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Abstract 

Background: Reduction or elimination of by-product formation is of immediate economic relevance in fermentation 
processes for industrial bioethanol production with the yeast Saccharomyces cerevisiae. Anaerobic cultures of wild-
type S. cerevisiae require formation of glycerol to maintain the intracellular NADH/NAD+ balance. Previously, functional 
expression of the Calvin-cycle enzymes ribulose-1,5-bisphosphate carboxylase (RuBisCO) and phosphoribulokinase 
(PRK) in S. cerevisiae was shown to enable reoxidation of NADH with  CO2 as electron acceptor. In slow-growing cul-
tures, this engineering strategy strongly decreased the glycerol yield, while increasing the ethanol yield on sugar. The 
present study explores engineering strategies to improve rates of growth and alcoholic fermentation in yeast strains 
that functionally express RuBisCO and PRK, while maximizing the positive impact on the ethanol yield.

Results: Multi-copy integration of a bacterial-RuBisCO expression cassette was combined with expression of the 
Escherichia coli GroEL/GroES chaperones and expression of PRK from the anaerobically inducible DAN1 promoter. In 
anaerobic, glucose-grown bioreactor batch cultures, the resulting S. cerevisiae strain showed a 31% lower glycerol 
yield and a 31% lower specific growth rate than a non-engineered reference strain. Growth of the engineered strain 
in anaerobic, glucose-limited chemostat cultures revealed a negative correlation between its specific growth rate and 
the contribution of the Calvin-cycle enzymes to redox homeostasis. Additional deletion of GPD2, which encodes an 
isoenzyme of  NAD+-dependent glycerol-3-phosphate dehydrogenase, combined with overexpression of the struc-
tural genes for enzymes of the non-oxidative pentose-phosphate pathway, yielded a  CO2-reducing strain that grew 
at the same rate as a non-engineered reference strain in anaerobic bioreactor batch cultures, while exhibiting a 86% 
lower glycerol yield and a 15% higher ethanol yield.

Conclusions: The metabolic engineering strategy presented here enables an almost complete elimination of glyc-
erol production in anaerobic, glucose-grown batch cultures of S. cerevisiae, with an associated increase in ethanol 
yield, while retaining near wild-type growth rates and a capacity for glycerol formation under osmotic stress. Using 
current genome-editing techniques, the required genetic modifications can be introduced in one or a few transfor-
mations. Evaluation of this concept in industrial strains and conditions is therefore a realistic next step towards its 
implementation for improving the efficiency of first- and second-generation bioethanol production.
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Background
Transport fuels derived from microbial fermentation 
combine compatibility with current combustion-engine 
technology with the potential to achieve lower carbon 
footprints than those of petrochemistry-derived fuels [1]. 
Bioethanol, the biofuel with the highest current global 
production volume (ca. 100 billion litres in 2015 [2]), is 
almost exclusively made via the fermentation of sugars by 
the yeast Saccharomyces cerevisiae [3, 4]. First-generation 
bioethanol processes, which mainly use hydrolysed corn 
starch or sucrose from sugar cane as feedstocks, reach 
high ethanol productivities and yields [5]. For exam-
ple, sugar-cane-based bioethanol production in Brazil 
often approaches 92% of the theoretical maximum of 
0.51  g  g−1

hexose [6]. Since the feedstock is the largest cost 
contributor in first-generation industrial ethanol produc-
tion [7], even modest improvements in ethanol yield can 
significantly improve process economics.

Carbon losses during anaerobic bioethanol produc-
tion result from the formation of biomass,  CO2, and by-
products, with glycerol formation requiring up to 4% of 
the sugar substrate in industrial processes [2, 8]. Glycerol 
plays multiple roles in the physiology of S. cerevisiae. 
While sugar dissimilation via the enzymes of glycolysis 
and alcoholic fermentation is redox-neutral, yeast cells 
still need to reoxidize an ‘excess’ of NADH formed in bio-
synthetic reactions [9, 10]. In anaerobic cultures, which 
cannot reoxidize NADH by respiration, this essential 
role is fulfilled by NADH-dependent reduction of dihy-
droxyacetone-phosphate to glycerol-3-phosphate (cata-
lysed by the isoenzymes Gpd1 and Gpd2), followed by 
its dephosphorylation to glycerol (catalysed by the isoen-
zymes Gpp1 and Gpp2) [9, 10]. Glycerol-3P, an interme-
diate in this pathway, also provides the glycerol backbone 
of glycerolipids [11, 12]. This role of glycerol-3P is, how-
ever, non-essential, since glycerolipids can also be formed 
from dihydroxyacetone-phosphate via the reactions cata-
lysed by dihydroxyacetone-phosphate acyltransferase 
and 1-acylglycerol-3-phosphate acyltransferase [12]. 
Furthermore, glycerol has been identified as the major 
compatible solute in osmotically stressed, glucose-grown 
S. cerevisiae cultures [13, 14]. In contrast, trehalose has 
recently been reported to be the predominant compatible 
solute in ethanol-grown cultures [15].

In S. cerevisiae, GPD1 is up-regulated under osmotic 
stress, while GPD2 is up-regulated during anaerobiosis 
[16–19]. Despite their differential regulation, complete 
elimination of glycerol production requires deletion of 
both genes. Anaerobic growth of  Gpd− strains requires 
addition of external electron acceptors such as acetoin, 
which can be reduced to 2,3-butanediol [19]. In addition, 
acetate-dependent anaerobic growth of gpd1Δ gpd2Δ 
S. cerevisiae strains has been demonstrated in strains 

expressing an engineered pathway for NADH-linked 
reduction of acetate to ethanol [20]. When the decreased 
osmotolerance of these strains is addressed by evolu-
tionary or targeted metabolic engineering [21, 22], this 
acetate reduction strategy is particularly attractive for 
ethanol production from lignocellulosic hydrolysates, in 
which acetic acid is a ubiquitous inhibitor of yeast perfor-
mance [23, 24].

Several strategies have been explored to decrease 
glycerol production by S. cerevisiae in first-generation 
bioethanol processes, including redox engineering of 
ammonium assimilation [8], expression of a non-phos-
phorylating,  NADP+-dependent glyceraldehyde-3-phos-
phate dehydrogenase [25] and reduction of biomass 
yields by forcing increased ATP turnover, e.g. by addi-
tion of weak organic acids to bioreactors [26, 27]. While 
resulting in significantly reduced glycerol yields in labora-
tory cultures, these strategies also led to reduced growth 
rates and/or depended on specific growth conditions.

In a previous study, our group functionally expressed 
the Calvin-cycle enzymes phosphoribulokinase (PRK) 
and ribulose-1,5-bisphosphate carboxylase/oxygenase 
(RuBisCO) in S. cerevisiae, thereby enabling the use of 
 CO2 as alternative electron acceptor for reoxidation of 
cytosolic NADH [28]. Together, these enzymes convert 
1  mol of the pentose-phosphate-pathway intermediate 
ribulose-5-phosphate and 1  mol of  CO2 into 2  mol of 
3-phosphoglycerate, thus bypassing NADH formation in 
glycolysis. Since  CO2 is abundantly present in ferment-
ing yeast cultures, implementation of this strategy is 
not limited by the composition of industrial media. Co-
expression of a plant PRK gene (Spinacia oleracea prk), a 
bacterial RuBisCO gene (Thiobacillus denitrificans cbbm), 
and the Escherichia coli chaperone genes groEL and 
groES yielded a S. cerevisiae strain that displayed a 90% 
decrease in glycerol yield in anaerobic glucose/galactose-
grown chemostat cultures and a 60% decrease in glycerol 
yield in anaerobic galactose-grown batch cultures [28]. 
These results were obtained without deletion of GPD1 
or GPD2, indicating that, especially in the chemostat 
cultures, NADH oxidation enabled by expression of the 
RuBisCO/PRK pathway could compete efficiently with 
the native glycerol pathway for NADH oxidation. Retain-
ing a low background capacity for glycerol production is 
attractive for industrial applications in view of its positive 
impact on osmotolerance [22]. The proof-of-principle 
strain described in our earlier paper required galactose as 
a carbon source to induce gene expression, which led to 
low specific growth rates in batch cultures [28]. Moreo-
ver, its different performances in batch and chemostat 
cultures indicated that further analysis and optimiza-
tion of this redox-engineering strategy is required before 
implementation in industry can be considered.
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The goal of the present study was to investigate and 
address requirements for efficient carbon dioxide reduc-
tion via heterologously expressed Calvin-cycle enzymes 
in fast-growing anaerobic batch cultures on glucose. To 
this end, we used CRISPR-Cas9-mediated genome edit-
ing for integration of constitutively expressed gene cas-
settes for RuBisCO and PRK in the yeast genome. The 
performance of the constructed strains was quantita-
tively analysed in anaerobic glucose-limited chemostats 
and batch cultures. Based on the results of these analy-
ses, additional metabolic engineering steps were imple-
mented, yielding S. cerevisiae strains that displayed the 
full benefit of glycerol yield reduction and ethanol yield 
improvement in anaerobic, glucose-grown batch cultures 
growing at near-wild-type specific growth rates.

Methods
Maintenance of strains
All yeast strains used in this study (Table  1) originate 
from the CEN.PK lineage of S. cerevisiae strains [29, 30]. 
Cultures were propagated in synthetic medium [31] sup-
plemented with 20 g L−1 glucose. Uracil (0.14 g L−1) was 
added when auxotrophic strains were propagated. E. 
coli XL-1 blue stock cultures were grown in LB medium 
(5  g  L−1 Bacto yeast extract, 10  g  L−1 Bacto tryptone, 
5 g L−1 NaCl), supplemented with 100 μg mL−1 ampicillin 

or 50 μg mL−1 kanamycin. Frozen stocks were prepared 
by addition of glycerol (30% v/v final concentration) to 
growing cultures and subsequent storage at − 80 °C.

Plasmid and cassette construction
All plasmids used in this study are listed in Table  2. 
CRISPR/Cas9-based genome editing was used to per-
form genetic modifications in all constructed strains [32]. 
Unique CRISPR/Cas9 sequences targeting GPD2, SGA1 
or X-2 were identified using a publicly available list [32]. 
A list of all primers and oligonucleotides used in this 
study is given in Additional file 1. Phusion High-Fidelity 
DNA Polymerase (Thermo-Scientific, Waltham, MA) was 
used for PCR amplification of plasmids and expression 
cassettes in all cases, according to the manufacturer’s 
guidelines.

For markerless genomic integration of gene cassettes, 
plasmids expressing unique gRNAs targeting the SGA1 
locus or the intergenic region X-2 [33] were constructed. 
The plasmid backbones of puDR119 and pURD164 were 
obtained by PCR amplification using the primer combi-
nation 5792–5980 and plasmids pMEL11 and pMEL10 
[34], respectively, as templates. The plasmid inserts of 
pUDR119 and pUDR164, containing the expression cas-
settes coding for the unique 20-bp gRNA sequences tar-
geting SGA1 and X-2, respectively, were obtained by PCR 

Table 1 S. cerevisiae strains used in this study

a Indicates spontaneous diploidization; see “Results” section

Strain name Relevant genotype Parental strain Origin

CEN.PK113-5D MATa ura3-52 – [29]

CEN.PK122 MATa/MATα – [29]

IMX585 MATa URA3 can1::cas9-natNT2 CEN.PK113-7D [34]

IMX581 MATa ura3-52 can1::cas9-natNT2 CEN.PK113-5D [34]

IMX673 MATa/MATα ura3-52/ura3-52 CAN1/can1Δ::cas9-natNT2 CEN.PK115 [34]

IME324 MATa ura3-52 can1::cas9-natNT2 p426-TEF (empty) IMX581 [22]

IMX765a MATa/MATa ura3-52/ura3-52 can1::cas9-natNT2/can1::cas9-natNT2 sga1::cbbm (9 copies), groES, 
groEL/sga1::cbbm (9 copies), groES, groEL

IMX581 This study

IMX773 MATa/MATa ura3-52/ura3-52 can1::cas9-natNT2/can1::cas9-natNT2 sga1::cbbm (9 copies), groES, 
groEL/sga1::cbbm (9 copies), groES, groEL X-2::pYEN1-prk/X-2::pYEN1-prk pUDR164

IMX765 This study

IMX774 MATa/MATa ura3-52/ura3-52 can1::cas9-natNT2/can1::cas9-natNT2 sga1::cbbm (9 copies), groES, 
groEL/sga1::cbbm (9 copies), groES, groEL X-2::pDAN1-prk/X-2::pDAN1-prk pUDR164

IMX765 This study

IMX949 MATa/MATa ura3-52/ura3-52 can1::cas9-natNT2/can1::cas9-natNT2 sga1::cbbm (9 copies), groES, 
groEL/sga1::cbbm (9 copies), groES, groEL X-2::pDAN1-prk/X-2::pDAN1-prk gpd2Δ/gpd2Δ pROS10-
gRNA.GPD2

IMX774 This study

IMX1443 MATa/MATa ura3-52/ura3-52 can1::cas9-natNT2/can1::cas9-natNT2 sga1::cbbm (9 copies), groES, 
groEL/sga1::cbbm (9 copies), groES, groEL X-2::pDAN1-prk/X-2::pDAN1-prk gpd2::pTDH3-RPE1, pPGK1-TKL1, 
pTEF1-TAL1, pPGI1-NQM1, pTPI1-RKI1, pPYK1-TKL2/gpd2::pTDH3-RPE1, pPGK1-TKL1, pTEF1-TAL1, pPGI1-
NQM1, pTPI1-RKI1, pPYK1-TKL2 pUDR164

IMX774 This study

IME369 MATa/MATα ura3-52/ura3-52 CAN1/can1Δ::cas9-natNT2 p426-TEF (empty) IMX673 This study

IMX1472 MATa ura3-52 can1::cas9-natNT2 gpd2::pTDH3-RPE1, pPGK1-TKL1, pTEF1-TAL1, pPGI1-NQM1, pTPI1-RKI1, 
pPYK1-TKL2 pROS11-gRNA.GPD2

IMX581 This study

IMX1489 MATa ura3-52 can1::cas9-natNT2 gpd2::pTDH3-RPE1, pPGK1-TKL1, pTEF1-TAL1, pPGI1-NQM1, pTPI1-RKI1, 
pPYK1-TKL2 sga1::pDAN1-prk, cbbm (9 copies), groES, groEL pUDR103

IMX1472 This study
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amplification using the primer combinations 5979–7023 
for SGA1, 5979–7374 for X-2, and plasmids pMEL11 and 
pMEL10, respectively, as templates. The assembly of plas-
mids pUDR119 and pUDR164 was performed in  vitro 
using the Gibson Assembly Cloning kit (New England 
Biolabs, Ipswich, MA) following the supplier’s guidelines. 
The assembly was enabled by homologous sequences pre-
sent at the 5′ and 3′ ends of the PCR-amplified plasmid 
backbones and inserts. In each case, 1 μL of the Gibson-
assembly mix was used for E. coli XL-1 blue transforma-
tion by electroporation, performed in a Gene PulserXcell 
Electroporation System (Biorad, Hercules, CA). Correct 
assembly of plasmids was confirmed by diagnostic PCR 
(Dreamtaq, Thermo-Scientific) or restriction digestion. 
The constructed plasmids pUDR119 and pUDR164 were 
isolated from transformed E. coli cultures using a Sigma 
GenElute Plasmid kit (Sigma-Aldrich, St. Louis, MO) and 
used in transformations of S. cerevisiae.

For markerless deletion of GPD2, the plasmid backbone 
of pROS10 (URA3 marker) or pROS11 (amdS marker) 
was PCR amplified using primer combination 5793–5793 
(double binding). The plasmid insert, containing the 
expression cassette coding for the unique 20-bp gRNA 
sequence targeting GPD2, was obtained using primer 
combination 6966–6966 (double binding) and plasmid 
pROS10 as template.

A yeast codon-optimized cassette for T. denitrificans 
cbbm overexpression [28] was obtained by PCR ampli-
fication using plasmid pBTWW002 as template and 

primer combination 7549–7550. The resulting fragment 
was ligated to a pJET/1.2 blunt vector (Thermo-Scien-
tific) following the supplier’s protocol and cloned to E. 
coli. The resulting plasmid was used as PCR template to 
generate cbbm integration cassettes, using primer com-
binations 11206-6285, 6280–6273, 6281–6270, 6282–
6271, 6284–6272, 6283–6275, 6287–6276, 6288–6277 
and 6289–7075. The overexpression cassettes of cbbm 
(pTDH3-cbbm-tCYC1) were genetically identical, except 
for different overhangs present at the 5′ and 3′ ends of 
the fragments to allow for in vivo homologous recombi-
nation. Codon-optimized yeast expression cassettes of 
groEL (pTEF1-groEL-tACT1) and groES (pTPI1-groES-
tPGI1) were obtained using plasmids pUD232 and 
pUD233 as templates and primer combinations 7076–
7077 and 7078–7079, respectively.

The genomic sequence corresponding to the constitu-
tive promoter of YEN1 [35] was obtained by PCR amplifi-
cation with primer combination 7933–7295 and genomic 
DNA of IMX585 as template. The genomic sequence of 
the anaerobically inducible promoter of DAN1 [35] was 
obtained by PCR amplification with primer combina-
tions 7930–7931 (integration at X-2) and 7978–7931 
(integration at SGA1), using genomic DNA of IMX585 as 
template.

The terminator sequence of PGK1 was obtained by 
PCR amplification using primer combinations 7084–
7934 (integration at X-2) and 7084–11,205 (integration at 
SGA1), using genomic DNA of IMX585 as template.

The S. oleracea prk-ORF was obtained by PCR ampli-
fication using primer combinations 7297–7081 (pYEN1-
prk cassette construction), 7932–7081 (pDAN1-prk 
cassette construction), and plasmid pUDE046 as tem-
plate. The various primer combinations resulted in 
prk-ORF fragments with homologous overhangs to 
the different promoter sequences and the termina-
tor sequence of PGK1. The complete expression cas-
settes (pYEN1-prk-tPGK1 and pDAN1-prk-tPGK1) were 
assembled by in  vivo homologous recombination after 
transformation to yeast and correct assembly was veri-
fied by diagnostic PCR and Sanger sequencing (Baseclear, 
Leiden, The Netherlands).

An integration cassette for RPE1 overexpression 
(pTDH3-RPE1-tRPE1) was PCR amplified using primer 
combination 11593-3290 and pUD347 as a template. 
Similarly, integration cassettes for overexpressions of 
TKL1 (pPGK1-TKL1-tTKL1), TAL1 (pTEF1-TAL1-
tTAL1), NQM1 (pPGI1-NQM1-tNQM1), RKI1 (pTPI1-
RKI1-tRKI1) and TKL2 (pPYK1-TKL2-t-TKL2) were 
obtained by PCR amplification using primer combina-
tions 5909–4068, 3274–3275, 3847–3276, 4691–3277 
and 3283–11595, respectively, with plasmids pUD348, 
pUD349, pUD344, pUD345 and pUD346, respectively, as 

Table 2 Plasmids used in this study

Name Characteristics Origin

p426-TEF 2 μm ori, URA3, pTEF1-tCYC1 empty vector [38]

pMEL10 2 μm ori, KlURA3, pSNR52-gRNA.CAN1-tSUP4 [34]

pMEL11 2 μm ori, amdS, pSNR52-gRNA.CAN1-tSUP4 [34]

pROS10 URA3, gRNA.CAN1-2 μm ori-gRNA.ADE2 [34]

pROS11 amdS, gRNA.CAN1-2 μm ori-gRNA.ADE2 [34]

pUD232 Delivery vector, pTEF1-groEL-tACT1 [28]

pUD233 Delivery vector, pTPI1-groES-tPGI1 [28]

pUDE046 2 μm ori, pGAL1-prk-tCYC1 [28]

pBTWW002 2 μm ori, URA3, pTDH3-cbbm-tCYC1 [28]

pUD344 pPGI1-NQM1-tNQM1 PCR template vector [48]

pUD345 pTPI1-RKI1-tRKI1 PCR template vector [48]

pUD346 pPYK1-TKL2-t-TKL2 PCR template vector [48]

pUD347 pTDH3-RPE1–tRPE1 PCR template vector [48]

pUD348 pPGK1-TKL1-tTKL1 PCR template vector [48]

pUD349 pTEF1-TAL1-tTAL1 PCR template vector [48]

pUDR103 2 μm ori, KlURA3, pSNR52-gRNA.SGA1-tSUP4 [22]

pUDR119 2 μm ori, amdS, pSNR52-gRNA.SGA1-tSUP4 This study

pUDR164 2 μm ori, KlURA3, pSNR52-gRNA.X-2-tSUP4 This study

pJET-cbbm PCR template vector for cbbm amplification This study
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templates. The integration cassettes included overhang 
sequences to allow for in vivo assembly of overexpression 
cassettes of the complete non-oxidative pentose-phos-
phate pathway and integration at the GPD2 locus.

Yeast genome editing and strain construction
The lithium-acetate transformation protocol [36] was 
used for yeast transformations. Transformation mix-
tures were plated on synthetic medium agar plates [31] 
(2% Bacto Agar, BD, Franklin Lakes, NJ), supplemented 
with 20  g  L−1 glucose (final concentration) in the case 
of transformations with plasmids expressing the URA3 
marker. In transformations with plasmids expressing the 
amdS marker, agar plates were prepared as described 
previously [37]. Confirmation of the desired genotypes 
in each case was performed by diagnostic colony PCR 
using Dreamtaq polymerase (Thermo-Scientific), accord-
ing to the manufacturer’s guidelines (Additional file  1). 
Counter-selection of plasmids expressing URA3 was 
performed using 5-fluoro-orotic acid (Zymo Research, 
Irvine, CA), following the supplier’s guidelines. Counter-
selection of plasmids expressing amdS was performed as 
described previously [12].

Co-transformation of pUDR119, 9 copies of the cbbm 
expression cassette and single copies of the expression 
cassettes of groEL and groES to IMX581 (after plasmid 
recycling from the correct mutant) yielded the RuBisCO-
expressing strain IMX765. Overhangs present at the 5′ 
and 3′ ends of the molecules allowed for in vivo assembly 
of the entire construct (11 fragments) and for integration 
at the SGA1 locus.

Co-transformation of the pYEN1 and pDAN1 
sequences, respectively, the prk-ORF and the tPGK1 frag-
ments, along with plasmid pUDR164 to strain IMX765 
yielded strains IMX773 and IMX774. For construction of 
strain IMX949, in which GPD2 was deleted, the two frag-
ments of the gRNA-expressing plasmid (pROS10 back-
bone) and the repair oligo-nucleotides 6969–6970 were 
co-transformed to IMX774 (after recycling of pUDR164). 
For construction of strain IMX1443, in which GPD2 was 
deleted and the genes of the non-oxidative branch of the 
pentose-phosphate pathway were overexpressed, the two 
fragments of the gRNA-expressing plasmid (pROS11 
backbone), along with the integration cassettes pTDH3-
RPE1-tRPE1, pPGK1-TKL1-tTKL1, pTEF1-TAL1-tTAL1, 
pPGI1-NQM1-tNQM1, pTPI1-RKI1-tRKI1 and pPYK1-
TKL2-tTKL2, were co-transformed to IMX774. The 
entire construct (6 fragments) was assembled in vivo and 
integrated at the GPD2 locus. Before stocking of strain 
IMX1443, the GPD2-targeting CRISPR plasmid was 
recycled by counter-selection against its amdS marker 
[12].

Co-transformation of the two fragments of the GPD2-
targeting CRISPR plasmid (pROS11 backbone) and the 
non-oxidative pentose-phosphate pathway integration 
cassettes to strain IMX581 yielded strain IMX1472. The 
RuBisCO/PRK-expressing strain IMX1489 was obtained 
by co-transformation of pUDR103, the pDAN1, prk-ORF, 
tPGK1 sequences, 9 copies of the expression cassette of 
cbbm and the expression cassettes of groEL and groES (14 
fragments) to strain IMX1472 (integration at the SGA1 
locus, GPD2-targeting CRISPR plasmid recycled).

The reference strains IME324 and IME369 were 
obtained by transformation of p426-TEF (empty) [38] to 
strains IMX581 and IMX673, respectively.

Bioreactor cultivation
Physiological characterization of S. cerevisiae strains was 
performed in anaerobic batch and chemostat cultures 
in 2-L bioreactors (Applikon, Delft, The Netherlands), 
with 1-L working volume. Salt solutions were sterilized 
by autoclaving at 120  °C for 20  min. Glucose solutions 
were autoclaved separately at 110 °C for 20 min and sub-
sequently added to the sterile salt solutions. All cultures 
were grown on synthetic medium with vitamins [31], sup-
plemented with 20 g L−1 glucose and with sterile solutions 
of the anaerobic growth factors ergosterol (10  mg  L−1) 
and Tween 80 (420 mg L−1), as well as with 0.2 g L−1 ster-
ile antifoam C (Sigma-Aldrich). Anaerobic conditions 
were maintained by sparging of a gas mixture of  N2/CO2 
(90/10%, < 10 ppm oxygen) at a rate of 0.5 L min−1 and 
culture pH was maintained at 5 by automatic addition of 
2  M KOH. All cultures were grown at a stirrer speed of 
800 rpm and at a temperature of 30 °C. Oxygen diffusion 
in the bioreactors was minimized by equipping them with 
Norprene tubing and Viton O-rings, and evaporation was 
minimized by cooling of outlet gas to 4 °C.

To generate bioreactor inocula, two pre-culture shake 
flasks were grown in 500-mL flasks containing 100  mL 
synthetic medium (20  g  L−1 glucose). Initial pH was 
adjusted to 6 by addition of KOH. Cultures were grown, 
under atmospheric air, at 30 °C and shaken at 200 rpm. In 
each case, initial pre-culture flasks were inoculated from 
frozen S. cerevisiae stock cultures. After incubation for 
8–12 h, cultures from these flasks were used to inoculate 
fresh pre-culture flasks for bioreactor inoculum propaga-
tion. In all cases, bioreactors were inoculated when pre-
cultures reached mid-exponential phase  (OD660 4–5), to 
a starting  OD660 of 0.15–0.25.

Analytical methods
Off-gas analysis, biomass dry weight measurements, 
HPLC analysis of culture supernatants and correction 
for ethanol evaporation in bioreactor experiments were 
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performed as described previously [20]. Optical density 
was determined at 660  nm, using a Libra S11 spectro-
photometer (Biochrom, Cambridge, United Kingdom). 
In batch cultures, yields of products were calculated from 
samples taken at mid-exponential phase (minimum of 
five samples), as described previously [39]. Biomass and 
product yields in chemostat cultures were determined 
from residual glucose, biomass and metabolite concen-
trations in steady-state cultures, analysed after rapid 
quenching of culture samples [40].

For calculation of degree of reduction (electron) bal-
ances in cultures, the degrees of reduction of biomass, 
 CO2,  NH4

+ and extracellular metabolites (glucose, etha-
nol, glycerol, succinate, pyruvate, lactate and acetate) 
were defined as described in [41].

Estimations of statistical significance of differences in 
yields between strains were determined with two-tailed 
Student’s t tests. All values are represented as aver-
ages ±  mean deviation of independent biological repli-
cate cultures, performed at least in duplicate.

Enzyme‑activity assays
For in  vitro enzyme-activity assays of PRK [28], cells 
(65  mL culture volume) from exponentially growing 
 (OD660 4), anaerobic shake-flask cultures (100 mL work-
ing volume in 500  mL conical shake-flasks) on glucose-
containing (20 g  L-1) synthetic medium were harvested, 
and cell extracts were prepared as described previously 
[42]. The harvesting and sonication buffer contained 
100  mM Tris–HCl, 20  mM  MgCl2·6H2O and 5  mM 
1,4-dithiothreitol (pH 8.2). The assay mixture [43] con-
tained 50  mM Tris–HCl (pH 8.2), 40  mM KCl, 10  mM 
 MgCl2·6H2O, 0.15 mM NADH, 1 mM ATP, 3 mM phos-
phoenolpyruvate, 1  mM 1,4-dithiothreitol, 5 U of pyru-
vate kinase (EC 2.7.1.40, Sigma-Aldrich), 6 U of l-lactate 
dehydrogenase (EC 1.1.1.27, Honeywell Fluka, Bucha-
rest, Romania) and 20, 30, 40 or 50  μL cell extract in 
1  mL total volume. Reactions were started by addition 
of d-ribulose-5-phosphate (2.5 mM final concentration), 
and PRK activity was measured at 30 °C using a Hitachi 
100-60 spectrophotometer, by monitoring of NADH oxi-
dation at 340 nm over time. Protein concentrations in cell 
extracts were quantified using the Lowry method [44].

Protein extraction and proteomics analysis
For proteomics analysis, cells (5 mL culture volume) were 
harvested from mid-exponential-phase  (OD660 2), anaer-
obic shake-flask cultures on synthetic medium (20 g L−1 
glucose or 20 g L−1 galactose), washed with ice-cold Mil-
liQ  H2O, and subsequently stored at − 80 °C. Frozen cells 
were lysed using mechanical disruption in a Precellys-24 
homogeniser (Bertin Technologies, Montigny-le-
Bretonneux, France) in 0.5 mL cold methanol (− 20  °C, 

Sigma-Aldrich). The protein concentration of the dis-
rupted cell suspension was measured using a Qubit 2.0 
fluorometer (Thermo-Scientific). A total of 250  μg pro-
tein was taken from each methanol suspension, and 
10  μg bovine-serum albumin was spiked to all samples 
for quality control. Proteins were extracted from the dis-
rupted cell suspension using chloroform (Sigma-Aldrich) 
and 20% TCA (Sigma-Aldrich). The obtained protein pel-
let was dissolved in 100 mM  NH4HCO3 buffer (pH 7) to 
a final concentration of 0.5 g L−1. In each sample, 5 μL of 
500  mM Tris-(2-carboxyethyl)phosphine hydrochloride 
solution (TCEP, Sigma-Aldrich) was added, and samples 
were incubated at 55 °C for 30 min to facilitate disulphide 
reduction. Alkylation was performed through the addi-
tion of 5  μL of 550  mM iodoacetamide and subsequent 
incubation at 25 °C in the dark for 30 min.

Proteolysis was carried out overnight at 37  °C with 
Trypsin Gold (Promega, WI, USA), which specifically 
cleaves C-terminally at lysine and arginine, at an enzyme 
to substrate ratio of 1:25. Gradient elution of peptides 
was performed on a C18 (Acquity UPLC CSH C18 Col-
umn, 130 Å, 1.7 µm, 2.1 mm × 100 mm, Ultimate 3000) 
(Thermo-Scientific). 20 μL of injected peptides were sep-
arated using a gradient ratio of mobile phase A (99.9% 
water and 0.1% formic acid; VWR) to 20% B (99.9% ace-
tonitrile and 0.1% formic acid; VWR) for 20 min, and to 
50% B for 30 min (60 min total duration).

Data acquisition was carried out using a data-depend-
ent method using a Q Exactive Plus mass spectrometer 
(Thermo-Scientific). The top 15 precursors were selected 
for tandem-MS/MS (MS2) analysis after higher-energy 
collisional dissociation (HCD) fragmentation. Full MS 
scans covering a mass range of 400–1600 were acquired 
at a resolution of 70,000 (at m/z 200), with a maximum 
fill time of 75 ms, and an automatic gain control (AGC) 
target value of 3 ×  106. MS2 scans were acquired at a 
resolution of 17,500 (at m/z 200), with a maximum fill 
time of 75 ms, and an AGC target value of  105. An isola-
tion window of 2 m/z with a fixed first mass of 110 m/z 
was applied in all experiments. HCD fragmentation was 
induced with a normalized collision energy of 27 for all 
peptides. Charge-state exclusion was set to ignore unas-
signed 1 charge. Isotope exclusion was enabled and pep-
tide match was preferred.

All LC–MS/MS results were searched against the S. 
cerevisiae protein database, to which the amino acid 
sequences of the heterologous enzymes (PRK, CbbM, 
GroEL, GroES) were manually added, in Proteome Dis-
coverer 1.4 Sequest HT (Thermo-Scientific). The cleavage 
preference of trypsin was selected, allowing for up to two 
missed cleavages (C-Term K/R restrict P). Dynamic mod-
ifications were set to carbamidomethyl (C), deamidation 
(N/Q) and oxidation (M). Precursor mass tolerance was 
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set to 10  ppm and fragment mass tolerance to 0.6  Da. 
Following peptide identification, their q values were cal-
culated based on a target decoy approach with a 1% false 
discovery rate.

Spot plate assay
Spot plates on synthetic medium (pH 6) were prepared 
as described previously [45]. Sterile solutions of glucose 
(180 g L−1) and of the anaerobic growth factors ergosterol 
(10 mg L−1) and Tween 80 (420 mg L−1) were addition-
ally supplemented. All plates were inoculated with serial 
dilutions of exponentially growing shake-flask cultures in 
sterile demineralized water, prepared as described above. 
Plates were incubated under anaerobic conditions (10% 
 CO2) at 30 °C for 48 h.

Ploidy determination by flow cytometry
For determination of yeast ploidy, ca.  107 cells were har-
vested from mid-exponential phase shake-flask cultures 
on synthetic medium (20  g  L−1 glucose), washed twice 
with demineralized water and stored in 70% ethanol at 
4 °C. Sample preparation and staining was performed as 
described previously [46]. Samples were processed using 
a BD Accuri C6 flow-cytometer (BD Biosciences, San 
Jose, CA) and analysed using the FlowJo software pack-
age (Flowjo LLC, Ashland, OR).

Genome sequencing
DNA was isolated from yeast cells harvested from shake-
flask cultures of strain IMX774 on synthetic medium 
(20 g L−1 glucose) using a Qiagen Blood & Cell Culture 
DNA kit (Qiagen, Germantown, MD), following manu-
facturer’s specifications. Paired-end sequencing (22 mln 
reads) was performed on a 350-bp PCR-free insert library 
using an Illumina HiSeq PE150 sequencer (Novogene 
Company Limited, Hong Kong) with a sample size of 
3.3 Gb, accounting for a total coverage of 275×. Sequence 
data was mapped to the CEN.PK113-7D genome [30], to 
which the sequences of the pDAN1-prk-tPGK1, pTDH3-
cbbm-tCYC1, pTEF1-groEL-tACT1, and pTPI1-groES-
tPGI1 cassettes were manually added. Data processing 
and chromosome copy number analysis were carried out 
as described previously [47–51].

Results
Impact of PRK expression levels on in vivo  CO2 reduction 
via the RuBisCO pathway in glucose‑grown batch cultures
In the engineered strain used for the first demonstration 
of the effect of expression of the Calvin-cycle enzymes 
RuBisCO and PRK on the anaerobic physiology of S. 
cerevisiae, the coding sequence of S. oleracea prk was 
placed under the control of the galactose-inducible GAL1 
promoter [28]. Use of galactose as an inducer of gene 

expression in S. cerevisiae is, however, not a realistic 
option in large-scale industrial fermentations for etha-
nol production due to the price of galactose and repres-
sion of the GAL1 promoter by glucose [52]. Furthermore, 
this strain expressed the T. denitrificans RuBisCO gene 
cbbm, as well as the E. coli chaperones groEL/groES, from 
a centromeric plasmid. Expression from plasmids with 
auxotrophic markers limits applicability in industrial pro-
cesses [53] and the use of a centromeric vector restricted 
the number of cbbm-cassettes per cell to 1–2 [54]. The 
low RuBisCO activity in cell extracts of strain IMU033 
[4.6  ±  0.3  nmol  (mg  protein)−1  min−1] [28] suggested 
that introduction of additional copies of the cbbm cas-
sette might be relevant for improved strain performance.

In vivo tandem assembly by homologous recombina-
tion and CRISPR-mediated targeted integration at a sin-
gle locus was previously shown to be an effective way to 
introduce multiple copies of expression cassettes without 
the use of multi-copy plasmids [48, 55]. To construct a 
galactose-independent RuBisCO-expressing platform 
strain with an increased number of cbbm cassettes, nine 
copies of a cbbm overexpression cassette, along with sin-
gle expression cassettes of groEL/groES, were first inte-
grated at the SGA1 locus of IMX581 using CRISPR/Cas9 
single-step transformation and assembly [34], yielding 
strain IMX765. Since high-level expression of heterolo-
gous PRK in microbes has been previously shown to be 
toxic [56, 57], two expression cassettes were constructed, 
in which the prk open reading frame was either placed 
under the control of pYEN1 (low-level constitutive 
expression under a wide range of cultivation conditions, 
[35]) or under the control of pDAN1 (medium-level 
expression induced under anaerobic conditions, [35]). 
These expression cassettes were integrated at the X-2 
locus [33] of strain IMX765, yielding strains IMX773 and 
IMX774, respectively.

Enzyme-activity assays in cell extracts of anaerobic, 
glucose-grown shake-flask cultures of strains IMX773 
and IMX774 showed PRK activities of 0.14 ±  0.01 and 
0.68  ±  0.33  μmol  (mg  protein)−1  min−1, respectively. 
These activities were 100- and 20-fold lower than previ-
ously measured in cell extracts of strain IMU033 under 
galactose-induced conditions [14.4 ± 1.5 μmol (mg pro-
tein)−1  min−1] [28]. Analysis of protein abundance of 
RuBisCO and PRK in strains IMU033 (pGAL1-prk cbbm) 
and IMX774 revealed tenfold higher CbbM levels and 
ninefold lower PRK levels in the latter, newly engineered 
strain (Fig. 1).

To investigate the effect of PRK and RuBisCO expres-
sion on the physiology of glucose-grown S. cerevisiae, 
growth and metabolite formation of strains IME324 
(congenic reference strain not expressing Calvin-cycle 
enzymes or E. coli chaperones), IMX773 (pYEN1-prk 
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cbbm) and IMX774 (pDAN1-prk cbbm) were analysed 
in anaerobic bioreactor batch cultures on 20  g  L−1 glu-
cose (Table  3; Additional file  2). In these cultures, the 
maximum specific growth rates of strains IMX773 and 
IMX774 were 13 and 31% lower, respectively, than that of 

the reference strain IME324 (Table 3). The lower specific 
growth rate of the engineered S. cerevisiae strains overex-
pressing PRK, RuBisCO and GroEL/GroES might reflect 
a metabolic burden resulting from increased protein syn-
thesis (Fig. 1) [58]. This interpretation is consistent with 
the observation that biomass yields on glucose of strains 
IMX774 and IME324 were the same, even though stoi-
chiometric analyses predicted that use of the RuBisCO/
PRK pathway can lead to an up to 13.5% higher biomass 
yield [28]. Comparison of PRK activities in cell extracts 
and specific growth rates (Table 3) of strains IMX773 and 
IMX774 suggested that, in particular, high-level expres-
sion of PRK might have negatively affected the specific 
growth rate. Toxicity of high-level PRK expression is con-
sistent with observations on galactose-grown cultures of 
S. cerevisiae IMU033 (pGAL1-prk cbbm) [28] and on PRK 
overexpression in E. coli [56, 57].

Strain IMX773, in which prk was expressed from the 
weak constitutive YEN1 promoter, did not show signifi-
cant differences in glycerol or ethanol yields relative to 
the reference strain IME324 (Table  3). This result con-
firms that functional expression of PRK is essential for 
the use of  CO2 as an electron acceptor for NADH oxida-
tion by the engineered S. cerevisiae strains. In contrast, 
strain IMX774, which expressed prk from the anaerobi-
cally induced, medium-strength pDAN1 promoter, exhib-
ited a 31% lower glycerol yield and a 10% higher ethanol 
yield than the reference strain (Table 3). Furthermore, the 
glycerol production per gram biomass of strain IMX774 
was 38% lower than that of the reference strain (Table 3). 
These observations indicated that the engineered PRK/
RuBisCO pathway significantly contributed to NADH 
oxidation in anaerobic cultures of this engineered strain.

The impact of the RuBisCO pathway on NADH oxidation is 
negatively correlated with the specific growth rate
The reduced glycerol yield of strain IMX774 (pDAN1-
prk cbbm) in anaerobic, glucose-grown bioreactor batch 
cultures resembled the change in glycerol yield that was 
previously observed in similar galactose-grown cultures 
of strain IMU033 (pGAL1-prk cbbm) [28]. However, the 
observed reduction in glycerol yield relative to the ref-
erence strain IME324, which did not express RuBisCO 
or PRK, was still far from the 90% reduction that was 
previously observed in sugar-limited anaerobic chemo-
stat cultures of strain IMU033, grown at a dilution rate 
of 0.05  h−1 on glucose/galactose mixtures [28]. Specific 
growth rates in the batch cultures were much higher than 
in those in chemostat cultures (Table 3, [28]). To investi-
gate a possible relation between specific growth rate and 
relative contribution of the engineered PRK/RuBisCO 
pathway to NADH oxidation, growth and product forma-
tion of strains IMX774 (pDAN1-prk cbbm) and IME324 

Fig. 1 Peptide abundance in cells harvested from mid-exponential 
anaerobic shake-flask cultures of strains IMX585 (CEN.PK reference), 
IMU033 (pGAL1-prk cbbm), and IMX774 (pDAN1-prk cbbm), displayed 
as the sum of LC–MS peak areas of unique peptides identified per 
protein. a Act1 (internal control); b CbbM; c PRK. Cultures of IMX585 
and IMX774 were grown on 20 g L−1 glucose (initial pH 6); cultures of 
IMU033 were grown on 20 g L−1 galactose (initial pH 6). Values repre-
sent averages ± mean deviations of measurements on independent 
duplicate cultures
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(reference) were analysed in anaerobic, glucose-limited 
chemostat cultures grown at dilution rates of 0.05 and 
0.15 h−1 (Table 4; Additional file 2).

At a dilution rate of 0.05  h−1, strain IMX774 showed 
glycerol and ethanol yields on glucose of 0.005 and 
0.451 g g−1, respectively. These yields were 90% lower and 
7% higher, respectively, than in chemostat cultures of the 
reference strain IME324 grown at the same dilution rate 
(Table  4; Fig.  2). In these slow-growing chemostat cul-
tures, the glycerol production per gram biomass of strain 
IMX774 was only 0.66  mmol  (g  biomass)−1, which was 
90% lower than observed in cultures of strain IME324 
(Fig.  2). These results indicate that, at this low specific 
growth rate, the RuBisCO pathway almost completely 
replaced reoxidation of ‘excess’ NADH via glycerol for-
mation, in agreement with previous results on IMU033 
glucose/galactose-grown chemostat cultures on the same 
dilution rate [28].

The reference strain IME324 showed no signifi-
cant differences in glycerol yield on glucose or in glyc-
erol production per gram biomass when grown at a 
dilution rate of either 0.05 or 0.15  h−1 in anaerobic, 
glucose-limited chemostat cultures (Fig.  2). In con-
trast, strain IMX774 showed a fivefold higher glycerol 
yield on glucose and glycerol production per gram 
biomass when grown at a dilution rate of 0.15  h−1 
than in cultures grown at 0.05  h−1 (Fig.  2). The glyc-
erol production per gram biomass of strain IMX774 at 
0.15 h−1 [3.88 mmol (g biomass)−1] was only 50% lower 
than that of strain IME324 grown at the same dilution 
rate (Fig. 2). These results demonstrated that, in strain 
IMX774, higher specific growth rates, which coincided 
with a higher glycolytic flux, resulted in a smaller con-
tribution of the engineered PRK/RuBisCO pathway 
to NADH reoxidation, thereby reducing its beneficial 
impact on (by)product formation.

Table 3 Specific growth rate (μ), yields (Y) of biomass, ethanol and glycerol on glucose and stoichiometric relationships 
between glycerol production and biomass formation in anaerobic bioreactor batch cultures of S. cerevisiae strains carry-
ing different genetic modifications

Cultures were grown on synthetic medium containing 20 g L−1 glucose (pH 5). Specific growth rates and stoichiometries were calculated from multiple sample 
points in the mid-exponential growth phase. Values represent averages ± mean deviations of measurements on independent cultures. Cultures of IME324, IMX949, 
and IMX1443 were performed in triplicate. Cultures of IMX774 were performed in quadruplicate and cultures of IMX773 were performed in duplicate. * (p < 0.05) 
and ** (p < 0.01) denote statistical significance of value differences between IME324 and each engineered strain in Student’s t tests. Degree of reduction balances 
constructed over the exponential growth phase yielded electron recoveries between 96 and 101%

Strain IME324 IMX773 IMX774 IMX949 IMX1443

Relevant genotype GPD1 GPD2 GPD1 GPD2 pYEN1‑prk
cbbm

GPD1 GPD2 pDAN1‑prk
cbbm

GPD1 gpd2Δ pDAN1‑
prk
cbbm

GPD1 gpd2Δ pDAN1‑prk
cbbm
non‑ox PPP↑

μ  (h−1) 0.32 ± 0.02 0.28 ± 0.01* 0.22 ± 0.02** 0.22 ± 0.01** 0.30 ± 0.01

Y biomass/glucose 
(g g−1)

0.090 ± 0.002 0.089 ± 0.001 0.087 ± 0.004 0.095 ± 0.004 0.099 ± 0.005*

Y ethanol/glucose 
(g g−1)

0.364 ± 0.015 0.385 ± 0.002 0.400 ± 0.006** 0.411 ± 0.002** 0.419 ± 0.001**

Y glycerol/glucose 
(g g−1)

0.101 ± 0.003 0.098 ± 0.000 0.070 ± 0.005** 0.038 ± 0.001** 0.013 ± 0.000**

Glycerol produced/
biomass [mmol (g 
biomass)−1]

12.239 ± 0.095 11.880 ± 0.008* 7.622 ± 0.409** 4.314 ± 0.245** 1.507 ± 0.119**

Table 4 Yields (Y) of biomass and ethanol on glucose in anaerobic chemostat cultures of S. cerevisiae reference strain 
IME324 and the RuBisCO/PRK-expressing strain IMX774

Cultures were grown on synthetic medium containing 20 g  L−1 glucose (pH 5). Values represent averages ± mean deviations of measurements on independent 
duplicate cultures. * (p < 0.05) denotes statistical significance of differences between strains IME324 and IMX774 at the same dilution rate and # (p < 0.01) indicates 
statistical significance of differences between analyses at different dilution rates in cultures of the same strain in Student’s t tests. Degree of reduction balances of 
steady-state analyses yielded electron recoveries between 99 and 101%

Strain IME324 IMX774

Relevant genotype GPD1 GPD2 GPD1 GPD2 pDAN1‑prk cbbm

Dilution rate  (h−1) 0.05 0.15 0.05 0.15

Y biomass/glucose (g g−1) 0.083 ± 0.001 0.087 ± 0.007 0.082 ± 0.002 0.086 ± 0.002

Y ethanol/glucose (g g−1) 0.421 ± 0.001 0.411 ± 0.006 0.451 ± 0.001*,# 0.432 ± 0.001*,#
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Deletion of GPD2 improves  CO2 reduction to ethanol 
in anaerobic batch cultures of RuBisCO/PRK‑expressing S. 
cerevisiae
The lower impact of RuBisCO/PRK expression  on prod-
uct formation at high specific growth rates identified the 
glycerol-3-phosphate dehydrogenases Gpd1 and Gpd2 
as potential engineering targets for increasing the con-
tribution of the engineered PRK/RuBisCO pathway to 
NADH reoxidation. Deletion of GPD2 was previously 
reported to decrease glycerol formation in other engi-
neered S. cerevisiae strains, without affecting osmo-
tolerance [16–19, 22]. GPD2 was therefore deleted in 
strain IMX774 (GPD1 GPD2 pDAN1-prk cbbm), yield-
ing strain IMX949 (GPD1 gpd2Δ pDAN1-prk cbbm). 
This deletion did not affect the specific growth rate in 
anaerobic bioreactor batch cultures grown on 20  g  L−1 
glucose (Table  3). Since deletion of GPD2 has a strong 
negative effect on anaerobic growth of wild-type S. cer-
evisiae in the absence of an external electron acceptors 
[59, 60], this result further supported our conclusion 
that the RuBisCO pathway can effectively contribute to 
redox cofactor balancing in fast-growing anaerobic S. 
cerevisiae cultures. In these anaerobic bioreactor batch 
cultures, the glycerol and ethanol yields on glucose of 
strain IMX949 were 62% lower and 13% higher, respec-
tively, than those of the reference strain IME324 (GPD1 
GPD2) (Table  3). Furthermore, glycerol production per 
gram biomass of strain IMX949 was 65 and 43% lower 
than that of strains IME324 and IMX774, respectively 
(Table 3). These results clearly indicated that deletion of 
GPD2 enables a higher contribution of the engineered 
PRK/RuBisCO pathway to anaerobic NADH reoxidation 
in engineered S. cerevisiae strains.

Optimization of precursor supply to the RuBisCO pathway 
further decreases glycerol yield and enables wild‑type 
specific growth rates in anaerobic cultures
In S. cerevisiae, the substrate of PRK, ribulose-5-phos-
phate, can be formed either by NADPH-generating oxi-
dative decarboxylation of 6-phosphogluconate, or from 
glyceraldehyde-3-phosphate and fructose-6-phosphate 
via the re-arrangement reactions of the non-oxidative 
pentose-phosphate pathway (PPP, [28]). If ribulose-
5-phosphate used in the RuBisCO pathway were exclu-
sively derived from 6-phosphogluconate, this would 
cause an NADPH/NADP+ imbalance when the RuBisCO 
pathway completely replaces glycerol formation [10]. 
While formation of ribulose-5-phosphate via the non-
oxidative PPP does not present such a redox constraint, 
extensive research on metabolic engineering of S. cerevi-
siae for pentose fermentation indicates that this pathway 
has a limited capacity in wild-type strains [61–64].

To test if the fermentation performance of strain 
IMX949 (GPD1 gpd2Δ pDAN1-prk cbbm) could be 
further improved by optimization of the ribulose-
5-phosphate supply, overexpression cassettes for the non-
oxidative PPP genes RPE1, TKL1, TAL1, NQM1, RKI1 
and TKL2 were simultaneously integrated at the GPD2 
locus of IMX774, yielding strain IMX1443 (GPD1 gpd2Δ 
non-ox PPP↑ pDAN1-prk cbbm). In anaerobic, glucose-
grown bioreactor batch cultures, grown under identi-
cal conditions to the previously discussed RuBisCO/
PRK-expressing strains, the specific growth rate of strain 
IMX1443 was virtually identical to that of the reference 
strain IME324 (GPD1 GPD2) and 36% higher than that 
of its parental strain IMX774 (GPD1 GPD2 pDAN1-prk 
cbbm) and of strain IMX949 (Table 3; Additional file 2). 

Fig. 2 Yields (Y) of glycerol on glucose and stoichiometric relationships between glycerol production and biomass formation in anaerobic che-
mostat cultures of S. cerevisiae reference strain IME324 (white bars) and the RuBisCO/PRK-expressing strain IMX774 (pDAN1-prk cbbm, blue bars). 
Cultures were grown on synthetic medium containing 20 g L−1 glucose (pH 5). Values represent averages ± mean deviations of measurements on 
independent duplicate cultures. * (p < 0.05) denotes statistical significance of value differences between IME324 and IMX774 at the same dilution 
rate and # (p < 0.01) indicates statistical significance of differences between the two dilution rates in cultures of the same strain in Student’s t tests



Page 11 of 17Papapetridis et al. Biotechnol Biofuels  (2018) 11:17 

Furthermore, strain IMX1443 showed a 9% higher bio-
mass yield on glucose than the reference strain IME324 
(Table  3), which closely corresponds to the maximum 
theoretical increase for a RuBisCO/PRK-expressing 
strain of 13.5% [28]. These observations showed that the 
reduced growth rates of strains IMX774 and IMX949 
were not primarily caused by accumulation of ribulose-
1,5-bisphosphate or ATP depletion, resulting from an 
imbalance of the in vivo activities of PRK and RuBisCO. 
Instead, they indicate that the reduced growth rates of 
these strains resulted from a reduced intracellular pool 
of ribulose-5-phosphate, which is a key precursor for 
the formation of the PPP-derived biosynthetic building 
blocks ribose-5-phosphate and erythrose-4-phosphate.

The glycerol yield on glucose of strain IMX1443 (GPD1 
gpd2Δ non-ox PPP↑ pDAN1-prk cbbm) was 81 and 87% 
lower than the yields of its parental strain IMX774 (GPD1 
GPD2 pDAN1-prk cbbm) and of the reference strain 
IME324 (GPD1 GPD2), respectively (Table 3). Consistent 
with an almost complete replacement of redox cofactor 
balancing via glycerol production by the RuBisCO path-
way, its glycerol production per gram biomass was 88% 
lower than that of strain IME324 and closely matched 
the phenotype observed in slow-growing glucose-limited 
chemostat cultures of strain IMX774 (Table 4). Further-
more, the ethanol yield on glucose of strain IMX1443 
was 15 and 5% higher than that of the reference strain 
IME324 and of its parental strain IMX774, respectively. 
The phenotype of strain IMX1443 thereby approaches 
the theoretical maximum benefits in glycerol reduction 
and increased ethanol yield, without a reduction of its 
specific growth rate in anaerobic, glucose-grown batch 
cultures. Further, the osmotolerance of strain IMX1443 
was not impacted by these modifications, as shown 
by plate growth tests on high osmolarity (1  M glucose) 
medium (Additional file 3).

The physiological benefit of RuBisCO/PRK‑expression in S. 
cerevisiae is independent of strain ploidy
In the context of another study, the ploidy of strains 
IMX765, IMX773, and IMX774 was analysed by flow 
cytometry. Surprisingly, strain IMX765, the paren-
tal strain of all RuBisCO/PRK-expressing strains con-
structed in this study, was found to have undergone a 
whole-genome duplication (Additional file  4). To deter-
mine whether this diploidization was accompanied by 
any other chromosomal copy number variations or rear-
rangements, the genome of strain IMX774 (GPD1 GPD2 
pDAN1-prk cbbm) was sequenced and compared to that 
of the haploid congenic reference strain CENPK.113-7D 
[30]. This analysis showed that a ‘clean’ genome duplica-
tion had occurred, without chromosomal or segmental 
aneuploidies (Additional file 5).

The differences in glycerol and ethanol yields between 
strains IME324 (haploid, GPD1 GPD2 reference) and 
IMX774 (diploid, GPD1 GPD2 pDAN1-prk cbbm) were 
not expected to be influenced by ploidy variation, as bio-
mass formation and requirements for NADH oxidation 
are stoichiometrically linked and the biomass yields on 
glucose of these strains were not significantly different 
(Table  3). However, as ploidy variation might affect the 
growth rate [65], two additional strains were constructed 
to investigate whether ploidy differences affected the 
interpretation of our results.

Strain IME369 was constructed by transformation of 
p426-TEF (empty) to IMX673, thereby generating a new 
diploid reference strain (GPD1/GPD1 GPD2/GPD2). In 
addition, the genetic modifications introduced in the best 
performing RuBisCO/PRK-expressing strain (IMX1443) 
were reconstructed in a haploid background, resulting 
in strain IMX1489 (Additional file 4). Anaerobic growth 
of both strains was analysed in bioreactor batch cultures, 
under the same conditions used for the other strains ana-
lysed in this study (Table  5; Additional file  2). The new 
diploid reference strain IME369 showed no significant 
differences in specific growth rate, biomass or ethanol 
yields on glucose or glycerol production per gram bio-
mass when compared to the haploid reference strain 
IME324 (GPD1 GPD2) (Tables 3 and 5). Furthermore, the 
specific growth rates of the engineered strains IMX1489 
(haploid) and IMX1443 (diploid) were the same, while 
their biomass and product yields also very closely cor-
responded (Tables  3 and 5, Fig.  3). Similarly to strain 
IMX1443, the osmotolerance of IMX1489 did not differ 
from that of a GPD1 GPD2 reference strain (Additional 
file 3). These results indicate that the impact of the engi-
neering strategy presented in this study does not differ 
between haploid and diploid S. cerevisiae strains. 

Discussion
Fixation of  CO2 via the Calvin-cycle enzymes RuBisCO 
and phosphoribulokinase (PRK) plays a key role in the 
biological carbon cycle [66]. The Calvin cycle’s role in 
carbon fixation by photo- and chemoautotrophs is well 
established and its improvement remains a major tar-
get of research [67, 68]. In addition, in nature as well as 
in engineered industrial microorganisms, Calvin-cycle 
enzymes can increase the flexibility of intracellular redox 
cofactor balancing in chemoorganoheterotrophs [69, 70].

Here, we present a metabolic engineering strategy, 
based on expression of Calvin-cycle enzymes for redox 
cofactor balancing in S. cerevisiae [28], which enabled 
a near-complete elimination of glycerol production in 
anaerobic, glucose-grown batch cultures, with an associ-
ated increase in ethanol yield. In addition to multi-copy 
chromosomal integration of expression cassettes for T. 
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denitrificans cbbm, this strategy encompassed expres-
sion of the E. coli chaperone genes groEL and groES [28], 
expression of the spinach prk gene from the anaerobi-
cally inducible DAN1 promoter, deletion of GPD2 and 
overexpression of the S. cerevisiae structural genes for 
the enzymes of the non-oxidative pentose-phosphate 
pathway.

A high specific growth rate of industrial S. cerevi-
siae strains is important in view of its impact on volu-
metric productivity and competition with microbial 
contaminants [2, 71]. Many previously reported redox 
engineering strategies for decreasing glycerol forma-
tion in S. cerevisiae resulted in reduced specific growth 
rates or requirements for specific media [8, 20, 59, 72]. 
Reduced growth rates of metabolically engineered micro-
organisms are often attributed to the metabolic burden 
caused by high-level expression of heterologous and/

or homologous proteins [58, 73]. Despite the high-level 
expression of RuBisCO and yeast PPP-enzymes, the spe-
cific growth rates of haploid and diploid engineered S. 
cerevisiae strains in anaerobic batch cultures in this study 
were the same as those of non-engineered reference 
strains.

Previous research had already shown that co-expression 
of the E. coli chaperones GroEL and GroES is required 
for functional heterologous expression of CbbM in S. cer-
evisiae [28]. Functional expression of a plant RuBisCO in 
E. coli was also recently shown to require co-expression 
of no fewer than five plant chaperones [74], highlighting 
the importance of expression of folding-assisting proteins 
in the formation of functional RubisCO complexes. In 
the case of GroEL and GroeS specifically, it was recently 
shown that their expression facilitates functional expres-
sion of several heterologous proteins in yeasts [28, 75, 

Table 5 Specific growth rates (μ), yields (Y) of biomass, ethanol and glycerol on glucose and stoichiometric relation-
ships between glycerol production and biomass formation in anaerobic bioreactor batch cultures of S. cerevisiae strains 
IME369 and IMX1489

Cultures were grown on synthetic medium containing 20 g L−1 glucose (pH 5). Specific growth rates and stoichiometries were calculated from sample points during 
the mid-exponential growth phase. Values represent averages ± mean deviations of measurements on independent duplicate cultures. * (p < 0.02) and ** (p < 0.01) 
denote statistical significance of differences between IME324 (Table 3) and strains IME369 and IMX1489 in Student’s t tests. Degree of reduction balances constructed 
over the exponential growth phase yielded electron recoveries between 96 and 100%

Strain IME369 IMX1489

Relevant genotype GPD1 GPD2 GPD1 gpd2Δ pDAN1‑prk
cbbm non‑ox PPP↑

μ  (h−1) 0.31 ± 0.00 0.30 ± 0.01

Y biomass/glucose (g g−1) 0.091 ± 0.009 0.096 ± 0.001*

Y ethanol/glucose (g g−1) 0.376 ± 0.005 0.421 ± 0.002*

Y glycerol/glucose (g g−1) 0.107 ± 0.004 0.014 ± 0.000**

Glycerol produced/biomass [mmol (g biomass)−1] 12.189 ± 1.080 1.669 ± 0.082**

Fig. 3 Growth, glucose consumption and product formation in anaerobic bioreactor batch cultures of S. cerevisiae strains IME324 (GPD1 GPD2) (a) 
and IMX1489 (GPD1 gpd2Δ pTDH3-RPE1, pPGK1-TKL1, pTEF1-TAL1, pPGI1-NQM1, pTPI1-RKI1, pPYK1-TKL2 pDAN1-prk cbbm) (b). Cultures were grown 
on synthetic medium containing 20 g L−1 glucose (pH 5). Symbols: black circle, glucose; black square, biomass; white square, glycerol; white circle, 
ethanol. Representative cultures of independent duplicate experiments are shown



Page 13 of 17Papapetridis et al. Biotechnol Biofuels  (2018) 11:17 

76]. Further, their expression can potentially be beneficial 
in improving strain robustness against industrial fermen-
tation conditions [77]. In the present study, their expres-
sion may have contributed to the apparent absence of a 
metabolic burden in the engineered strains, by prevent-
ing cellular stress and increased protein-turnover caused 
by incorrect protein folding. Since multi-copy integra-
tion of expression cassettes for the form-II RuBisCO 
CbbM supported wild-type growth rates in anaerobic 
glucose-grown cultures, its replacement by an alternative 
RuBisCO with superior catalytic properties [68, 78] is 
not necessary in this experimental context. The high Km 
of RuBisCO for  CO2 [67] implies that microorganisms 
that heterologously express Calvin-cycle enzymes require 
high  CO2 concentrations in the cultures for in vivo path-
way activity [28, 70]. Since industrial ethanol production 
processes very rapidly become  CO2 saturated, implemen-
tation of this redox engineering strategy in industry does 
not impose specific requirements on process design or 
medium composition [8].

As recently demonstrated in engineered E. coli strains 
expressing RuBisCO and PRK [56, 57], expression levels 
of PRK in engineered S. cerevisiae strains needed to be 
‘tuned’ to strike a balance between generating sufficient 
ribulose-1,5-bisphosphate for in vivo RuBisCO activity and 
avoiding negative effects of high-level PRK overexpres-
sion. Use of the medium-strength, anaerobically inducible 
DAN1 promoter was shown to meet these requirements. 
An additional advantage of using an anaerobically induc-
ible promoter for prk expression is that it minimizes any 
negative effects of PRK expression during the aerobic bio-
mass propagation phase that precedes anaerobic industrial 
processes for bioethanol production [79].

In the original strain design, which carried a func-
tional GPD2 gene and in which the PPP enzymes were 
not overexpressed, the contribution of the engineered 
PRK/RuBisCO pathway to in  vivo NADH oxidation 
was negatively correlated with specific growth rate. The 
effect of additional overexpression of the non-oxidative 
pentose-phosphate pathway genes RPE1, TKL1, TAL1, 
NQM1, RKI1 and TKL2 identified supply of ribulose-
5-phosphate and/or other intermediates of the PPP as a 
key factor in the PRK/RuBisCO-mediated  CO2 reduction 
in S. cerevisiae. Overexpression of non-oxidative PPP 
genes is a well-documented element in the construction 
of xylose- and arabinose-fermenting S. cerevisiae strains 
for fermentation of lignocellulosic hydrolysates [61, 80, 
81], which should facilitate implementation of PRK/
RuBisCO-enabled  CO2 reduction in such strains. The 
positive effect of the deletion of GPD2 on  CO2 reduction 
is consistent with its reported beneficial effect on strains 
utilizing acetic acid as an external electron acceptor for 
redox cofactor balancing [22].

A mechanistic, quantitative understanding of the 
mechanisms by which glycerol formation and RuBisCO/
PRK-mediated  CO2 reduction interact in a growth-rate-
dependent manner would require advanced analyses 
of intracellular metabolite concentrations in the yeast 
cytosol, which are beyond the scope of the present study. 
Clearly, the cytosolic NADH/NAD+ ratio, which affects 
regulation of GPD2 [17] and is involved in the reductive 
reactions in both pathways, would be of special interest 
in such studies. In addition, the triose-phosphate node 
in glycolysis is of special interest, since Gpd1 and Gpd2 
use dihydroxyacetone phosphate (DHAP) as a substrate, 
while the glycolytic intermediate glyceraldehyde-3-phos-
phate (GAP) is a substrate of transketolase, a key enzyme 
for provision of the RuBisCO substrate ribulose-5-phos-
phate via the non-oxidative PPP. Intracellular concentra-
tions of DHAP in glucose-grown cultures of S. cerevisiae 
increase when the specific growth rate increases [82], 
presumably reflecting the higher glycolytic flux in fast-
growing cultures. The equilibrium of the triose phosphate 
isomerase lies far towards DHAP [83], intracellular con-
centrations of which have been reported to be in the low 
mM range in S. cerevisiae [84]. Intracellular concentra-
tions of GAP are therefore likely to be below the reported 
high Km value of yeast transketolase for this substrate (ca. 
5 mM, [85]), which may well contribute to the impact of 
overexpression of the PPP pathway on flux distribution at 
this branchpoint.

Whole genome duplications have been previously 
shown in S. cerevisiae strains obtained by evolutionary 
engineering [86, 87]. However, its occurrence in our ini-
tially constructed strains, which were only subjected to 
targeted, CRISPR-mediated genetic modification, was 
unexpected. Since 5-fluoro-orotic acid has been reported 
to affect chromosome segregation in yeasts [88], we can-
not exclude the possibility that the genome duplication 
was related to counter-selection with 5-fluoro-orotic acid 
to recycle the gRNA-expressing plasmid during the con-
struction of strain IMX765, the parental strain of IMX773 
and IMX774. When using traditional genetic modifica-
tion techniques, such as one-step gene replacement, ane-
uploidies or genome duplications are easily identified by 
simple diagnostic PCR experiments. However, the high 
efficiency of CRISPR/Cas9-based genome editing gener-
ally results in simultaneous modification of both copies 
of a target locus in diploid or aneuploid strains [89]. In 
this light, it is advisable to perform flow-cytometry-based 
ploidy analysis and whole genome sequencing to detect 
genome duplications and aneuploidy, respectively [65], 
when CRISPR technology is used for strain construction.

The characteristics of the engineered strains make this 
engineering strategy very interesting for further testing in 
industrial settings. In contrast to a previously published 
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strategy for minimizing glycerol production by the 
reduction of acetic acid, by expression of a heterologous 
acetylating-acetaldehyde dehydrogenase in combination 
with the native alcohol dehydrogenases [20, 22], the cur-
rent strategy does not require an organic electron accep-
tor. It is therefore compatible with fermentation of ‘first 
generation’ feedstocks that contain little or no acetic acid.

Research on production of alternative compatible 
solutes is ongoing, with trehalose production being a 
promising candidate, but so far glycerol remains the key 
metabolite involved in tolerance of sugar-grown S. cer-
evisiae cultures to osmotic stress [90–92]. The presence, 
in the  CO2-reducing strains described in this study, of a 
functional GPD1 gene was sufficient to maintain osmo-
tolerance. At high osmolarity, upregulation of GPD1 
[16, 93] might reduce the stoichiometric benefits of 
 CO2-fixation in RuBisCO/PRK-expressing yeast strains. 
It may be possible to prevent such an effect by promoter 
replacement of GPD1 by lower-strength ones [59]. Alter-
natively, the entire GPD1 gene may be replaced by a 
heterologous gene encoding an  NADP+-linked glycerol-
3-phosphate dehydrogenase, thereby uncoupling the 
roles of glycerol in redox homeostasis and osmotolerance 
[22].

Conclusions
Overexpression of the Calvin-cycle enzymes, RuBisCO 
and PRK, in combination with deletion of GPD2 and 
overexpression of the genes of the non-oxidative branch 
of the pentose-phosphate pathway, yielded S. cerevisiae 
strains that displayed a ca. 90% decrease in glycerol pro-
duction and a 15% increase in ethanol yield on sugar, 
without affecting the maximum specific growth rate. 
Based on our experiments in synthetic media, the pre-
sented metabolic engineering strategy has the potential 
to enable significant improvements in the ethanol yields 
in industrial processes. The industrial application of this 
strategy should not require special process conditions or 
media compositions, and is ready for implementation in 
industrial strain backgrounds and subsequent evaluation 
in first- and second-generation industrial substrates.
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