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C6H12O6 —> 2 C2H6O + 2 CO2



1st generation fuel ethanol

- From corn (USA): ~60 billion liters/year

mainly composed of starch

- From sugar-cane (Brazil): ~30 billion liters/year

mainly composed of sucrose



BRAZIL
• ˜400 sugar-cane mills (no 2 of them are equal)

• Sugar-cane represents a bigger share (˜18%) in the energy 
matrix than e.g. hydroelectricity (˜16%)

• >40% of the energy matrix is renewable

• Producing 1 kJ in the form of ETH is cheaper than producing 
1kJ in the form of gasoline

• Flex fuel motors dominate the light vehicle fleet

• 1G ETH is doing good (energy balance), but can be improved

• Brazil is introducing 2G ETH (but 1G won’t disappear!)

• No clear governmental policy: decreased production in the 
recent years, hard-time for this business!



The$current$Brazilian$biorefinery:$3$main$products

Sugar&cane Sugar&cane&juice

Sugar&cane&bagasse

Sugar

Molasses

Ethanol

S.#cerevisiae

Electricity



Saccharomyces 
cerevisiae

• =yeast (a unicellular eukaryotic microorganism)

• converts sugars into ethanol under anaerobiosis, 
with high yields and high final titers

• genetics, metabolism, physiology well known

• easy to genetically engineer

• robustness towards harsh industrial conditions

• simple nutritional requirements

yourweeklymicrobe.blogspot
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Important

-$The$“Brazilian”$process$for$producing$ethanol$from$sugar>
cane$sucrose$is$carried$out$without$complete$asepsis$
-$Yeast$cells$are$recycled$and$a$drasAc$sulfuric$acid$treatment$
is$carried$out$at$the$end$of$every$cycle$
-$A$high$inoculum$fracAon$and$a$low$N>content$in$the$
medium$favor$ethanol$producAon$$
-$The$industrial$yield$(g$Ethanol/g$sugar)$has$been$stable$for$
many$years$now$(around$91%)
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=&“Learning&by&doing”&is&finished.&

=&If&we&want&to&improve&1G&ethanol&yields,&breakthrough&technologies&will&be&
required&(e.g.&use&of&metabolically&engineered&yeast&with&improved&traits).

In the 2011/2012 crop, Brazil produced approximately
23 billion liters of bioethanol and almost 60 % of all Brazilian
light vehicles can run on this fuel (Brazil 2012; Brazilian
Sugarcane Industry Association 2012). The energy content of
sugarcane corresponds to 18 % of the country's energy matrix
and represents a higher share than hydroelectricity (Altieri
2012). This value includes the solid part, mainly bagasse,
which could be used as a substrate for 2G bioethanol produc-
tion but is currently burned in boilers to generate electricity to
the mills and, if there is a surplus, to the national grid. This
sugar/energy market employs 4.3 million people (in both direct
and indirect jobs) and has a turnover of more than 80 billion
dollars annually (Souza and Macedo 2010). Obviously, the
achievement of such impressive numbers is only possible be-
cause Brazil takes advantage of its soil characteristics, climatic
conditions, and vast land area. Sugarcane crops are concentrat-
ed in two regions: the Center-South, which produces approxi-
mately 90 % of all sugar and ethanol, and the North–Northeast,
responsible for the other 10 % (Brazil 2012).

Since 1975, the overall yield of the Brazilian fuel ethanol
industry has increased steadily by 3–4 % per year (Fig. 1a),
reaching nowadays over 6,500 lethanol per hectare of sug-
arcane. This increase was possible due to several agricultural
improvements, including selection of new sugarcane varie-
ties with increased amounts of sugarcane biomass per hect-
are (Fig. 1b). While the amount of total sugar per ton of
sugarcane also increased significantly during the first years
(Fig. 1c), in the last 15 years, it seems to have reached a
plateau around 140 kg of sugar per ton of sugarcane. Thus,
there is a need for improvement in sucrose production and
accumulation by the sugarcane plant, a feature that is under
current research in Brazil (Lam et al. 2009; Waclawovsky et
al. 2010). This trend in the amount of sugar per ton of
sugarcane biomass reflects directly into the amount of etha-
nol produced from each ton of sugarcane, as the fermentation
and distillation processes have also reached high industrial
efficiency with an apparent plateau in the last years of ap-
proximately 80 l ethanol per ton of sugarcane (Fig. 1d).

During fermentation, the key step in bioethanol production,
sucrose (and glucose and fructose) is converted into ethanol
by the yeast Saccharomyces cerevisiae in vats containing
millions of liters. When there are no major operational issues
(such as rain, contamination, and power failure), yields as high
as 92 % of the stoichiometric conversion (0.511 gethanol/g
hexose equivalent) can be achieved, yet the average industrial
yield in Brazil has slightly decreased during the last decade
(Fig. 2). Since more than half of ethanol's final cost is due to
the cost of sugarcane, any increment on the already high yield
value would represent great economical gains. As an example,
for an annual production of 30 billion liters of ethanol, an 1 %
increase in fermentation yield would allow for the production
of extra 300 million liters from the same amount of raw
material or, in other words, from the same cultivated area.

Fig. 1 Evolution of the Brazilian fuel ethanol production industry. The
data show the growth in overall yield (industrial+agricultural) (a), due
to improvements in the agricultural sector (b), including the selection
of higher sucrose-producing sugarcane varieties (c) as well as the
industrial fermentation performance (d) from 1975 to 2010 (source:
Anuário estatístico da agroenergia. Ministry of Agriculture, Livestock
and Supply. http://www.agricultura.gov.br/desenvolvimento-sustentavel/
agroenergia/estatistica Accessed 10 Jan 2012)

Fig. 2 Average ethanol yields (relative to 0.511 gethanolghexose−1)
from the Brazilian fuel ethanol production industry since the mid
1970s. The 90–92 % range is highlighted, with the aim of enabling a
better observation of the recent drops in the fermentation yield. Each
data point corresponds to the average of values obtained from at least
30 ethanol-producing plants, which were sampled every day (with a
minimum of four samples per day) during at least 200 days in the
season (information kindly provided by Jaime Fingerut, Centro de
Tecnologia Canavieira, Piracicaba, SP, Brazil)

980 Appl Microbiol Biotechnol (2013) 97:979–991

Della>Bianca$et$al$Appl$Microbiol$Biotechnol$2013

small increases in yield might make the difference between a profitable
 and a non-profitable business!



Why is yield so 
important?

• Because ˜70% of the final ethanol cost is 
due to raw material cost

Yield = g ethanol/g sugar

Productivity = g ethanol/(L.h)



yeast population dynamics during a crushing season

Basso$et$al,$(2008)$FEMS$Yeast$Res

http://www.biocane.com.br

open fermentation vat



How do yeasts make 
ethanol?
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©$2004$Pearson$Education,$Inc.

FIGURA$5.14$B
Ethanolic&fermentation&
(yeast)&
Reoxidizes&NADH&+&H+&to&NAD+



Why do yeasts make 
ethanol?
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Fuel ethanol production: 
The conflict of interests!

It is a cell’s dream to become two cells. François Jacob.



C6H12O6 —> 2 C2H6O + 2 CO2

• This is a redox neutral conversion.

• But…



Strategies aiming at increasing 
ethanol yields on sugar include:

• Decreasing glycerol and/or biomass formation

• Decreasing free-energy conservation

• Improving yeast robustness towards process 
stressors (e.g. high ethanol concentrations, 
low pH, high T, etc.)

• Improving the process (e.g. using bacteriocins 
or other strategies to fight contamination, 
thereby decreasing sugar loss)
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EXAMPLE 1: 

Improving ethanol formation in S. cerevisiae by decreasing free-
energy conservation

19
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Sucrose

Glucose$+$Fructose

Extracellular##
Invertase

Glc$+$Fru

Ethanol$+$CO2

4&ATP

4&ATP&for&each&Sucrose

Energetics of SUCROSE metabolism in Saccharomyces cerevisiae

facilitated diffusion
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Glc$+$Fru

Ethanol$+$CO2
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4&ATP&=&1&ATP&=&3&ATP&for&each&Sucrose

H+

1&ATP

Modulating the energetics of SUCROSE metabolism in Saccharomyces cerevisiae

Stambuk(et(al.(INPI#PI#090125420.#(2009)

Agt1p
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Extracellular&INVERTASE

Intracellular&INVERTASE

Signal&
pepKde

99% 1%

Carlson(&(Botstein.(Cell#28((1982)
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Extracellular&INVERTASE

Intracellular&INVERTASE

Signal&
pepKde

99% 1%

X
100%0%

Carlson(&(Botstein.(Cell#28((1982)

pADH1

Stambuk(et(al.(INPI#PI#090125420.#(2009)
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Anaerobic&sucrose=limited&chemostat&D#=&0.10&h=1

Parameters
Strains Change

SUC2 iSUC2 Observ
ed

Theore
Kcal

Y 0.094$±$
0.001

0.088$±$
0.001

>$6% >$25$%

Y
(g.g$glc$eq.

0.378$±$
0.001

0.395$±$
0.007

+$4% +$8$%

Residual&sugar&
(g.l

0.05$(glc)$
0.11$(fru)$
0.00$(suc)

0.09$(glc)$
0.16$(fru)$
1.79$(suc)

>>> >>>

Low&affinity&for&sucrose
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EvoluKonary&Engineering:&Chemostat&as&a&tool&
to&increase&affinity

SelecKve&pressure&for&an&IMPROVED&AFFINITY/CAPACITY&for&the&&
growth=limiKng&substrate&(sucrose)

S2

Mutated/Evolved&strain

S1

µ = D
Original&strain

Chemostat setup



EvoluKonary&Engineering&
(Long=term&sucrose&limited&chemostat&culture)

Single=cell&isolate
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Anaerobic&sucrose=limited&chemostat&&
D#=&0.10&h=1

Parameters

Strains Change

SUC2 iSUC2#original iSUC2&evolved Observed
TheoreKc

al

YX/S
(g.g$glc$eq.$

0.094$±$0.001 0.088$±$0.001 0.066$±$0.002 >$29$% >$25$%

YEthanol/S
(g.g$glc$eq.

0.378$±$0.001 0.395$±$0.007 0.421$±$0.006 +$11$% +$9$%

Residual&sugars&
(g.l

0.05$(glc)$
0.11$(fru)$
0.00$(suc)

0.09$(glc)$
0.16$(fru)$
1.79$(suc)

<$0.01$(glc)$
$0.03$(fru)$
$0.08$(suc)

>>> >>>
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What&changed?&Transport&capacity&(Vmax)&



ROLE OF AGT1

• A duplication of AGT1 was found in the evolved iSUC2 strain 

• Double-deletion of AGT1 in the iSUC2 evolved strain restored 
the reference strain phenotype, but... 

• Insertion of an additional copy of AGT1 in the reference strain 
did not lead to the evolved iSUC2 phenotype
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Conclusion

RelocaKon&of&sucrose&metabolism&in&yeast,&by&a&

combinaKon&of&metabolic&and&evoluKonary&

engineering,&resulted&in&an&11 % increase in 

the ethanol yield on sucrose

Basso et al (2011) Metabolic Engineering 13:694
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Engineering topology and kinetics of sucrose metabolism in Saccharomyces
cerevisiae for improved ethanol yield
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a b s t r a c t

Sucrose is a major carbon source for industrial bioethanol production by Saccharomyces cerevisiae. In
yeasts, two modes of sucrose metabolism occur: (i) extracellular hydrolysis by invertase, followed by
uptake and metabolism of glucose and fructose, and (ii) uptake via sucrose-proton symport followed by
intracellular hydrolysis and metabolism. Although alternative start codons in the SUC2 gene enable
synthesis of extracellular and intracellular invertase isoforms, sucrose hydrolysis in S. cerevisiae
predominantly occurs extracellularly. In anaerobic cultures, intracellular hydrolysis theoretically
enables a 9% higher ethanol yield than extracellular hydrolysis, due to energy costs of sucrose-proton
symport. This prediction was tested by engineering the promoter and 50 coding sequences of SUC2,
resulting in predominant (94%) cytosolic localization of invertase. In anaerobic sucrose-limited
chemostats, this iSUC2-strain showed an only 4% increased ethanol yield and high residual sucrose
concentrations indicated suboptimal sucrose-transport kinetics. To improve sucrose-uptake affinity, it
was subjected to 90 generations of laboratory evolution in anaerobic, sucrose-limited chemostat
cultivation, resulting in a 20-fold decrease of residual sucrose concentrations and a 10-fold increase of
the sucrose-transport capacity. A single-cell isolate showed an 11% higher ethanol yield on sucrose in
chemostat cultures than an isogenic SUC2 reference strain, while transcriptome analysis revealed
elevated expression of AGT1, encoding a disaccharide-proton symporter, and other maltose-related
genes. After deletion of both copies of the duplicated AGT1, growth characteristics reverted to that of
the unevolved SUC2 and iSUC2 strains. This study demonstrates that engineering the topology of
sucrose metabolism is an attractive strategy to improve ethanol yields in industrial processes.

& 2011 Elsevier Inc. All rights reserved.

1. Introduction

Mainly used as an automotive fuel, bioethanol is the single
largest product of industrial biotechnology, with an estimated
global production of 87!109 litres in 2010 (Renewable Fuels
Association, 2011). Currently, the predominant feedstocks for
bioethanol production are corn starch or sugar-cane sucrose.
The sugars derived from these agricultural crops are fermented
under anaerobic conditions by the yeast Saccharomyces cerevisiae.
While a huge research effort is underway to unlock additional,
lignocellulosic biomass feedstocks (Parachin et al., 2011; Weber

et al., 2010), improvement of sugar-cane sucrose-based ethanol
production needs to continue due to the important role of feed-
stock cost in the overall process economics (up to 70% of the
ethanol production cost (Maiorella et al., 1984)). Given the large
volumes of industrial ethanol production, even small increases in
the ethanol yield on sugar are economically significant.

S. cerevisiae can metabolize sucrose, the major sugar in cane
juice and in molasses, in two ways. In the first and predominant
mechanism, sucrose is hydrolyzed by an extracellular invertase
encoded by the SUC2 gene. Hydrolysis yields glucose and fructose,
which enter into the cell by facilitated diffusion via hexose
transporters encoded by members of the HXT gene family
(Lagunas, 1993). In the second mechanism, sucrose can be
actively transported into the cells by a proton-symport mechan-
ism and hydrolyzed intracellularly (Batista et al., 2004; Santos
et al., 1982; Stambuk et al., 2000). Both extra- and intracellular

Contents lists available at SciVerse ScienceDirect

journal homepage: www.elsevier.com/locate/ymben

Metabolic Engineering

1096-7176/$ - see front matter & 2011 Elsevier Inc. All rights reserved.
doi:10.1016/j.ymben.2011.09.005

n Corresponding author. Fax: þ31 15 2782355.
E-mail address: j.t.pronk@tudelft.nl (J.T. Pronk).
1 These authors contributed equally to this publication.
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EXAMPLE 2: 

Improving ethanol formation in S. cerevisiae by introducing CO2 
fixation
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RESEARCH Open Access

Carbon dioxide fixation by Calvin-Cycle enzymes
improves ethanol yield in yeast
Víctor Guadalupe-Medina1,2, H Wouter Wisselink1,2, Marijke AH Luttik1,2, Erik de Hulster1,2, Jean-Marc Daran1,2,
Jack T Pronk1,2 and Antonius JA van Maris1,2*

Abstract

Background: Redox-cofactor balancing constrains product yields in anaerobic fermentation processes. This
challenge is exemplified by the formation of glycerol as major by-product in yeast-based bioethanol production,
which is a direct consequence of the need to reoxidize excess NADH and causes a loss of conversion efficiency.
Enabling the use of CO2 as electron acceptor for NADH oxidation in heterotrophic microorganisms would increase
product yields in industrial biotechnology.

Results: A hitherto unexplored strategy to address this redox challenge is the functional expression in yeast of
enzymes from autotrophs, thereby enabling the use of CO2 as electron acceptor for NADH reoxidation. Functional
expression of the Calvin cycle enzymes phosphoribulokinase (PRK) and ribulose-1,5-bisphosphate carboxylase
(Rubisco) in Saccharomyces cerevisiae led to a 90% reduction of the by-product glycerol and a 10% increase in
ethanol production in sugar-limited chemostat cultures on a mixture of glucose and galactose. Co-expression of the
Escherichia coli chaperones GroEL and GroES was key to successful expression of CbbM, a form-II Rubisco from the
chemolithoautotrophic bacterium Thiobacillus denitrificans in yeast.

Conclusions: Our results demonstrate functional expression of Rubisco in a heterotrophic eukaryote and
demonstrate how incorporation of CO2 as a co-substrate in metabolic engineering of heterotrophic industrial
microorganisms can be used to improve product yields. Rapid advances in molecular biology should allow for rapid
insertion of this 4-gene expression cassette in industrial yeast strains to improve production, not only of 1st and
2nd generation ethanol production, but also of other renewable fuels or chemicals.

Keywords: Metabolic engineering, Synthetic biology, Rubisco, Ribulose-1,5-bisphosphate carboxylase,
Phosphoribulokinase, NADH re-oxidation, Carbon dioxide fixation, Saccharomyces cerevisiae, Glycerol, Bioethanol

Background
The yeast Saccharomyces cerevisiae is not only used for the
large-scale production of fuel ethanol [1], but also for in-
dustrial production of a broad and rapidly expanding range
of other chemical compounds from renewable carbo-
hydrate feedstocks [2,3]. In anaerobic, ethanol-producing
cultures of S. cerevisiae, excess NADH generated from
biosynthetic reactions, such as NAD+-dependent oxidative
decarboxylations involved in synthesis of the precursors
acetyl-CoA and 2-oxoglutarate, is reoxidized by reducing
part of the sugar substrate to glycerol [4]. In growing

anaerobic yeast cultures, glycerol production typically ac-
counts for 4-10% of the total sugar consumption and
therefore has a significant impact on ethanol yields and
process economy in both 1st and 2nd generation large-
scale bioethanol production [5,6].
Using CO2 as electron acceptor for the reoxidation of

NADH would be a highly attractive metabolic engineering
strategy, in particular when CO2 reduction can be coupled
to the formation of the product of interest. Functional ex-
pression of the Calvin cycle enzymes phosphoribulokinase
(PRK) and ribulose-1,5-bisphosphate carboxylase (Rubisco)
in S. cerevisiae should enable the coupling of CO2, a major
product of alcoholic fermentation, to ribulose-5-phosphate,
a normal intermediate of the S. cerevisiae pentose-
phosphate pathway (Figure 1). The resulting two molecules
of 3-phosphoglycerate can subsequently be converted to 2

* Correspondence: A.J.A.vanMaris@tudelft.nl
1Department of Biotechnology, Delft University of Technology, Julianalaan
67, 2628, BC Delft, The Netherlands
2Kluyver Centre for Genomics of Industrial Fermentation, P.O. Box 5057, 2600,
GA Delft, The Netherlands

© 2013 Guadalupe-Medina et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.

Guadalupe-Medina et al. Biotechnology for Biofuels 2013, 6:125
http://www.biotechnologyforbiofuels.com/content/6/1/125



Can&S.#cerevisiae#be&engineered&to&reduce&CO2&to&ethanol?

Ethanol&+&3&H2O

nADP&+&nPinATP

Ethanol#production#from#CO2#as#(alternative)#redox#sink

2&CO2&

6&NAD+6NADH&+&6&H+

slide kindly provided by Ton van Maris and Jack Pronk (TU Delft)



Phosphoribulokinase&(PRK)&and 
&ribulose=1,5=bisphosphate&carboxylase&(Rubisco) 
key&enzymes&in&the&Calvin&cycle&for&autotrophic&CO2&fixation

Ribulose=5P Ribulose=1,5di=P 2&&3P=glycerate

ATP CO2

2&&pyruvate

2&ATP

2&CO2
2&NADH

2&&ethanol

PRK Rubisco

Victor Guadalupe et al. (2013) 
Biotechnology for Biofuels – 6:125

slide kindly provided by Ton van Maris and Jack Pronk (TU Delft)



Victor Guadalupe et al. (2013) 
Biotechnology for Biofuels – 6:125

+ 14%

slide kindly provided by Ton van Maris and Jack Pronk (TU Delft)



Functional&expression&of&Rubisco&and&PRK& 
in&S.#cerevisiae

Rubisco& 

Form$II$Rubisco$from$Thiobacillus(denitrificans((cbbM) 

Coexpression&of&chaperones&(E.#coli#groEL/groES)&essential 

Ribulose>1,5>bisphosphate>dependent$fixation$of$
14CO2$by$cell$extracts$of$S.(cerevisiae(strains

PRK& 

PRK$gene$from$spinach(
expressed$from$GAL1$promoter$

High&enzyme&activities&upon&induction&with&galactose 

Victor Guadalupe et al. (2013) 
Biotechnology for Biofuels – 6:125

slide kindly provided by Ton van Maris and Jack Pronk (TU Delft)



Relevant genotype reference cbbM, PRK, groEL/
ES

Biomass yield on sugar  
(g g-1 0.083 ± 0.000 0.093 ± 0.000

Glycerol yield on sugar   
(mol mol 0.14 ± 0.00 0.04 ± 0.00

Ethanol yield on sugar  
(mol mol
Corrected for evaporation

1.56 ±  0.03 1.73 ± 0.01

70 % reduction of glycerol production 
Rubisco/PRK competes with native glycerol pathway

Rubisco&and&PRK=expressing&S.#cerevisiae 

Product&yields&in&anaerobic,&sugar=limited&chemostat&cultures 
(D&=&0.05&h=1,&N2=sparged,&equimolar&glucose/galactose&feed)

Victor Guadalupe et al. (2013) 
Biotechnology for Biofuels – 6:125



Relevant genotype reference cbbM, PRK, groEL/
ES

Biomass yield on sugar  
(g g-1 0.084 ± 0.000 0.095 ± 0.000

Glycerol yield on sugar   
(mol mol 0.12 ± 0.00 0.01 ± 0.00

Ethanol yield on sugar  
(mol mol
Corrected for evaporation

1.56 ±  0.02 1.73 ± 0.01

> 90 % reduction of glycerol production 
11 % increase of ethanol yield 

Rubisco&and&PRK=expressing&S.#cerevisiae 

Product&yields&in&anaerobic,&sugar=limited&chemostat&cultures 
(D&=&0.05&h=1,&10&%&CO2,&equimolar&glucose/galactose&feed)

Victor Guadalupe et al. (2013) 
Biotechnology for Biofuels – 6:125



Strategies aiming at increasing 
ethanol yields on sugar include:

• Decreasing glycerol and/or biomass formation

• Decreasing free-energy conservation

• Improving yeast robustness towards process 
stressors (e.g. high ethanol concentrations, 
low pH, high T, etc.)

• Improving the process (e.g. using bacteriocins 
or other strategies to fight contamination, 
thereby decreasing sugar loss)

• 1G ethanol processes will not be substituted 
by 2G processes!



Thanks for your attention! 
Andreas K. Gombert
gombert@unicamp.br

Visit our lab’s webpage: 

http://www.fea.unicamp.br/leb 

Visit the Ph.D. program in Bioenergy’s webpage: 

http://genfis40.esalq.usp.br/pg_bio/ 

There does not exist a category of science to which one can give the name applied science. 
There are sciences and the applications of science, bound together as the fruit of the tree 
which bears it. 
Louis Pasteur (1822-1895).


