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Abstract As the United States moves toward a

plant-based bioeconomy, a large research and devel-

opment effort is focused on creating new feedstocks

to meet biomass demand for biofuels, bioenergy,

and specialized bioproducts, such as industrial com-

pounds and biomaterial precursors. Most bioeconomy

projections assume the widespread deployment of

novel feedstocks developed through the use of

modern molecular breeding techniques, but rarely

consider the challenges involved with the use of

genetically modified crops, which can include hurdles

due to regulatory approvals, market adoption, and

public acceptance. In this paper we consider the

implications of various transgenic crops and traits

under development for the bioeconomy that highlight

these challenges. We believe that an awareness of the

issues in crop and trait selection will allow developers

to design crops with maximum stakeholder appeal

and with the greatest potential for widespread adop-

tion, while avoiding applications unlikely to meet

regulatory approval or gain market and public

acceptance.
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Introduction

The United States is moving toward a plant-based

bioeconomy to supplant many of the fossil carbon

inputs in the current petroleum-based economy.

Plants are envisioned to provide fuels, energy,

biobased materials, and industrial chemical precur-

sors in addition to the traditional uses of agricultural

products for food, feed, and fiber. Innovations to

increase the supply, quality, composition, and pro-

cessability of both traditional and novel crops will be

essential to meet accelerating feedstock demand

(Biomass Technical Advisory Committee 2002;

Boudet et al. 2003; Editorial 2006; Ragauskas et al.

2006). Modern genetic engineering techniques are

increasingly being used to accomplish this goal and

are viewed by many as a key enabling technology for

both production and processing innovations in the

bioeconomy (Biomass Research and Development

Board 2001; Biomass Technical Advisory Committee
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2002; Editorial 2006; NRC 1999, 2000b, 2006; Paster

et al. 2003). For example, genetically modified (GM)

microbes, and enzymes can reduce energy require-

ments in biomass processing, and GM energy crops can

reduce input costs through increased yield and opti-

mized processing characteristics. Microbial GM

applications are commonly used in industrial settings

and their application to the bioeconomy is proceeding

at a rapid pace (Herrera 2004; NRC 2000b; Raab et al.

2005). On the other hand, comparatively few GM crops

have attained commercial status despite widespread

enthusiasm and recognized potential for using GM

technologies in crop improvement (Jaffe 2005, 2006).

Genetically modified feedstock crops figure prom-

inently in bioeconomy projections in the United States

(Biomass Research and Development Board 2001;

Biomass Technical Advisory Committee 2002; Edi-

torial 2006; NRC 1999, 2000b, 2006; Paster et al.

2003; US DOE 2006). The use of GM technologies is

central to the strategy of the US Department of Energy

(DOE) to deploy, within 10–15 years, feedstock crops

having optimized cell wall characteristics, enhanced

yield and stress tolerance (US DOE 2006). The DOE

has been encouraged to focus its plant genomics

research on bioenergy crops and the metabolic

engineering of plant biochemical pathways to produce

key processing enzymes (NRC 2006). Similarly,

bioengineering of new biomass feedstocks for cellu-

losic ethanol production has been highlighted by the

25 · 025 Vision, a sustainable energy alliance receiv-

ing wide support from legislators, farm groups, and

environmental organizations across the US (25 · 025

National Steering Committee 2007).

To date, no GM crops have yet been commercial-

ized specifically for biofuels production, and the

many projections for the contribution of GM plants to

the bioeconomy rarely consider the issues involved in

their deployment. These can range from regulatory

constraints to marketplace adoption and public

acceptance (Biomass Technical Advisory Committee

2002; Jaffe 2006; Paster et al. 2003). We consider

here the opportunities and implications for genetic

engineering of plants for the bioeconomy by identi-

fying the nature of issues that will be encountered for

particular traits and crops which are commonly cited

innovations for biofuels production. Recognizing and

addressing these issues will ease the deployment of

GM plants for the bioeconomy. The US has led the

world in the introduction of new GM crops (James

2006) and we are therefore considering bioeconomy

crops within the context of US regulatory frameworks

and public and market considerations. However, most

of the issues discussed in this paper will be equally

applicable to countries such as those in the EU, where

public opinion tends to be less favorable of GM

crops, or to countries with high potential for biomass

production but whose regulatory frameworks are still

under development.

GM crops in relation to feedstock enhancement

Accomplishing the transition to a bioeconomy will

necessitate large investments in research, develop-

ment and infrastructure for developing new

feedstocks (Koonin 2006), including advances in the

fields of plant breeding, genetics, genomics, and

agronomy (Biomass Research and Development

Board 2001; NRC 1999; Paster et al. 2003; Perlack

et al. 2005; US DOE 2006). Meeting current goals for

the bioeconomy will require innovations in feedstock

yield improvement, crop adaptation to marginal lands,

plant modifications to increase amenability for bio-

processing; and modifications to allow multiproduct

production from a single crop. We focus on these

examples of feedstock enhancement to understand the

degree to which GM crops may prove pivotal to the

success of the bioeconomy. Innovation in feedstock

enhancement, whether with GM crops or through the

exploration of existing plant materials, is in flux and

has been the subject of recent reviews (Boerjan 2005;

Boudet et al. 2003; Parrish and Fike 2005; Ragauskas

et al. 2006; Vogel and Jung 2001). A further review

of this information lies outside of the scope of this

paper; instead we focus on a few relevant and

frequently cited examples and ask: to what degree

will genetic engineering be an enabler? Are there

alternatives? To what extent do public and regulatory

expectations influence the adoption of a GM enabler

or an alternative for feedstock enhancement?

Traits for feedstock enhancement

Feedstock yield improvement

Initial feedstock advancements will involve common

input traits such as yield, pest and disease resistance,

and stress tolerance, many of which have been and
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are being GM into commercial food crops and

therefore are not unique to feedstock crops. Increased

crop yield is essential to meeting feedstock demand

projections, especially given limitations on available

farmland (US DOE 2006). For example, targets

include yield increases of 50% for corn (Zea mays

L.) (Perlack et al. 2005) and yields of 15 metric tons

per hectare or greater for switchgrass (Parrish and

Fike 2005). Approaches to achieve these yield goals

include altering photosynthetic pathways, manipulat-

ing source-sink relationships, and modifying plant

architecture to increase light reception (Long et al.

2006; Van Camp 2005). In addition, increased carbon

allocation to the above ground portions of a plant,

diameter expansion over height growth in trees, and

reduced resource allocation to flowers and seeds

would increase growth rates and biomass yields

(Ragauskas et al. 2006). Certain of these goals may

be accomplished without the benefit of genetic

engineering; however, goals, such as optimizing

photosynthetic pathways or manipulating reproduc-

tive investments will probably entail genetic

engineering for their success.

Crop adaptation

Increased stress tolerance in crop plants allows for

marginal lands to be brought into cultivation and

extends ranges of plant adaptation for species that are

temperature or drought limited (US DOE 2006).

Enhancing crop plant tolerance to abiotic stressors

such as drought, salt, temperature extremes or heavy

metals has proven difficult, due to the multigene nature

of these traits and the complex physiological and

metabolic pathways involved; but certain approaches

using genetic engineering technologies and marker

assisted selection have been promising in experimental

settings. These include altering levels of metabolites or

sugars that confer stress tolerance, modifying stomatal

response to water stress, increasing expression of

certain proteins such as heat shock proteins and

molecular chaperones, or manipulating regulatory

pathways (Umezawa et al. 2006; Vinocur and Altman

2005). As the total amount of land under agriculture

production expands to meet biomass demand, plant

modifications that reduce agricultural inputs will have

significant environmental benefits. Drought tolerant

plants, for example, can reduce the need for irrigation,

an important consideration given climate change

projections for hotter, drier weather in many areas.

The genetic engineering of crop plants for herbi-

cide tolerance and resistance to biotic stressors such

as insects and disease is now a commonplace

technology for improved production efficiency and

chemical use reduction. The benefits and risks

surrounding the environmental release of plants with

these traits have been considered extensively (Ell-

strand 2003b; NRC 2000a, 2002; Peterson et al.

2006; Snow and Palma 1997) and further develop-

ments involving these traits should be anticipated in

new crop varieties intended for the bioeconomy. For

instance, perennial grasses could be transformed for

more effective weed and disease control (Wang and

Ge 2006) and GM insect resistant trees are under

development (Boerjan 2005).

Plant modifications to increase amenability for

bioprocessing

Enhanced feedstock utilization depends largely on

the improvement of plants for more efficient pro-

cessing of plant biomass, primarily for cellulosic

ethanol production, but also for biodiesel production

from oil crops. The resistance of the plant cell wall to

breakdown by chemicals and enzymes remains one of

the most significant hurdles to producing cellulosic

ethanol cheaply (Himmel et al. 2007; US DOE 2006).

Advances in processing techniques using various

enzymatic and chemical treatments are helping to

make cellulosic ethanol economically feasible; but, it

is widely recognized that altering the structure of the

plant cell wall in feedstock crops could offer

enormous advantages in lignocellulosic biomass

processing by shortening pre-treatment processing,

increasing enzymatic efficiency and offering more

processing flexibility (Boudet et al. 2003; Ragauskas

et al. 2006; US DOE 2006; Vogel and Jung 2001).

Breakthroughs in reducing lignin content in biomass

from trees, forage grasses and other biofuel crops will

require further knowledge of plant cell wall bio-

chemistry and structure. Improving woody feedstock

processability has shown promise, for example,

through transgenic modification of the lignin biosyn-

thesis pathway to alter lignin composition and

deposition for increased pulping efficiency in trees

(US DOE 2006). The composition of oil crops such
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as soybean [Glycine max (L.) Merr.] and canola

[rapeseed (Brassica napus L.)] are being modified to

enhance suitability for processing into biodiesel, for

example by altering fatty acid profiles (Friedt and

Lühs 1998; Kinney and Clemente 2005; Paster et al.

2003).

Multiproduct production

The opportunity to generate value-added co-products

along with fuels and energy from biomass will help

make biorefinery operations viable and improve the

economics of biofuel production (NRC 2000b);

therefore, it is difficult to consider feedstock produc-

tion without consideration of co-products that will

impact costs of energy production. For instance, the

use of crop plants as production platforms for a

variety of high-value products, including enzymes,

industrial compounds and specialized biomaterial

precursors such as biodegradable plastics, spider silks

or specialty chemicals may be intimately linked to

biofuel production (Conrad 2005; Menassa et al.

2004; NRC 2000b; Paster et al. 2003; Raab et al.

2005; Rishi et al. 2001). The opportunities for

biocompound production in plants will be an impor-

tant factor in the overall cost-benefit analysis for

biofuels production since plant-based biocompound

production can lower production cost, reduce energy

requirements, generate less toxic waste, and can be

scaled to meet demand in comparison to competitive

process technologies (Horn et al. 2004; NRC 2000b;

Twyman et al. 2003).

Genetic engineering of product quality traits or

industrial enzymes that directly impact processing

efficiency or resolve product-limiting steps in biofuel

production is a further important aspect of co-product

development. For instance, the development of corn

expressing transgenic thermostable alpha-amylase

represents a means to more effectively produce

reduced sugars during starch liquefaction in the

initial stages of ethanol production (Singh et al.

2006). Further innovations for production of indus-

trial enzymes in plants are in the offing (Hood 2002;

Horn et al. 2004; Rishi et al. 2001). In planta

production of cellulase and other enzymes needed

to break down plant biomass may allow for efficient

cellulosic ethanol production (NRC 2006), especially

if the necessary enzymes are produced in those

regions of the cell wall where they can directly act on

lignocellulose (Biomass Technical Advisory Com-

mittee 2002).

Feedstock sources

Meeting feedstock demand will entail improved

processing of existing biofuel crops and adaptation

of new crops. The nature of these crops as they exist

today and the successful attainment of national goals

for the bioeconomy appears to necessitate some

degree of genetic engineering as an enabling technol-

ogy. A wide range of biomass feedstocks will supply

the bioeconomy, but three plants in particular—corn,

switchgrass (Panicum virgatum L.) and poplar (Pop-

ulus L.)—have been at the center of research efforts to

develop dedicated bioeconomy crops. Additional

crops such as canola, soybean, sorghum (Sorghum

L.), and sugarcane (Saccharum L.) are in the research

pipeline, with GM versions under development.

Corn, a major commodity crop in US, is already

grown for ethanol production and for other industrial

uses in addition to its use as food and feed. Well over

90% of current fuel ethanol production capacity is

based on corn grain as feedstock (Nichols et al. 2006)

and the near-term demand for corn as an ethanol

feedstock will increase about 50% over present by

2015 as alternative technology for biofuel production

develops (World Agricultural Outlook Board 2006).

The most important near term innovation for corn

will be utilization of stover as a source for cellulosic

ethanol production. It is anticipated that with cellu-

losic ethanol production grain uses of corn will be

retained, with stover diverted to fuel production; a

scheme which is being closely scrutinized relative to

its environmental impacts (Graham et al. 2007).

Corn varieties with improved yields of grain and

stover ethanol are already entering the marketplace.

Genetic engineering can be expected to play a role, as

most of the GM traits important for the bioeconomy

are currently under development in corn (Bothast and

Schlicher 2005; Reuters 2006; Twyman et al. 2003).

Corn generally requires high-energy inputs and

significant pesticide and fertilizer applications

(Greene 2004; Paster et al. 2003); therefore genetic

improvements to corn to reduce its environmental

impact, such as pest resistance, lower nutrient

requirements or drought tolerance, would be useful.
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Ultimately, however, the replacement of corn with

perennial crops will provide the most environmental

benefits (Perlack et al. 2005) and may result in the

greatest biomass yields.

Switchgrass, a perennial, high-yielding native

prairiegrass (Schmer et al. 2006; Vogel and Jung

2001), is often considered to be the ideal biomass

crop due to the environmental and agronomic

advantages it offers (McLaughlin et al. 1999).

Switchgrass is relatively unimproved, and there is

considerable potential for increasing biomass yield

and enhancing composition for more efficient con-

version into biofuel and bioproducts (Parrish and Fike

2005). In order to meet the demands for the

bioeconomy, further domestication and optimization

of switchgrass for intensive agriculture might be

anticipated. For instance, large gains in yield could

entail germplasm improvements coupled with

increased inputs of chemicals and fertilizers. Recent

studies indicate that using highly diverse mixtures of

perennial grassland species may be a better strategy

for biomass production than monoculture planting.

Such a strategy may provide optimal energy produc-

tion along with the environmental benefit of

minimizing agricultural inputs (Tilman et al. 2006).

The direction taken for switchgrass utilization is

presently unclear, but genetic engineering is clearly a

means to improve switchgrass and other grasses for

biomass production (NRC 1999; Vogel and Jung

2001). Forage and turf grasses are being engineered

for more efficient cultivation (Wang and Ge 2006)

and progress in this direction would be anticipated to

impact development of switchgrass as a source of

biomass for energy production.

A number of studies have projected increased

usage of forest products, woody residues, and woody

energy crops for electricity, fuel and biomaterial

production (Mead 2005; Perlack et al. 2005; Strauss

and Bradshaw 2001). Shifting to highly productive

tree plantations would reduce the pressure on natural

forests but will necessitate extensive breeding

advances in plantation tree species such as poplar.

Until now this has been difficult because the long

generation time in trees makes conventional breeding

a very slow process (Boerjan 2005). Genetic engi-

neering techniques have the potential to greatly

shorten the breeding timeline for trees and allow for

more targeted breeding. As with switchgrass, altered

lignin content and increased yield have been the most

sought after traits. Additional efforts are aimed at

reducing reproductive investment, modifying stature

and belowground resource allocation, introducing

sterility, and enhancing disease and pest resistance

(Boerjan 2005).

Biodiesel produced from oil crops is another

petroleum fuel substitute; in the US it is primarily

made from soybean oil and in the EU from rapeseed

oil (NRC 1999). Biodiesel production and use are

currently dependent on substantial economic incen-

tives; therefore increasing crop yield and oil content

are two essential breeding goals along with oil

modification. Plant oils have long been used in the

oleochemical industry in the production of various

products such as biolubricants and waxes, and as with

other biofuel production platforms, lipid based

coproducts will help to make biodiesel production

more profitable (Tyson 2005).

Policy implications of deploying GM crops for the

bioeconomy

We have described here trait and crop innovations

that are commonly considered for meeting projec-

tions for biofuel production. These examples point to

the complexity of effective choices for application of

genetic engineering to the appropriate combination of

crops and traits. Development of coherent policy

toward the adoption of GM plants, and therefore

anticipation of their impact on the bioeconomy, is

further complicated by persistent issues of technology

acceptance due variously to concerns over health and

environmental safety and socioeconomic consider-

ations (Biomass Technical Advisory Committee

2002; Bradford et al. 2005). Some early projections

for the potential for biotechnology to improve

traditional food crops through application of genetic

engineering have not materialized (Jaffe 2005, 2006).

There is widespread recognition that factors such as

increasingly complex and lengthy regulatory proce-

dures and concerns over consumer and market

acceptance of GM products have contributed to the

disparity between anticipated and available products

(Bradford et al. 2005; Fedoroff and Brown 2004;

Jaffe 2006; Trewavas and Leaver 2001).

Genetically modified plants developed specifically

for the bioeconomy may receive scrutiny from

environmental organizations, consumer advocacy
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groups and the scientific community because of

expectations for the bioeconomy to be an environ-

mentally sustainable alternative to the petroleum

economy (e.g., Marris 2006; Ulgiati 2001). Biofuels

and bioproducts are perceived as ‘green technolo-

gies,’ intended to replace products and manufacturing

practices considered environmentally harmful; as

such they may be held to an unusually high-environ-

mental standard (Landis and Theis 2006). For

example, the use of cellulosic ethanol as a transpor-

tation fuel is expected to reduce net CO2 emissions

relative to fossil fuel usage (Farrell et al. 2006), but

projections of increased ethanol production are also

generating considerable discussion on the environ-

mental impacts of the intensified agriculture

necessary to supply biomass demand (Greene 2004;

Landis and Theis 2005). Public interest groups have

asked whether the breeding of improved biomass

feedstock requires genetic engineering and have

proposed that the transition to a bioeconomy be

accomplished entirely using conventionally bred

feedstocks (Greene 2004).

Certain applications of genetic engineering in

crops would deliver environmental benefits, yet GM

technologies are perceived by some to be ecologi-

cally unsound (Wolfenbarger and Phifer 2000), even

though many of the criticisms leveled at GM crops

apply equally to conventional crops. The bioeconomy

is currently gaining wide and unprecedented support

from a broad coalition of government, industry,

agriculture and environment stakeholders (25 · 025

National Steering Committee 2007; Herrera 2006).

Continued widespread support hinges to some extent

on the notion of green technology, as new bioecon-

omy crops may be evaluated more stringently than

traditional food and feed crops (Editorial 2006;

Landis and Theis 2006). Addressing real or perceived

issues regarding the environmental impact of genetic

engineering could, therefore, slow the adoption of

GM bioeconomy crops. The additional time and cost

required for crop developers to address environmen-

tal issues should be taken into consideration when

projecting biomass production goals and timelines.

Public opinion of genetic engineering has been a

significant factor affecting the deployment of new

GM crops (Fedoroff and Brown 2004). Several highly

publicized incidents have been used by interest

groups to foster public distrust of agricultural

biotechnology (e.g., Greenpeace 2006; Mellon and

Rissler 2004), leading to calls for bans and stricter

regulations on GM crops. These include the Star-

LinkTM corn case, where a GM corn variety approved

for animal feed but not human consumption was

detected in US corn supply and led to recalls of corn-

based food products (Fedoroff and Brown 2004;

Miller 2001). In another instance, inadequate field

test confinement procedures resulted in commingling

between GM corn plants producing a pharmaceutical

compound and food crops (Fox 2003). More recently,

the detection of unapproved GM rice (Oryza sativa

L.) varieties in commercial rice supplies led to

blocked imports around the world and a class action

lawsuit filed by rice growers (Lee 2006). The impact

of public perception extends to environmental con-

siderations as well; preliminary studies suggesting

that Bt corn (containing a gene from the bacterium

Bacillus thuringiensis) was toxic to monarch butter-

flies (Danaus plexipus L.) drew intense public

interest (Pew Initiative on Food and Biotechnology

2002). Further studies found only minimal risk, but

the notion that GM crops harm monarch butterflies

has persisted (Fedoroff and Brown 2004).

Developers of new GM crops will have to consider

market and trade influences in addition to public

perception and regulatory constraints (Kalaitzando-

nakes and Bijman 2003). Despite a track record of

safety and widespread adoption of the first generation

GM crops by farmers in US and abroad, persistent

consumer wariness has led food retailers and manu-

facturers to preemptively reject some new GM crops

even though they have regulatory approvals for

commercialization. In the US, for example, trans-

genic varieties of beet (Beta vulgaris L.), potato

(Solanum tuberosum L.), wheat (Triticum aestivum

L.) and rice have received deregulated status but are

not commercially available, due to industry concerns

over consumer acceptance (Castle et al. 2006; Paster

et al. 2003; USDA 2006).

If crops developed for the bioeconomy incorporate

environmentally sustainable traits that offset the

impact of their production, this could ease acceptance

of GM plants and ensure continued stakeholder

commitment. Improving nutrient use efficiency in

crops is a promising approach; for instance, research

on altering nitrogen uptake, transport and metabolism

is underway in a number of crop species (Good et al.

2004). Attempts to engineer the perennial habit into

annual crops may also provide significant
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environmental benefits, such as reduced soil erosion,

increased soil carbon content and better wildlife

habitat (Grigal and Berguson 1998; Kort et al. 1998;

US DOE 2006). Reducing inputs would provide

economic as well as environmental benefits, as

chemical fertilizers and pesticides, fuel, and irrigation

are substantial expenses in agricultural production

systems. Product developers, however, cannot

assume that these benefits will be readily apparent

or broadly acceptable to all parties. For instance,

currently pest and disease resistant GM crops reduce

the need for agrichemical applications and GM

herbicide tolerant crops reduce soil erosion through

better weed management practices, yet their adoption

is not uniformly viewed as a net benefit to the

environment (NRC 2002; Wolfenbarger and Phifer

2000).

Regardless of whether GM technologies are

employed or not, the advent of the bioeconomy will

likely have adverse environmental impacts. Increased

biomass production may entail intensified agricultural

practices and conversion of other land uses to

farmland (McLaughlin and Walsh 1998; Perlack

et al. 2005; US DOE 2006). Maximizing crop yield

may entail the use of additional agricultural inputs.

And harvesting corn stover and other biomass

materials has implications for nutrient and carbon

cycling in soils (Grigal and Berguson 1998; Perlack

et al. 2005; US DOE 2006). Some projections for

biomass production include using land from the

Conservation Reserve Program for the cultivation of

perennial grasses (Perlack et al. 2005; US DOE

2006). Wise policy formulation will allow for those

GM innovations that mitigate rather than exacerbate

these impacts.

Challenges of deploying GM traits and crops for

the bioeconomy

The successful deployment of new GM crop varieties

for the bioeconomy, as with any new GM crop, will

depend on evolving federal regulations, complex

intellectual property issues, public perception of the

safety or desirability of novel traits, and market

forces (Paster et al. 2003). Many GM crop concepts

for biofuels production will readily receive regulatory

approval and market acceptance; whereas, other

applications may prove challenging to deploy and

will require special consideration by regulators and

crop developers.

Enhanced yield and stress tolerance, modified

lignin composition

Genetic modifications for increased yield or enhanced

stress tolerance may be more acceptable to critics of

genetic engineering than those that introduce toxins

or radically alter crop composition. Regardless, they

will be scrutinized because of the potential for

increased fitness and consequent concerns over

invasiveness and gene flow (Pedersen et al. 2005;

Stewart et al. 2003; Strauss 2003). The relationship

between yield and fitness is quite complex, yet there

is no a priori reason to expect that increasing biomass

yield in a controlled agronomic setting should make a

plant more competitive outside of the agronomic

setting.

Similarly, plants with modified cell wall compo-

sition will probably not pose significant risks for

environmental release. Reduced lignin content is

likely to negatively impact plant fitness, but this may

not be true for all species or modifications (Pedersen

et al. 2005). Lignin content and composition path-

ways are complex, and unexpected effects have

accompanied their modification, such as increased

growth rates in transgenic aspen (Populoides tremu-

loides Michx) (Hu et al. 1999) and compensating

linkages between lignin and cellulose pathways in

tobacco (Nicotiana tabacum L.) and Arabidopsis

thaliana (L.) Heynh (Boudet et al. 2003). Many of

these modifications will be in long-lived plants, such

as trees, or in dedicated energy crops intended for

widespread cultivation. Therefore, any such proposed

modifications will need to be evaluated for their

potential to increase whole plant fitness. The antic-

ipated modifications to oil crops to increase

suitability for processing into biodiesel are not likely

to pose an environmental risk, however changes to oil

quality and composition would warrant evaluation

from a food safety and nutritional perspective.

The widespread adoption of abiotic stress-tolerant

biomass crops may also have indirect effects on

biodiversity and land use, when their introduction

enables the cultivation of formerly fallow and unused

land. Such indirect ecological consequences fall

outside of normal biosafety considerations by
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regulators, yet these concerns will have to be

addressed in the public arena.

Food crops for biomass and multiproduct production

Most of the GM crops developed to date have been

common food crops. These crops are easier to

transform; are well understood in terms of their food

safety, production and processability; and, thus, have

higher economic returns and more rapid development

times than do novel varieties of trees, minor crops or

previously uncultivated plants. Most bioeconomy

projections assume the eventual adoption of perennial

crops such as grasses and trees for biomass produc-

tion, due to the environmental benefits and yield

advantages they confer (US DOE 2006). Addition-

ally, when novel traits are unsuitable for human or

animal consumption, the use of non-food crops could

avoid many potential biosafety issues. Developing

alternative crops and traits for biofuels and bioprod-

ucts may require greater research effort and take

more time than developing new varieties of conven-

tional crops. Assuring future acceptance of these

applications, however, may be worth the cost and

effort, particularly if such considerations are

addressed before new varieties are conceived rather

than during field testing and regulatory approval.

Despite the attractiveness of non-food crop utiliza-

tion, it is important to recognize that for the near-term

food crops will be used to meet the biomass needs of

the emerging bioeconomy; therefore, means must be

sought to accommodate their use.

For those biofuel crops that represent modifica-

tions of food or feed crops, commingling, and gene

flow between GM and conventional crops will

emerge as a major concern as plants are transformed

to express novel compounds. This concern has been

advanced as a rationale for avoiding food crops for

biofuel production (Stewart 2007). Grain production,

distribution, and processing facilities in US are so

highly integrated that such commingling is unavoid-

able from a practical standpoint, especially given the

likelihood of human error (Editorial 2004; Ellstrand

2003a; NRC 2004). In fact, this has already occurred

in many instances (Fedoroff and Brown 2004; Fox

2003; Herrera 2005; Miller 2001). Selecting the

appropriate host plant for industrial crops will be

especially important to receiving regulatory and

public approval, as different systems will differently

expose humans, animals, and non-target organisms to

novel substances. Species not used for food or feed

and not typically entering food or processing streams

should, therefore, have greater acceptability.

Regulatory approvals for plants engineered to

produce compounds that already occur in food plants

will be more straightforward than for plants engi-

neered with genetic material from non-food plants,

animals or bacteria. Developers of specialized bio-

products using GM food crops as production

platforms will continue to rely on the biotechnology

consultation process with the Food and Drug Admin-

istration (FDA) in order to avoid adulteration

concerns arising from accidental commingling in

the general food supply. Additionally, developers

have the option of completing an early food safety

evaluation with the FDA prior to entering those

stages product development when commingling or

gene flow with the general food supply could occur.

Crops modified to produce non-food products have to

date met resistance from food manufacturers and

other industry associations even when the trait was

non-hazardous. Prudent selection of species-trait

combinations will therefore also be beneficial to

securing consumer support for GM products.

Whether the consideration is for biofuel production

alone or in conjunction with value-added co-products,

it is clearly important to carefully match GM product

concepts with the most appropriate plant production

platform. This is well-understood from experiences

with biopharma crops where there is an extensive

literature addressing biosafety (Christensen et al.

2004; Ellstrand 2003a; Ma et al. 2005; Peterson and

Arntzen 2004; Pew Initiative on Food and Biotech-

nology 2003). Biosafety issues for these crops are

intermixed with public and regulatory concerns,

especially when the production platform is a GM food

or feed crop. The regulatory and market uncertainties

surrounding pharmaceutical crops have important

implications for GM applications developed for the

bioeconomy, since industrial intermediates, enzymes,

and other biomaterials engineered into plants will face

similar scrutiny to the extent that they have food or

environmental safety ramifications.

Industrial crops require stringent confinement

measures during testing and development stages, are

subject to lengthy regulatory review (USDA-APHIS

2006; USFDA and USDA-APHIS 2002), and have not
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yet advanced beyond the field test stage. When

intended for widespread unconfined release, GM crop

varieties receive deregulated status prior to commer-

cialization. Certain industrial crops might not be

appropriate candidates for deregulation under existing

regulation, therefore the US Department of Agricul-

ture, Animal and Plant Health Inspection Service

(USDA-APHIS) is exploring options to confer partial

deregulation while still requiring appropriate bio-

safety measures such as confinement practices. The

on-going process of regulatory revision by USDA-

APHIS will take time and interim guidelines on how

and whether crops intended for the bioeconomy

should be commercialized will be needed.

Transgene confinement

The aforementioned issues regarding public and

regulatory concerns with respect to gene flow neces-

sitate considerations of transgene confinement and

product channeling as a consequential aspect of

regulatory safety determinations for some bioecono-

my crops. The appropriate use of genetic confinement

strategies could significantly alleviate some concerns

over gene flow. And in certain applications they may

be considered essential, especially if the traits are

unfamiliar and physical confinement measures for

large scale plantings of industrial biomass crops are

impractical. Control over trait expression through

confinement and channeling also addresses public

and market concerns regarding product adulteration

and crop segregation for different export markets.

Seed companies would undeniably gain from genetic

confinement strategies through stricter intellectual

property rights enforcement, as will organic farmers

and others who may wish to grow conventional crops

and need strong assurances that their crops would not

become adulterated. Genetic confinement could also

be of value to producers of GM crops with high-value

traits as a way of maintaining trait quality and

ensuring identity preservation.

Various methods for achieving reproductive con-

finement have been considered, including those that

alter the development of reproductive structures or

that prevent the transmission of transgenes through

seeds or pollen (Daniell 2002; Lee and Natesan 2006;

NRC 2004; Stewart et al. 2003). Other confinement

approaches use inducible promoters to control the

expression of the gene or trait of interest (Daniell

2002; NRC 2004). For example, plants could be

engineered to produce cellulases only when triggered

by specific conditions prior to processing into ethanol

(Farmacule 2006). In situations where gene flow from

transgenic crops to conventional crops or wild

relatives is considered undesirable, even when no

ecological impacts are expected, the use of molecular

switches could contribute to increased public and

commercial acceptance of GM crops. The efficacy of

molecular switches for biosafety measures has yet to

be demonstrated and absolute control may be difficult

to achieve (Daniell 2002). Regulatory agencies may

therefore not treat such plants differently than plants

where the trait is continuously expressed, and con-

finement measures reflecting the possibility of switch

failure could still be required. Reproductive confine-

ment technologies will need to be proven under field

conditions, and even experimental trials of such

technologies can be anticipated to be problematic

with respect to avoiding unintended gene flow.

Acceptance and environmental impact of certain GM

bioeconomy crops

The relative environmental impact of the various

crops used as bioeconomy production platforms will

influence their adoption, given expectations for the

bioeconomy to be an environmentally sustainable

alternative to the current petroleum-based economy.

Bioeconomy crops will have varied potential for

impact depending on the nature of innovation

involved. For instance, genetic modification to alter

lignocellulose on one hand could reduce fitness of the

GM crop and reduce concerns regarding gene flow to

wild plants or feral escapes. On the other hand, the

altered nature of the crop might increase its suscep-

tibility to pests and disease thereby increasing the

chemical inputs necessary for plant protection.

Altered plant morphology to favor higher biomass

production could involve similar tradeoffs to realize

the yield potential of the plant modification.

We have already described corn, perennial grasses,

and trees as lead platforms for feedstock production.

Each has particular attributes which impact the public

and regulatory acceptability when GM for biofuels

production.

In the near term, corn is indisputably the leading

platform for feedstock production in US; although in
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other regions of the world sugarcane may represent a

more immediately attractive alternative. GM corn has

been widely accepted by US farmers and consumers.

Over 60% of the corn grown in US has been GM with

traits for herbicide tolerance or insect resistance

(Lawrence 2007). Therefore, the introduction of new

GM corn varieties may be fairly straightforward as

long as they also receive approval for food and feed

use. For many of the traits useful in biomass

production, the corn grain will be considered sub-

stantially equivalent to conventional corn, so that

commingling with corn intended for human and

animal consumption would not be a problem. Resis-

tance to the expanding hectarage of corn for the

bioeconomy is more likely to be based on environ-

mental impacts, such as high fertilizer use and soil

erosion; however these issues are common to both

GM and conventionally bred corn varieties.

Switchgrass currently enjoys a reputation as an

environmentally friendly biomass alternative to crops

such as corn (McLaughlin and Walsh 1998; Wang

and Ge 2006). Unless GM switchgrass varieties are

rendered sterile, however, there will almost certainly

be gene flow to wild switchgrass as well as the

possibility for the establishment of self-sustaining

populations of engineered switchgrass. A concern

over transgenic and other introduced plants is that

when wild populations are small, gene flow from

related cultivated species can lead to extinction or

loss of genetic diversity, especially when the novel

traits confer a selective advantage (Ellstrand et al.

2002). Most of the native prairie in US has been

converted to agricultural and other uses and only

persists in small scattered reserves (Vogel and Jung

2001); therefore populations of wild switchgrass and

related species may be at risk for extinction or loss of

genetic diversity if surrounded by reproductively

viable GM switchgrass. This concern will hold for the

introduction of any improved cultivar, but will garner

greater regulatory and public scrutiny if genetic

engineering is involved. Engineering sterility or

inhibiting flowering in grasses is an option to reduce

gene flow; however this has implications for the

efficiency of seed production (Wang and Ge 2006).

Prospects for the deregulation and commercializa-

tion of GM grasses should be considered in the

context of the first GM grass to be submitted to the

USDA for deregulation, an herbicide tolerant variety

of creeping bentgrass (Agrostis stolonifera L.)

(Pollack 2004). Cross pollination between GM bent-

grass in seed production areas and non-GM bentgrass

and related species has been shown to occur at large

distances from experimental test plots (Watrud et al.

2004). This has led to concerns that GM bentgrass

populations could become established in natural areas

or through cross pollination with related species, and

that because of the herbicide tolerance trait, fewer

options would be available for control of such

populations. A USDA-APHIS decision on deregula-

tion of the GM bentgrass is pending the outcome of

an environmental impact statement, but there has

been resistance to its commercial release and several

lawsuits were initiated in an attempt to forestall

further field testing and commercialization (Pulaski

2004). Critics may be more forgiving of GM

switchgrass, a fossil fuel alternative with obvious

consumer and environmental benefits, than they have

been of the GM bentgrass, a plant intended for use on

golf courses. Yet gene flow issues and other concerns

could still lead very enthusiastic proponents of

biofuels to resist the deployment of GM switchgrass,

and reproductive sterility may be necessary before it

can be commercialized on a large scale.

Trees are long-lived organisms having large

quantities of wind-dispersed pollen and seeds; there-

fore, large scale environmental release of GM trees is

controversial (Mayer 2001) given the high potential

for gene transfer and the uncertainty over how traits

such as rapid growth may impact fitness or invasive-

ness. Reproductive sterility may be a required

biosafety component of any commercial deployment

of GM trees (Strauss and Bradshaw 2001), whether

for the bioeconomy or for more traditional uses such

as paper and timber production. Additionally, if

varieties are engineered to resist pests, the potential

for widespread impact on insect communities will be

an issue (Campbell and Asante-Owusu 2001), despite

the fact that pesticide applications would be reduced.

Similarly, herbicide tolerant tree plantations have

additional implications for biodiversity (Johnson and

Kirby 2001).

Conclusion

There are a wide range of methods to introduce novel

germplasm into crops and breed new varieties,

including conventional cross breeding, wide crosses
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with distant relatives, mutagenesis, marker assisted

selection, embryo rescue, and genetic engineering.

Alternatives to GM will continue to be used, where

appropriate and effective, to develop crops for the

bioeconomy. The choice as to whether or not to use

GM technologies for any breeding program will

depend on factors such as the type of crop, the nature

of the trait, and continuing technology advances.

It is becoming clear, however, that GM technol-

ogies, when harnessed responsibly, have the potential

to accelerate the breeding of crops to meet projected

biomass demand. Certain bioeconomy objectives

would be impossible without the advantages that

precision plant engineering can offer. It is important

to recognize that achieving a bioeconomy will be

both a technological and a political endeavor requir-

ing multiple innovative strategies. We have sought

here to identify some crop- and trait-specific concerns

that may arise as new crop varieties are developed for

the bioeconomy. By identifying problems and high-

lighting avenues likely to succeed, effort can be

directed toward productive avenues of research and

toward the development of new crop varieties that

will appeal to growers, regulators and consumers and

be embraced by industry and the environmental

community.

Many of the issues addressed in this paper are also

under consideration by federal regulators and will be

faced in any national jurisdiction where there is an

emerging focus on the bioeconomy. Regulatory

assessments and determinations with respect to the

risk involved in the introduction of new GM plant

and animal varieties are appropriately based on

scientific evidence for the likelihood to cause harm.

As we point out, however, crop developers must

recognize factors of consumer acceptance and public

opinion in determining what direction this technology

should grow. For example, two different applications

of genetic engineering could present the same level of

risk, but one might be more acceptable to consumers

based on the biological origin of the inserted genetic

material (Nielsen 2003). Although the regulatory

mandate does not—and should not—allow regulatory

agencies to distinguish between these two applica-

tions, crop developers could choose to self-regulate at

this level by evaluating new crop-trait combinations

not only for their safety, but also for their economic

costs and the potential to impede future applications

of biotechnology.

Crop developers need to be aware that certain

particularly novel applications of biotechnology may

carry a stigma of risk that must be openly addressed

as products are deployed (Gregory et al. 2001).

Special interests and public advocacy groups have

shown themselves to be very successful at directing

suspicion toward GM products. Simply the percep-

tion of unsafe practices may be sufficient to derail the

deployment of novel crops, even those that could

have considerable societal and environmental benefit.

Significant public funds are supporting bioeconomy

research and development through federal and state

initiatives which emphasize sustainable solutions for

supplying energy and materials (Advanced Energy

Initiative 2006; Ames 2002; Biomass Technical

Advisory Committee 2002; Schwarzenegger 2006;

State of Illinois 2006; Sun Grant Initiative 2007; US

Congress 2000, 2005). Realizing the opportunity for

this investment to find sustainable alternatives to

fossil fuel consumption, promote new environmen-

tally friendly industries, and bring economic

revitalization to rural areas requires that new appli-

cations and products find widespread acceptance by

regulators, consumers and industry groups. With this

understanding, scientists and developers will be

better able to wisely position use of GM crops to

benefit the bioeconomy.
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