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FATORES LIMITANTES 

DA PRODUTIVIDADE
Alta densidade de células (10-14%) : deficiências minerais-N,P,Mg,Mn,Zn

Fermentação rápida (6-10 h)

Pressão osmótica (sais, açúcar)

Etanol (7-11%)

Acidez (pH=1.8-2.5)

Temperatura (32 - 40oC)

Contaminação bacteriana

Sulfito, Alumínio, excesso K, Ca, etc
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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
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Objetivo

Aumentar o rendimento em etanol pela

modificação do metabolismo da sacarose

em leveduras



Levedura (Saccharomyces cerevisiae)



Levedura e a Fermentação Alcoólica

Açúcares

Fermentação

Etanol C6H12O6 → 2C2H5OH + 2CO2

Sacarose

Glicose Frutose



Fermentação Alcoólica

NAD+

NADH

CO2

NADH

NAD+

Glicose (6C)

Piruvato (3C)

Etanol

Glicose

Baixo [O2] ou
Anaerobiose

2 ATP
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Sacarose

Glicose + Frutose

Invertase
extracelular

Glc + Fru

Etanol + CO2

4 ATP

4 ATP para cada sacarose

SacaroseSacarose

H+H+

Invertase
intracelular

Santos et al, Arch Biochem Biophys 216 (1982) Stambuk et al, J Biosci Bioeng 89: 212 (2000)

Agt1p Malx1p
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Sacarose

Etanol
CO2

Biomassa

Invertase extracelular

4 ATP
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Glc + Fru

Etanol + CO2

4 ATP
Sacarose (100%)Sacarose

H+H+

Intracellular
Invertase

4 ATP - 1 ATP = 3 ATP para cada sacarose

H+

1 ATP

E se…
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Sacarose

Etanol
CO2

Biomassa

Sacarose

Etanol
CO2

Biomassa

Invertase intracelular

4 ATP 3 ATP

Invertase extracelular



Quanto será o aumento do 
rendimento em etanol sobre 

sacarose (Yeth/s) da linhagem com 
hidrólise intracelular em relação à 

situação normal (hidrólise 
extracelular)?
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Glc + Fru

Etanol + CO2

4 ATP
Sacarose (100%)Sacarose

H+H+

Intracellular
Invertase

4 ATP - 1 ATP = 3 ATP para cada sacarose

H+

1 ATP

Hidrólise intracelular da Sacarose
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Rendimento

Modo de consumo de 
sacarose Variação

Invertase 
Extracelular

Invertase 
Intracelular

YX/S (g DW/g glc eq.) 0,103 0,077 - 25 % 

YETH/S (g /g glc eq.) 0,39 0,42 + 8 %

Tabela: Rendimentos teóricos durante cultivo em quimiostato limitado por 

sacarose em anaerobiose com S. cerevisiae a D = 0,10 h-1.

Previsão dos parâmetros fisiológicos
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INVERTASE extracelular

INVERTASE intracelular

Peptídeo
sinal

99% 1%

X
100%0%

Carlson & Botstein, Cell 28 (1982)

PADH1

Stambuk et al, INPI PI 0901254-0, (2009)
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Linhagens utilizadas no estudo

Stambuk et al, INPI PI 0901254-0, (2009)

Linhagem referência (SUC2)

Linhagem modificada (iSUC2)
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Comparação do metabolismo da sacarose 
em cultivos contínuos

INVERTASE 
EXTRACELULAR

INVERTASE 
INTRACELULAR

SUC2 iSUC2

VS.
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TU Delft - Applikon
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Quimiostato limitado por sacarose em anaerobiose 
D = 0,10 h-1

Parâmetros
Linhagens Comparação

SUC2 iSUC2 Observado Teórico

YX/S (g.g glc eq, -1) 0,092 ± 0,001 0,088 ± 0,001 - 5% - 25 %

YETH/S (g.g glc eq,-1) 0,384 ± 0,005 0,399 ± 0,002 + 4% + 8 %

Residual (g.l-1)

0,05 ± 0 (glc)
0,11 ± 0,03 (fru)

0,00 (suc)

0,09 ± 0,04 (glc)
0,16 ± 0,03 (fru)
1,79 ± 0,23 (suc)

--- ---

Baixa capacidade de 
transporte



Quimiostato como ferramenta para se 
aumentar o transporte de sacarose

Pressão seletiva favorecendo maior afinidade para o substrato limitante (sacarose)

Qualquer modificação/mutação que leve a uma maior velocidade de crescimento em 
uma dada concentração de substrato pode resultar numa maior competitividade

S2

Mutante

S1

µ = D
Original
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Engenharia Evolutiva
(Cultivo contínuo limitado por sacarose)

Células isoladas
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Quimiostato limitado por sacarose em anaerobiose 
D = 0,10 h-1

Parâmetros
Linhagens Variação

SUC2
referência

iSUC2
original

iSUC2
evoluída Observeda Teorética

YX/S (g,g glc eq, -1) 0,092 ± 0,001 0,088 ± 0,001 0,066 ± 0,001 - 27 % - 25 %

YETHANOL/S (g,g glc eq,-1) 0,384 ± 0,005 0,399 ± 0,002 0,421 ± 0,005 + 11 % + 8 %

Residual sugars (g,l-1)

0,05 ± 0 (glc)
0,11 ± 0,03 

(fru)
0,00 (suc)

0,09 ± 0,04 
(glc)

0,16 ± 0,03 
(fru)

1,79 ± 0,23 
(suc)

< 0,01 ± 0 (glc)
0,06 ± 0 (fru)
0,08 ± 0 (suc)

--- ---
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O que mudou?
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IMI056 = iSUC2
IMI-007 = iSUC2 evolved
CEN.PK113-7D = wild type

v carbohydrate metabolism
and transport were 
expressed in the evolved 
strain

v 9 out of 11 genes involved 
in maltose metabolism
showed a strongly increased 
transcript level in the 
evolved strain
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Conclusões

o Através de uma combinação entre engenharia 
metabólica e engenharia evolutiva foi possível 
aumentar em 11% o rendimento em etanol
sobre sacarose


