathways like the nonoxidative glycolysis24 and
methanol condensation pathways,25 have been introduced into
either Escherichia coli or S. cerevisiae. These achievements
exhibited the possibilities to combine the advantages of
lignocellulosic bioethanol production and direct CO2 con-
servation.
In this study, we introduced two key enzymes driving the

rPPP, ribulose-1,5-bisphosphate carboxylase/oxygenase (Ru-
BisCO) and phosphoribulokinase (PRK), into an engineered S.
cerevisiae strain SR8 harboring the XR/XDH pathway and up-
regulated PPP11 to enable CO2 recycling through a synthetic
rPPP during xylose fermentation (Figure 1). Particularly,
RuBisCO converts one ribulose-1,5-bisphosphate (RuBP) and
CO2 to two molecules of glycerate-3-phosphate (G3P), and
PRK catalyzes ribulose-5-phosphate (R5P) to RuBP. As the
XR/XDH pathway generates surplus nicotinamide adenine
dinucleotide (NADH) during xylose fermentation under
anaerobic conditions,26 the synthetic rPPP can exploit the
surplus NADH for recycling CO2. In addition, the robust PPP
of the SR8 strain allows substrates to initiate the synthetic
pathway. The feasibility of this strategy is demonstrated in this
study. To our knowledge, it is the first study investigating and
achieving CO2 recycling during lignocellulosic bioethanol
production.

■ RESULTS AND DISCUSSION
Functional Expression of Rhodospirillum rubrum

RuBisCO in S. cerevisiae. The first step of installing the

rPPP for reassimilating carbon dioxide is to functionally express
RuBisCO in yeast. In this study, we chose form-II RuBisCO
from R. rubrum, which consists of only large subunits and forms
a dimer.27,28 The R. rubrum RuBisCO has been reported to be
functionally expressed in E. coli with the help of group-I HSP60
chaperonins, GroEL and GroES.28 As the cytosolic HSP60
chaperonins in eukaryotic cytosols are different from the group-
I chaperonins,29,30 the E. coli GroEL and GroES chaperonins
(denoted together as GroE) were introduced into S. cerevisiae
together with R. rubrum RuBisCO. All three genes were
integrated via CRISPR/Cas9 (clustered regularly interspaced
short palindromic repeats/CRISPR-associated proteins) based
genome modification into the genome of S. cerevisiae SR8,
which is capable of fermenting xylose rapidly.11

The first copy of cbbM (coding for the R. rubrum RuBisCO)
under the control of a constitutive promoter PTDH3 and the
groE cassette (consisting of groL and groS under the control of
PTDH3 and PTEF1, respectively) were integrated into the ALD6
and PHO13 loci to generate the SR8C strain. The ALD6 and
PHO13 genes, beneficial knockout targets for enhanced xylose
fermentation, were already deactivated during construction of
the SR8 strain11 so that the integrations of cbbM and groE
expression cassettes into the loci might not cause unintended
phenotype changes. As we expected, the RuBisCO was active in
the SR8C strain when the cbbM was coexpressed with the GroE
chaperonins (Figure 2). The RuBisCO activity in the crude

extract of the SR8C strain was similar to that reported in a
previous study expressing cbbM from a different micro-
organism.20 As RuBisCO is a notoriously inefficient enzyme,
we examined if we can further increase the RuBisCO activity in
yeast by gene dosage. Another copy of cbbM under the control
of PTDH3 was integrated into the intergenic site (CS6) of the
SR8C strain. We observed a significant increase of RuBisCO
activity in the SR8C strain with the extra copy of cbbM (SR8C-
cbbM). The RuBisCO activity in the SR8C-cbbM strain was 8-
fold higher than that in the SR8C strain. A second copy of the
groE cassette was then integrated into another intergenic site
(CS8) of the SR8C-cbbM strain (with two copies of cbbM and

Figure 1. Overall scheme of CO2 recycling during lignocellulosic
bioethanol production. The heterologous XR/XDH pathway (blue),
native glycolysis and PPP (black) in the xylose-fermenting strain S.
cerevisiae SR8, plus the synthetic rPPP (green).

Figure 2. RuBisCO activity of engineered S. cerevisiae. The cbbM gene
together with the groE cassette were integrated into the genome of
SR8 using CRISPR/Cas9. The activity was measured by monitoring
the change of NADH spectrophotometrically via coupled enzymatic
reaction.
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one copy of groE) to generate a stable platform strain SR8C+,
which has two copies of cbbM plus two copies of groE. As a
result, the highest RuBisCO activity was achieved in the SR8C+
strain and reached 58.8 ± 4.5 U/mg (Figure 2). The
fermentation profiles of all engineered strains were examined
(Figure S1), and no significant differences were observed,
indicating that functional expression of R. rubrum RuBisCO and
additional expression of groE have no significant influence on
the fermentation properties of the engineered yeast strains.
Effects of PRK on Sugar Metabolism in S. cerevisiae.

PRK was known to be functionally expressed in either bacterial
or eukaryotic cells, but merely expressing PRK was toxic to the
host.20,22 It has been reported that even the native host of PRK,
R. rubrum, cannot grow well when a mutation occurs in
RuBisCO and RuBP becomes an end-product inside of the
cell.31 In this study, the PRK was overexpressed in the SR8
strain using a multicopy plasmid carrying the prk gene (coding
for PRK) from Spinacia oleracea under the control of PTEF1. As
expected, the toxic effect of PRK overexpression in the SR8
strain was observed when xylose was the carbon source
(Figures 3a and S2c) in both yeast extract-peptone (YP) and
synthetic complete (SC) media. However, the toxicity was not
observed when glucose was the carbon source (Figure S2a,b).

Surprisingly, we found that overexpression of prk alone in the
SR8 strain influenced the production of byproducts and
increased the ethanol yield in xylose fermentation (Figures 3
and S3 and Table 1). In both YP and SC media, the variations
of byproducts shared similar trends, and the differences were
more outstanding in SC media. In SC media (Figure 3), the
glycerol yield of the SR8 strain with PRK overexpression (SR8-
prk) increased 38% from 0.114 ± 0.004 to 0.158 ± 0.004 g/g,
while the xylitol yield decreased 44% from 0.191 ± 0.007 to
0.107 ± 0.011 g/g compared with the control strain (SR8 with
the empty plasmid). The ethanol yield of the SR8-prk strain
increased 10% from 0.256 ± 0.005 to 0.283 ± 0.004 g/g. Both
the toxicity and the variations of byproducts demonstrated the
functional expression of PRK in the SR8 strain. The toxicity
and the effects of PRK on xylose fermentation can also be
regarded as indicators that the heterologous PRK is interacting
with the endogenous metabolic network in yeast, especially
when xylose is used as a carbon source.

Completing the Synthetic rPPP in Engineered S.
cerevisiae. To install a synthetic rPPP capable of reassimilating
carbon dioxide, we overexpressed the prk in the SR8C and
SR8C+ strains exhibiting different RuBisCO activities (Figure
2). Anaerobic fermentation in the SC medium with 20 g/L
xylose was conducted to investigate whether or not recycling of
CO2 can be achieved by synthetic rPPP during xylose
fermentation. First, the rescue of growth defects of cells
expressing prk only was observed when overexpressing prk in
the SR8C and SR8C+ strains (Figure 4a). The SR8C or SR8C+
strains with the overexpression of prk (denoted as SR8C-prk
and SR8C+-prk, respectively) grew better than SR8-prk (SR8
strain with prk overexpression). Moreover, the SR8C+-prk
strain reached a higher cell density even than the control strain
(SR8 with the empty plasmid), indicating that the active PRK
and RuBisCO may consume the RuBP and complete the
designed pathway.
In xylose fermentation, the yields of glycerol and xylitol,

which indicated redox imbalance during anaerobic xylose
fermentation, of each engineered strain were analyzed (Figure
4b,c), and the fermentation data at 96 h are listed in Table SIV.
The results showed that the glycerol yield of SR8C-prk
increased 20% from 0.114 ± 0.004 to 0.137 ± 0.007 g/g and
the xylitol yield decreased 26% from 0.191 ± 0.007 to 0.141 ±
0.005 g/g compared to the control strain. The xylitol yield of
SR8C+-prk decreased 23% from 0.191 ± 0.007 to 0.147 ±
0.003 g/g, while the glycerol yield was similar to the control
strain. The time course of the fermentation profiles further
evidenced the results (Figure S6). These results implied that
when the RuBisCO was functionally overexpressed the
engineered strain was able to recover from the toxic effects

Figure 3. Growth and fermentation profiles of SR8 expressing PRK.
Engineered SR8 with PRK overexpression was cultivated in SC
medium using 20 g/L xylose as the carbon source. Anaerobic
fermentation was conducted at 30 °C and 100 rpm. (a) Growth
profiles; (b) glycerol, (c) xylitol, and (d) ethanol yield.

Table 1. Summary of Fermentation Results by Engineered S. cerevisiaea

xylitol yield glycerol yield xylitol + glycerol ethanol yield (g/g)

strains g/g mol/mol g/g mol/mol (mol/mol) overallc net

SR8 0.191 ± 0.007 0.189 ± 0.007 0.114 ± 0.004 0.185 ± 0.007 0.374 ± 0.003 0.256 ± 0.005 0.324 ± 0.004
SR8-prkb 0.107 ± 0.011 0.106 ± 0.011 0.158 ± 0.004 0.257 ± 0.006 0.363 ± 0.004 0.283 ± 0.004 0.315 ± 0.003
SR8C-prk 0.141 ± 0.005 0.140 ± 0.005 0.137 ± 0.007 0.224 ± 0.012 0.363 ± 0.016 0.283 ± 0.004 0.330 ± 0.005
SR8C+-prk 0.147 ± 0.003 0.145 ± 0.003 0.117 ± 0.003 0.191 ± 0.005 0.337 ± 0.003 0.283 ± 0.002 0.336 ± 0.004

aFermentation was conducted in SC media using xylose as the carbon source. b“-prk” indicates that the prk gene was overexpressed in the engineered
strain. cThe overall ethanol yield was calculated based on consumed xylose, while the net ethanol yield was calculated based on the metabolized
carbon via deducting the produced xylitol.
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by PRK via the metabolism of RuBP by a complete synthetic
rPPP.
Interestingly, similar increases in overall ethanol yield were

observed in all strains overexpressing prk (Figure 4d), but the
extra amounts of ethanol were not necessarily produced from
the recycled CO2. We calculated the net ethanol yield based on
the metabolized carbon that entered into the PPP via deducting
the produced xylitol from consumed xylose. The results showed
that, even though the overall ethanol yield of SR8-prk (SR8
with prk overexpression) increased, the net ethanol yield of
SR8-prk decreased (Figure 4e and Table 1). These results
indicate that the extra amounts of ethanol originated from the
decreased amounts of byproducts rather than the recycled CO2.
The net ethanol yield of SR8C-prk increased from 0.324 ±
0.004 to 0.330 ± 0.005 g/g but is not statistically significant.
However, a significant increase of net ethanol yield was
identified in the SR8C+ strain with prk overexpression, and the
net ethanol yield increased from 0.324 ± 0.004 to 0.336 ±
0.004 g/g, demonstrating that the consumed carbon diverted
more to produce ethanol and the extra carbon might come
from the produced CO2.
In this study, the host S. cerevisiae strain SR8 has been

developed for efficient and rapid fermentation of xylose as well
as glucose through a combined rational and evolutionary
approach.11 The XYL1, XYL2, and XYL3 genes from S. stipitis,
which code for the XR, XDH, and xylulokinase, respectively,
were integrated into the genome of the SR8 strain to achieve
xylose utilization. Additionally, the PHO13 gene was deleted to
up-regulate the overall PPP,32,33 and the ALD6 gene was
deleted to eliminate the production of acetic acid, which is
known as an inhibitor of xylose fermentation.34,35 The resulting
robust PPP of the SR8 strain supplies enough R5P to drive the
first reaction, and the efficient utilization of xylose offers
enough CO2 for the RuBisCO from the decarboxylation
reaction of pyruvate to acetaldehyde during ethanol fermenta-
tion. These benefits were more distinguishable when comparing
different carbon sources. Because of the repression effect of

glucose,36 little carbon flux was diverted to the PPP when
glucose was the carbon source. The overexpression of prk in
SR8 did not show a toxic effect nor influence the byproducts
(Figure S2 and S4), and the SR8C+ stain with prk
overexpression displayed similar fermentation profiles to the
control strain when glucose was the carbon source (Figure S5).
When xylose was the carbon source and a robust PPP was
achieved, the differences of fermentation profiles between the
SR8 or SR8C+ with prk overexpression and the control stains
were quite clear. We observed a significant increase of ethanol
yield and a decrease of byproducts under this condition (Figure
4). Considering all of the data above, we believe that the
recycling of CO2 was achieved during xylose fermentation by
introducing the synthetic rPPP.

Ratio between Accumulated CO2 and Ethanol Reveals
Recycling of CO2. Then, we designed an additional
experiment to provide evidence whether the CO2 was indeed
recycled by the synthetic rPPP. Because one pyruvate molecule
will release one CO2 molecule before generating one molecule
of ethanol (Figure 1), the ratio between accumulated CO2 and
ethanol (rC/E) should be constant for a certain strain in the
same fermentation system. A lower rC/E indicates less CO2
released per unit of ethanol. Thus, we measured both the
accumulated CO2 and ethanol concentration at different
sampling points during fermentation. As shown in Figure
5a,b, the quantitative relationships between concentrations of
ethanol and the pressure of CO2 were calculated. The
correlations were well-defined using the linear regression
model, indicating that the assumption that a certain strain has
a constant rC/E was valid. In particular, the rC/E of the SR8 strain
during xylose fermentation was 1.34, while the rC/E of SR8C
+-prk with the synthetic rPPP under the same conditions was
1.12. The ratios of accumulated CO2 and ethanol from all
sampling points were further collected and compared (Figure
5c). The statistical analysis also showed a significant difference
(P = 0.037) between the SR8C+-prk strain and the control
strain. Similar conclusions could be determined via a

Figure 4. Fermentation properties of the engineered SR8. Fermentation was conducted anaerobically at 30 °C and 100 rpm in SC media with 20 g/
L xylose. The overall ethanol yield was calculated based on consumed xylose, while the net ethanol yield was calculated based on the metabolized
carbon via deducting the produced xylitol. (a) Growth profiles; (b) glycerol, (c) xylitol, (d) overall ethanol yield, and (e) net ethanol yield.
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preliminary analysis of carbon balance. The ratios between
carbon in CO2 and ethanol (rC/E in C) of SR8 and SR8C+-prk
strains were calculated from the carbon balance, and the
rC/E in C of SR8 was 0.752 mol/mol while that of SR8C+-prk
was 0.708 mol/mol, indicating the reduced release of CO2
(detailed calculation is included in Supporting Information and
Table SI). All of these data demonstrated that the engineered S.
cerevisiae carrying the synthetic rPPP releases less CO2 than the
control strain during xylose fermentation.
Establishing the synthetic rPPP in a xylose-fermenting strain

creates a win−win situation for xylose consumption and CO2
recycling. One major problem of the xylose-fermenting strain
harboring the XR/XDH pathway is the redox imbalance caused
by the cofactor differences between XR and XDH. XR uses
both NADH and nicotinamide adenine dinucleotide phosphate
(NADPH), whereas XDH uses NAD+ only.37,26 This cofactor
difference results in redox imbalance and leads to production of
surplus NADH and xylitol accumulation during anaerobic
fermentation. Moreover, the glycerol production also occurs to
compensate for the excessive NADH produced from both
xylose metabolism and native biosynthetic reactions.34,35

Therefore, the production of xylitol and glycerol represents
the redox cofactor imbalance in xylose-fermenting strains with
the XR/XDH pathway. By installing the rPPP, the CO2 can be
used as an alternative electron acceptor from the surplus
NADH, decreasing the production of reduced byproducts
(xylitol and glycerol) as well as increasing the carbon flux to
ethanol. As shown in Table 1, the SR8C+ with prk
overexpression was able to reduce the xylitol and glycerol
yield from 0.374 ± 0.003 to 0.337 ± 0.003 mol/mol, mitigating
10% of the total redox cofactor imbalance.
RuBisCO is the most abundant enzyme in nature, but it is

also known as inefficient in regards to carboxylase activity.38,39

As a bifunctional enzyme, the oxygenase occupies one out of
four total reactions of RuBisCO in the presence of atmospheric
O2, thus competing against the carboxylase activity. Fortu-
nately, oxygen concentration during anaerobic fermentation by
S. cerevisiae is minimal, and CO2 concentration is high relative
to atmospheric conditions, resulting in negligible oxygenase
activity and maximal carboxylase activity by RuBisCO.
Therefore, the oxygenase activity would be neglected when
RuBisCO is overexpressed in engineered yeast during xylose
fermentation, thus making RuBisCO work as a single-function

carboxylase and increasing the efficiency of RuBisCO.
Furthermore, the amount of CO2 in the system accumulates
during fermentation, and this will be an operating advantage for
this synthetic rPPP. The accumulated CO2 can increase the
substrate availability for RuBisCO and be regarded as
compensation for the missing carbon concentration mechanism
in heterotrophic hosts.
Global climate change has been a serious issue for all human

beings. To mitigate the trend, a 2 °C global warming obligation
was set out in the Copenhagen Accord. As estimated, the use of
fossil fuel should be significantly reduced to control the
emission of GHGs and achieve the obligation by the end of this
century.40,4 Lignocellulosic bioethanol is a promising substitute
for fossil fuels. First, bioethanol production by S. cerevisiae is
currently the largest industrial fermentation process. Second
and most importantly, it is a carbon-neutral process because the
lignocellulosic biomass comes from CO2 fixation through
photosynthesis without disturbing the food supply and arable
land. In our study, this carbon-neutral process was successfully
transformed to a carbon-conservative process via introducing a
synthetic rPPP. The synthetic rPPP can enable the recycling of
CO2 produced during fermentation. The reduced emission of
CO2 during fermentation was verified by the decreased ratio
between accumulated CO2 and ethanol (rC/E), which indicated
less CO2 release when one unit of ethanol was produced
(Figure 5). Therefore, our process has better capability to
contribute to the reduction of GHGs as well as to compensate
or substitute for the demand on fossil fuels.

■ CONCLUSIONS

In this study, we introduced RuBisCO and PRK into
engineered S. cerevisiae capable of fermenting xylose to
construct a synthetic rPPP and enable CO2 recycling during
bioethanol production. The feasibility of this strategy was
demonstrated via the fermentation profiles as well as the
decreased ratio between accumulated CO2 and ethanol. We
successfully converted the lignocellulosic biofuel production
into a carbon-conservative process via combining the
advantages of a heterotrophic biofuel producer and autotrophic
CO2 utilizer. Ultimately, engineered yeast capable of fermenting
cellulosic hydrolysates with CO2 recycling can be employed for
producing second-generation ethanol. This strategy has great
potential to alleviate GHG emission during the production of
second-generation ethanol and will inspire research on combing
the benefits of autotrophic and heterotrophic microorganisms.

■ METHODS

Strains and Media. S. cerevisiae strains used in this study
are summarized in Table 2. Yeast cells were cultured in a
synthetic complete (SC) medium (1.7 g/L yeast nitrogen base
with 5 g/L ammonium sulfate and amino acids) or a yeast
extract-peptone (YP) medium (20 g/L peptone and 10 g/L
yeast extract) with antibiotics and buffer (50 mM potassium
phthalate buffer, pH 6.0). The antibiotics were added to select
and maintain the plasmids carrying antibiotic resistance
markers, and the working concentrations of G418, hygromycin,
and clonNAT were 300, 300, and 120 μg/mL, respectively. The
potassium phthalate buffer (50 mM) was added to maintain a
pH of 6.0. D-glucose or D-xylose (20 g/L) was added
separately into the media as a single carbon source. E. coli
TOP10 were used for gene cloning and manipulation. E. coli
cells were cultivated in Luria−Bertani media (10 g/L tryptone,

Figure 5. Analysis of the ratio between accumulated CO2 and
produced ethanol (rC/E) during xylose fermentation in SC medium.
The accumulated pressure of CO2 and the ethanol concentration of
the control strain are plotted in (a), while those of SR8C+ with PRK
are plotted in (b). Linear regression was applied, and the slope was
calculated to determine rC/E. (c) Student’s t test of all data from
different sampling points.
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5 g/L yeast extract, and 10 g/L NaCl), and 100 μg/mL
ampicillin was added to select and maintain the plasmids.
Plasmid Construction. The plasmids and primers used in

this study are summarized in Tables SII and SIII. All plasmids
were constructed based on the pRS series vectors with
antibiotic markers.41 The rPPP was introduced via the
overexpression of RuBisCO and PRK. The DNA sequence
codings for RuBisCO27 from R. rubrum (EC 4.1.1.39) and
PRK42 from S. oleracea (EC 2.7.1.19) were codon-optimized
and synthesized by Integrated DNA Technologies, Inc.,
Coralville, USA. To functionally express the RuBisCO, the
groL and groS genes, coding for the groEL and groES
chaperonins, respectively, were amplified from the E. coli
BL21 genome DNA. The PCR products of these genes were
then inserted into the multiple cloning sites of the vectors using
restriction enzyme digestion and ligation. The yeast trans-
formation was conducted by the standard lithium acetate
transformation method.43

CRISPR/Cas-Based Genome Modification. The yeast
genome editing in this study was conducted via the type-II
CRISPR system based technique, as previously established.44,45

Briefly, the plasmid carrying Cas9 was first introduced into S.
cerevisiae, and the plasmid expressing the guide RNA together
with the double-strand repairing donor DNA was transformed
into the transformants carrying the Cas9 plasmid. After being
selected on proper antibiotic plates, the surviving colonies were
verified by colony PCR, and the strains with correct
construction were stored for later use. The plasmids carrying
the constructed cassettes and the empty backbones were used
as templates of donor DNA.
Enzyme Activity Assay. S. cerevisiae was grown to the

exponential phase in YP medium with 20 g/L glucose and was
harvested by centrifugation for 10 min at 4000 rpm at 4 °C.
The cells were then washed twice and suspended in the
extraction buffer (100 mM phosphate buffer, 15 mM MgCl2, 15
mM NaHCO3, and protease inhibitor (Sigma-Aldrich, USA),
pH 7.5). The cells were broken down by the glass bead
method,10 and after removing the glass beads and cell debris,
the supernatant was regarded as the crude extract for enzyme
activity assay. The protein concentration was measured by a
BCA protein assay kit (Pierce Biotechnology, USA).
The RuBisCO activity was determined spectrophotometri-

cally from the enzymatically coupled conversion of NADH to
NAD+.46,47 The crude extracts were first activated in 15 mM
MgCl2 and 15 mM NaHCO3 for 10 min before being placed in
assay buffer (100 mM EPPS-NaOH pH 8.0, 20 mM MgCl2, 1
mM EDTA, 1 mM ATP, 5 mM creatine phosphate, 20 mM
NaHCO3, 0.2 mM NADH, and coupling enzymes). The

activity was determined from the first minute following
initiation of the reaction with 0.5 mM RuBP. One unit of the
RuBisCO activity was defined as the amount of enzyme
required to produce 1 nM product per minute.

Anaerobic Fermentation Experiments. S. cerevisiae cells
were cultured until stationary phase and inoculated to YP or SC
media with an initial OD600 of 1.0 in serum bottles sealed with
butyl rubber stoppers. Xylose and glucose were added as carbon
sources, respectively. The fermentations were conducted at 30
°C, shaking at 100 rpm. G418 (200 μg/mL) was added to
maintain the engineered strains carrying the plasmid with a
kanamycin resistance marker. The growth profiles were
recorded at 600 nm, and the sugars, ethanol, and any
byproduct concentrations were measured by high-performance
liquid chromatography (HPLC, Agilent, CA, USA) equipped
with an RID detector, as described previously.11,26

Analysis of the Ratio between Accumulated CO2 and
Ethanol (rC/E). To analyze the ratio between accumulated CO2
and ethanol (rC/E), fermentations were conducted as described
above, except that each bottle was equipped with a gas analyzer
(ANKOM Technology, Macedon, U.S.), which records the
accumulated pressure of produced CO2. Installation of the gas
analyzer into the fermentation bottle was done under strict
anaerobic conditions in an anaerobic chamber. At each
sampling point, the accumulated pressure was recorded, and
the sample was analyzed by HPLC for ethanol concentration.
The data were plotted with the concentration of ethanol along
the X-axis and the pressure of CO2 along the Y-axis. The linear
regression model was applied, and the slope was denoted as
rC/E, indicating the ratio between the pressure of CO2 and the
concentration of ethanol. The value of rC/E indicates the CO2
generated by a particular strain when producing one unit of
ethanol in the same system.

Statistical Analysis. All experiments were conducted at
least in duplicate, and the error bars denote the standard
deviation from the means of independent experiments. The
differences between data were evaluated using Student’s t test
with P < 0.05 as a significant difference and P < 0.001 as a
highly significant difference.
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Table 2. Engineered S. cerevisiae Strains Used in This Study

strains description ref

SR8 evolved from D452-2, two copies of XYL1, XYL2, and
XYL3, ΔPHO13, ΔALD6

11

SR8-
cbbMa

SR8, TDH3p-cbbM-CYCt this
study

SR8C SR8-cbbM, TDH3p-groL-CYCt-TEF1p-groS-ADHt this
study

SR8C-
cbbM

SR8C, TDH3p-cbbM-CYCt this
study

SR8C+ SR8C-cbbM, TDH3p-groL-CYCt-TEF 1p-groS-ADHt this
study

a“-cbbM” indicates that an additional copy of the cbbM gene was
integrated into the genome.
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