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Abstract This review focuses on the potential advantages
and disadvantages of forages such as switchgrass (Panicum
virgatum), and two small grains: sorghum (Sorghum
bicolor), and wheat (Triticum aesitvum), as feedstocks for
biofuels. It highlights the synergy provided by applying what
is known from forage digestibility and wheat and sorghum
starch properties studies to the biofuels sector. Opportunities
therefore, exist to improve biofuel qualities in these crops via
genetics and agronomics. In contrast to cereal crops, switch-
grass still retains tremendous exploitable genetic diversity,
and can be speciWcally improved to Wt a particular agro-
nomic, management, and conversion platform. Combined
with emerging studies on switchgrass genomics, conversion
properties and management, the future for genetic modiWca-
tion of this species through conventional and molecular
breeding strategies appear to be bright. The presence of
brown-midrib mutations in sorghum that alter cell wall com-
position by reducing lignin and other attributes indicate that
sorghum could serve as an important model species for C4-
grasses. Utilization of the brown-midrib traits could lead to
the development of forage and sweet sorghums as novel bio-
mass crops. Additionally, wheat crop residue, and wheat and
sorghum with improved starch content and composition rep-
resent alternate biofuel sources. However, the use of wheat
starch as a biofuel is unlikely but its value as a model to study
starch properties on biofuel yields holds signiWcant promise.

Keywords Biofuels · Forage digestibility · Sorghum · 
Switchgrass · Wheat

Introduction

Humans have been utilizing solar energy captured by plants
for millennia, principally for food, Wber and fuel. The use
of coal and oil (also predominantly formed from photosyn-
thetic organisms), greatly reduced the need for wood as
fuel, but enhanced its use in construction and paper. Simi-
larly, agricultural mechanization led to a major release of
land maintained in pastures and haylands for feeding horses
and for other uses, mainly grain and oilseed crop produc-
tion [100]. All of these changes have done much to alter the
land and energy use over the course of the last century.
However, within a fairly short time interval, energy
demands have greatly escalated, once again requiring the
need to directly exploit plants as fuel and feedstock alterna-
tives [39, 55, 60, 76, 96]. Because of urbanization, a
reduced agricultural land base is now being expected to
provide food, Wber, and energy for an expanding popula-
tion.

In the USA, a national goal of replacing 30% of petro-
leum gasoline with liquid fuels derived from lignocellulosic
materials by the year 2030 has been established: http://
www1.eere.energy.gov/biomass/pdfs/Wnal_billionton_vision_
report2.pdf (page 18). Achieving this goal depends on two
major components (1) developing plants and production
systems to generate this dry tonnage and (2) developing the
requisite bioreWning capabilities, making conversion of bio-
mass eYcient and economically viable. Considerable
resources have been allocated by governmental and non-
governmental agencies to transform lignocellulosic-based
biofuels into a commercially successful venture. Attaining
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a good mix of traditional and alternative fuels could have a
lasting impact on US agriculture well into the twenty-Wrst
century. When combined with sustainable practices, and
low-input cultivation, commercially successful plant-based
biofuel feedstocks also have the promise to revitalize rural
America.

Pressure that might be applied on arable land for raising
biofuel crops versus food crops potentially represents a
major hurdle, especially if this pressure will lead to
increased food prices [16]. The use of native perennial
plants, forage sorghums and small grains could mitigate
some of the competition between biofuel and food crops.
Opportunities also exist to sustainably utilize agricultural
residues, such as corn stover or wheat straw in select loca-
tions of the US. A serious constraint will be to ensure that
residue removal does not impact soil health and/or nega-
tively inXuence future crop yields [42, 45].

In this review, we highlight three herbaceous species,
namely, switchgrass (Panicum virgatum L.), sorghum [Sor-
ghum bicolor (L.) Moench.] and wheat (Triticum aestivum
L.) that have been suggested as biofuel feedstocks. Each
species can Wll a unique niche as a feedstock in the USA,
and could serve as alternate feedstocks for a bioreWnery
(Fig. 1). Both sorghum and switchgrass are relatively
drought tolerant warm-season crops that are harvested in
late summer or early fall. Wheat and other small grains are
generally harvested in late spring or early summer but are
harvested later in the summer in northern latitudes.

Successful utilization of feedstocks for fuels rests on
documenting the environmental sustainability of produc-
tion systems and allying fears over competition with food
crops. Although some of these long-term concerns are diY-
cult to evaluate, there is extensive research experience with
pastures, soil erosion, soil-amelioration, plant breeding and
production systems, that can be successfully employed to
generate new (e.g. switchgrass, other forage grasses) and
existing crops (e.g., sorghum, sugarcane) for the biofuels
sector in a sustainable manner. A critical factor that will
drive the economic viability of the bioenergy sector will be
sustained increases in plant biomass yield to ensure feed-
stock supplies for energy without adversely aVecting food
supplies.

The principal components of plant biomass include
stems, leaves and reproductive structures. The ratios of
these plant organs in biomass will depend on the plant spe-
cies, plant genotype and time of harvest. For example,
switchgrass biomass will be primarily composed of stems
and leaves, whereas sorghum biomass could have stems,
leaves and seeds. DiVerences in components and therefore
in composition present challenges in terms of pretreatment
protocols and mixtures of hydrolytic enzymes that will be
required for converting biomass to sugars, and ultimately
into fuel [25].

Herbaceous plant dry matter consists of cell walls and
cell contents present at the time of harvest. Grass stems will
contain signiWcantly more cell wall material as compared to

Fig. 1 Historical range of 
switchgrass in North America, 
and acres planted to sorghum 
and wheat in 2006 in USA 
(From NASS)
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leaves, whereas seeds will be predominately made up of
starch. Grass cell walls contain three major polymers,
namely, cellulose, hemicellulose and lignin. The primary
plant cell wall is composed mostly of cellulose when Wrst
formed [21]. This primary cell wall is subsequently modi-
Wed and transformed into a secondary cell wall with greater
accretions of cellulose, hemicellulose and lignin. The rela-
tive amounts of cell wall polymers will depend on the ulti-
mate developmental fate of a given cell, for example,
xylem cells will have extensively ligniWed walls at matu-
rity, whereas pith parenchyma will be less ligniWed [21, 44,
50]. Both hemicellulose and lignin are complex polymers
[7]. Higher plants contain guaiacyl (G) and sinapyl (S) lig-
nin derived from ferulic and sinapic acids, respectively.
Grass cell walls also contain p-hydroxyphenyl (H) lignin,
derived principally from 4-coumaric acid [7, 27, 36].

Of the two sugar-derived cell wall polymers, cellulose
will yield glucose, and hemicellulose will yield mostly pen-
toses (xylose) and some hexoses. The ratio of glucose to
xylose will depend on the relative amounts of cellulose to
hemicellulose, and on the sugar composition of the hemi-
cellulose. These amounts are likely to vary with each feed-
stock [25, 26]. Lignin can render feedstock recalcitrant
towards glucanse degradation [17, 104], and its breakdown
during biomass pretreatment can yield phenolic fermenta-
tion inhibitors as well [52]. Increasing cell wall carbohy-
drate (principally as cellulose) content in biomass can be
expected to increase liquid fuel yield. Decreasing lignin
content is also expected to enhance cellulose breakdown,
and has been a major target for conventional and molecular
breeding [17, 18, 87–89, 104]. However, lowering lignin
content could have a negative impact on plant Wtness and
survivability of perennial species under Weld conditions
[12, 70].

Lignin negatively aVects digestibility in herbivores and
improvements in forage digestibility can be accomplished
by genetically reducing lignin content of the plants. For
example, the commonly utilized brown midrib mutants
(bmr) in forage maize and sorghum are mutations in genes
for enzymes of the lignin biosynthesis pathway resulting in
plants with reduced lignin and greater digestibility [1, 2, 6,
8, 13, 14, 19, 20, 33, 36, 38, 47, 75, 105]. This suggests that
accessibility of cellulose and hemicellulose by rumen
microorganisms has been improved by lowering or chang-
ing the types and amounts of lignin present in cell walls.
BioreWneries present a comparable system where improved
cellulose breakdown with enzyme mixtures rather than
rumen bacteria will be utilized to deconstruct cell walls to
sugars. Thus at Wrst pass, the long-term experience in for-
age breeding and genetics can be readily applied to generate
herbaceous feedstocks with greater conversion potential
by applying assays that approximate animal digestibility as
a screen. Such broad selection is likely to result in plants

with a divergent array of cell wall characteristics that favor
conversion to liquid fuels for individual feedstocks.

Breeding herbaceous feedstocks will need eYcient and
eVective tools to guide selection of plants with desired
traits. These include in-vitro dry matter digestibility
(IVDMD) and the related Wber detergent digestion protocol,
which have been a mainstay in forage breeding programs
[14, 24, 41, 46, 58, 104, 105]. IVDMD has been used to
evaluate plant germplasm for biomass use [91]. Near-infra-
red reXectance spectroscopy (NIRS) [4] is another reliable
method for screening large plant populations within a
breeding program, but NIRS derived equations have to be
based on wet-lab data. For bioenergy crops, appropriate
assays are likely to include a combination of high-through-
put assays (for example NIRS), mid-throughput assays (for
example gas generation; [107, 108], and lower throughput
assays (for example direct biomass conversion to ethanol;
[26]). All of these assays are currently in use and is likely
that other methods, such as simultaneous sacchariWcation
and catabolism (SSC) which measures bacterial growth as a
function of released sugars (M. P. Scott, USDA-ARS, per-
sonal communication), DNA and protein microarrays to
evaluate biomass and directly select for speciWc genes or
alleles will be developed. Utilization of genomic and EST
sequences from switchgrass should accelerate marker-
assisted selection in the near term [57, 97, 98]. A combina-
tion of techniques will need to be used to analyze and
develop new bioenergy genotypes for enhanced yield and
quality. However, growing dedicated bioenergy crops with
or without removal of agricultural residues is going to
require new agronomic and harvest management strategies
to maintain long-term economic and environmental sustain-
ability.

Switchgrass

Switchgrass (Panicum virgatum L.) is a native, warm-sea-
son C4-species of the tall grass prairies of the US [101]. Its
historic range extended from Mexico to Canada (Fig. 1).
Currently switchgrass is grown as a hay and conservation
crop, predominantly on marginal land. An assessment of
herbaceous feedstocks by the US Department of Energy
(DOE) initiated in the late 1980s led to the selection of
switchgrass as a primary biofuel feedstock and much of this
work has been reviewed [54]. Since that time, work at several
governmental agencies (for example: [15, 30, 104, 105]
and other institutions [9, 22, 49, 56, 61, 66]), have contri-
buted to the development of switchgrass as a viable biomass
feedstock. Much of the breeding and agronomic research on
switchgrass has been reviewed recently [69, 81, 101].

A unit of switchgrass biomass is a tiller (stem) with
attached leaves and inXorescences, principally the above
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ground parts of the plant. The proportion of leaves to stems
is an important determinant in biomass yields and poten-
tially for conversion. On a component basis, leaves are
generally lower in lignin, higher in solubles, cellulose and
hemicellulose, whereas switchgrass stems will contain
greater proportions of lignin and cellulose. Although stems
have higher lignin content as compared to leaves, stem tis-
sues are denser, and possess greater amounts of cell wall
materials on a mass basis.

For an individual tiller, internodes near the top of the
plant will be less ligniWed as compared to internodes closest
to the base of the plants. For switchgrass cultivar Kanlow,
the basal internodes contained almost twice the amount of
lignin compared to the most apical internode [83]. In
switchgrass tillers, the xylem, a band of cortical sclerenchy-
matous Wbers just beneath the epidermis, and the Wber
sheath surrounding the vascular bundles are most highly
ligniWed tissues [83] (Fig. 2). The ground parenchyma dis-
play varying levels of secondary wall formation and its sub-
sequent ligniWcation’s appears to be genotype,
environment, and maturity dependent [34, 83]. These data
indicate that harvesting heights and time of harvest will
impact biomass quality and its eventual conversion to etha-
nol or bioenergy [3, 26, 83]. Variations in biomass quality

and convertibility arise from the ratio of leaves to stems,
and the amount of starch and simple sugars relative to cell
wall accreted polymers. Younger plant tissues will have
less biomass and contain more soluble sugars and starch
and less lignocellulose; their conversion eYciencies to
ethanol are likely to be greater. In contrast, older tissues will
have greater total biomass and lignocellulose, but are likely
to exhibit lower conversion to ethanol. For example, Dien
et al. [26] found that switchgrass harvested at boot-stage
(inXorescence emergence) was converted to ethanol with
greatest eYciency and plants harvested at a later date
exhibited less ethanol potential. In another study, switch-
grass plants harvested in the fall or the following spring dis-
played signiWcant diVerences in biomass quality, indicating
that quality slowly deteriorates over time if left in the Weld
[3]. These key studies provide starting points to evaluate
switchgrass quality parameters aVected by agronomics and
management and provide impetus to investigate eVects of
post-harvest storage and handling of biomass.

As mentioned earlier, biomass digestibility in animals is
negatively correlated with high lignin [12, 13, 20, 58] and
potentially with lowered conversion to ethanol [26]. Pre-
vious studies indicate that all three cell wall polymers can
be changed through selective breeding for digestibility in

Fig. 2 A switchgrass plant, and anatomy of a switchgrass tiller. Scan-
ning electron micrographs indicate changes in anatomy between the
apical (1), mid (3) and bottom (6) internodes along a tiller. In the most
apical internode (1), the cortical Wber cells are present but still devel-
oping (DFC). Vascular bundles (VB) and parenchyma cell (PC) are
also labeled. In the middle internode (3), the cortical Wbers are well
developed (FC) and the vascular bundles (VB) are enclosed by a Wber

sheath (FS). The parenchyma cells (PC) are larger than in the top inter-
nodes and display more thickened cell walls. The bottom internode (6)
contains well-developed cortical Wbers (FC), which have become lig-
niWed and thick-walled. Considerable thickening of the parenchyma
(PC) cell walls are also observed. Light micrographs of the xylem and
Wber sheath surrounding a vascular bundle and cortical Wbers are
shown. These two tissues contain signiWcant amounts of lignocellulose
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switchgrass [75, 103, 106]. Analyses of these plants at the
anatomical and biochemical levels ([84]; Sarath, Akin,
Vogel Mitchell and Dien, unpublished) indicate that spe-
ciWc cell types, cell wall content, biomass accessibility to
cellulases and esterases, and ethanol content have been
altered. Thus structural (plant anatomy) and compositional
changes (cell walls) modiWed as a result of divergent selec-
tion for dry matter digestibility have yielded switchgrass
germplasm with improved conversion to ethanol. Taken
together, published and unpublished information show that
switchgrass plants with better quality parameters can be
developed through conventional breeding for higher
IVDMD. These plants can then be selectively improved for
stand establishment, yield and conversion properties
through combination of breeding strategies, employing a
range of analytical platforms.

Switchgrass is established through direct seeding. Out-
side abiotic factors, the two major problems aVecting estab-
lishment are weed competition and seed quality [85, 101].
With appropriate agronomics and normal climatic condi-
tions switchgrass Welds can achieve 50% of full yield
potential after the Wrst year [85]. A similar situation exists
for other perennial forage grasses [59]. Establishing an
acceptable stand in the seeding year and obtaining harvest-
able biomass, the establishment year has very signiWcant
economic eVects on the production of switchgrass for bio-
energy. Switchgrass Welds with a stand frequency of 40–
50% or greater indicate a successful stand, whereas stand
frequency from 25–50% were marginal to adequate, and
stands with less than 25% frequency may require oversee-
ding or re-establishement [85, 101]. Successful, Wrst year
harvestable stands require the use of high quality seed and
herbicides for weed control. A basic set of herbicides for
weed control in switchgrass is now available for use in
most regions of the USA [101]. Once established, switch-
grass stands require only limited, periodic herbicide appli-
cations.

Switchgrass production is optimized and quality stands
are maintained by good fertility management. Switchgrass
can tolerate low fertility conditions, but applied N increases
dry matter production. However, an important concern is
the fate of the soil-applied N and its potential to leach out of
the root zone and become a potential groundwater contami-
nant. The amount of applied N required by switchgrass
depends on the yield potential of the site, productivity of
the cultivar, and other management practices being used
[102]. In South Dakota Conservation Reserve Program
(CRP), lands dominated by switchgrass, Mulkey et al. [61]
reported that application of 56 kg N ha¡1 increased total
biomass, and there was no beneWt to applying more N. In
Nebraska and Iowa, switchgrass cv “Cave-in-Rock” yield
increased as N rate increased from 0 to 300 kg N ha¡1, but
residual soil N increased when more than 120 kg N ha¡1

was applied [102]. These authors concluded that approxi-
mately 10–12 kg ha¡1 year¡1 of applied N is needed for
each 1 Mg ha¡1 of biomass yield [102].

The current focus on harvesting biomass feedstocks is to
maximize dry matter production. Research to date indicates
single harvest systems maximize economic switchgrass
biomass yields and have maximized switchgrass biomass
recovery. For example, Sanderson et al. [82] harvested
“Alamo” switchgrass one to four times per year for 4-years
in Texas. They concluded that a single harvest in mid-Sep-
tember maximized biomass production and maintained
stands, and more frequent harvests would result in reduced
yields. In Nebraska and Iowa, optimum biomass yields of
“Cave-in-Rock” switchgrass were attained with a single
harvest during anthesis (R3–R5; [102]). Biomass yields
ranged from 10.5 to 12.6 Mg ha¡1 year¡1, and quality
stands were maintained throughout the study. However, in
South Dakota and Wisconsin, harvesting in mid-August
resulted in reduced stands and biomass yield over time
[11]. They suggested delaying harvest until late summer or
early autumn may be beneWcial for long-term stand mainte-
nance. These studies indicate that a single harvest system
will likely optimize biomass-harvesting eYciency, but
stand maintenance will determine harvesting periods. Net
energy and economic studies recently completed by co-
authors Vogel and Mitchell and others indicate that the net
energy for switchgrass grown for cellulosic ethanol in Weld
scale trials is similar to that estimated by Farrell et al. [29]
and the potential farmgate feedstock cost from the multi-
location Weld trials averaged $0.17 L¡1 ethanol. Based on
this information, cellulosic ethanol from switchgrass is eco-
nomically feasible and signiWcantly net energy positive.

Sorghum

Sorghum (Sorghum bicolor (L.) Moench) is the second
most important feed grain grown in the US in terms of acre-
age (Fig. 1). Like switchgrass, it is a warm-season C4-spe-
cies, but is diploid and grown as an annual, making it much
more amenable for basic genetic research. Three diVerent
components of the sorghum plant are used as bioenergy
substrate: grain, fodder (leaves and stems), and the juice
from sweet sorghums. Sorghum is extremely important to
producers in marginal rainfall areas. Production is focused
in the Southern portion of the Central Great Plains of the
US (Fig. 1), and is expected to increase in importance to
numerous producers as energy costs and water availability
for irrigation become more and more limiting. Shifts in pro-
duction and use are occurring currently due to rapid expan-
sion of grain-based ethanol distilleries. This is already
evidenced in a 19% increase in sorghum acreage in 2007 as
compared to 2006 [65].
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In addition to its obvious value as a major bioenergy
feedstock, sorghum particularly useful as a bioenergy
research model in that numerous genes aVecting feedstock
quality are known. Several compellations of sorghum genes
and associated phenotypes are available, with the most
recent being W.L. Rooney’s [77]. Three groups of bioen-
ergy related genes, the brown midrib genes (bmr), low
amylose or waxy endosperm genes (wx), and sweet genes,
are the subject of current hybrid and market development.
Although each has been researched in the past, primarily at
the whole-plant level, considerable work remains to fully
understand and utilize these genes in sorghum and other
bioenergy crops.

Brown midrib mutants with reduced lignin content have
been exploited in Sorghum breeding programs, and have
great utility in developing Sorghum plants for bioenergy.
Three mutant genes, bmr-6, bmr-12 and bmr-18, have been
identiWed as most agronomically acceptable [31]. The bmr-
12 and bmr-18 genes are allelic [5], and the bmr-6, and the
bmr-12 and -18 genes are located at two independent loci
[37]. The bmr-6 gene has been associated with a decrease
in cinnamyl alcohol dehydrogenase (CAD) activity [10],
while the allelic bmr-12 and bmr-18 genes decrease caVeic
acid O-methyl transferase (OMT) activity [8]. Both loci
result in reduced lignin content.

Using two sets of sorghum near-isolines representing
ten diVerent genetic backgrounds [72–74], it was demon-
strated that bmr-12 was generally superior to bmr-6 for
decreasing lignin content and increasing Wber digestibility
[67, 68]. The yield reduction commonly associated with
the brown midrib phenotype [74] could be overcome by
heterosis in an isogenic hybrid, bmr-12 Awheatland £
RT £ 430, when compared to its isogenic wild-type
hybrid [68]. These near-isolines, plus an additional set of
lines with stacked bmr-6 and bmr-12 genes developed
near-isogenic to three of the previously released sets,
serve as the basis for continuing work on cell walls. Using
the lignin biosynthetic genes from Arabidopsis and other
plants as a template, putative homologous genes from
Sorghum have been identiWed and are under investigation
in the various near isogenic lines described above (Sattler,
Pedersen, Funnell, unpublished). Determining the eVects
of these key genes will have positive implications for
improving sorghum and other C4-grasses as biofuel
feedstocks.

Although reduction in ligniWcation of plant tissues is
widely held to reduce general Wtness [75], perturbations of
the lignin biosynthetic pathway may unexpectedly aVect
plant responses to pathogens in a positive fashion [32].
These results suggest that impaired lignin synthesis in sor-
ghum may lead to an accumulation of other classes of com-
pounds from phenylpropanoid metabolism, which directly
inhibit the growth of sorghum pathogens. These Wndings

could have future applications in developing sorghum as a
potential chemical feedstock.

The waxy phenotype in sorghum is associated with
endosperm starch lacking amylose (a glucose polymer with
straight chains), and composed of nearly 100% amylopectin
(a glucose polymer with branched chains). Pedersen et al.
[70] discovered the existence of two waxy alleles, wxa and
wxb. Waxy lines with wxa produce no detectable granule-
bound starch synthase (GBSS). In waxy lines carrying wxb,
GBSS is produced, but is evidently non-functional. In a
subsequent study surveying distribution of these alleles in
the U.S. photoperiod insensitive sorghum collection, Peder-
sen et al. [71] found that 4 of 28 waxy lines contained the
wxb alleles, which can be exploited in breeding programs to
develop plants with modiWed starch. Presence or absence of
amylose has signiWcant impact on the physicochemical
properties of starch. Amylose can form a Wrm gel, while
amylopectin exhibits low syneresis and high resistance to
retrogradation [94]. Recent work by Wu et al. [111]
suggests that low amylose content in sorghum grain may be
associated with increased ethanol conversion eYciency.
Other recent research indicates that the waxy trait also is
associated with reduced sorghum grain yields, but that
this yield reduction can be overcome by intensive
breeding [78].

In addition to simply inherited traits such as brown mid-
rib, waxy endosperm, and sweetness, considerable research
has been devoted to improving quantitative traits of impor-
tance to bioenergy production. Recently published results
showed signiWcant variation in the U.S. photoperiod insen-
sitive sorghum collection for many chemical and nutritional
traits including starch content of grain which varied from
64 to 73% [40]. Development of highly fermentable and
highly digestible lines has already been accomplished in
maize and hybrids purported to increase ethanol yields by
3–5% are currently available from major seed companies.
Purposeful development of such lines has lagged in sor-
ghum, but the potential may be even greater than in maize.
Wu et al. [111] reported a 22% variation in sorghum etha-
nol yields and 9% variation in conversion eYciencies. They
also noted signiWcant diVerences in rates of fermentation
and hypothesized that this would play an important role in
ethanol distillery capacity.

Sweet sorghum is cultivated for its sugar, and can accu-
mulate 15–23 % fermentable sugars and the juice can be
extracted by pressing the stems. Sweet sorghum can be cul-
tivated in areas where grain sorghum is raised, and is cur-
rently grown mostly for forage. If methods can be
optimized to rapidly ferment pressed juice, sweet sorghum
could serve as an alternate bioenergy crop. The residue left
over after pressing for juice could be used as a source of
lignocellulose for fermentation, or alternatively burned as a
direct source of energy. Incorporation of bmr genes into
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sweet sorghum plants could provide high-quality lignocel-
lulosic residues in addition to crushed juice. Development
of appropriate harvest, storage and fermentation techno-
logies could potentially make sweet sorghum an attractive
bioenergy crop (Dr. I. Dweikat, University of Nebraska-
Lincoln, personal communication).

Wheat

Common wheat (Triticum aestivum L.) is one of the
world’s most widely cultivated crops. World-wheat produc-
tion for 2007 was forecast as 592 million tons, second in
production only to maize, with a projected forecast of 694
million tons (FAO [28]). Wheat is grown on all continents
except Antartica, and wheat breeders have developed types
that are capable of being seeded from sub-tropical to far
northern latitudes. The large number of seeded acres in so
many diverse environments makes wheat an attractive
source of biomass for biofuel production (Fig. 1). Three
diVerent products of the wheat plant have been investigated
as sources of biofuel. These are wheat straw (primarily ligno-
cellulose), grain (primarily starch) and millers by-products
(mixed cellulose and starch).

Estimated ethanol yields from wheat straw vary with
pre-treatments. Utilizing a hydrothermal pre-treatment
which included acid hydrolysis, wet oxidation and steam,
followed by simultaneous sacchariWcation and yeast fer-
mentation, Thomsen et al. [95] reported ethanol yields of
223 kg ethanol ton¡1 straw. Using alkaline peroxide pre-
treatment, and fermentation via recombinant E. coli strain
FBR 5, Saha and Cotta [80] achieved yields of
290 kg ethanol ton¡1 straw. Ethanol yields also likely will
vary with environment, and genotype of wheat used to
generate straw.

Wheat straw represents an attractive source of biomass,
as it would utilize agricultural residue, while still allowing
the harvest of grain for feed. Removal of straw for biofuel
production, however, must be balanced with the need to
replenish soil organic matter and control erosion via sus-
tainable reduced tillage production systems [45]. Many
studies in maize systems [48, 51, 109] have demonstrated
negative eVects on soil composition and fertility as conse-
quences of long-term removal of Weld stubble (residue).
The “sustainable amount of crop residue” is environmen-
tally dependent upon factors such as land slope and eroda-
bility, climate, precipitation, soil texture, organic matter,
and wind conditions in production regions. In many regions
where wheat is produced, wind erosion is the primary ero-
sion problem and a minimum amount of stubble and crop
residue must remain on the land to prevent soil loss due to
wind. For example Shahbazi and Li [86] estimated a
removal fraction of not more than 35% as being appropriate

from North Carolina wheat Welds. On a nationwide basis,
however, Johnson et al. [45] estimated that there is not
suYcient annual production of wheat non-grain biomass to
replenish annual soil organic carbon loss. In other words,
harvest of wheat stubble for biofuel, from current US wheat
production zones, need to be monitored carefully to ensure
sustainability of yield and return of soil organic carbon.

Economic factors also must be considered when contem-
plating the use of wheat stubble as a raw material in biofuel
generation. Shahbazi and Li [86] noted that one-third of the
cost of converting wheat straw to ethanol may be attributed
to the cost of feedstock. These costs need to be evaluated in
conjunction with production systems and sustainability as
described above.

Wheat grain is a potential direct starch source for ethanol
production but currently is not used for that purpose
because starch from corn or sorghum is signiWcantly
cheaper. Because of its direct use for human consumption,
a price diVerential will likely continue to exist for wheat
grain in comparison to corn and sorghum. Wheat grain will
probably be used for ethanol production only when crop
surpluses depress the price of the crop.

Because of its use in food products, a signiWcant amount
of information exists on wheat starch composition. Until
recently, little has been done to exploit genetic variation in
wheat starch properties for energy. Such variation exists
and information from wheats diVering in starch properties
could be used to develop grains that could be more
eYciently converted to biofuels. Wild-type wheat starch is
composed of approximately 75% amylopectin and 25%
amylose. In the early 1990s Nakamura and colleagues [62,
63] devised strategies to separate GBSS proteins in wheat.
Electrophoretic techniques demonstrated the existence of
three distinct GBSS isoforms in wild-type wheat and the
existence of non-functional (null) alleles in the waxy geno-
types. Further, it was demonstrated [63] that null alleles at
one or more waxy loci led to the production of wheat starch
with reduced amylose content termed “partial waxy”
wheats. Finally, by traditional intermatings of lines carry-
ing the three null alleles, Nakamura et al. [64] were able to
develop lines with no functional GBSS and no amylose.
Amylose-free wheats, following the convention established
in other cereal crops, are termed “waxy.”

Limited research has demonstrated waxy wheats to be
more eYcient substrates for ethanol production. Wu et al.
[112], observed higher eYciency of ethanol production
from waxy wheat as compared to that of normal wheat,
corn of various amylose contents, and waxy and non-waxy
sorghum.

Lower temperatures are required to gelatinize waxy
wheat [35], a necessary Wrst step in the production of
starch-derived ethanol. After cooking to 85°C, waxy wheat
starch essentially has lost all of its structure, making the
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chains readily accessible for digestion by enzymes
employed in the ethanol production process. Thus, the
lower energy input required for gelatinization of waxy
starch represents another possible advantage in biofuels
production. While the heat used for liquefaction in fuel etha-
nol production is a very small portion of the overall energy
used, the combination of lower energy and the potential for
faster fermentations or higher overall yields could be bene-
Wcial to fuel ethanol process economics.

An additional wheat resource for ethanol production is
milling by-products. Das Neves et al. [23] studied ethanol
generation from “low-grade wheat Xour” which is essen-
tially bran with some residual Xour attached. It is generated
as a milling by-product, and typically is used as an animal
feed. Ethanol yield of 0.17 g ethanol g Xour¡1 was
observed for the low-grade wheat Xour, as opposed to a
value of 0.30 g ethanol g Xour¡1 for wheat Xour per se.
Vidmantiene et al. [99] hydrolyzed the polysaccharides
from wheat and rye bran using a mixture of amylolytic and
hemicellulolytic/cellulolytic enzymes. Ethanol yields of
bran were compared to that of whole grain. Results demon-
strated slightly higher ethanol yields from bran for both the
species tested. The future use of milling by-products for
biofuels will be dependent on their value as livestock feed
in comparison to its value as a bioenergy feedstock.

Ethanol yields per unit of land area for wheat grain and
biomass are largely a function of yield, which is aVected by
management, environmental conditions, and genetics.
Rosenberger et al. [79] estimated ethanol yields from win-
ter wheat grain at a maximum of 3,453 L ethanol ha¡1,
when wheat plantings followed pea in rotation. With con-
tinuous wheat cropping, lower yields were observed. Simi-
lar responses were noted for triticale (X Triticosecale) and
for winter rye (Secale cereale), with triticale being
observed as being the most eYcient, in terms of cost per L
of ethanol generated. Again, production costs and ethanol
yields were dependent on previous crop, soil, and environ-
mental factors.

Conclusions

SigniWcant opportunities exist to grow forages and small
grains for bioenergy. Advances in genetics and agronomics
are likely to fuel the Wrst phase in feedstock development.
Developing sorghum (a diploid species) as a model for C4-
grasses is likely to yield important insights into genetics
and trait manipulation in polyploid species, such as switch-
grass. For switchgrass and sorghum grown for biomass, the
short-term realization (5–10 years) in improved yield and
quality are likely to be signiWcant. For wheat because of its
higher value as a staple food, its use for starch-based biofu-
els will be more limited. However, signiWcant research

information may be obtained from the use of wheat diVer-
ing in grain composition on biofuel production. Although
the actual tonnage of available wheat stalk residue in the
US, and the long-term impact of removing wheat stubble
on yield and soil health are not fully known, wheat straw is
currently serving a vital function as a model feedstock in
cellulosic feedstock conversion research. There will be crop
production regions where wheat and other small grain resi-
dues can be sustainably used as a bioreWnery feedstock.

An absence of operational bioreWneries in the continen-
tal US introduces a certain level of uncertainty into the
breeding and optimization of feedstocks for speciWc con-
version platforms that will be utilized to produce liquid
fuels; however, assuming some degree of equivalency in
the composition of herbaceous feedstock and bioreWnery
conversion platforms, production of adequate levels of bio-
mass from dedicated crops such as switchgrass or forage
sorghums on rain-fed marginal lands appears to be an
achievable goal. Feedstock composition is a complex end
product between the genetic make-up of the plant and envi-
ronmental conditions during its growth and there is still
much to learn about the genetic interactions of traits impor-
tant for bioenergy in these plants.

To support future bioreWneries and deliver the tonnage
of biomass required, feedstock improvement will have to
occur through utilization of appropriate analytical plat-
forms within a complex breeding, management and conver-
sion program in the conWnes of a holistic sustainable
structure (Fig. 3). As shown in Fig. 3, the various sub-com-
ponents for utilizing herbaceous feedstocks for biofuels are
inter-related and improvements in any one sector is likely
to have a synergistic, feed forward eVect on the develop-
ment of these feedstocks. However, continued utilization
and production of biomass will be dependent on thoroughly

Fig. 3 Development of herbaceous feedstocks needs to occur in an
environmentally sustainable manner. This Wgure highlights the diVer-
ent components needed for evaluating, developing and producing
plants with superior bioenergy traits. These studies encompass basic
and applied research, and all are interrelated and necessary for devel-
oping future bioenergy crops. It is expected that breakthroughs in any
one area will positively impact other components in a feedstock devel-
opment program
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documenting the positive and negative environmental and
economic impacts of production systems.

Some signiWcant challenges lie ahead. Major hurdles
will be proving the economic eVectiveness of lignocellu-
losic bioreWneries and the ability to sustainably produce the
tonnage of feedstock required within a given region (fuel-
shed) to supply bioreWneries. Currently, our knowledge on
the potential impact of existing or new biotic stress on ded-
icated bioenergy feedstocks grown over large geographical
areas is limited. For example, will breeding for higher con-
version make the plants more susceptible to pests, patho-
gens or environmental stress? These issues will need to be
addressed along with the deployment of new varieties and
cultivars.

Potential impact of biotechnology for improving compo-
sition and plant properties of herbaceous feedstocks is in its
infancy [43, 53, 90, 92, 93, 110], but represents an exciting
area of research. The development of genetically engi-
neered plants with improved feedstock properties could
fast-track bioenergy exploitation; although widespread
acceptance of these engineered plants are likely to face
public opposition, especially for native prairie species such
as switchgrass. Results from current studies on gene Xow in
native populations and proposed studies between geneti-
cally-modiWed (GM) plants and wild relatives will need to
be assessed to determine the feasibility of planting acreages
to GM bioenergy crops.

Despite these and other challenges, the current socio-
economic and scientiWc climate favors the utilization of
herbaceous plants, crop residues and small grains for bioen-
ergy. The advent of Xexible bioreWneries should permit
exploitation of these multiple feedstocks and extend the
projected environmental and economic beneWts of biofuels.
Finally, bioreWneries situated in appropriate fuelsheds are
likely to signiWcantly improve rural economies and
strengthen a rediversiWcation of agriculture to once again
provide food, fuel and feedstocks in an environmentally
sustainable manner.
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