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Currently, most ethanol produced in the United States is

derived from maize kernel, at levels in excess of four billion

gallons per year. Plant lignocellulosic biomass is renewable,

cheap and globally available at 10–50 billion tons per year.

At present, plant biomass is converted to fermentable sugars

for the production of biofuels using pretreatment processes

that disrupt the lignocellulose and remove the lignin, thus

allowing the access of microbial enzymes for cellulose

deconstruction. Both the pretreatments and the production of

enzymes in microbial tanks are expensive. Recent advances in

plant genetic engineering could reduce biomass conversion

costs by developing crop varieties with less lignin, crops that

self-produce cellulase enzymes for cellulose degradation and

ligninase enzymes for lignin degradation, or plants that have

increased cellulose or an overall biomass yield.
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Introduction
Lignocellulosic biomass is renewable, cheap and readily

available with over 180 million tons produced per year in

the United States [1] and 10–50 billion tons produced per

year at global level [2]. In fact, half of the agronomic

biomass produced worldwide is rice straw, which is

burned to waste causing environmental and health pro-

blems [3]. Currently, most ethanol produced in the US is

derived from the starch of maize kernels with a net energy

balance [4]. However, starch by itself is a valuable high

energy food and feed commodity.

The idea that fermentable sugars for use in the produc-

tion of alcohol fuels could be derived from crop biomass

has been well received by the US Federal government;

however, major economical downsides of biomass refi-

neries include the pretreatment processing of the
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lignocellulosic matter and the cost of production of the

microbial cellulases needed to convert the cellulose of

biomass into fermentable sugars [5]. Recent plant genetic

engineering studies have aimed to decrease both of these

costs and to further increase the cellulose and/or overall

crop biomass yield [6��]. Several approaches have been

considered.

Firstly, efforts have been made to reduce the lignin

content of plants. Lignocellulosic biomass is composed

of crystalline cellulose embedded in a hemicellulose and

lignin matrix. Pretreatment methods are currently used to

disrupt the lignocellulosic matter and to remove most of

the lignin, thus allowing the cellulases to access the

cellulose. Plant genetic engineering can decrease the

lignin content and/or change the composition of lignin,

thereby reducing the need for expensive and harsh pre-

treatments. Genetic engineering can also be employed to

produce microbial ligninases within the biomass crops, so

the lignin content of the biomass could be deconstructed

during or before bioprocessing.

A second approach has considered the overexpression and

engineering of enzymes for cellulose degradation in

plants. Three different groups of cellulases work in con-

cert to convert cellulose into glucose: namely, endoglu-

canases, exoglucanases and b-glucosidases. Plant genetic

engineering has been successfully used to produce these

enzymes in plants.

Lastly, there might be ways to increase biomass through

plant genetic engineering. These can include the genetic

manipulation of plant growth regulators or photosynthetic

pathways. Delay in flowering can also increase plant

biomass.

This review addresses the recent improvement of bio-

mass characteristics that have been obtained through

plant genetic engineering, along with strategies to pro-

duce new genetic materials for biofuel exploitation.

The production of cellulase enzymes within
the crop biomass
The path from lignocellulosic matter to alcohol fuels has

recently been illustrated, and the reasons why ethanol

production from biomass is not yet economically feasible

have been explained [6��]. Nevertheless, thanks to engi-

neers and scientists in the field, the cost of production

of cellulases for cellulosic ethanol at $5 per gallon has

recently been reduced to $0.30–$0.50 per gallon, and the

goal is to further reduce these costs to $0.10 per gallon
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of ethanol. One possible route to further reduce costs is to

produce cellulases within the crop biomass itself [7],

rather than producing cellulases in microbial tanks. Along

these lines, the gene coding for the catalytic domain of

the thermostable Acidothermus cellulolyticus 1,4-b-endoglu-

canase E1 enzyme was successfully expressed in Arabi-
dopsis, tobacco and potato plants and the translation

product targeted to the apoplast (i.e. the extracellular

pathway provided by the continuous matrix of cell walls).

This study demonstrated the possibility of producing this

enzyme within the biomass, in the case of Arabidopsis at

levels up to 25% of the plant total soluble protein.

Recently, work was carried out in our laboratory to con-

stitutively express the catalytic domain of the A. cellulo-
lyticus 1,4-b-endoglucanase E1 in rice (H Oraby, V Balan

et al., unpublished) and maize (Figure 1), again targeting

the enzyme into the apoplast. The amount of endoglu-

canase E1 enzyme produced in rice and maize leaves

accounted for up to 4.9% and 2% of the plant total soluble

proteins, respectively, and the enzyme accumulation had

no apparent deleterious effects on plant growth and

development. Furthermore, when the crude extract of

rice total soluble proteins was added to ammonia

fiber explosion (AFEX) pretreated rice straw or maize

stover, �30% and 22% of the cellulose of these plants,

respectively, was converted into glucose (H Oraby, V

Balan et al., unpublished; C Ransom et al., personal

communication).

Initially, there were three concerns associated with pro-

duction and use of cellulase enzymes within the crop

biomass. The first concern was whether the harsh con-

ditions (acid, alkaline and/or heat) of pretreatment would

destroy the biological activity of these enzymes. The

second issue was whether sufficient enzymes could be

expressed within the biomass to convert polysaccharides
Figure 1

The production of the Acidothermus cellulolyticus endoglucanase (E1)

gene product in corn leaf apoplast. (a) E1 transgenic maize leaf tissue

shows apparent storage of E1 in the plant apoplast (green areas around

each of the cells). Image produced with immunofluorescent confocal

laser microscopy using the E1 primary monoclonal antibody and the

fluorescein isothiocyanate (FITC) anti-mouse secondary antibody. (b)

Leaf tissue from an untransformed control maize leaf, showing the

characteristics of no expression of E1 enzyme.
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into fermentable sugars without the need to add further

commercial enzymes. Lastly, it was necessary to consider

whether increasing the level of production of these het-

erologous enzymes within the plant cells would cause

harm to plant growth and development.

To address the first concern, the mildest method of

pretreatment (i.e. AFEX) was used on the thermostable

A. cellulolyticus endoglucanase E1-producing tobacco bio-

mass. In this experiment, about two-thirds of the activity

of this heterologous enzyme were lost [8�]. It was con-

cluded, therefore, that a better approach would be to

extract the heterologous enzyme in either a crude or a

pure form, and then to add this to the pretreated matter

for the production of fermentable sugars. In a follow up

study, up to 30% of rice and 22% of maize cellulose were

converted into glucose when the rice-produced endoglu-

canase E1 was extracted in crude form, frozen for three

months and then added to the AFEX pretreated matter

(H Oraby, V Balan et al., unpublished).

To address the second issue — whether or not it is

possible to express sufficient enzyme levels — it is

possible to increase the level of gene expression by

regulating transcriptional, post-transcriptional and post-

translational factors. However, the best way to increase

the production of heterologous proteins is to target them

away from the cytosol for accumulation into non-cytosolic

cellular compartments [9]. This approach would also

address the third concern, because enzyme accumulation

inside these compartments will not interfere with the

plant cytosolic metabolic activities. Another advantage of

this approach is that there are distinct molecular chaper-

one systems in targeted compartments to translocate or

fold certain proteins. However, it is necessary to choose

the correct compartment for accumulation, because fac-

tors that influence transcription and translation efficiency,

recombinant protein accumulation, and protein stability

strongly depend on the compartment itself.

The question has been asked as to why the heterologous

endoglucanase E1 targeted and accumulated in the apo-

plast of rice, maize and other plants did not harm the plant

cell wall cellulose. There are three possible reasons for

this. First, the heterologous E1 enzyme does not have

direct access to the plant cellulose, because cellulose is

present as a compact mixture together with lignin and

hemicellulose. Second, the plant cellulose is in crystalline

form, which is less amenable to hydrolysis by cellulase.

Third, the heterologous endoglucanase E1 from thermo-

philic A. cellulolyticus might have limited activity at in vivo
temperatures in plants.

Enzyme compartmentalization
Cell compartments are discrete structures within plant

cells, each having specific biological functions. Among

the plant cell compartments, the nucleus, chloroplast
www.sciencedirect.com
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and mitochondria contain distinct genetic materials.

However, although the nucleus has no translation cap-

ability, chloroplast and mitochondrial DNA are tran-

scribed and translated within their own compartments.

In addition to their own proteins, the chloroplast and

mitochondria receive proteins from the cytoplasm

through the action of specific nuclear transit peptide

DNA sequences that are designed to target certain pro-

teins into these compartments. Certain other specific

nuclear transit peptides target proteins into compart-

ments that do not contain genetic material and therefore

are not capable of producing their own proteins. These

compartments include the apoplast, vacuole, endoplas-

mic reticulum, golgi apparatus, and microbodies such as

liposomes and peroxisomes. Using these specific transit

peptide sequences, scientists can transfer heterologous

proteins into these compartments for accumulation.

As mentioned above, the choice of compartment for

targeting heterologous enzymes is important, but how

do we know which compartment to choose? The apoplast

can provide more space than other compartments for

higher levels of accumulation; for example, ProdiGene

targeted the heterologous laccase to the maize seed

endosperm cell walls or apoplast for high accumulation.

Targeting the chloroplast requires specific targeting sig-

nal peptide sequences; for example, in a maize study [10],

the first 24 amino acids of the coding sequence of the

mature rubisco small subunit (rbcS) protein were used

together with the pea rubisco transit peptide to direct

three polyhydroxybutyrate pathway enzymes into the

maize chloroplast. Targeting of heterologous peptides

to the vacuole has also been performed in several cases.

The targeting of heterologous proteins for high accumu-

lation has successfully been achieved without causing

harm to plant growth and development. It might now

be desirable to test a battery of different polysaccharide-

and lignin-degrading enzymes within the same crop bio-

mass by targeting each enzyme to the same or different

compartments. Also, one might wish to target the same

enzyme to different cellular compartments of the same

plant to maximize production of a single enzyme. For

example, in Arabidopsis when a heterologous fungal xyla-

nase was targeted to either the chloroplast, the peroxi-

some or both of these compartments, the dual

compartment targeted xylanase accumulated 160% of

that targeted to the chloroplast alone and 240% of that

targeted to the peroxisome alone [11].

Regulation of lignin synthesis
After cellulose, lignin is the second most abundant poly-

mer on earth. In the lignocellulosic biomass, crystalline

cellulose is embedded in a hemicellulose and lignin

matrix. In order for cellulases to access the cellulose

for degradation, costly acid and/or heat pretreatment of

the biomass is required to remove lignin and
www.sciencedirect.com
hemicellulose and to disrupt the lignocellulosic matter.

Tremendous efforts have been made to improve pretreat-

ment methods and to reduce costs [12,13].

Decreases in lignin content through the manipulation of

different lignin biosynthetic pathway genes have been

reported [14�,15�]. For example, downregulation of one

of the major enzymes involved in lignin biosynthesis, 4-

coumarate:coenzyme A ligase (Pt4CL1) in transgenic

aspen (Populus tremuloldes), resulted in a 45% decrease

in lignin with a compensation of 15% increase in cellu-

lose, doubling the plant cellulose:lignin ratio without any

change in lignin composition and without any apparent

harm to plant growth, development or structural integrity

[15�]. The Pt4CL1 is a structurally and functionally

distinct protein in the lignin biosynthetic pathway of

aspen, associated with catalysis of the CoA ligation of

hydroxycinnamic acids (i.e. intermediates in the biosyn-

thetic pathway of lignin), resulting in the production

of phenolic precursors for lignin biosynthesis in devel-

oping xylem. Therefore, downregulation of this impor-

tant protein in aspen has resulted in reduced lignin

biosynthesis. It is believed that a decrease in lignin

content could be further amplified by manipulation of

multiple genes associated with the lignin biosynthetic

pathway [6��].

Although modification of the lignin biosynthetic pathway

enzymes has been proven to decrease lignin content, one

must ensure that this modification will not interfere with

the plant defense against invading pathogens and insects.

In addition, because lignin deposition of specialized plant

cells is known to occur through a sophisticated spatially

and temporally coordinated response to the internal and

external needs, more basic research is needed to under-

stand the genetic basis of lignin pathway regulation [16].

Basic research is also currently in progress to obtain a

better understanding of the lignin biosynthetic pathway

[14�]. It is hoped that, in light of this new knowledge, it

will be possible to reduce the lignin content without

causing long-term harm to the plant.

Increasing the number of polysaccharides
or the overall plant biomass
Basic research is also in progress to understand the

cellulose biosynthetic pathway (e.g. [17,18]), with the

ultimate aim of increasing quantities of this polysacchar-

ide. The regulation of certain growth regulators, such as

brassinosteroids, has been reported to increase plant

biomass without the need for increased fertilizer applica-

tions [19]. In this study, a brassinosteroid-deficient

mutant exhibited an erect leaf phenotype associated with

enhanced grain yields. In a different approach, tobacco

biomass was significantly increased through the nuclear

insertion of a single Arabidopsis thaliana Flowering Locus

C ( flc) gene known to delay flowering [20]. In this

example, the transfer of a single flc gene was able to
Current Opinion in Biotechnology 2006, 17:315–319
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significantly increase plant biomass, because the energy

needed for reproduction to occur at the correct time is

shifted into biomass growth.

Attempts have also been made to increase biomass

through increasing the availability of key nutrients. Phos-

phorus is one of the least available nutrients in soil, yet

has an important role in photosynthesis, respiration and

the regulation of many enzymes. The expression of the

Medicago truncatula gene for purple acid phosphatase

(MtPAP1) in transgenic Arabidopsis resulted in a twofold

increase in biomass production when 2 mM phytate was

supplied as the sole source of phosphorus in soil [21]. As

phytate is a plant phosphate storage compound that is not

readily available as a phosphorous source to plants, the

increase in biomass is probably due to the auxiliary role of

MtPAP1 in the utilization of the exogenous phytate which

increases the availability of phosphorous to transgenic

plants.

Plants have the capacity to fix more carbon than they do

under standard growth conditions. For example, follow-

ing an increase in atmospheric CO2 concentration, maize

produced 20% more biomass [22]. However, neither seed

yield [22] nor plant biomass yields are directly related to

maximizing the photosynthetic rate. It is not surprising to

see that an increase in photosynthesis does not increase

plant biomass, because several other factors such as plant

nutrients, oxygen, water and plant respiration also need to

be regulated. An increase in photosynthesis also relates to

the correct matching of the plant circadian clock [23] with

that of the external light-dark cycle [22]. The fact that

maize produced 20% more biomass under high CO2

concentration could be because C4 maize has a greater

capacity to synthesize sucrose, starch and overall biomass

under elevated conditions of CO2 [22]. This observation

needs to be tested in C3 plants.

Lastly, one study aimed to increase biomass through the

manipulation of key metabolic enzymes. The chloro-

plastic fructose-1,6-bisphosphatase (FBPase) is known

to have a key role in CO2 assimilation and in coordinat-

ing carbon and nitrogen metabolism to increase sucrose

production. When the pea FBPase was downregulated

in transgenic Arabidopsis, the lower levels of FBPase

production resulted in increased sucrose production

[24].

Conclusions
The production of ethanol from plant biomass is receiving

increased attention and developments in plant genetic

engineering are going some way to reducing the costs of

biomass conversion. Several avenues have been investi-

gated, including the engineering of plants that self-pro-

duce cellulase and/or ligninase enzymes, the

development of plants with reduced lignin content,

and the production of crops with increased cellulase or
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overall biomass. In roads have been made in all of these

areas, as discussed above. For example, the future for the

large-scale production of cellulases within the crop bio-

mass is bright, and the prospect of replacing microbial

tank reactors with plants as biofactories for the commer-

cial production of these and other industrial enzymes

seems a realistic possibility.

Plant genetic engineering to improve biomass character-

ization for a better biofuel economy is a new technology.

By definition, a new technology is economically feasible if

the social benefits from adopting the technology are

greater than its social costs. Here, the social costs include

the cost of resources used without government subsidies,

while the social benefits are the low production costs.

Following on from the above discussion, it sounds as

though it will be easy to produce low cost transgenic

biofuel related resources and to bring them to market for a

better biofuel economy; however, we have all observed

the closure of a successful industry owing to a single

incident causing consumer suspicions. Thus, if plant

genetic engineering is able to reduce the cost of resources

needed in biomass refineries, the use of methods for the

‘bioconfinement of genetically modified’ plants [25��]
must also be considered.
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