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Global temperatures directly linked to atmospheric CO2
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Transportation Energy Data Book, Ed. 39 (2021)
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Highest US emissions from transportation
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Highest US emissions from transportation

Transportation Energy Data Book, Ed. 39 (2021)
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Internal combustion fleet will predominate indefinitely

Mtonnes CO2
(2017)

(Gasoline + Diesel)70%

EVs 25–35% in 20 yrs optimistically

of US light duty fleet

6

Electric vehicles

2030 sales forecast

With one eye fi rmly on progress so far, Deloitte has 
analysed the most recent indicators to develop an 
up-to-date prediction of the EV market for the next 
ten years. We know that BEVs already outperform 
PHEVs globally, and predict that by 2030, BEVs 
will likely account for 81 per cent (25.3 million) 
of all new EVs sold. By contrast, PHEV sales are 
expected to reach 5.8 million by 2030. A recovery 
from COVID-19 will see ICE vehicles return to 
growth, up to 2025 (81.7 million), then experience 
a decline in market penetration thereafter.

Our global EV forecast is for a compound annual 
growth rate of 29 per cent achieved over the next 
ten years: Total EV sales growing from 2.5 million 
in 2020 to 11.2 million in 2025, then reaching 31.1 
million by 2030. EVs would secure approximately 
32 per cent of the total market share for new car 
sales (see fi gure 2). Annual car sales are unlikely 
to reach pre-COVID-19 levels until 2024. However, 
the pace of recovery is forecasted to be a result of a 
slowdown in ICE sales; EVs will continue to have a 

positive trajectory during the COVID-19 recovery 
period and may well end up capturing a dispro-
portionate share of the market in the short term. 

Deloitte expects that by 2030 China will hold
49 per cent of the global EV market, Europe will 
account for 27 per cent, and the United States
will hold 14 per cent.

The share of new car sales taken up by EVs will 
vary considerably across markets (see fi gure 3). 
We forecast China to achieve a domestic market 
share of around 48 per cent by 2030 – almost 
double that of the United States (27 per cent), 
and Europe should achieve 42 per cent. But this 
doesn’t tell the whole story. Growth in Northern 
and Western Europe is expected to outstrip that 
in Southern and Eastern Europe as wealthier 
countries (such as the United Kingdom, Germany, 
France, the Netherlands, Nordic countries) likely 
invest more in infrastructure and off er greater cash 
and tax incentives to accelerate initial growth. 

Source: Deloitte analysis, IHS Markit, EV-Volumes.com16

Deloitte Insights | deloitte.com/insights
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FIGURE 2

Outlook for annual global passenger-car and light-duty vehicle sales, to 2030
Global ICE Global BEV Global PHEV
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➞ Renewable liquid combustion biofuels
    critical to global CO2 reduction
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cess, because they fi rst must use enzymes 
to break apart the starch in corn kernels 
into their component glucose molecules. 
The task becomes even more diffi cult when 
using cellulosic feedstocks such as switch-
grass, corn stalks, or wood chips. The sug-
ars in these feedstocks are locked in cellu-
lose, hemicellulose, and lignin, biopolymers 
more complex than starch. Breaking those 
biopolymers into intermediate compounds 
that can be converted to ethanol remains a 
diffi cult problem. Researchers call it “recal-
citrance,” and it currently limits brewers to 
converting just 40% of the energy content 
available in cellulosic feedstocks to etha-
nol. Fermentation, by contrast, converts 
about 90% of the energy in simple sugars to 
ethanol. That means cellulosic 
ethanol plants currently need 
far more raw material than fi rst-
generation plants do to make the 
same amount of ethanol.

Researchers say they are 
making steady, if slow, prog-
ress in increasing the conversion 
rate. They’ve engineered novel 
microbes, for instance, that can 
break down cellulose into fer-
mentable sugars. “The recalci-
trance barrier will fall,” predicts 
Lee Lynd, a metabolic engineer 
at Dartmouth College.

Hitting the blend wall
Even if it does, however, that 
breakthrough may not rejuve-
nate the f ield. That’s because 
there is already an oversupply of f irst-
generation ethanol on the market, Tyner says. 
At the moment, he notes, most ethanol is
used to provide the 10% share in blended
gasoline. But with the U.S. using a total of
about 140 billion gallons of gasoline a year, 
the demand for ethanol is currently capped 
at about 14 billion gallons. Biorefineries 
already make 12.1 billion gallons of corn 
ethanol annually, he notes, and idled plants 
are capable of boosting the total to 15 bil-
lion gallons. The result is that the industry 
has reached a “blend wall,” he says. “There 
is no room for cellulosic ethanol.”

That could change if the government 
and carmakers start pushing cars that run 
on “E85”—a blend of 85% ethanol and 15% 
petroleum—or if cellulosic ethanol brew-
ers figure out how to make their product 

cheaper than corn ethanol. (Cellulosic etha-
nol currently costs about double.) But nei-
ther development is likely anytime soon, and 
that partly explains why investors now shy 
away from backing cellulosic ethanol. The 
recent recession didn’t help. “You can’t get 
a loan to fund an ethanol plant of any kind 
right now because of the blend wall,” says 
Bruce Dale, a chemical engineer and etha-
nol processing expert at Michigan State Uni-
versity, East Lansing.

Policy worries
Investors are also skittish because they aren’t 
sure that government requirements mandat-
ing biofuels, and tax credits supporting them, 
are ironclad. Most of the existing $6 billion a 
year in ethanol subsidies and tax credits are 
currently up for renewal by Congress. Law-
makers have already allowed one tax credit 

for biodiesel to lapse, adding to investors’ 
worries that ethanol subsidies could be next 
on the chopping block. “Until the govern-
ment makes it absolutely clear that this is a 
long-term policy, investors will be reluctant 
to support the industry,” says Sean O’Hanlon, 
the executive director of the American
Biofuels Council in Miami, Florida.

A fi nal challenge facing companies is 
ensuring long-term supplies of feedstock. 
Commercial-scale cellulosic ethanol plants, 
which can cost tens to hundreds of millions 
of dollars to build, are expected to operate 
for 3 decades or more. That means making 
deals with farmers to ensure steady access 
to agricultural wastes and other feedstocks. 
But “we don’t have the supply chain in 
place to provide that much cellulosic mate-
rial,” Dale says. 

Driving forward
Despite all these challenges, analysts say 
Congress, EPA, and others can still make 
cellulosic ethanol viable. One option is 
for the government to alter tax incentives 
for biofuels. The current ethanol tax credit 
simply pays fuel blenders a fl at $0.45 for 
each gallon of ethanol they use. A smarter 
option, UCS’s Martin says, would be to offer 
larger credits to fuels—such as cellulosic
ethanol—that are cleaner than corn ethanol 
or that could displace more gasoline.

Purdue’s Tyner suggests taking this 
approach one step further by linking ethanol 
subsidies to oil prices. Current technology 
produces cellulosic ethanol at prices equiva-
lent to $120 a barrel, he says, well above oil’s 
recent price of about $77 a barrel. Taxpayers 
would make up the difference under Tyner’s 
plan. If oil sold for $80 a barrel, cellulosic eth-

anol makers would get a $40-per-
barrel subsidy; if oil rose to $120 
a barrel, they’d get nothing. The 
sliding system would give cellu-
losic technologies time to become 
competitive and established, he 
argues. Another idea, say Dale 
and others, is simply to require 
that more—or all—new cars be 
able to use E85. The change could 
cost just $100 per car. 

Both ideas have at least some 
support in Congress, but the 
industry won’t know how much 
until work on a new agriculture 
bill moves into high gear later this 
year. Meanwhile, EPA is consid-
ering another option: increasing 
the required amount of ethanol in 
blended fuels to 12% or even 15%. 

That would boost demand from the current 
12.1 billion gallons to as much as 14.6 billion 
gallons. Not everyone is in favor. Carmakers 
say they’ve optimized their engines to run on 
current blends, and they ask who would com-
pensate unhappy car owners if the new blends 
damage engines. EPA is expected to make 
its decision by November; Tyner believes an 
increase to 12% would be “the politically and 
probably technically safe move.”

Even such a boost, however, won’t do much 
to attract new investors to build cellulosic 
ethanol plants, Tyner notes, because compa-
nies could meet the extra demand simply by 
bringing idle corn ethanol plants online. “It’s 
a temporary fi x at best,” he says. Longer-term 
solutions to scaling up cellulosic biofuels, it 
appears, will need to come from the lab—and 
creative policymakers. –ROBERT F. SERVICE
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Growing gap. Energy legislation from 2007 mandates an increasing share of 
cellulosic ethanol (dark green). But the industry is already falling behind.

Fueling doubts. Making ethanol from switchgrass 
(far left) can’t yet compete with corn.
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cess, because they fi rst must use enzymes 
to break apart the starch in corn kernels 
into their component glucose molecules. 
The task becomes even more diffi cult when 
using cellulosic feedstocks such as switch-
grass, corn stalks, or wood chips. The sug-
ars in these feedstocks are locked in cellu-
lose, hemicellulose, and lignin, biopolymers 
more complex than starch. Breaking those 
biopolymers into intermediate compounds 
that can be converted to ethanol remains a 
diffi cult problem. Researchers call it “recal-
citrance,” and it currently limits brewers to 
converting just 40% of the energy content 
available in cellulosic feedstocks to etha-
nol. Fermentation, by contrast, converts 
about 90% of the energy in simple sugars to 
ethanol. That means cellulosic 
ethanol plants currently need 
far more raw material than fi rst-
generation plants do to make the 
same amount of ethanol.

Researchers say they are 
making steady, if slow, prog-
ress in increasing the conversion 
rate. They’ve engineered novel 
microbes, for instance, that can 
break down cellulose into fer-
mentable sugars. “The recalci-
trance barrier will fall,” predicts 
Lee Lynd, a metabolic engineer 
at Dartmouth College.

Hitting the blend wall
Even if it does, however, that 
breakthrough may not rejuve-
nate the f ield. That’s because 
there is already an oversupply of f irst-
generation ethanol on the market, Tyner says. 
At the moment, he notes, most ethanol is
used to provide the 10% share in blended
gasoline. But with the U.S. using a total of
about 140 billion gallons of gasoline a year, 
the demand for ethanol is currently capped 
at about 14 billion gallons. Biorefineries 
already make 12.1 billion gallons of corn 
ethanol annually, he notes, and idled plants 
are capable of boosting the total to 15 bil-
lion gallons. The result is that the industry 
has reached a “blend wall,” he says. “There 
is no room for cellulosic ethanol.”

That could change if the government 
and carmakers start pushing cars that run 
on “E85”—a blend of 85% ethanol and 15% 
petroleum—or if cellulosic ethanol brew-
ers figure out how to make their product 

cheaper than corn ethanol. (Cellulosic etha-
nol currently costs about double.) But nei-
ther development is likely anytime soon, and 
that partly explains why investors now shy 
away from backing cellulosic ethanol. The 
recent recession didn’t help. “You can’t get 
a loan to fund an ethanol plant of any kind 
right now because of the blend wall,” says 
Bruce Dale, a chemical engineer and etha-
nol processing expert at Michigan State Uni-
versity, East Lansing.

Policy worries
Investors are also skittish because they aren’t 
sure that government requirements mandat-
ing biofuels, and tax credits supporting them, 
are ironclad. Most of the existing $6 billion a 
year in ethanol subsidies and tax credits are 
currently up for renewal by Congress. Law-
makers have already allowed one tax credit 

for biodiesel to lapse, adding to investors’ 
worries that ethanol subsidies could be next 
on the chopping block. “Until the govern-
ment makes it absolutely clear that this is a 
long-term policy, investors will be reluctant 
to support the industry,” says Sean O’Hanlon, 
the executive director of the American
Biofuels Council in Miami, Florida.

A fi nal challenge facing companies is 
ensuring long-term supplies of feedstock. 
Commercial-scale cellulosic ethanol plants, 
which can cost tens to hundreds of millions 
of dollars to build, are expected to operate 
for 3 decades or more. That means making 
deals with farmers to ensure steady access 
to agricultural wastes and other feedstocks. 
But “we don’t have the supply chain in 
place to provide that much cellulosic mate-
rial,” Dale says. 

Driving forward
Despite all these challenges, analysts say 
Congress, EPA, and others can still make 
cellulosic ethanol viable. One option is 
for the government to alter tax incentives 
for biofuels. The current ethanol tax credit 
simply pays fuel blenders a fl at $0.45 for 
each gallon of ethanol they use. A smarter 
option, UCS’s Martin says, would be to offer 
larger credits to fuels—such as cellulosic
ethanol—that are cleaner than corn ethanol 
or that could displace more gasoline.

Purdue’s Tyner suggests taking this 
approach one step further by linking ethanol 
subsidies to oil prices. Current technology 
produces cellulosic ethanol at prices equiva-
lent to $120 a barrel, he says, well above oil’s 
recent price of about $77 a barrel. Taxpayers 
would make up the difference under Tyner’s 
plan. If oil sold for $80 a barrel, cellulosic eth-

anol makers would get a $40-per-
barrel subsidy; if oil rose to $120 
a barrel, they’d get nothing. The 
sliding system would give cellu-
losic technologies time to become 
competitive and established, he 
argues. Another idea, say Dale 
and others, is simply to require 
that more—or all—new cars be 
able to use E85. The change could 
cost just $100 per car. 

Both ideas have at least some 
support in Congress, but the 
industry won’t know how much 
until work on a new agriculture 
bill moves into high gear later this 
year. Meanwhile, EPA is consid-
ering another option: increasing 
the required amount of ethanol in 
blended fuels to 12% or even 15%. 

That would boost demand from the current 
12.1 billion gallons to as much as 14.6 billion 
gallons. Not everyone is in favor. Carmakers 
say they’ve optimized their engines to run on 
current blends, and they ask who would com-
pensate unhappy car owners if the new blends 
damage engines. EPA is expected to make 
its decision by November; Tyner believes an 
increase to 12% would be “the politically and 
probably technically safe move.”

Even such a boost, however, won’t do much 
to attract new investors to build cellulosic 
ethanol plants, Tyner notes, because compa-
nies could meet the extra demand simply by 
bringing idle corn ethanol plants online. “It’s 
a temporary fi x at best,” he says. Longer-term 
solutions to scaling up cellulosic biofuels, it 
appears, will need to come from the lab—and 
creative policymakers. –ROBERT F. SERVICE
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Growing gap. Energy legislation from 2007 mandates an increasing share of 
cellulosic ethanol (dark green). But the industry is already falling behind.

Fueling doubts. Making ethanol from switchgrass 
(far left) can’t yet compete with corn.
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cess, because they fi rst must use enzymes 
to break apart the starch in corn kernels 
into their component glucose molecules. 
The task becomes even more diffi cult when 
using cellulosic feedstocks such as switch-
grass, corn stalks, or wood chips. The sug-
ars in these feedstocks are locked in cellu-
lose, hemicellulose, and lignin, biopolymers 
more complex than starch. Breaking those 
biopolymers into intermediate compounds 
that can be converted to ethanol remains a 
diffi cult problem. Researchers call it “recal-
citrance,” and it currently limits brewers to 
converting just 40% of the energy content 
available in cellulosic feedstocks to etha-
nol. Fermentation, by contrast, converts 
about 90% of the energy in simple sugars to 
ethanol. That means cellulosic 
ethanol plants currently need 
far more raw material than fi rst-
generation plants do to make the 
same amount of ethanol.

Researchers say they are 
making steady, if slow, prog-
ress in increasing the conversion 
rate. They’ve engineered novel 
microbes, for instance, that can 
break down cellulose into fer-
mentable sugars. “The recalci-
trance barrier will fall,” predicts 
Lee Lynd, a metabolic engineer 
at Dartmouth College.

Hitting the blend wall
Even if it does, however, that 
breakthrough may not rejuve-
nate the f ield. That’s because 
there is already an oversupply of f irst-
generation ethanol on the market, Tyner says. 
At the moment, he notes, most ethanol is
used to provide the 10% share in blended
gasoline. But with the U.S. using a total of
about 140 billion gallons of gasoline a year, 
the demand for ethanol is currently capped 
at about 14 billion gallons. Biorefineries 
already make 12.1 billion gallons of corn 
ethanol annually, he notes, and idled plants 
are capable of boosting the total to 15 bil-
lion gallons. The result is that the industry 
has reached a “blend wall,” he says. “There 
is no room for cellulosic ethanol.”

That could change if the government 
and carmakers start pushing cars that run 
on “E85”—a blend of 85% ethanol and 15% 
petroleum—or if cellulosic ethanol brew-
ers figure out how to make their product 

cheaper than corn ethanol. (Cellulosic etha-
nol currently costs about double.) But nei-
ther development is likely anytime soon, and 
that partly explains why investors now shy 
away from backing cellulosic ethanol. The 
recent recession didn’t help. “You can’t get 
a loan to fund an ethanol plant of any kind 
right now because of the blend wall,” says 
Bruce Dale, a chemical engineer and etha-
nol processing expert at Michigan State Uni-
versity, East Lansing.

Policy worries
Investors are also skittish because they aren’t 
sure that government requirements mandat-
ing biofuels, and tax credits supporting them, 
are ironclad. Most of the existing $6 billion a 
year in ethanol subsidies and tax credits are 
currently up for renewal by Congress. Law-
makers have already allowed one tax credit 

for biodiesel to lapse, adding to investors’ 
worries that ethanol subsidies could be next 
on the chopping block. “Until the govern-
ment makes it absolutely clear that this is a 
long-term policy, investors will be reluctant 
to support the industry,” says Sean O’Hanlon, 
the executive director of the American
Biofuels Council in Miami, Florida.

A fi nal challenge facing companies is 
ensuring long-term supplies of feedstock. 
Commercial-scale cellulosic ethanol plants, 
which can cost tens to hundreds of millions 
of dollars to build, are expected to operate 
for 3 decades or more. That means making 
deals with farmers to ensure steady access 
to agricultural wastes and other feedstocks. 
But “we don’t have the supply chain in 
place to provide that much cellulosic mate-
rial,” Dale says. 

Driving forward
Despite all these challenges, analysts say 
Congress, EPA, and others can still make 
cellulosic ethanol viable. One option is 
for the government to alter tax incentives 
for biofuels. The current ethanol tax credit 
simply pays fuel blenders a fl at $0.45 for 
each gallon of ethanol they use. A smarter 
option, UCS’s Martin says, would be to offer 
larger credits to fuels—such as cellulosic
ethanol—that are cleaner than corn ethanol 
or that could displace more gasoline.

Purdue’s Tyner suggests taking this 
approach one step further by linking ethanol 
subsidies to oil prices. Current technology 
produces cellulosic ethanol at prices equiva-
lent to $120 a barrel, he says, well above oil’s 
recent price of about $77 a barrel. Taxpayers 
would make up the difference under Tyner’s 
plan. If oil sold for $80 a barrel, cellulosic eth-

anol makers would get a $40-per-
barrel subsidy; if oil rose to $120 
a barrel, they’d get nothing. The 
sliding system would give cellu-
losic technologies time to become 
competitive and established, he 
argues. Another idea, say Dale 
and others, is simply to require 
that more—or all—new cars be 
able to use E85. The change could 
cost just $100 per car. 

Both ideas have at least some 
support in Congress, but the 
industry won’t know how much 
until work on a new agriculture 
bill moves into high gear later this 
year. Meanwhile, EPA is consid-
ering another option: increasing 
the required amount of ethanol in 
blended fuels to 12% or even 15%. 

That would boost demand from the current 
12.1 billion gallons to as much as 14.6 billion 
gallons. Not everyone is in favor. Carmakers 
say they’ve optimized their engines to run on 
current blends, and they ask who would com-
pensate unhappy car owners if the new blends 
damage engines. EPA is expected to make 
its decision by November; Tyner believes an 
increase to 12% would be “the politically and 
probably technically safe move.”

Even such a boost, however, won’t do much 
to attract new investors to build cellulosic 
ethanol plants, Tyner notes, because compa-
nies could meet the extra demand simply by 
bringing idle corn ethanol plants online. “It’s 
a temporary fi x at best,” he says. Longer-term 
solutions to scaling up cellulosic biofuels, it 
appears, will need to come from the lab—and 
creative policymakers. –ROBERT F. SERVICE
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Growing gap. Energy legislation from 2007 mandates an increasing share of 
cellulosic ethanol (dark green). But the industry is already falling behind.

Fueling doubts. Making ethanol from switchgrass 
(far left) can’t yet compete with corn.
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cess, because they fi rst must use enzymes 
to break apart the starch in corn kernels 
into their component glucose molecules. 
The task becomes even more diffi cult when 
using cellulosic feedstocks such as switch-
grass, corn stalks, or wood chips. The sug-
ars in these feedstocks are locked in cellu-
lose, hemicellulose, and lignin, biopolymers 
more complex than starch. Breaking those 
biopolymers into intermediate compounds 
that can be converted to ethanol remains a 
diffi cult problem. Researchers call it “recal-
citrance,” and it currently limits brewers to 
converting just 40% of the energy content 
available in cellulosic feedstocks to etha-
nol. Fermentation, by contrast, converts 
about 90% of the energy in simple sugars to 
ethanol. That means cellulosic 
ethanol plants currently need 
far more raw material than fi rst-
generation plants do to make the 
same amount of ethanol.

Researchers say they are 
making steady, if slow, prog-
ress in increasing the conversion 
rate. They’ve engineered novel 
microbes, for instance, that can 
break down cellulose into fer-
mentable sugars. “The recalci-
trance barrier will fall,” predicts 
Lee Lynd, a metabolic engineer 
at Dartmouth College.

Hitting the blend wall
Even if it does, however, that 
breakthrough may not rejuve-
nate the f ield. That’s because 
there is already an oversupply of f irst-
generation ethanol on the market, Tyner says. 
At the moment, he notes, most ethanol is
used to provide the 10% share in blended
gasoline. But with the U.S. using a total of
about 140 billion gallons of gasoline a year, 
the demand for ethanol is currently capped 
at about 14 billion gallons. Biorefineries 
already make 12.1 billion gallons of corn 
ethanol annually, he notes, and idled plants 
are capable of boosting the total to 15 bil-
lion gallons. The result is that the industry 
has reached a “blend wall,” he says. “There 
is no room for cellulosic ethanol.”

That could change if the government 
and carmakers start pushing cars that run 
on “E85”—a blend of 85% ethanol and 15% 
petroleum—or if cellulosic ethanol brew-
ers figure out how to make their product 

cheaper than corn ethanol. (Cellulosic etha-
nol currently costs about double.) But nei-
ther development is likely anytime soon, and 
that partly explains why investors now shy 
away from backing cellulosic ethanol. The 
recent recession didn’t help. “You can’t get 
a loan to fund an ethanol plant of any kind 
right now because of the blend wall,” says 
Bruce Dale, a chemical engineer and etha-
nol processing expert at Michigan State Uni-
versity, East Lansing.

Policy worries
Investors are also skittish because they aren’t 
sure that government requirements mandat-
ing biofuels, and tax credits supporting them, 
are ironclad. Most of the existing $6 billion a 
year in ethanol subsidies and tax credits are 
currently up for renewal by Congress. Law-
makers have already allowed one tax credit 

for biodiesel to lapse, adding to investors’ 
worries that ethanol subsidies could be next 
on the chopping block. “Until the govern-
ment makes it absolutely clear that this is a 
long-term policy, investors will be reluctant 
to support the industry,” says Sean O’Hanlon, 
the executive director of the American
Biofuels Council in Miami, Florida.

A fi nal challenge facing companies is 
ensuring long-term supplies of feedstock. 
Commercial-scale cellulosic ethanol plants, 
which can cost tens to hundreds of millions 
of dollars to build, are expected to operate 
for 3 decades or more. That means making 
deals with farmers to ensure steady access 
to agricultural wastes and other feedstocks. 
But “we don’t have the supply chain in 
place to provide that much cellulosic mate-
rial,” Dale says. 

Driving forward
Despite all these challenges, analysts say 
Congress, EPA, and others can still make 
cellulosic ethanol viable. One option is 
for the government to alter tax incentives 
for biofuels. The current ethanol tax credit 
simply pays fuel blenders a fl at $0.45 for 
each gallon of ethanol they use. A smarter 
option, UCS’s Martin says, would be to offer 
larger credits to fuels—such as cellulosic
ethanol—that are cleaner than corn ethanol 
or that could displace more gasoline.

Purdue’s Tyner suggests taking this 
approach one step further by linking ethanol 
subsidies to oil prices. Current technology 
produces cellulosic ethanol at prices equiva-
lent to $120 a barrel, he says, well above oil’s 
recent price of about $77 a barrel. Taxpayers 
would make up the difference under Tyner’s 
plan. If oil sold for $80 a barrel, cellulosic eth-

anol makers would get a $40-per-
barrel subsidy; if oil rose to $120 
a barrel, they’d get nothing. The 
sliding system would give cellu-
losic technologies time to become 
competitive and established, he 
argues. Another idea, say Dale 
and others, is simply to require 
that more—or all—new cars be 
able to use E85. The change could 
cost just $100 per car. 

Both ideas have at least some 
support in Congress, but the 
industry won’t know how much 
until work on a new agriculture 
bill moves into high gear later this 
year. Meanwhile, EPA is consid-
ering another option: increasing 
the required amount of ethanol in 
blended fuels to 12% or even 15%. 

That would boost demand from the current 
12.1 billion gallons to as much as 14.6 billion 
gallons. Not everyone is in favor. Carmakers 
say they’ve optimized their engines to run on 
current blends, and they ask who would com-
pensate unhappy car owners if the new blends 
damage engines. EPA is expected to make 
its decision by November; Tyner believes an 
increase to 12% would be “the politically and 
probably technically safe move.”

Even such a boost, however, won’t do much 
to attract new investors to build cellulosic 
ethanol plants, Tyner notes, because compa-
nies could meet the extra demand simply by 
bringing idle corn ethanol plants online. “It’s 
a temporary fi x at best,” he says. Longer-term 
solutions to scaling up cellulosic biofuels, it 
appears, will need to come from the lab—and 
creative policymakers. –ROBERT F. SERVICE
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Growing gap. Energy legislation from 2007 mandates an increasing share of 
cellulosic ethanol (dark green). But the industry is already falling behind.

Fueling doubts. Making ethanol from switchgrass 
(far left) can’t yet compete with corn.
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On the flat plains of Kansas, a stack 
of gleaming steel towers and pipes 
stretches 16 storeys into the sky. More 

than 1,000 construction workers toiled to 
complete the ethanol plant near the town of 
Hugoton, and its owners expect it to join a 
fermented-fuel revolution. 

But unlike most ethanol factories, in which 
yeast feeds on sugars in foodstuffs such as 
maize (corn) kernels, the Hugoton facility 
will make use of what has been, until now, 
agricultural waste: cellulose. Thousands of 
tonnes of corn stover — the leaves, stalks and 
husks left over after the maize harvest — are 
already waiting, stacked in square bales, at the 
1.6-square-kilometre site. By June, the plant 
will begin processing the stover into ethanol, 
which will be blended with petrol and end up 
in vehicle fuel tanks. 

The plant, which is owned by multi national 
company Abengoa of Seville, Spain, is one of 
three US facilities that should start commercial 
production of cellulosic ethanol in the next few 
months (the others are both in Iowa, one run by 
POET-DSM Advanced Biofuels and the other 

by DuPont). The industry has long promised 
that this second-generation biofuel will cut 
greenhouse-gas emissions, reduce US reliance 
on imported oil and boost rural economies. Yet 
just as the fuel is on the cusp of making it big, 
market forces and government policies could 
choke its progress. “This is going to be a very 
critical year,” says Zia Haq, a chemical engi-
neer and senior analyst at the US Department 
of Energy, which has 
helped to fund the 
plants. The challenges 
have already pushed 
some researchers and 
companies towards 
an alternative approach that converts cellulose 
into hydrocarbon fuels using chemical rather 
than biological processes.

With more than 200 operating plants, the 
corn-ethanol industry is well established in 
the United States. Its dramatic growth has 
been driven by tax credits and the Renewable 
Fuel Standard (RFS), created by law in 2005 
and extended in 2007. Administered by the 
US Environmental Protection Agency (EPA), 
the standard mandates annual increases 
in the volumes of various renewable fuels 

included in the country’s fuel supply. In its 
early years, the law emphasized the produc-
tion of corn ethanol, considered ripe for early 
commercialization. 

Yet corn ethanol comes with problems. It 
offers only modest savings in greenhouse-gas 
emissions compared to petrol (see Nature 499, 
13–14; 2013). Production is vulnerable to poor 
harvests and can contribute to increased food 
prices because the maize must be grown on 
land that would otherwise be used for food. 
Tapping the storehouse of biomass left after 
the harvest is much less controversial. Ethanol 
made from corn stover produces at least 60% 
less greenhouse-gas emissions than petrol, and 
making it does not require any extra farmland.

Brewing such cellulosic ethanol, however, 
is hard. Producers must dismember large, 
indigestible molecules such as cellulose and 
hemicellulose to yield fermentable sugars. 
The process requires the biomass to be ground 
up and pretreated with acids. A cocktail of 
enzymes must then be applied to chop up the 
tough biological polymers inside — all before 
the yeast is added to the resulting sugars. 
Hence the scale of Abengoa’s processing facil-
ity, much larger and more expensive than any 
corn-ethanol plant. According to the RFS, 
commercial production of cellulosic ethanol 
was meant to start around 2010, but that did 
not happen. With patchy investment backing, 
many companies have fallen by the wayside.

BLEND WALL
Part of the problem is that the ethanol mar-
ket is already saturated. In 2012, the industry 
produced more than 50 billion litres of corn 
ethanol, comprising 10% of US transportation 
fuel — enough to completely satisfy demand 
for the E10 petrol blend that most vehicles now 
burn (see ‘Hitting the wall’). This ‘blend wall’ 
puts an upper limit on the amount of ethanol 
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Cellulosic ethanol 
fights for life
Pioneering biofuel producers hope that US government 
largesse will ease their way into a tough market.

The Abengoa cellulosic ethanol plant near Hugoton, Kansas, will start production this year.

“We don’t  
have room 
for any more 
ethanol.”
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made from corn stover produces at least 60% 
less greenhouse-gas emissions than petrol, and 
making it does not require any extra farmland.
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is hard. Producers must dismember large, 
indigestible molecules such as cellulose and 
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tough biological polymers inside — all before 
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many companies have fallen by the wayside.

BLEND WALL
Part of the problem is that the ethanol mar-
ket is already saturated. In 2012, the industry 
produced more than 50 billion litres of corn 
ethanol, comprising 10% of US transportation 
fuel — enough to completely satisfy demand 
for the E10 petrol blend that most vehicles now 
burn (see ‘Hitting the wall’). This ‘blend wall’ 
puts an upper limit on the amount of ethanol 

E N E R G Y

Cellulosic ethanol 
fights for life
Pioneering biofuel producers hope that US government 
largesse will ease their way into a tough market.

The Abengoa cellulosic ethanol plant near Hugoton, Kansas, will start production this year.

“We don’t  
have room 
for any more 
ethanol.”

AB
EN

G
O

A 
B

IO
EN

ER
G

Y

1 5 2  |  N A T U R E  |  V O L  5 0 7  |  1 3  M A R C H  2 0 1 4

IN FOCUSNEWS

© 2014 Macmillan Publishers Limited. All rights reserved

6/1/2015, 8:40 PMDon’t Hold Your Breath for Cellulosic Ethanol | MIT Technology Review

Page 1 of 2http://www.technologyreview.com/news/517816/the-cellulosic-ethanol-industry-faces-big-challenges/

 

0;b8G8KPb0WNNKUb1Pb�WIWU6b�(�b(��)

The Cellulosic Ethanol Industry Faces Big
Challenges
��������.�������	��-���.�����������.���.
����	��������.
������

�bUGTKGUb1HbEGNNWN1UKE�DK1HWGNbRNCP6UbCTGbHKPCNN;bU6CT6KPIb61bE1OGb1PbNKPGbCH6GTb;GCTUb1HbFGNC;�b0W6b6*GbPG9
9C8Gb1HbRNCP6b1RGPKPIU�bI11FbPG9UbCUbK6bKUbH1Tb6*GbGOGTIKPIbKPFWU6T;�bCNU1bU*19UbLWU6b*19bHCTbK6bU6KNNb*CU
61bI1�

�CU6b9GGM�b6*GbE*GOKECNbE1ORCP;b7PG1UbU6CT6GFbOCMKPIbG6*CP1NbHT1Ob911FbE*KRUbCPFb16*GTbRNCP6
OC6GTKCNUbC6bCbHCEKNK6;bKPb�N1TKFC�b6*C6bECPbRT1FWEGbWRb61b,�
bOKNNK1PbICNN1PUb1HbHWGNbCb;GCT�b0;bPG:6b;GCT
O1TGb6*CPbCbF1<GPbOWN6KOKNNK1P�ICNN1PbRNCP6UbCTGbUE*GFWNGFb61bDGbHKPKU*GFbKPb6*GbA���b�N6*1WI*b6*GbRNCP6U
CTGbE1PUKFGTGFbE1OOGTEKCNbUECNG�b6*G;?TGbU6KNNbTGNC6K8GN;bUOCNNbE1ORCTGFb9K6*bE1TPbG6*CP1NbRNCP6U�b9*KE*
1H6GPbRT1FWEGb���bOKNNK1PbICNN1PUb1HbHWGNbRGTb;GCT�

 *GbHCEKNK6KGUb91P?6bE1OGbEN1UGb61bOGG6KPIb6*GbTGSWKTGOGP6UbUG6b1W6bD;b6*Gb(���bTGPG9CDNG�HWGN
U6CPFCTF�b9*KE*b9CUbEGP6TCNb61b�TGUKFGP6b0WU*?UbGHH1T6Ub61bDTKPIbHWGNUbOCFGbHT1ObDK1OCUUb61bOCTMG6�
B*C6?UbO1TG�bOCP;b1Hb6*GbPG9bRNCP6Ub9KNNbU6TWIINGbKPbCPbCNTGCF;bUC6WTC6GFbG6*CP1NbOCTMG6�

1GNNWN1UKEbDK1HWGNU�bOCFGbHT1ObOC6GTKCNUbUWE*bCUb911FbE*KRUbCPFbE1TPbU6CNMU�b9GTGbOCPFC6GFbCUbRCT6b1H
6*Gb3PGTI;b7PFGRGPFGPEGbCPFb�GEWTK6;b�E6b1Hb(����b *G;b9GTGbUWRR1UGFb61b*GNRbGPFb9*C6b0WU*bECNNGF
�OGTKEC?Ub@CFFKE6K1Pb61b1KN�ab *GbTGPG9CDNG�HWGNbU6CPFCTFbECNNGFbH1TbCbTCRKFbKPETGCUGbKPb6*GbCO1WP6b1HbHWGN
6*C6bE1OGUbHT1ObE1P8GP6K1PCNbE1TP�DCUGFbG6*CP1NbCUb9GNNbCUbEGNNWN1UKEbG6*CP1N�

11TPbG6*CP1NbRT1FWE6K1PbUWTIGF�bDW6bEGNNWN1UKE�G6*CP1NbRT1FWE6K1Pb*CUbDGGPbFGNC;GFbD16*bD;b6GE*PKECN
E*CNNGPIGUbCPFbD;bCbNCEMb1HbHWPFUbH1TbE1OOGTEKCNbRNCP6U�b *GbTGPG9CDNG�HWGNbU6CPFCTFb1TKIKPCNN;bECNNGF
H1TbCbDKNNK1PbICNN1PUb1HbEGNNWN1UKEbG6*CP1Nb61bDGbDNGPFGFbKP61b6*GbPC6K1P?UbHWGNbUWRRNKGUb6*KUb;GCT�bDW6b6*G
3P8KT1POGP6CNb�T16GE6K1Pb�IGPE;b*CUbTGFWEGFb6*Gb6CTIG6b61bLWU6bUK:bOKNNK1PbICNN1PU�b;G:6b;GCT?Ub6CTIG6bKU
���
bDKNNK1P�bDW6b6*Gb3��bKUbG:RGE6GFb61bUG6bCbPG9bNG8GNbDCUGFb1Pb9*C6bK6bG:RGE6UbE1ORCPKGUbECPbRT1FWEG�

ethanolyeast



VerisonVerison

CO2

X(~1B ton / yr)

ligno-
cellulosic 
biomass

(1B ton / yr)oil

ethanolyeast



VerisonVerison

lignocellulose yeast
ethanol



VerisonVerison

lignocellulose yeast
ethanol



Origin of ethanol tolerance unknown

Copyright ! 2010 by the Genetics Society of America
DOI: 10.1534/genetics.110.121871

Exploiting Natural Variation in Saccharomyces cerevisiae to Identify Genes
for Increased Ethanol Resistance

Jeffrey A. Lewis,*,† Isaac M. Elkon,*,† Mick A. McGee,†,‡ Alan J. Higbee†,‡

and Audrey P. Gasch*,†,§,1

*Laboratory of Genetics, †Great Lakes Bioenergy Research Center, ‡Biotechnology Center, and §Genome Center of Wisconsin,
University of Wisconsin, Madison, Wisconsin 53706

Manuscript received August 5, 2010
Accepted for publication September 18, 2010

ABSTRACT
Ethanol production from lignocellulosic biomass holds promise as an alternative fuel. However,

industrial stresses, including ethanol stress, limit microbial fermentation and thus prevent cost
competitiveness with fossil fuels. To identify novel engineering targets for increased ethanol tolerance,
we took advantage of natural diversity in wild Saccharomyces cerevisiae strains. We previously showed that an
S288c-derived lab strain cannot acquire higher ethanol tolerance after a mild ethanol pretreatment, which
is distinct from other stresses. Here, we measured acquired ethanol tolerance in a large panel of wild
strains and show that most strains can acquire higher tolerance after pretreatment. We exploited this
major phenotypic difference to address the mechanism of acquired ethanol tolerance, by comparing the
global gene expression response to 5% ethanol in S288c and two wild strains. Hundreds of genes showed
variation in ethanol-dependent gene expression across strains. Computational analysis identified several
transcription factor modules and known coregulated genes as differentially expressed, implicating genetic
variation in the ethanol signaling pathway. We used this information to identify genes required for
acquisition of ethanol tolerance in wild strains, including new genes and processes not previously linked
to ethanol tolerance, and four genes that increase ethanol tolerance when overexpressed. Our approach
shows that comparative genomics across natural isolates can quickly identify genes for industrial
engineering while expanding our understanding of natural diversity.

CELLULOSIC materials are an attractive source for
biofuel production, given the availability of

agricultural residues that do not directly compete with
food sources (Solomon 2010). However, fermentation
of cellulosic biomass is problematic. Stressful by-
products generated during preprocessing, coupled
with the unique composition of pentose and hexose
sugars, limit microbial ethanol production. Significant
attention is therefore being dedicated toward engi-
neering stress-tolerance microbes for cellulosic fer-
mentation.

Saccharomyces cerevisiae has been the organism of
choice for ethanol production, because of its inherent
ethanol tolerance. However, high ethanol levels can still
inhibit viability and fermentation, and engineering
greater ethanol resistance has led to improved bioetha-
nol production (Alper et al. 2006). Ethanol affectsmany
cellular processes, including membrane fluidity, pro-
tein stability, and energy status (reviewed recently in
Stanley et al. 2010). Recent genetic screens have

implicated additional genes important for ethanol
tolerance, including those involved in vacuolar, perox-
isomal, and vesicular transport,mitochondrial function,
protein sorting, and aromatic amino acid metabolism
(Kubota et al. 2004; Fujita et al. 2006; Van Voorst et al.
2006; Teixeira et al. 2009; Yoshikawa et al. 2009). Yet
despite the attention to the mechanism of ethanol
tolerance, significant gaps in our knowledge remain.
Several studies have also investigated the global gene

expression response to ethanol (Alexandre et al. 2001;
Chandler et al. 2004; Fujita et al. 2004; Hirasawa et al.
2007). However, mutational analysis shows that most
genes upregulated by ethanol are not required for
ethanol tolerance (Yoshikawa et al. 2009). Thus, gene
expression responses in a single strain are poor pre-
dictors of genes important for tolerance of the initial
stressor. Instead, we have argued that the role of stress-
dependent gene expression changes is not to survive the
initial stress, but rather to protect cells against impend-
ing stress in a phenomenon known as acquired stress
resistance (Berry and Gasch 2008). When cells are
pretreated with a mild stress, they often acquire toler-
ance to what would otherwise be a lethal dose of the
same or other stresses. Consistently, the gene expression
response triggered by a single stress treatment has no

Supporting information is available online at http://www.genetics.org/
cgi/content/full/genetics.110.121871/DC1.

1Corresponding author: Department of Genetics, 425 Henry Mall,
University of Wisconsin, Madison, WI 53706.
E-mail: agasch@wisc.edu

Genetics 186: 1197–1205 (December 2010)

Yeast
Yeast 2006; 23: 351–359.
Published online in Wiley InterScience (www.interscience.wiley.com). DOI: 10.1002/yea.1359

Research Article

Genome-wide identification of genes required for
growth of Saccharomyces cerevisiae under ethanol
stress
Frank van Voorst, Jens Houghton-Larsen, Lars Jønson#, Morten C. Kielland-Brandt and Anders Brandt*
Carlsberg Laboratory, Gamle Carlsberg Vej 10, DK-2500 Copenhagen Valby, Denmark

*Correspondence to:
Anders Brandt, Carlsberg
Laboratory, Gamle Carlsberg Vej
10, DK-2500 Copenhagen
Valby, Denmark.
E-mail: anders.brandt@crc.dk

#Present address: Department of
Clinical Biochemistry,
Rigshospitalet, Blegdamsvej 9,
DK-2100 Copenhagen,
Denmark.

Received: 28 September 2005
Accepted: 31 January 2006

Abstract
The Saccharomyces cerevisiae deletion collection was screened for impaired growth on
glucose-based complex medium containing 6% ethanol. Forty-six mutants were found.
Genes encoding proteins involved in vacuolar function, the cell integrity pathway,
mitochondrial function, subunits of the co-chaperone complex GimC and components
of the SAGA transcription factor complex were in this way found to be important
for the growth of wild-type Saccharomyces yeast in the presence of ethanol. Several
mutants were also sensitive to Calcofluor white (14 mutants), sorbic acid (9), increased
temperature (5) and NaCl (3). The transcription factors Msn2p and Ars1p, tagged
with green fluorescent protein, were translocated to the nucleus upon ethanol stress.
Only one of the genes that contain STRE elements in the promoter was important
under ethanol stress; this was TPS1, encoding trehalose 6-phosphate synthase. The
map kinase of the cell integrity pathway, Slt2p, was phosphorylated when cells were
treated with 6% ethanol. Two out of three mutants tested fermented 20% glucose
more slowly than the wild-type. Copyright © 2006 John Wiley & Sons, Ltd.

Keywords: ethanol sensitivity; cell integrity; Calcofluor white; high-gravity fermen-
tation; GFP

Introduction

In the process of beer fermentation, the primary
role of yeast is the conversion of wort sugars
to alcohol and carbon dioxide. During fermen-
tation, yeast is exposed to many environmental
stresses, to which it responds by adjusting its gene
expression (Olesen et al., 2002; James et al., 2003).
These stresses become more severe when high-
gravity worts, containing high concentrations of
fermentable sugars, are used. Initially the yeast will
be exposed to high osmolarity caused by the high
sugar concentrations. In the fermentor the yeast has
to face problems such as anaerobiosis, high ethanol
concentrations, internal acidification and depletion
of nutrients. All these factors affect vitality and via-
bility of the yeast (Gasch and Werner-Washburne,
2002). Knowledge of how the yeast adapts to
these conditions will be useful for the selection of
improved strains for high-gravity applications.

Many details are known about the stress res-
ponses of yeast. Sensing osmotic stress involves the
plasma membrane proteins Sln1p and Sho1p, which
activate a signal transduction pathway, leading to
the activation of the MAP kinase Hog1p. Hog1p
activates at least five transcription factors, Hot1p,
Sko1p, Smp1p, Msn2p and Msn4p, leading to the
expression of genes involved in glycerol synthesis
and osmostress resistance (Hohmann, 2002). The
latter two transcription factors are also involved
in the general stress response. One of the genes
most responsive to high osmolarity is the yeast
glycerol transporter Stl1p (Ferreira et al., 2005).
Although the Hog1p pathway is activated, osmotic
stress was suggested not to be critical for high-
gravity fermentation (Hammond, 2001).

The presence of low-molecular-weight organic
acids in combination with a low pH leads to
diffusion of the protonated acids through the
plasma membrane of the yeast cell. The neutral
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In this investigation, we examined the effects of different unsaturated fatty acid compositions of Saccharo-
myces cerevisiae on the growth-inhibiting effects of ethanol. The unsaturated fatty acid (UFA) composition of S.
cerevisiae is relatively simple, consisting almost exclusively of the mono-UFAs palmitoleic acid (!9Z-C16:1) and
oleic acid (!9Z-C18:1), with the former predominating. Both UFAs are formed in S. cerevisiae by the oxygen- and
NADH-dependent desaturation of palmitic acid (C16:0) and stearic acid (C18:0), respectively, catalyzed by a
single integral membrane desaturase encoded by the OLE1 gene. We systematically altered the UFA compo-
sition of yeast cells in a uniform genetic background (i) by genetic complementation of a desaturase-deficient
ole1 knockout strain with cDNA expression constructs encoding insect desaturases with distinct regioselec-
tivities (i.e., !9 and !11) and substrate chain-length preferences (i.e., C16:0 and C18:0); and, (ii) by supple-
mentation of the same strain with synthetic mono-UFAs. Both experimental approaches demonstrated that
oleic acid is the most efficacious UFA in overcoming the toxic effects of ethanol in growing yeast cells.
Furthermore, the only other UFA tested that conferred a nominal degree of ethanol tolerance is cis-vaccenic
acid (!11Z-C18:1), whereas neither !11Z-C16:1 nor palmitoleic acid (!9Z-C16:1) conferred any ethanol tolerance.
We also showed that the most ethanol-tolerant transformant, which expresses the insect desaturase TniNPVE,
produces twice as much oleic acid as palmitoleic acid in the absence of ethanol and undergoes a fourfold
increase in the ratio of oleic acid to palmitoleic acid in response to exposure to 5% ethanol. These findings are
consistent with the hypothesis that ethanol tolerance in yeast results from incorporation of oleic acid into lipid
membranes, effecting a compensatory decrease in membrane fluidity that counteracts the fluidizing effects of
ethanol.

Ethanol is well known as an inhibitor of growth of microor-
ganisms. It has been reported to damage mitochondrial DNA
in yeast cells (13) and to cause inactivation of some enzymes,
such as hexokinase (2) and dehydrogenase (23). Nevertheless,
some strains of the yeast Saccharomyces cerevisiae show toler-
ance and can adapt to high concentrations of ethanol (1, 9).
Many studies have documented the alteration of cellular lipid
composition in response to ethanol exposure. (4, 8, 14, 16, 21,
32). It has been found that S. cerevisiae cells grown in the
presence of ethanol appear to increase the amount of mono-
unsaturated fatty acids in cellular lipids (1, 4, 26). Since cell
membranes have received extensive consideration as primary
targets of ethanol stress, many reports have suggested a rela-
tionship between the fatty acid compositions of lipid mem-
branes and ethanol stress tolerance (1, 4, 9, 21, 26). Although
the correlation between ethanol tolerance and increased de-
gree of fatty acid unsaturation of membrane lipids of S. cer-
evisiae is well documented, a causal relationship is not yet
established.

Unlike in most other fungi (33), the predominant unsatur-
ated fatty acids (UFAs) of S. cerevisiae are the mono-UFAs

palmitoleic acid ("9Z-C16:1) and oleic acid ("9Z-C18:1), pro-
duced by the formation of a Z (cis) double bond between
carbon atoms 9 and 10 of saturated 16- and 18-carbon fatty
acids. These UFAs play an essential role in homeoviscous
adaptation (11) and are synthesized in fungal and animal cells
by acyl coenzyme A (CoA) "9Z-desaturases (3, 5, 30, 31),
which have significant levels of conservation of amino acid
sequence and inferred transmembrane structure (20, 31).
Functional replacement of OLE1 with a cDNA encoding a rat
desaturase indicates conservation of the functional interactions
between desaturases and two essential electron transport com-
ponents of the active desaturase complex, cytochrome b5 (a
hemoprotein) and cytochrome b5 reductase (flavoprotein) (12,
22, 24, 27, 28). Recently, cDNAs encoding integral membrane
desaturases of lepidopteran insects (moths) have also been
shown to relieve the UFA auxotrophy of ole1 mutants of S.
cerevisiae and to produce unique UFA profiles that reflect the
distinctive substrate selectivities and regioselectivities of the
expressed desaturases (17, 18, 20, 25). In this study, we have
investigated the ethanol stress tolerance of these strains as well
as the desaturase-deficient ole1 strain supplemented with spe-
cific "9 and "11 UFAs.

MATERIALS AND METHODS

Strains. The S. cerevisiae desaturase-deficient ole1 knockout strain L8-14C
(MAT# ole1"::LEU2 leu2-3 leu2-112 trp1-1, ura3-52 his4), which is incapable of
producing UFAs (31), was used in UFA supplementation experiments and as a
host in transformation experiments to introduce YEpOLEX plasmids containing
cDNAs encoding acyl-CoA "9 and "11Z-desaturases of Trichoplusia ni (17, 20)
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Abstract

Trehalose is known to protect cells from various environmental assaults; however,
its role in the ethanol tolerance of Saccharomyces cerevisiae remains controversial.
Many previous studies report correlations between trehalose levels and ethanol
tolerance across a variety of strains, yet variations in genetic background make it
difficult to separate the impact of trehalose from other stress response factors. In
the current study, investigations were conducted on the ethanol tolerance of
S. cerevisiae BY4742 and BY4742 deletion strains, tsl1D and nth1D, across a range
of ethanol concentrations. It was found that trehalose does play a role in ethanol
tolerance at lethal ethanol concentrations, but not at sublethal ethanol concentra-
tions; differences of 20–40% in the intracellular trehalose concentration did not
provide any growth advantage for cells incubated in the presence of sublethal
ethanol concentrations. It was speculated that the ethanol concentration-depen-
dent nature of the trehalose effect supports a mechanism for trehalose in
protecting cellular proteins from the damaging effects of ethanol.

Introduction

Microbial-based ethanol production serves large and diverse
industries, from alcoholic beverages to biofuel production.
Although ethanol is the desired end product of yeast
fermentation, it becomes a significant stress factor as it
accumulates in the culture broth. In general, Saccharomyces
spp. are highly ethanol tolerant relative to most microbial
species, with some strains being able to produce up to 18%
(v/v) ethanol in a single batch. High ethanol concentrations,
however, inhibit yeast growth and viability, and affect
fermentation performance, resulting in decreased fermenta-
tion productivity and ethanol yield (Norton et al., 1995;
Galeote et al., 2001; Aguilera et al., 2006). A better under-
standing of the cellular consequences of microbial ethanol
stress and of the underlying cell-based ethanol stress defence
mechanisms is important for improving the performance of
yeast strains during industrial fermentations.

Trehalose is known for its role as a reserve carbohydrate in
yeast, but it is also associated with the protection of cells
against many environmental stressors, including ethanol

stress. Trehalose is commonly found in organisms, as diverse
as yeast and other fungi, bacteria, a variety of plants and
invertebrates, in which it accumulates significantly during
adverse environmental conditions (Gaff, 1971; Thevelein,
1984; Singer & Lindquist, 1998; Zentella et al., 1999; Chen
et al., 2002; Schluepmann et al., 2004).

In yeast, trehalose is synthesized by a large enzyme
complex comprising two enzymes: trehalose-6-phosphate
synthase (Tps1) (Bell et al., 1992) and trehalose-6-phos-
phate phosphatase (Tps2) (de Virgilio et al., 1993). Two
other enzymes, Tsl1 and Tps3, are believed to be alternative,
regulatory or stabilizing subunits of the complex (Bell et al.,
1998). Trehalose is synthesized from UDP-glucose and
glucose-6-phosphate, which are converted to trehalose-6-
phosphate by Tps1 and then to trehalose by Tps2 (Thevelein
& Hohmann, 1995; Ferreira et al., 1996).

Trehalose is hydrolysed into two glucose molecules by
trehalase. Yeast has two trehalase enzymes: neutral trehalase
(Nth1) and acid trehalase (Ath1). Nth1 is a cytosolic enzyme
encoded by NTH1, the expression of which is regulated by
stress (Thevelein, 1984; Hohmann, 2002). Nth1, with
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Ethanol disrupts membranes → environmental ions affect stability?
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Hypothesis:

ethanol interacts / 
disrupts lipids…

→ can
external ions 
counteract?



Largest increase from potassium (K+) salts…

Only external K+ and pH counteract → boost ethanol output

…raising pH gives further boost
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Elevated K+/pH boost cell tolerance — NOT ethanol made per-cell

Despite higher ethanol, K+/pH enhance:

• Cell growth (moderately)
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Elevated K+/pH boost cell tolerance — NOT ethanol made per-cell

Despite higher ethanol, K+/pH enhance:

• Cell growth (moderately)

• Tolerance
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Elevated K+/pH boost cell tolerance — NOT ethanol made per-cell
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Elevated K+/pH boost cell tolerance — NOT ethanol made per-cell
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Elevated K+/pH boost cell tolerance — NOT ethanol made per-cell
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Elevated K+/pH boost cell tolerance — NOT ethanol made per-cell
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External K+/pH directly control ethanol tolerance and production
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R = 0.979
Straight line reveals:

• Ethanol production 
per-cell remains 
same

• Only population 
tolerance / 
endurance is varied 
→ directly determines 
ethanol produced

Integrated viable cell density [OD600·h]



                 K+/pH control yeast tolerance to ethanol
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Why K+/pH specifically?  Form gradients of yeast membrane potential
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→ H+ /K+ gradients charge membrane
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Why K+/pH specifically?  Form gradients of yeast membrane potential
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Normally:
1. H+ and K+ membrane pumps maintain: 

Internal [pH 7 + high K+]
External [pH 3 + low K+]
→ H+ /K+ gradients charge membrane

When ethanol accumulates:
2. Membrane becomes permeable to H+ 

and K+ → ions leak → membrane 
gradients dissipate → cell death

Increasing external K+/pH:
3. Assists membrane pumps with re-

establishing gradients
4. Membrane charge is restored ✓
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VerisonVerison

lignocellulose ethanol
yeast

ORNL

all sugar!

lignin fibers (very tough)
Inhibitors universal to all lignocellulosic sources

Hydrolysis of cellulose can be catalyzed by using strong
inorganic acids or hydrolytic enzymes, including cellulases
[13,14]. Acid hydrolysis of cellulose requires severe condi-
tions. Enzymatic hydrolysis is often considered as the most
promising approach for the future [5]. Lignocellulosic
biomass intended for production of liquid biofuels is typ-
ically pretreated in an acidic thermochemical process step
to increase the susceptibility of the cellulose to enzymatic
hydrolysis [5,9,12]. The pretreatment usually degrades the
hemicellulose leading to the formation of products such
as pentose and hexose sugars, sugar acids, aliphatic acids
(primarily acetic acid, formic acid and levulinic acid), and
furan aldehydes [5-hydroxymethylfurfural (HMF) and fur-
fural] (Figure 1). After hydrolysis of lignocellulose poly-
saccharides, lignin remains as a solid residue, although a
minor part is degraded to phenolics and other aromatic
compounds (Figure 1). Sugars derived from hemicellu-
loses will account for a substantial part of the total sugar
and it is desirable that they are included in the subse-
quent fermentation step. The monosaccharides obtained
through the hydrolysis process are then fermented by
microbial catalysts to the desired product, most com-
monly ethanol produced with the yeast S. cerevisiae.
Hydrolysis and fermentation can be performed separately

(separate hydrolysis and fermentation; SHF) or simultan-
eously (simultaneous saccharification and fermentation;
SSF). Consolidated bioprocessing (CBP) refers to a process
in which the fermenting microorganism also contributes
by producing cellulolytic enzymes [15].

Inhibitors of enzymatic and microbial biocatalysts
The generation of by-products from the pretreatment is
strongly dependent on the feedstock and the pretreatment
method. Substances that may act as inhibitors of micro-
organisms include phenolic compounds and other aro-
matics, aliphatic acids, furan aldehydes, inorganic ions,
and bioalcohols or other fermentation products. Exam-
ples of inhibitory fermentation products are ethanol and
butanol. As most microorganisms, S. cerevisiae is inhib-
ited by butanol concentrations in the range 1-2% (v/v)
[16], but it is able to withstand much higher concentra-
tions of ethanol. In high-gravity alcoholic fermenta-
tions, S. cerevisiae produces ethanol concentrations of
17% (v/v) or higher [17]. Hydrolytic enzymes are inhib-
ited by their products, i.e. sugars such as cellobiose and
glucose [18], by fermentation products such as ethanol
[19,20], and by phenolic compounds [21].

Aromatic compounds
A large number of different phenolic compounds are
formed from lignin during acid-catalyzed hydrolysis or
pretreatment of lignocellulose. Phenolic compounds
and other aromatics are formed during pretreatment
regardless of whether an acid catalyst is added to the
reaction [22]. Carboxylic acids formed during the pre-
treatment will contribute to the formation of an acidic
environment. Furthermore, some extractives are phen-
olic compounds [6,7]. Formation of phenolic com-
pounds from sugars is another possibility [23],

Figure 1 Formation of inhibitors. Scheme indicating main routes of formation of inhibitors. Furan aldehydes and aliphatic acids are
carbohydrate degradation products, while lignin is the main source of phenolic compounds, as indicated by guaiacyl (4-hydroxy-3-
methoxyphenyl) and syringyl (4-hydroxy-3,5-dimethoxyphenyl) moieties found in many phenolics. While the contents of furan aldehydes and
aliphatic acids are relatively easy to determine, the quantification and identification of phenolic compounds remain challenging. The insert shows
the variety of peaks representing phenolic compounds found in a hydrolysate of Norwegian spruce, as indicated by analysis using liquid
chromatography-mass spectrometry (LC-MS).

Jönsson et al. Biotechnology for Biofuels 2013, 6:16 Page 2 of 10
http://www.biotechnologyforbiofuels.com/content/6/1/16
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GRE2evol combined with K+/pH robustly ferments genuine feedstocks*

→ Matches performance 
in “clean sugar”
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GRE2evol and K+/pH applied to production of bio-plastic precursor
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Boosting biofuel production 

 Supplements help yeast survive
Left to right: Gregory Stephanopoulos  
of chemical engineering, Gerald Fink of 
biology and the Whitehead Institute,  
and Felix Lam of chemical engineering are 
developing new insights and techniques 
that could one day dramatically increase 
the amount of ethanol, butanol, and other 
biofuels that yeast can produce from 
raw materials such as corn and sugar cane.

This research was supported in part by the 
MIT Energy Initiative Seed Fund Program. 
See page 8 for other sponsors and a 
publication resulting from this research.
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R E S E A R C H  R E P O R T S

Chemical engineers and biologists at MIT have found a simple way to 

make yeast produce more ethanol from sugars: Spike the mixture  

they’re growing on with two common chemicals. Adding potassium  

and an acidity-reducing compound helps the yeast tolerate higher  

concentrations of the ethanol they’re making without dying. Aided by 

those “supplements,” traditionally underperforming laboratory yeast 

made more ethanol than did industrial strains genetically evolved for 

ethanol tolerance. The supplements also enabled lab yeast to tolerate 

higher doses of high-energy alcohols such as butanol, a direct gasoline 

substitute. In other “firsts,” the researchers described the mechanism  

by which alcohols poison yeast; they defined two genes that control 

ethanol tolerance; and they modified those genes in lab yeast to make 

them out-produce the industrial strains—even without the supplements. 

Thanks!




