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Abstract C4 grasses are among the most productive plants
and most promising cellulosic biofuel feedstocks. Successful
implementation of cellulosic biofuel feedstocks will depend
on the improvement of critical crop characteristics and
subsequent conversion technologies. The content and com-
position of lignin, cellulose, and hemicellulose, their biomass
yields, and their biotic and abiotic stress tolerances are critical
factors which can be enhanced by molecular breeding
methods, including marker-assisted selection and transgenic
approaches. To maximize biomass yield, no flowering or late
flowering and no grain set would be ideal for cellulosic biofuel
crops. Reducing fecundity also reduces the risk of undesired
gene transfer and invasiveness, thus accelerating deregulation
processes and permitting faster implementation of highly
improved genotypes in cellulosic feedstock production.
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Why Do We Need to Develop Cellulosic Biofuels?

The hunt for carbon neutral energy sources has become one
of the primary challenges of the twenty-first century. The

use of ethanol is a proven concept for replacing gasoline
and reducing CO2 emission from fossil oil. Currently,
ethanol is produced from sugar- and starch-rich crops,
which are grown by labor- and machine-intensive agricul-
ture and require high-nitrogen fertilization. These practices
in turn negatively impact the overall energy and CO2

balance for this particular production chain. Cellulosic
biofuels are a promising component in a future mix of
alternative renewable energy solutions. There are chal-
lenges which exist in the use of cellulosic biofuel crops; but
with continuously developing plant breeding, crop devel-
opment, and farming as well as conversion technologies,
cellulosic biofuel crops will emerge as strong contenders in
the race for sustainable energy sources. Among the many
choices for cellulosic biofuels are trees and short rotation
coppice, agricultural waste material, and by-products from
crops and biomass grasses. This review will focus on the
genetic improvement of selected C4 grasses including
Sorghum bicolor, Miscanthus species, hybrids between
these species, and hybrids between Miscanthus × sugarcane
(Miscane), and Panicum virgatum (switchgrass) for the
development of dedicated cellulosic biofuel crops.

Characteristics of Sustainable Cellulosic Biofuel Crops

The transition from the Mesozoic to Neolithic period
(around 10,000 BCE) is defined by the development of
nascent agricultural practices and the selection and genetic
manipulation of cereal grasses to meet the qualitative and
quantitative requirements of food and feedstock. In this
respect, the development of cellulosic biofuel feedstock will
be similar. Tailoring crops for biofuel production is critical
in improving the overall economy of ethanol production
from cellulosic feedstock (Wyman 2007). Lignin content
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and composition of cell walls determine, among other
factors, sugar release and thus the efficiency of the ethanol
extraction process (Davison et al. 2006; Chen and Dixon
2007; Vermerris et al. 2007; Yoshida et al. 2008). Hence,
biomass composition, in particular cell wall composition,
plays an important role and is considered a major trait for
improvement of cellulosic biofuels (Sticklen 2006; McCann
and Carpita 2008). Lignin, cellulose, and hemicellulose are
main components of cell walls and their biosynthesis is
facilitated by complex pathways. While the lignin content
and biosynthesis pathway have been extensively studied for
digestibility purposes for animal feedstock like corn, other
grasses, and alfalfa (Jung and Vogel 1986; Baucher et al.
1999; Barrière et al. 2004; Ralph et al. 2004; Reddy et al.
2005) and for improving pulping qualities in wood (Hu et
al. 1999; Pilate et al. 2002; Baucher et al. 2003; Li et al.
2003), we are only beginning to unravel the details of
cellulose and hemicellulose biosynthesis (Paredez et al.
2006; DeBolt et al. 2007; Desprez et al. 2007; Lindeboom
et al. 2008; Paredez et al. 2008; Wang et al. 2008) and the
regulation of these pathways (Mitsuda et al. 2005; Zhong et
al. 2006; Mitsuda et al. 2007; Zhong et al. 2007a, b; Zhong
and Ye 2007; Xu et al. 2008; Zhong et al. 2008). Reliable
and accurate measurements for cell wall components are
labor intensive and standards are not consistently established
(Kelley et al. 2004; Labbé et al. 2008) which complicate the
exact definition of the most favorable ratio of lignin,
cellulose, and hemicellulose in the cell wall for ethanol
production. Given the complexity, cell type specificity, and
lack of efficient screening and precise analysis methods,
engineering of cell wall composition will undoubtedly be the
most challenging task of cellulosic feedstock improvement.

Biomass yield is critical for the successful implementa-
tion of cellulosic biofuels. C4 plants have the potential to
produce exceptionally high grain yield as well as stem and
leaf biomass yield (Piedade et al. 1991) and, compared with
C3 plants, appear to be more promising as biomass-
producing plants for cellulosic biofuels.

C4 plants convert energy more efficiently into biomass
than C3 plants and have up to 60% higher water and
nutrient use efficiency (Beadle and Long 1985; Beale et al.
1999; Heaton et al. 2008b). By selecting for high-biomass-
yielding species, combined with high nutrient and water use
efficiency, economically efficient production of biofuel
feedstock may be realized on less optimal land without
pressuring prime grain crop territories. To thrive in these
proposed suboptimal environments, biofuel crops need to
be adapted to various stresses such as drought, salt, cold,
and low nutrient availability. Criticism of the development
of biofuels for ethanol production is often based on a fear of
continued displacement of food crops with that of biofuel
crops. The expansion of agriculture to provide plant
biomass for production of fuels or chemical feedstocks will

require greater use of marginal lands. This will make the
production of low per-unit value biomass economical.
Perennial crops are essential to bringing marginal lands
into sustainable biomass production (Wagoner 1990;
Scheinost et al. 2001; Cox et al. 2002), maximizing
ecosystem productivity (Field 2001) and minimizing losses
of topsoil (Gantzer et al. 1990; Pimentel et al. 1995), water,
and nutrients (Randall and Mulla 2001).

Flowering time significantly affects biomass production as
the transition from vegetative to reproductive phase negatively
impacts biomass accumulation. For the maximum biomass
yield of cellulosic biofuel crops, flowering is undesired and, in
the case of perennials, plants should senesce only shortly
before the end of the vegetation period to relocate nutrients
into the rhizome.Manipulating flowering time has long been a
breeding goal to enable or prevent flowering at desired times
and to increase yield in photoperiod-sensitive crops indepen-
dent of geographical region (e.g., sorghum) and for other
applications. In one biomass crop, sugarcane, flowering alone
reduces yields enough to wipe out profit margins in some
years (Julien and Soopramanien 1976; Long 1976; Julien et
al. 1978; Heinz 1987) and increases disease susceptibility
(Ricaud et al. 1980).

Biomass yield is a complex trait and influenced by many
plant characteristics. Plant height, tiller number per plant,
tiller density, and stem thickness are important biomass
yield determinants with complex genetics underlying these
traits. Tiller number and density will eventually define the
number of plants needed per unit area for optimal biomass
production and hence influence the establishment costs for
plantations. Depending on the species to be developed,
propagation capability (seed, in vitro culture, or rhizome),
rapid field establishment, and pest and disease resistance
are also important traits in cellulosic biofuel crops.

Invasiveness remains a concern for nonnative biofuel
crops as well as for native biofuel crops grown outside their
normal ecosystems (Rhagu et al. 2006). Many plant species
such as corn, rice, wheat, soybean, barley, and sorghum are
spectacularly successful as crops grown outside of their
natural ranges but show varying degrees of invasiveness
ranging from none to high. Invasive characteristics like
nodal shoot and aggressive rhizome growth or seed
dispersal need to be minimized or eliminated in biofuel
crops through the breeding process.

Miscanthus x giganteus, a sterile triploid hybrid of a
cross between Miscanthus sinensis and Miscanthus saccha-
riflorus (Hodkinson et al. 2002b), has been successfully
grown for several years as a biofuel crop in Europe
(Clifton-Brown et al. 2001). This particular genotype
already combines many of the traits desirable for a biofuel
crop. As a perennial C4 plant, it produces consistently high
biomass yields over many years with little or no nitrogen
application. Rhizome growth is locally contained and
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sterility provides protection from outcrossing. However, the
yield potential might not be fully used when this variety is
cultivated under varying climatic conditions. Furthermore,
growing only one single clone holds risk with regard to
disease susceptibility. Additionally, nutrient content as well
as cell wall composition need to be better amenable to
conversion. Early flowering at lower latitudes like the
Southern USA currently prevents full realization of its yield
potential. Breeding Miscanthus genotypes adapted to a
wide range of growing conditions with lower lignin and ash
content, resulting in more efficient biomass conversion, will
further improve its suitability as a biofuel crop. Genetic
diversity for Miscanthus breeding can be drawn from a
large gene pool of different Miscanthus species like M.
sinensis, M. sacchariflorus, M. floridulus, Triarrhena
lutarioriparia, and others. Switchgrass (P. virgatum) has
been utilized as a forage grass and has been tested as a
biofuel crop in recent years. However, its present yield is
lower than Miscanthus (Heaton et al. 2008a) but improved
varieties could be a useful addition to the biofuel crop
repertoire for sites less suitable for Miscanthus. S. bicolor is
known for its adaptation to several stress conditions, in
particular drought, and could complement perennial biofuel
crops in establishment years or in arid climates. Breeding
perennial sorghum would be of interest as well as interspe-
cific crosses between sorghum and Miscanthus. Similarly,
Miscane, a hybrid between sugarcane and Miscanthus,
could potentially combine the high productivity of both
species with the perenniality and adaptation of Miscanthus
to colder climates. Of the main breeding goals, improving
cell wall composition and its digestibility is presently
deemed most critical for enhancing sugar extraction effi-
ciency and overall economy of cellulosic ethanol production.

Genetic Manipulation to Improve Biofuel Crops

Breeding cellulosic feedstock can initially take advantage
of the knowledge and technologies developed for food and
forage crops in their long breeding history. This ranges
from germplasm collection and characterization to breeding
strategy development including marker-assisted selection
(MAS) and transgenic modifications. The starting point of a
biofuel crop breeding program can vary significantly
depending on the extent of genetic improvement. For
sorghum and sugarcane, well-established breeding pro-
grams have existed for many yr. While the breeding goal
has not been for biomass production (e.g., high sugar
content versus high biomass for sugarcane), attention to
issues such as harvestability and disease resistance may
indirectly benefit biofuel breeding. Others, like Miscanthus
and switchgrass, are essentially “wild” undomesticated
plants. The genetic improvement of Miscanthus and

switchgrass has to be initiated with the collection of
germplasm but at the same time holds much potential for
realizing the genetic gain in the first few generations of
variety improvement.

Germplasm Collection

Germplasm collections provide breeders with genetic resour-
ces for trait improvement in energy crop breeding programs.
By cross-pollination and subsequent selection in segregating
progenies, plant breeders can reassemble targeted traits in one
variety for its optimized performance. Sufficient germplasm
variations and genetic information relating to interesting traits
are essential for the success of a breeding program.

Looking closely at the available germplasm collections
in biofuel crops, such as S. bicolor, Miscanthus, switch-
grass, and Miscane, different pictures emerge for each crop.
A large sorghum germplasm collection of >36,000 acces-
sions exists in the USA (Reddy et al. 2006) and at the
International Crops Research Institute for the Semiarid
Tropics (Saballos 2008). In contrast, there is practically no
public germplasm collection for Miscanthus, despite a few
collection activities by research institutes, botanical gar-
dens, and private companies who have compiled a small
number of landraces and ornamental accessions. Neverthe-
less, there is rich genetic variation in wild populations of
both switchgrass and Miscanthus. Switchgrass is native to
North America and has been bred as a forage crop.
Miscanthus, on the other hand, originated in East Asia and
nearby Pacific islands. Eleven to 20 species have been
identified in Miscanthus and ongoing molecular analysis is
still being applied to refine our understanding of the
phylogenetic relationships between Miscanthus species
(Hodkinson et al. 2002; Clifton-Brown et al. 2008). The
center of diversity for Miscanthus is in East China, South
Korea, Taiwan, and Japan. In China, limited breeding work
has been done in Miscanthus to improve its fiber quality and
yield as a feedstock for the paper industry (He et al. 1998).
Several species of Saccharum can be explored for Miscane/
energy cane breeding. Sugarcane’s genetic disposition
includes several species of the Saccharum complex (Dillon
et al. 2007) and a large number of collections of Saccharum
have been maintained in Brazil, India, the USA, and China.

Access to genetic resources is vital to breeders. Because
of restricted biomaterial exchange between countries, it is a
huge challenge for breeders to access genetic resources if
they want to establish a breeding program in a species
outside of its natural geographic locations. For example,
several obstacles have to be overcome for a breeder in the
US to access Miscanthus germplasm. While collections of
several Miscanthus accessions from different locations in
China, Japan, Taiwan, and Korea exist, export and import
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restrictions and ambiguous regulations under the conven-
tion of biological diversity protocol (CBD) complicate the
acquisition and transfer of Miscanthus germplasm outside
these countries for commercial product development. The
limited capacity for Miscanthus quarantine further delays
the germplasm import into the USA. It can take several
years before a significant number of Miscanthus accessions
are available for breeders outside Asia. Similar restrictions
have applied to sorghum and sugarcane germplasm ex-
change since the CBD protocol became effective in 1993.

Germplasm Characterization

Genetic and phenotypic analyses need to be conducted once
the germplasm is available to the breeder. Core germplasm
accessions should be selected as parents to be used in
crossbreeding programs. Of the potential C4 biofuel species,
most (except sorghum) are either polyploid or have large
complex genomes, complicating genetic analysis. Miscan-
thus, switchgrass, sugarcane, energy cane, big bluestem,
Bermuda grass, napier grass, and others have varying ploidy
levels from diploid up to octoploid, and their chromosome
numbers can be up to 100 or more. S. bicolor provides a
much needed model for biofuel crop genomics and breeding
research. S. bicolor is diploid and has a relative small
genome of about 730 Mb that has been completely
sequenced (Paterson et al. 2009). The sorghum sequence
will be a valuable tool for comparative genetic studies. With
the sorghum sequence as a reference, syntenic regions or
candidate gene sequences can be exploited to identify the
locations of genes that govern critical trait inheritance.
Subsequently, these syntenic regions or candidate gene
sequences can be used to develop markers linked to the
traits of interest for marker-assisted selection or cloning of
the underlying genes.

Germplasm characterization at the molecular level can
shed light onto the genetic diversity and trait inheritance
information that are needed by breeders in planning their
crosses and subsequent selections. Keeping a degree of
genetic diversity in the crossing parents is a common
measure to enhance the adaptability of a variety to a broad
range of environments. Molecular markers, such as restric-
tion fragment length polymorphism (RFLP), amplified
fragment length polymorphism (AFLP), simple sequence
repeat (SSR), Diversity Arrays Technology (DArT), and
single-nucleotide polymorphism (SNP), are frequently used
in germplasm characterizations. Each type of marker has
somewhat different properties in terms of the nature of
polymorphism assayed, the assay methods, equipment
requirements, costs, and assay throughput. RFLP, AFLP,
and DArT markers do not require sequence information; they
can be used for initial genetic characterization of germplasm

collections that have little or no genomic sequences available.
DArT markers have been applied in sorghum (Mace et al.
2008), rice (Jaccaud et al. 2001), barley (Wenzl et al. 2004),
wheat (Akbari et al. 2006), and others (James et al. 2008).
The method has demonstrated good reproducibility and has
been applied to higher ploidy levels and consequently large
genome size [as demonstrated in hexaploid wheat (Akbari et
al. 2006)] and could ultimately be applied for polymorphism
analysis in Miscanthus and other biofuel candidate crops
with higher ploidy levels.

SSR and SNP markers rely on the availability of
sequence information for the design of primers or allele-
specific oligos. Currently, neither the Miscanthus nor the
switchgrass genome has been sequenced. Nevertheless,
SSRs have become the marker of choice for genetic
diversity study and genotype identifications in biofuel
crops for the following reasons: (1) large numbers of SSRs
have been identified in related species, such as sorghum,
sugarcane, corn, wheat, barley, and rice (http://www.
gramene.org/), and can be used in Miscanthus and switch-
grass (Hernández et al. 2001). Sugarcane and sorghum are
more closely related to Miscanthus than corn (Hodkinson et
al. 2002) and as such a much higher success rate is expected
for sorghum and sugarcane SSRs being validated in
Miscanthus. (2) SSR polymorphism is derived from numbers
of repeats in the flanking sequence and has a high power to
differentiate many alleles. (3) SSRs are polymerase-chain-
reaction-based markers and thus relatively easy to use.
Multiplexing and automation of SSR assays can be
performed using capillary-based DNA analyzers in combi-
nation with various color florescence-labeled primers.

SNPs are powerful for genetic mapping due to their
abundance in the genome. Mining of expressed sequence
tag libraries is commonly used for SNP discovery (Grivet et
al. 2003; Cordeiro et al. 2006; Novaes et al. 2008) and a
database for SNP search is available for rice, barley, and
brassica (Duran et al. 2009). Conserved intron scanning
primers have also been employed for SNP discovery by
using conserved locations of introns to design primers
followed by identifying sequence variation within the
intron (Feltus et al. 2006b). The absence of sufficient
genome sequences used to be a bottleneck for SNP
discovery application to biofuel crops. However, the new
generation of high-throughput DNA sequencing technology
such as Illumina (Pavy et al. 2008), 454 (Barbazuk et al.
2007), and SOLiD (Smith et al. 2008) has made SNP
discovery rapid, more affordable, and widely available.

Identification of Trait-Linked Markers

Identification of trait-linked molecular markers by genetic
mapping is a first step in implementing marker-assisted
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selection in breeding improved biomass crops. Draft
linkage maps have been published for M. sinensis (Atienza
et al. 2002) and switchgrass (Missaoui et al. 2005).
However, higher densities of molecular markers are needed.
Biomass yield and chemical composition are two major goals
in biofuel crop breeding. Biotic and abiotic stress tolerance are
also important for broad adaptability and yield stability.

Biomass yield of energy crops positively correlates with
plant height, stem density, and stem thickness as demonstrated
in Miscanthus and switchgrass (Atienza et al. 2003; Das et
al. 2004; Boe and Beck 2008; Jezowski 2008). In different
Miscanthus species, plant height can vary from 1.5 to over
5.0 m. Thus, there is large potential for the genetic im-
provement of plant height in Miscanthus. T. lutarioriparia is
generally tall with thick stems, but stem density is usually
low. In contrast, M. sinensis is usually short and with stems
clumped together at very high density. The stem thickness
can vary within a large range, with M. floridulus and M.
sacchariflorus being intermediate types for these traits. In
addition to the enormous variations between Miscanthus
species, the difference between ecotypes of the same species
can also be large. Study of the genetic control of the three
yield components and subsequently optimizing their value in
genetically improved varieties would help breeders achieve
their breeding goals for enhanced biomass yield.

Many traits that are high priority for genetic improve-
ment in Miscanthus and other biofuel crops are “domesti-
cation traits” for which there exists substantial knowledge
of genetic control in sorghum and/or other crops and for
which the locations of controlling genes/quantitative trait
loci (QTLs) often correspond across divergent grasses (Lin
et al. 1995; Paterson et al. 1995a, b; Ming et al. 2002; Hu et
al. 2003). For example, QTLs controlling tiller number and
culm height are known in sorghum (Quinby and Karper
1954; Lin et al. 1995; Hart et al. 2001) and the synteny
relationships of plant height QTLs between sorghum and
sugarcane have been studied (Ming et al. 2002). Stem
diameter itself is a biomass component and also enhances
lodging tolerance. A stem diameter QTL which accounted
for thicker stems and reduced lodging was identified in rice
(Kashiwagi et al. 2008). However, biomass composition
and lignin content have to be kept favorable for ethanol
extraction with the modification of these traits. Flowering
time and photoperiod sensitivity play a critical role in
biomass yield through determination of growth period.
Delayed or no flowering is desirable for biomass produc-
tion because an extended vegetative growth period helps
produce more biomass and sterility would either reduce or
eliminate the invasiveness potential of Miscanthus and
other biofuel grasses. Several genes and QTLs involved in
photoperiod and flowering control have been recognized in
sorghum and sugarcane (Quinby and Karper 1945; Rooney
and Aydin 1999; Ming et al. 2002), corn, and rice. Similar to

plant height QTLs, QTLs controlling flowering often
correspond in sugarcane and sorghum and may be conserved
in other Poaceae (Lin et al. 1995; Ming et al. 2002).

The optimal chemical composition of energy crops is
determined by the subsequent conversion technologies. Two
major conversion technologies are being tested to produce
liquid biofuel from plant biomass. One is thermal conversion
and the other is bioconversion. These approaches have
different requirements for biomass compositions in order to
obtain high conversion rates, but both require low ash
content. Nutrient recycling of elements such as N, P, and K
from the shoots back to roots before harvesting would aid in
reducing the ash content. This in turn requires less nutrient
uptake by the plant as the nutrients are available from the
rhizomes in the following spring. Therefore, reducing ash
content not only increases biomass to fuel conversion rate
but also reduces overall nutrient uptake. The natural
senescence of the plant is essential for nutrient recycling
and, in an approach to align maps of two sorghum
populations with one common parent, QTLs for leaf
senescence could be found (Feltus et al. 2006a). Cell wall
composition is cell specific and highly variable depending
on the cell type (Nakashima et al. 2008). Parenchyma and
collenchyma cells have only primary cell walls whereas
sclerenchyma cells have both primary and secondary cell
walls. Lignin content is usually higher in secondary cell
walls compared to primary cell walls. Studies of altered
gene expression in the monolignol biosynthesis pathway in
Arabidopsis and other dicots as well as in trees revealed
changes in both lignin content and composition (Vanholme
et al. 2008). Lignin content was negatively correlated with
sugar yield in Miscanthus (Yoshida et al. 2008). In fact,
lignin content could be reduced to a level where untreated
transgenic alfalfa yielded higher saccharification efficiency
than pretreated control plants (Chen and Dixon 2007). Less
information is available on lignin manipulation for grasses;
however, the brown midrib, originally a naturally occurring
mutant identified in corn, sorghum, and millet, is perhaps
the most widely studied trait. While reduced lignin
improves saccharification efficiency, it can also reduce
biomass yield and survival and also cause lodging (Casler
et al. 2002; Vogel et al. 2002; Pedersen et al. 2005;
Colemann et al. 2008). However, this seems to be
dependent on the genetic background. There are also
examples of reduced lignin without obvious phenotypic
changes. QTLs for lignin and cell wall components in corn
have been successfully identified (Cardinal et al. 2003;
Krakowsky et al. 2006; Barrière et al. 2008).

Invasiveness is a concern for novel biofuel crop and can
often be contributed to aggressively spreading rhizomes,
seed dispersal, or nodal growth. Rhizome growth is
generally desired to fill in space between plants but should
not be so aggressive that it takes over beyond the field
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location. Seed set in biofuel crops is only desired in case of
seed production but has not yet been excluded in grasses
grown in their native habitats. QTLs for rhizomatousness in
rice (Hu et al. 2003) and studies of rhizome growth
behavior in Sorghum propinquum and S. bicolor (Paterson
et al. 1995; Jang et al. 2006, 2008) have begun to uncover
the genes involved, which are the basis for selection and
effective manipulation. Mutations in two genes for seed
shattering in rice and a single QTL in sorghum have also
been identified (Paterson et al. 1995b; Konishi et al. 2006;
Li et al. 2006). The nonshattering gene or QTL-linked
markers should be applicable for molecular marker screens
in Miscanthus or other germplasm. Seed size, seedling
vigor, and early cold germination are important traits for
fast and successful crop establishment but could also affect
invasiveness. These traits need to be balanced and managed
in combination with other measures for bioconfinement.

Given the wealth of genetic information for biomass,
chemical compositions, and stress tolerance obtained from
the study in model plant species such as Arabidopsis, rice,
sorghum, and corn, a candidate gene approach to identify
genes or synteny regions of interest for equivalent biofuel
traits could be effective. This approach relies on the
conservation of trait-related synteny/collinearity and gene
function between model plants and the biofuel crop of
interest. Candidate gene approaches have been successfully
demonstrated in plant disease resistance gene mapping and
the subsequent cloning (McIntyre et al. 2005). As shown
above, many QTLs important for biofuel traits have been
identified in sorghum, sugarcane, and rice. The use of
conserved markers in genetic mapping should identify related
genes or their locations inMiscanthus and other biofuel crops.

Traditionally, trait mapping was performed in segregat-
ing populations that were derived from biparental crosses.
The mapped trait may be restricted by the choice of
available genetic resources. Due to the development of
high-density SNP markers with a genome-wide coverage,
trait-associating mapping becomes feasible using a broad
panel of selected genetic resources, such as germplasm
accessions, breeding lines, and commercial varieties. The
association mapping approach eliminates the necessity of
mapping population construction and allows breeders to
focus on their most valuable genetic resources. Further-
more, recently high-throughput deep sequencing may yield
more closely linked markers or directly identify the gene
for the targeted traits without going through tedious genetic
mapping procedures (Lister et al. 2009).

Marker-Assisted Selection

Once the genes controlling traits of interest or phenotype-
associated molecular markers have been identified, direct

selection for desired genotypes becomes possible through
molecular marker analysis. MAS is especially valuable for
the improvement of biomass yield, which is complex
partially because gene–environment interactions reduce
the accuracy of direct phenotype selection. Likewise,
diagnostic markers for cell wall composition would help
to mitigate the lack of efficient assays for breeders to do
rapid assessment (ideally in the field). The implementation
of MAS in biofuel crop breeding programs should expedite
development of novel cultivars with high biomass and
desired chemical compositions.

MAS can significantly improve breeding efficiency by
the accurate selection of desired genotypes in early
generations or at early growth stages. MAS can also reduce
the impact of nongenetic factors that can interfere with
phenotype selection and help to quantify the stability of
particular genes (or QTLs) across environments. Distin-
guishing genes that are stable from those that are
environment specific may help to tailor genotypes to
particular production systems (Saranga et al. 2001; Paterson
et al. 2003; Saranga et al. 2004).

Genotype selection by MAS in early generations or at
early growth stages is particularly beneficial in biofuel crop
breeding programs because most potential biomass crops
are perennials and their phenotype expression can be
delayed for multiple yr. As an extreme example, applica-
tion of a marker-assisted backcrossing selection in peren-
nial oil palm would theoretically reduce the breeding cycle
from 19 to 13 yr compared to a conventional approach
(Wong and Bernardo 2008). Furthermore, biofuel crops
tend to be large plants and each plant requires space in
greenhouses and breeding nurseries. Plant breeders need to
screen thousands of breeding lines or individuals in each
generation. A Miscanthus plantation reaches its full yield
potential in 2 to 3 yr after planting. Any selection that can
be practiced by applying diagnostic DNA markers in the
first year or even at the seedling stage would significantly save
space and time in the breeding process. MAS can be
performed in different stages of a breeding program.
Marker-assisted germplasm fingerprinting can be used for
parent selections. In fact, parental selection based on
molecular marker screening has been deemed critical in
starting a successfulMASwheat breeding program (Anderson
et al. 2007).

MAS has been implemented for both qualitative and
quantitative traits in crop breeding programs (Castro et al.
2003; Concibido et al. 2004; Joseph et al. 2004; Schmierer
et al. 2005; Zhou et al. 2005; Collard and Mackill 2008;
Buerstmayr et al. 2009; Zhou et al. 2009). Major gene-
controlled traits can be directly identified by marker
analysis and applied for targeted improvement. For exam-
ple, Xa21-mediated disease resistance (Chen et al. 2000)
and Bph1 and Bph2-mediated insect resistance (Sharma et
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al. 2004) have been identified in elite germplasm collec-
tions and introduced into rice cultivars through marker-
assisted backcrossing. In the latter case, an additional
advantage of MAS has been employed, pyramiding of
several traits to maximize phenotype expression.

Marker-assisted gene pyramiding for the development of
sustainable disease resistance will become critical in biofuel
crop breeding. Large acreage plantings of a vegetative
propagated biofuel crop could lead to monoculture of a few
selected genotypes, with potentially high vulnerability to
disease epidemics. Pyramiding different disease resistance
genes against various pathogen strains in elite breeding
lines would help reduce genetic vulnerability in released
cultivars (Castro et al. 2003). Huang et al. (1997) reported
pyramiding of four bacterial blight resistance genes in rice,
achieving broad-spectrum disease resistance.

Beyond single-gene traits such as disease resistance,
more complex traits such as aroma and root growth have
also employed MAS for variety improvement (Steele et al.
2006). Rates of gain in complex (quantitative) trait
improvement through MAS depend on the number of
QTLs involved and their genetic effects. A range of results
have been reported for the improvement of quantitative
traits, such as grain yield, by MAS. Bouchez et al. (2002)
reported on an extensive MAS program for the improve-
ment of corn elite lines based on QTLs for earliness and
grain yield. Testing of the improved varieties showed the
expected earliness, but grain yield was negatively impacted.
A MAS approach for corn yield under drought stress
produced lines that generated higher corn yields under
heavy drought stress but these lines lost their superiority
over the control lines when the drought stress was less
severe (Ribaut and Ragot 2007) and conventional breeding
produced the same results (Ribaut and Ragot 2007).
Phenotypic screening in both programs was executed only
at the very end of the breeding process. As a result, the
authors recommend including phenotypic screens during
the MAS process. On the other hand, breeding for the
quantitatively inherited Fusarium head blight resistance
could be successfully accomplished by MAS (Anderson et
al. 2007). The major QTL (Fhb1) produced a consistent
phenotype over different genotypes and environments and
closely linked markers were available (Anderson et al.
2007; Buerstmayr et al. 2009).

One of the most successful MAS breeding programs to
date has been implemented by Monsanto (Eathington et al.
2007; Edgerton 2009). Researchers compared 248 unique
soybean populations in a conventional selection with MAS.
MAS-derived lines in the Monsanto program were higher
performing for a combination of traits including grain yield,
but the amount of gains for both methods varied between
years. Similar results were reported for sunflower for the
improvement of grain yield, oil content, and other traits and

in corn for grain yield and other traits (Eathington et al.
2007). A high genetic gain was observed in early
populations. The genetic gain of each selection cycle is
very much dependent on the frequency increase of
favorable genes. Therefore, marker-assisted genotype eval-
uation and subsequent selection can apparently help to
accumulate desired genotypes in the selected populations.

Although the application of MAS for quantitatively
inherited traits is presently more challenging, further
development of genetic maps and marker technology will
accelerate implementation. Biomass yield, an important
target trait in biofuels, is a complex trait and improvement
by MAS will pose challenges. Parental selection in a large
number of populations seems crucial for selecting the best
potential parents as well as the integration of phenotypic
selections steps between the marker selection stages
(Anderson et al. 2007; Eathington et al. 2007). MAS can
be readily applied to biofuels crops once candidate genes
have been identified for biomass yield and cell wall
composition. MAS will play a significant role in future
enhancement of biofuel crops as well as food and feed
crops (Edgerton 2009). An even more intriguing approach
is the combination of MAS with the transgene technology.

Transgenic Cellulosic Biofuel Crops

Genetically modified crops have successfully been grown
for over 10 yr since their debut in 1996. The majority of
present transgenic crops comprise just two traits, herbicide
resistance and insect resistance, but these have been widely
applied to soybean, corn, cotton, and canola. The land
cultivated with these crops covered a remarkable 125
million hectares in 2008 (ISAAA 2008: Executive Sum-
mary). Since their introduction, transgenic technology and
crops have been under scrutiny relative to human health
and the environment although transgenic crops which are
commercialized are considered generally recognized as safe
and approved by various government agencies throughout
the world for use in food, feed, and fuel. Gene flow and
escape into wild relatives and populations, unintended
admixture with nontransgenic crops, and development of
herbicide-resistant weeds and plants are concerns that are
manageable based on current accepted practices (Council
for Agricultural Science and Technology 2007).

The development of cellulosic biofuels feedstock will
undoubtedly benefit from transgenic approaches. Miscan-
thus, switchgrass, and other novel crops are obligate
outcrossers; hence, gene flow is a potential problem.
However, cellulosic nonfood crops have a key advantage
over transgenic food crops. Flowering and seed develop-
ment are undesired. In fact, a cellulosic biofuel crop
produces biomass more efficiently if resources are not
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directed into flowering. The risk of transgene escape may
be dramatically reduced if nonflowering biofuel crops can
be produced in the field. The sorghum photoperiod-
sensitive gene, e.g. Ma5 and Ma6, involved in flowering
of sorghum have been shown to delay flowering signifi-
cantly when dominantly expressed (Rooney and Aydin
1999). Tobacco plants produced higher biomass although at
reduced plant height when an Arabidopsis flower repressor
(FLC) was expressed causing delayed flowering (Salehi et
al. 2005). Additionally, CENTRORADIALIS homologs
were shown to delay flowering and vastly increased the
height of tobacco plants (Amaya et al. 1999). Such findings
ultimately provide opportunities to manipulate flowering
time in grasses by a transgenic approach. On the other
hand, flowering of biofuel crops is desired for recombina-
tion in breeding nurseries and crossing fields. Given the
restricted areas for breeding purpose, gene escape should be
easily manageable by growing crops afar from potential
undesired crossing partners. Switchgrass is likely to be
grown in its native habitat and a major concern is that
transgenic switchgrass could easily hybridize with local
population. S. bicolor, although self-fertile, can also
hybridize with species of the Saccharum complex. Ideally,
only sterile genotypes would be grown in the field as
currently practiced for the sterile M. x giganteus. Sterile
Miscanthus hybrid production is one of the breeding goals
which entails the remake of the cross of high-yielding M.
sinensis with M. sacchariflorus to produce a hybrid that
outyields M. x giganteus. However, due to high propaga-
tion costs, the development of high-yielding locally adapted
M. sinensis and M. sacchariflorus which could be sown and
produce seeds is an opportunity to reduce establishment
costs. Several options for genetic manipulation are available
to prevent gene escape (Daniell 2002). Transgenic
approaches like male sterility which have been deployed
to produce hybrids (Hartley 1988, 1989; Mariani et al.
1991; Li et al. 2007; Gils et al. 2008) or transgene
expression in only maternally inherited chloroplasts can
reduce risks associated with cross-pollination (Ruf et al.
2001; Wurbs et al. 2007) and are examples for strategies to
prevent outcrossing.

Genetically modified food crops are subject to a rigorous
screening, testing, and deregulation process. Since biofuel
crops are not intended for human or animal consumption,
regulatory processes for biofuel crops could become less
elaborative and cheaper and potentially accelerate the
development and release of transgenic biofuel varieties
and reduce costs in the development of novel biofuel crops.

The transfer of foreign DNA into plants has commonly
been facilitated by Agrobacterium-mediated transformation
or particle bombardment for major crops. Of the novel
biofuel plants, switchgrass has been transformed with
Agrobacterium (Somleva et al. 2002) and M. sacchariflorus

was reportedly transformed via particle bombardment (Zili
et al. 2004). High transformation efficiency protocols for
Agrobacterium-mediated transformation need to be devel-
oped for Miscanthus to enable the effective employment of
promising genes for crop improvement in further plant
generations.

As described above, lignin composition as well as lignin,
cellulose, and hemicellulose content most critically deter-
mines the efficiency of lignin degradation and saccharifi-
cation and ultimately affects ethanol yield. Hence, these
components are considered main targets of genetic im-
provement of biofuel feedstock. Transcriptional profiling
has only just begun to unravel the complexity of genes
regulating the lignin biosynthesis and the effect on genes
beyond this pathway. Different levels of lignin and gene
expression in various tissues, as well as changes in
pathways beyond the lignin pathway, are beginning to
illustrate the complexity of lignin biosynthesis. Interesting-
ly, but not surprisingly, an array of transcription factors
(TFs) are surfacing as key regulators of secondary cell wall
biosynthesis in Arabidopsis and trees (Patzlaff et al. 2003;
Goicoechea et al. 2005; Zhong et al. 2006; Zhong and Ye
2007; Zhong et al. 2008). TFs of the NAC family appear to
be cell-type-specific which activate a cascade of down-
stream MYB and KNAT TFs which then activate genes of
the biosynthetic pathways for cellulose and hemicellulose
(Kubo et al. 2005; Mitsuda et al. 2007; Zhong et al. 2008).
MYB and LIM TFs have also been suggested to be
specifically involved in the lignin pathway (Kawaoka et
al. 2000; Patzlaff et al. 2003a, b; Karpinska et al. 2004;
Goicoechea et al. 2005; Yang et al. 2007). More studies
should identify specific TFs regulating either the lignin or
cellulose biosynthesis pathway. Such knowledge can be
applied to manipulate particular TFs to optimize secondary
cell wall composition. Increased cellulose and hemicellu-
lose content in combination with reduced lignin for
enhanced sugar and ethanol yield would produce a
particularly valuable cellulosic feedstock. Cell- and tissue-
specific gene expression analysis and their interaction in
networks will be a trademark of further identification of
genes and TFs involved in cell wall biosynthesis.

In addition to lignin and cellulose modification, direct
expression of cellulases in plants has been discussed as an
alternative way to improve decomposition of plant cell
walls and reduce recalcitrance to processing. The complex-
ity of cellulose biosynthesis is expected to require a
complex, concerted, and tissue-specific use of enzyme
action for cellulose degradation (Taylor et al. 2008).
Heterologous expression of glycosyl hydrolases has been
used to enhance glucose extraction in rice (Oraby et al.
2007) and corn (Ransom et al. 2007) and could be a
strategy for improving overall sugar extraction. The correct
expression of these enzymes would be critical to initiate the

298 JAKOB ET AL.



cellulose degradation shortly before, at, or immediately
after harvest. Suitable promoters or chemical induction
methods would be needed to accomplish this step. Another
interesting aspect of improving the economic prospects of
ethanol production could be to extract higher-value prod-
ucts from the lignin biosynthetic pathway by manipulating
this pathway for different by-products and at the same time
accomplish to simplify lignin structure for improved
degradation (Anderson et al. 2005; Somleva et al. 2008).

Overexpression of transcription factors has been widely
demonstrated to enhance resistance to biotic and abiotic
stress in model plants as well as in crop plants (Century et
al. 2008). Cellulosic biofuel feedstocks will likely be grown
on less fertile soil while more fertile soils remain cultivated
with food crops. Hence, tolerance to stresses such as
drought, salt, cold, and heat will be preferred traits for
biofuels. TFs are particularly promising transgenic tools as
they regulate not only one gene but complex and often
interacting pathways directed toward numerous stress
responses. Therefore, changes in gene expression caused
by overexpression of a particular TF often provide
increased resistance to more than one abiotic stress factor.
For example, the NAC family, which also comprises TFs
involved in cell wall biosynthesis, has provided cold and
salt tolerance when overexpressed in rice and tested under
field conditions (Hu et al. 2006). CBF transcription factors
of the AP2/ERF family have been demonstrated to provide
cold tolerance in Arabidopsis (Jaglo-Ottosen et al. 1998;
Novillo et al. 2007), as well as orthologs in rice (Ito et al.
2006), corn (Qin et al. 2004), and birch (Welling and Palva
2008) or when AtCBF1 was overexpressed in poplar
(Benedict et al. 2006). Moreover, drought and salt tolerance
has also been observed in combination with cold tolerance
when CBF rice orthologs were constitutively overexpressed
in rice (Dubouzet et al. 2003).

Similar to abiotic stress resistance, TFs can also regulate
defense responses to pests and diseases. TFs of the ERF
subfamily have been demonstrated to enhance disease
resistance in Arabidopsis and crop plants (Berrocal-Lobo
et al. 2002; Guo et al. 2004; Zuo et al. 2007). WRKY TFs
have been shown to act at the junction between the
jasmonic and the salicylic acid pathways, thereby modify-
ing the crosstalk between these pathways (Li et al. 2004;
Mao et al. 2007; Higashi et al. 2008) and defining the plant
defense response to pathogen attack.

Breeding for disease resistance in biofuel crops will
become imperative with increasing cultivation. Pests and
diseases will have a more profound effect on the economy
of the biofuel crop if significant damage or total plant loss
occurs. Miscanthus, switchgrass, and other novel biofuel
crops have not yet been grown extensively, but bacterial,
viral, and fungal pathogens as well as nematodes have
already been reported to attack Miscanthus (Christian et al.

1994; O’Neill and Farr 1996; Thinggard 1997; Gams et al.
1999; Halbert and Remaudiere 2000) and switchgrass
(Gravert and Munkvold 2002; Gustafson et al. 2003;
Krupinski et al. 2004; Carris et al. 2008). Interestingly,
Miscanthus has been used in sugarcane breeding for
improving disease resistance (Chen and Lo 1989; Miller
et al. 2005), implicating that there is useful variation for
disease resistance in Miscanthus germplasm.

A database is now available integrating gene regulatory
information for maize, rice, sorghum, and sugarcane (http://
www.grassius.org, Yilmaz et al. 2009) which could further
advance the knowledge of regulatory genes and networks in
biofuel grasses and their incorporation into breeding
programs for improved genotypes. Gene stacking and the
use of tissue-specific or inducible promoters for precise
expression will be needed for the genetic engineering of
biofuel crops because of the interaction networks of
transcription factors and the potential need to add multiple
traits. Transgenic corn with more than one introduced trait
(one for glyphosate herbicide resistance and the other for
resistance for the European corn borer and corn rootworm)
is currently in commercial use (Dill et al. 2008) and shows
no adverse effects on forage quality (McCann et al. 2007;
Drury et al. 2008). New strategies for pyramiding several
genes or integrating gene regions into plants via mini-
chromosomes in corn are also being developed (Carlson et
al. 2007) and could be beneficial for biofuel crop
advancement.

Cell wall degradability, biomass yield, and stress
resistance are the major traits which will ultimately define
the suitability and use of cellulosic biofuels. Optimizing
these traits through transgene technology can be considered
a promising tool for effectively developing cellulosic
biofuel crops. Given that flowering is an undesired trait in
biofuel crops, gene flow could much more easily be
avoided by eliminating or altering flowering. In addition,
deregulation of transgenic biofuel crops should be more
straightforward because biofuels are not used for human or
animal consumption. In summary, applying transgenic
technology to biofuel crops has fewer hurdles than
transgenic food crops and should enable much faster variety
development.

Conclusion

The potential for significant genetic improvement of C4
grasses as biofuel crops is good. Full exploration of natural
genetic resources through plant breeding with the aid of
molecular tools could dramatically increase biomass yield
of dedicated biofuel crops and thus meet the demand of
feedstocks for biofuel production without a significant
impact on our food supply and natural environment.
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