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SPECIAL SUBMISSIONS

The Switchgrass Genome: Tools and Strategies

Michael D. Casler, Christian M. Tobias, Shawn M. Kaeppler, C. Robin Buell,
Zeng-Yu Wang, Peijian Cao, Jeremy Schmutz, and Pamela Ronald*

Abstract

Switchgrass (Panicum virgatum L) is a perennial grass species
receiving significant focus as a potential bioenergy crop. In the last
5 yr the switchgrass research community has produced a genefic
linkage map, an expressed sequence tag (EST) database, a sef of
single nucleotide polymorphism (SNP) markers that are distributed
across the 18 linkage groups, 4x sampling of the P. virgatum AP13
genome in 400-bp reads, and bacterial artificial chromosome
[BAC) libraries containing over 200,000 clones. These studies
have revealed close collinearity of the switchgrass genome with
those of sorghum [Sorghum bicolor (L) Moench), rice (Oryza
sativa L), and Brachypodium distachyon (L.) P. Beauv. Switchgrass
researchers have also developed several microarray technologies
for gene expression studies. Switchgrass genomic resources will
accelerate the ability of plant breeders fo enhance productivity,
pest resistance, and nutritional quality. Because switchgrass is a
relafive newcomer fo the genomics world, many secrefs of the
swifchgrass genome have yet to be revealed. To continue fo
efficiently explore basic and applied fopics in switchgrass, it will
be critical to capture and exploif the knowledge of plant geneticists
and breeders on the next logical steps in the development and
utilization of genomic resources for this species. To this end, the
community has established a switchgrass genomics executive
committee and work group (http://switchgrassgenomics.org/

[verified 28 Oct. 2011)).
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BACKGROUND

WITCHGRASS (Panicum virgatum L.) is a perennial C4

grass native to North America that is broadly adapted
for growth across much of North and Central America.
It has been the focus of agronomic, breeding, and genet-
ics research since the 1950s, largely focused on develop-
ment of cultivars and management systems for livestock
production in the Great Plains region of the United States
(Vogel, 2004). Research on switchgrass was intensified in
1992 when the U.S. Department of Energy (USDOE) chose
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Figure 1. North American map showing the approximate adaptation ranges of upland and lowland ecotypes of switchgrass.

this species as the herbaceous model for the Biofuels Feed-
stock Development Program (BFDP) (Sanderson et al.,
2007). That choice was based on several factors: (i) broad
species adaptation from Canada to Mexico and from the
Rocky Mountains to the Atlantic Ocean, (ii) relatively high
biomass yields across this distributional range, (iii) high
tolerance to marginal conditions, such as low fertility and
drought, and (iv) the ease and simplicity of seed process-
ing and handling. Advances in management and breeding
have generated significant improvements in both biomass
yield and conversion efficiency of switchgrass (Sanderson
et al., 2007; Vogel, 2004).

Switchgrass Ecotypes, Ploidy, and Mating Habit

There are two principal ecotypes of switchgrass: upland
and lowland. Their names reflect their origin: the upland
ecotype was originally found in upland habitats, often
characterized by droughty soils, while the lowland eco-
type originated along riverine habitats and flood plains.
Lowland switchgrass originates from the southern
United States and is generally adapted to USDA hardi-
ness zones 5 through 9 while upland switchgrass origi-
nates from the central and northern United States and
is generally adapted to hardiness zones 3 through 7 (Fig.
1). Phenotypically, lowland switchgrass is taller and has
longer and wider leaf blades, fewer tillers per plant, and
larger stem diameter and is later in heading and flow-
ering than upland switchgrass (Fig. 2). A bluish waxy
bloom on leaf sheaths and blades is typically associated
with the lowland ecotype.

Lowland cultivars of switchgrass (including
Alamo, Kanlow, and Summer) are pseudotetraploid or

allotetraploid (21 = 4x = 36). These cultivars typically have
approximately 3.1 pg per nucleus (Costich et al., 2010),
implying a base haploid genome size of approximately

750 Mb. Upland cultivars (e.g., Blackwell, Cave-in-Rock,
Caddo, Pathfinder, Shelter, etc.) are most frequently octo-
ploid (2n = 8x = 72) and typically have 5.2 pg per nucleus,
implying a base haploid genome size of approximately 650
Mb. Several tetraploid upland cultivars are available (e.g.,
Dacotah, Summer), but the lower ploidy is less frequent in
the upland ecotype (Zhang et al., 2011a). Genetic mapping
data shows that lowland switchgrass behaves more or less
as a genetic diploid (disomic inheritance) with two alleles
at each locus of an approximately 1.5 Gb genome rather
than as true tetraploid with four alleles per locus of an
approximately 750 Gb genome (tetrasomic inheritance).
Therefore the (haploid) genome size of switchgrass is 1.5
Gb, an estimate that is assumed below. Tetraploid switch-
grass has 18 linkage groups distributed into two highly
homologous subgenomes (Okada et al., 2010).

Diploid P. virgatum plants have been identified
through two screening approaches. Young et al. (2010)
identified two individuals from a 4x-4x cross that were
identified by anomalous DNA marker profiles—both
individuals had fewer than expected numbers of alleles.
Subsequent flow cytometry and chromosome counts con-
firmed that these plants were 2n = 2x = 18 (Young et al.,
2010). These authors reported that these dihaploid plants
are infertile and unsuitable for genetics. Alternatively, D.L.
Price and M.D. Casler (personal communication, 2011)
identified numerous dihaploid individuals in several tet-
raploid seed lots by screening for twin seedlings. Fertile
diploids would potentially be very useful in basic genome
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Figure 2. Photograph of lowland switchgrass (leff) and upland switchgrass (right) taken in late August near Arlington, WI.

and cytogenetic studies especially for generation of inbred
lines and to assist genome-sequencing effort but all indi-
viduals have so far been completely male and female sterile
(Young et al., 2010; D.L. Price and M.D. Casler, personal
communication, 2011).

Aneuploidy is common in switchgrass and genome
instability is particularly prevalent in octoploid acces-
sions (Costich et al., 2010). The authors concluded that,
due to the presence of mixed ploidy and aneuploidy
within populations and accessions, unsubstantiated
assumptions about the ploidy of individual plants is
risky. This fact should not impact the genome sequencing
efforts of switchgrass but will pose challenges for analysis
of diversity and is a good reason why chloroplast markers
(Zhang et al., 2011a, b) have been extensively relied on for
studies of population structure.

Genetic diversity, rates of outcrossing, and breed-
ing strategies are strongly influenced by anemophily
(wind pollination) in switchgrass and by the presence
of active prezygotic and postzygotic incompatibility
systems (Martinez-Reyna and Vogel, 2002). Although
well-characterized inbred lines of switchgrass do not
exist for this reason, genetic analysis has indicated that
the rate of self-pollination is significantly greater than
zero in some genotypes. Genotypes vary in their rate of
self-pollination and this rate can be as high as 50% in
some individuals (E.S. Buckler and M.D. Casler, personal
communication, 2011). This may be due strictly to genet-
ics or a combination of other factors that might result in
breakdown of incompatibility mechanisms. The creation

of inbred lines through repeated selfing is theoretically
possible by collecting seed from bagged panicles followed
by genotyping to confirm parentage and probably some
selection to maintain vigor. Development of true inbred
lines will require a substantial selfing or sib-mating effort
accompanied by some selection pressure to ensure that
inbred plants are capable of producing seed.

Switchgrass Germplasm, Diversity, and Breeding
All public and commercial germplasm of switchgrass
originated from remnant prairie sites that have been
preserved. There are literally thousands of these sites
scattered across the species range and ranging in size
from several hundred square meters to hundreds of hect-
ares (e.g., several national grasslands, such as Cimarron,
Comanche, and Rita Blanca, as well as regions such as
the Flint Hills and Sand Hills). These habitats include
remnants of tallgrass prairie, oak savanna, pine barrens,
forest margins, and some wetlands.

Starting in the early 1990s and continuing until the
present time, germplasm exploration and collection of
switchgrass has been a high priority. The USDA National
Plant Germplasm System (NPGS) has a small collection
accessible via the Germplasm Resources Information Net-
work (GRIN) (http://www.ars-grin.gov/ [verified 28 Oct.
2011]). At the time of this writing, there were 174 acces-
sions in the GRIN database but only about 60 of these
represent unique accessions. Approximately 2/3 of the
collection represents a narrow set of half-sib families from
Union County, SD (PI numbers 642193 to 648367). The
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remaining accessions represent only a fraction of the geno-
typic and phenotypic diversity available within the species.
Numerous DNA marker studies have identified distinct
patterns of regional and geographic diversity within both
upland and lowland switchgrass ecotypes, leading to the

a concept of regional gene pools and to the identification
of recent gene flow between upland and lowland ecotypes
(Zalapa et al., 2011; Zhang et al., 2011a, b).

Thousands of switchgrass accessions have been
collected and currently reside in public and private
germplasm collections across North America, including
universities, private companies, nongovernment “seed
saver” or “heirloom variety” organizations, and the
USDA Natural Resource Conservation Service (NRCS)
Plant Materials Centers (http://plant-materials.nrcs.
usda.gov/ [verified 28 Oct. 2011]). Some of these acces-
sions have been released as natural-track cultivars with
no breeding or selection history (e.g., Alamo, Blackwell,
Cave-in-Rock, Kanlow, and many others). Others have
been bulked into regional gene pools that preserve the
variability but lose the connection between genotype
and site of origin (e.g., Central Iowa germplasm, South-
low germplasm, MS-SG germplasm). Public availability
of these accessions is limited to those that are available
through NRCS or those that are shared between col-
leagues or collaborators. There has been no concerted
effort to coordinate collection or public availability of
these germplasm resources. Funding for seed preserva-
tion within the NPGS will ensure that these unique
accessions are maintained and available.

Most breeding advances before the USDOE-BFDP
were achieved in upland germplasm pools and focused on
improving livestock production systems. Efforts to improve
lowland switchgrass have intensified as a direct result of the
USDOE-BFDP and its broad scope that focused on biofuel
feedstock supplies throughout the entire nation. Moving
southern germplasm north is a rapid and effective way to
increase biomass yield in a switchgrass production system,
largely due to the ability of later-flowering genotypes to
continue photosynthesizing and accumulating dry matter
later into the autumn. Because southern genotypes often
lack the cold tolerance required at northern sites, efforts to
select lowland genotypes with improved cold tolerance have
intensified in recent years, moving the lowland switchgrass
ecotype into the mainstream of most switchgrass breeding
programs. As such, recent intensification and expansion
of efforts to collect switchgrass seeds from the entire spe-
cies range will form a critical foundation of future efforts
to develop switchgrass into a viable bioenergy feedstock in
a wide range of suitable environments (Zalapa et al., 2011;
Zhang et al., 2011a, b).

Switchgrass breeding was significantly intensified
in the 1990s after the USDOE decision to utilize this
species as an herbaceous energy-crop model. Breeding
programs multiplied from 3 to 10 during the past 15 yr
and there is current breeding activity in the following
states: Nebraska, South Dakota, Wisconsin, Oklahoma,
Texas, New Jersey, New York, Alabama, Georgia, and

Mississippi. Most breeding objectives are focused on
development of improved cultivars for biomass conver-
sion to energy, with biomass yield as the principal trait,
owing to its identification as the most important factor
limiting on-farm profitability (Perrin et al., 2008). Cell-
wall recalcitrance, several environmental stress toler-
ances, and pest resistances form the basis of additional
breeding objectives in most programs. Most breeding
programs focus their efforts on a regional target that
spans a maximum of two or three hardiness zones
within either the Great Plains region or the eastern half
of the United States. While there are a small number of
accessions with broad adaptation across several regions
(e.g., Cave-in-Rock and Alamo), most breeding programs
are working with germplasm that has the best local
adaptation. As such, there is considerable demand for
new genetic resources to satisfy the demand for germ-
plasm adapted to nearly every niche or habitat east of
the 100th meridian, including the genetic resources to
support both traditional breeding and molecular breed-
ing approaches.

The association of molecular markers with geo-
graphic and phenotypic differentiation combined with
advances in molecular marker technologies has increased
the efforts to incorporate these technologies directly
into switchgrass improvement programs. For example,
development and implementation of genomic selection
is expected to minimally triple the rate of gain per year
for traits such as biomass yield, survivorship (stress
tolerance), and recalcitrance, which typically require
huge field efforts for sampling and measurement com-
bined with lengthy life cycles to collect meaningful data
(Casler and Brummer, 2008). The potential benefit of
genomic selection will be realized through advances in
cost-effective high-throughput genotyping platforms
and collection of high-quality phenotypic data across
environments and in the context of relevant production
systems. While phenotyping is often considered to be
one of the most important factors limiting the use and
effectiveness of genomic selection, several breeding pro-
grams have reached the point at which hundreds of half-
sib families have been rigorously evaluated at multiple
locations and across years; in these cases genomic selec-
tion could be implemented as soon as the cost, sequenc-
ing methodology, and analytical methods are available.
Completion of the reference genome will allow complete
interpretation of markers used in genomic selection in
terms of physical and genetic proximity and by facilitat-
ing assignment of alleles to the homeologous genomes.

It is worth noting that a robust diploid congeneric of
switchgrass, witchgrass (Panicum capillare L.), is available
with a genome size of approximately 500 Mb. Due to high
levels of inbreeding (T. Mitchell-Olds, personal commu-
nication, 2011), the genome of this weedy annual would
provide a relatively tractable and especially valuable com-
parator for switchgrass. Panicum capillare and switchgrass
diverged from their most recent common ancestor about
nine million years ago (Zhang et al., 2011a).
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GENETIC AND GENOMIC RESOURCES
AVAILABLE FOR SWITCHGRASS

Genetic Resources

Several mapping populations and a comprehensive
resource of genomic-simple sequence repeat (SSR),
expressed sequence tag (EST)-SSR, sequence tagged site
(STS), diverse array technology, and single nucleotide
polymorphism (SNP) markers have been developed or
are under development as tools for breeding switch-
grass (Saha et al., 2011; Tobias et al., 2008). Missaoui et
al. (2005) investigated the genomic organization and
chromosomal transmission in switchgrass using restric-
tion fragment length polymorphism (RFLP) markers
and constructed the first low-density RFLP linkage map
of Alamo x Summer (AP13 x VS16) switchgrass. They
observed a high degree of preferential pairing between
homologous chromosomes in switchgrass and, based on
ratio of repulsion to coupling linkages, suggested that
switchgrass is an autotetraploid with disomic inheri-
tance. More recently, Okada et al. (2010) constructed the
complete linkage maps of switchgrass arranged in nine
homeologous pairs using SSR and STS markers. They
observed substantial subgenome divergence through
analysis of amplicons that mapped across homeologs.
Analysis of repulsion to coupling phase linkages con-
firmed complete or near-complete disomic inheritance.
These linkage maps demonstrated that the nine home-
ologous groups corresponded on a one-to-one basis
with the nine linkage groups reported for foxtail millet
[Setaria italica (L.) P. Beauv.].

Two association panels have been developed for
marker-trait association studies. One panel is largely
upland in origin, consisting of 60 northern acces-
sions with 10 plants per accession. The upland panel
was developed and evaluated as collaboration between
USDA-Agricultural Research Service (ARS) (Madison,
WTI) and Cornell University (Ithaca, NY) (E.S. Buckler
and D. Costich, personal communication, 2011). A sec-
ond panel is largely lowland in origin, consisting of 48
southern accessions with 10 plants per accession. The
lowland panel is currently undergoing evaluation as a
partnership between the University of Georgia (Athens,
GA) and The Samuel Roberts Noble Foundation (SRNF)
(Ardmore, OK) (E.C. Brummer, personal communica-
tion, 2011). Subsets of both panels have been combined
into DNA-marker diversity studies to identify patterns of
genetic diversity across the species range and to identify
plants of upland-lowland hybrid origin (Zhang et al.,
2011a, b). Meta-analyses of the two association panels
are currently underway as a partnership between the
USDOE Bioenergy Sciences Center (BESC) (Oak Ridge,
TN), Great Lakes Bioenergy Research Center (GLBRC)
(Madison, WI), and SRNF using exome features mapped
onto a physical linkage map of switchgrass combined
with phenotypic data collected on both panels. These
exome features are currently under development using
EST resources of switchgrass.

A number of genetic tools have also been developed
to facilitate genomic studies of switchgrass (Missaoui
et al., 2005; Narasimhamoorthy et al., 2008; Okada et
al., 2010; Tobias et al., 2005, 2008). Application of these
tools to germplasm collections can be extremely useful
in developing germplasm conservation programs and in
designing efficient breeding programs, particularly for
a species that has such massive phenotypic and adap-
tive polymorphisms across its range (Casler et al., 2007;
Vogel, 2004). Initial studies using RFLP and random
amplified polymorphic DNA markers revealed two prev-
alent ecotypes of switchgrass including tall (=3 m) and
thick-stemmed lowland cultivars (mostly tetraploid) with
high potential productivity and shorter (1.5-2.5 m), thin-
stemmed upland cultivars (mostly octaploid) with lesser
biomass yield (Gunter et al.,1996; Missaoui et al., 2006).

More recent studies have demonstrated the precision
with which DNA markers can be employed to identify
and classify switchgrass individuals. Zalapa et al. (2011)
used 55 SSR loci to classify individual plants of 19 culti-
vars with a success rate of 99.5% (1 plant of 192 misclas-
sified as to its cultivar of origin). Similarly, Zhang et al.
(2011a) identified two putatively local switchgrass acces-
sions, one from New York and one from North Carolina,
that were most likely inadvertently transplanted by the
U.S. Army when transporting horses from northwestern
Nebraska. Additionally, Zhang et al. (2011b) identified a
relatively high frequency of switchgrass plants of upland
x lowland hybrid origin, suggesting that glacial refugia
near the Gulf Coast are diversity hot spots for switch-
grass. Much of this variation has been preserved in prai-
rie and savanna remnant habitats and is currently the
focus of intensive germplasm exploration, collection, and
preservation efforts all along the Gulf Coast region.

Whole Genome Sequencing

Switchgrass provides substantial challenges for whole
genome assembly due to its outbred, highly heterozygous
nature, the fact that it is polyploid, and the absence of
robust diploid accessions. The current whole-genome
sequencing effort is focused on a high-yielding, lowland,
tetraploid switchgrass clone, AP13. Alamo, the cultivar
from which this clone originated, is extensively distrib-
uted throughout switchgrass breeding programs in the
southern United States and is a parent of several map-
ping populations. Because the switchgrass clone chosen
as a reference is a heterozygous tetraploid with two sub-
genomes, several different strategies are being applied to
generate the reference pseudomolecules. These include
development of extensive physical clone resources [fos-
mids and bacterial artificial chromosome (BAC) clones,
with insert sizes ranging from 40 to 200 kb] and fosmid
end sequences (FES) or BAC end sequences (BESs), jump-
ing libraries (starting at one point in the polynucleotide
sequence, a distal point is located without having to first
sequence the intervening bases), a dense genetic map-
ping effort based on next-generation skim sequencing
(the partial random sequencing of a large-insert clone),
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ongoing sampling with whole genome shotgun sequenc-
ing (the random generation of short DNA-sequence
reads from the whole genome) utilizing both Roche 454
(Roche 454 Life Sciences, Basel, Switzerland) (achieves
read lengths of 400-500 bp) and Illumina (Illumina, Inc.,
San Diego, CA) (previously Solexa; achieves read lengths
above 100 bp) sequencing platforms, and efforts to evalu-
ate and sequence closely related genomes that could pro-
vide an organizing principal for switchgrass.

A major challenge will be to independently assemble
the two subgenomes and reach chromosome-scale conti-
guity for the reference. An accurate estimate of genome
structure and composition (for example, guanine-cyto-
sine [GC] content, distribution of repeat elements, per-
centage of coding regions, and collinearity with sequenced
genomes) before full genome sequencing and assembly is
needed. Generation and sequencing of BAC libraries is an
efficient strategy to obtain this information and assem-
bly of the large and complex genomes. The USDOE Joint
Bioenergy Institute (JBEI) (Berkeley, CA) has led a collab-
orative effort to generate and characterize two additional
BAC libraries representing near-complete coverage of the
genome (M. Sharma, R. Sharma, and P. Ronald, personal
communication, 2011). These libraries were constructed
from switchgrass cultivar Alamo clone AP13. A collec-
tion of 330,297 high-quality BESs was generated from
these libraries providing a basis for genome-wide survey
of switchgrass genome structure and organization. Com-
parative mapping of full-length as well as BESs onto rice
(Oryza sativa L.), maize (Zea mays L.), sorghum [Sorghum
bicolor (L.) Moench], Brachypodium distachyon (L.) P.
Beauv., and foxtail millet revealed extensive syntenous
chromosomal regions and microcollinearity among grass
genomes (M. Sharma, R. Sharma, and P. Ronald, personal
communication, 2011; J. Bennetzen, personal communica-
tion, 2011). Gene annotations and analysis of BES provide
an estimate of GC content, repeat elements, and SSRs
in the switchgrass genome. A blast and GBrowse server
was constructed to analyze sequenced full length BACs
(http://switchgrass.ucdavis.edu/ [verified 28 Oct. 2011];
M. Sharma, R. Sharma, and P. Ronald, personal commu-
nication, 2011). Recently, an EcoRI-generated BAC library
for the SL93 2001-1 genotype of Alamo switchgrass has
also been reported (Saski et al., 2011). The USDOE-Joint
Genome Institute (JGI) (Walnut Creek, CA) and BESC
have also developed multiple random-shear, fosmid-based
libraries that will be end sequenced and employed for
medium-range linking. These libraries are currently being
sequenced to completion.

To address the goal of localizing genomic scaffolds
within a specific subgenome, the USDOE-JGI is devel-
oping a next-generation genetics (NGS) map based on
detailed resequencing of the two-clone cross AP13 x
VS16, representing two random individuals from the
cultivars Alamo and Summer. In addition to deeply
sequencing the parents of the cross, the USDOE-]JGI
is resequencing 192 offspring of this cross provided
by Malay Saha of SRNF. The sequence data from the

offspring will then be used to identify recombination
events as compared to the genomic scaffolds and allow
the scaffolds to be ordered throughout the subgenomes.
This map will provide a framework to localize each ver-
sion of the switchgrass genomic sequence.

The bulk of the switchgrass genomic sequence being
produced by the USDOE-JGI to date has been a combina-
tion of Roche 454-based and Illumina-based sequence
data. Because of relatively recent tetraploidization
event that produced AP13, the subgenomes have many
genomic segments that differ by fewer than 1 out of 50
base pairs. This similarity between homeologs combined
with the large number of repeats in grass genomes makes
complete sorting of the subgenomes with the short Illu-
mina sequences a difficult problem. The USDOE-JGI
solution is to build the accessible genomic sequence from
the longer 454-based sequences and utilize 150-bp paired
jumping libraries of various insert-size distances to pro-
vide the bulk of short-range linking. To construct jump-
ing libraries, double-stranded DNA is divided into large
fragments with a rare cutter and one end of each piece
is ligated to a selective marker and cyclized and then cut
with a frequent cutter. The marker allows isolation of the
two ends of the original large piece without the interven-
ing sequence. The combination of 454-based and jump-
ing library-based sequence data allow scaffolds on the
order of tens of kilobase pairs to be produced. These scaf-
folds can then be linked utilizing the extensive BES and
FES resources and positioned on the NGS map to pro-
duce localized subgenome specific chromosome regions.

The goal of these sequencing efforts at the USDOE-
JGI is to produce consecutive releases of the AP13 genome
with progressively better localization of the subgenomes
and progressively more accurately positioned genomic
segments in pseudomolecules. These genome releases will
immediately benefit breeding efforts and scientific analy-
ses for ongoing switchgrass feedstock improvement. They
will also provide a scaffold from which regions of impor-
tance of the switchgrass genome can be identified and
selected by the community. The USDOE-JGI is committed
to producing complete and accurate reference sequences
for these regions of functional importance by combining
the whole genome sequencing data with next-generation
short-read clone-based sequences and finishing these
regions to reference quality.

Expression and Transcriptomics

Significant EST resources have been generated for upland
and lowland ecotypes of switchgrass (over 500K ESTs at
JGI, in collaboration with C. Tobias, USDA-ARS) and
large-scale pyrosequencing of millions of ESTs is in prog-
ress (JGI collaboration with SRNF and BESC). These
provide the first genome-scale dataset of the switchgrass
transcriptome. Additional EST sequencing is ongoing for
the purposes of SNP discovery in upland populations as
well as targeting of tissues engaged in mycorrhizal associa-
tions and associated with dormancy, winter-hardiness,
and cold acclimation (G. Sarath, personal communication,
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2011). Ongoing expression studies using Affymetrix arrays
(Affymetrix, Santa Clara, CA) and RNA sequencing
will considerably expedite these genomic studies. These
sequence data sets have been acquired from diverse sets
of germplasm. Subsequent clustering has produced results
that likely overestimate the number of unique genes in
switchgrass. Allelic variation, splice-site variation, and
variation between homeologous sequences all contribute
to this effect. For the purposes of genome annotation and
gene prediction a portion of the EST sequencing efforts
have been restricted to the AP13 genotype.

A liquid-phase exome-capture product (Cosart et
al., 2011) is underway as a collaboration among GLBRC,
BESC, SRNF, and NimbleGen (Madison, WI). This
product will be used to provide genotype-by-sequence
information across a wide range of individuals represent-
ing ecotypes, ploidy levels, and geographical distribu-
tion. The exome-capture array will be used to produce
genotypic scores that will allow assignment of many gene
models to homoelogous genomes by linkage mapping
in the AP13 x VS16 cross population and will be used
to genotype both the northern and southern association
panels before their implementation in genomic selection
model development for switchgrass breeding programs.

Tissue Culture and Transformation

As one of the major experimental tools in functional
genomics, genetic engineering of targeted genes is use-
ful for revealing direct links between gene sequence and
gene function (Dixon et al., 2007). Genetic engineering
research offers an opportunity to generate unique genetic
variation that is either absent or has very low heritability
(Wang and Ge, 2006). Like many other monocot spe-
cies, switchgrass is considered recalcitrant for genetic
transformation. Substantial progress has been made in
optimizing transformation conditions and in generating
transgenic switchgrass plants in the last decade. Even
though transformation efficiency is often low, transgenic
switchgrass plants have been obtained by Agrobacterium-
mediated transformation (Fu et al., 2011a, b; Li and Qu,
2011; Saathoff et al., 2011; Somleva et al., 2002, 2008;
Xietal., 2009; Xu et al., 2011) and particle bombard-
ment (Richards et al., 2001). Most of the work focused
on the use of Agrobacterium infection for transforma-
tion, because this method tends to results in lower copy
number and fewer rearrangements than the biolistic
procedure (Dai et al., 2001; Hu et al., 2003; Somleva et
al., 2002). Both single copy and multicopy transgene
insertion have been detected in transgenic switchgrass.
Molecular characterization and segregation analysis
revealed that the multicopy transgene usually resides at
different loci and the segregates had various copy num-
bers, including single copy insertions (Xi et al., 2009).
Interestingly, reversal of the expression of a silenced
transgene in the T0 generation parental plant was found
in segregating T1 plants with a single insert (Xi et al.,
2009). Because of the rapid development of gene sequenc-
ing and cloning techniques, it has become relatively

easy to isolate and clone large numbers of genes. How-
ever, functional of analysis of these genes has become

a bottleneck. By identification of highly tissue-culture-
responsive genotypes and by optimization of transforma-
tion parameters, a high-throughput and reproducible
transformation system has been developed for the widely
used switchgrass cultivar Alamo (C. Fuand Z.-Y. Wang,
personal communication, 2011). However, there is still
aneed for the development of a highly efficient and
highly reproducible protocol for a genotype-independent
switchgrass transformation system that can be widely
applied across the species.

Genetic transformation has been effectively utilized
for the improvement of biofuel crops. In switchgrass, it has
been documented that genetic manipulation of a single
gene could lead to large improvement in sugar release and
processing properties (Fu et al., 2011a, b; Saathoff et al.,
2011; Xu et al., 2011). For example, downregulation of the
caffeic acid O-methyltransferase (COMT) switchgrass
gene modestly decreased lignin content, improved sugar
release, and increased ethanol yield by up to 38% using
conventional biomass fermentation processes (Fu et al.,
2011a). In addition to increased ethanol production, the
genetically engineered switchgrass also showed increased
forage quality, which is beneficial for farmers since switch-
grass can serve as a dual-purpose (bioenergy or forage)
crop. The genetically engineered plants showed normal
growth and development in the greenhouse. The only phe-
notypic change observed between the control and COMT-
downregulated lines was the brownish to reddish color in
the basal internode and its cross sections. This trait can be
used as a phenotypic maker during the breeding and selec-
tion process. Furthermore, the COMT-downregulated
lines require reduced pretreatment severity and 300 to
400% lower cellulase dosages for equivalent product yields
using simultaneous saccharification and fermentation
with yeast (Fu et al., 2011a). The COMT plants are now
being tested under field conditions.

The generation of genetically engineered (GE) switch-
grass with superior processing properties illustrates the
feasibility and potential of developing energy crops spe-
cifically designed for industrial processing to liquid fuels.
Although the GE approaches are effective and straight-
forward, commercialization of GE perennial outcrossing
biofuel crops is complicated because of strict regulatory
restrictions (Ge et al., 2011; Strauss et al., 2010). Risk
assessment and the development of GE containment sys-
tems are needed for switchgrass. On the other hand, mod-
ification of certain traits, such as lignin downregulation,
is unlikely to increase plant fitness. Such genetic modifica-
tions can therefore be considered low risk.

The switchgrass community is now realizing that
long-term maintenance of important genetic resources is
complicated by the need for clonal propagation. Substantial
investment is put into sequencing and genotyping individual
plants that cannot be reproduced by seed. Efficient clonal
propagation and long-term preservation techniques are
necessary to preserve the genetic identity and availability of
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important resources. Maintaining populations as seed and
individuals in situ has been adequate to this point but is inad-
equate to allow long-term preservation of individual geno-
types. In vitro methods of clonally propagating and archiving
switchgrass genotypes are available and can be scaled up to
high-throughput systems (Gupta and Conger, 1999) but have
not been evaluated on broad germplasm collections, as would
be necessary to widely employ these methods.

Databases

With the large amount of data being accumulated, data-
bases that integrate grass gene sequence information are
needed to provide a platform for comparative genomic
studies. Toward this end, researchers at the JBEI have
established phylogenomics databases.

Phylogenomics is a phylogenetic approach used in
comparative genomics to predict the biological func-
tions of members of large gene families by assessing the
similarity among gene products. Two phylogenomics
databases for kinases (RiceKinase Database, available at
http://phylomics.ucdavis.edu/kinase/ [verified 28 Oct.
2011]) and rice glycosyltransferases (Rice Glycosyltrans-
ferase Database; http://phylomics.ucdavis.edu/cellwalls/
gt/ [verified 28 Oct. 2011]) are now available that include
both rice and switchgrass sequences (Jung et al., 2010).
These databases present diverse data in a phylogenetic
context, including gene annotations, orthologous gene
predictions, information about gene indexed mutants, as
well as transcriptome data from ESTs, massively parallel
signature sequencing, and microarray analyses.

The JBEI has also set up a directory of databases for
plant cell wall-related enzymes (plantcellwalls.ucdavis.
edu [verified 28 Oct. 2011]) so that grass researchers can
more efficiently mine the wide spectrum of online data-
bases of plant cell wall-related enzymes (Cao and Ronald,
2010). The USDOE-funded knowledgebase has recently
launched a multi-institutional effort to consolidate the
numerous different sources of scientific information on
plants, including switchgrass, into a single integrated
cyber-database (http://science.energy.gov/news/in-the-
news/2011/07-07-11/ [verified 28 Oct. 2011]).

SWITCHGRASS COMMUNITY
ORGANIZATION

Increasing interest and emphasis on improving switch-
grass germplasm and our knowledge of switchgrass biol-
ogy and genetics has resulted in the evolution of a fairly
large switchgrass community. The number of switchgrass
breeding programs has increased from three in 1995 to
10 at the time of this writing, including both the public
and private sectors, and the genomics and genetics group
has expanded significantly as well. Efforts to improve the
knowledge base regarding basic genetics and genomics
have increased concomitantly.

Information on switchgrass genetics and genomics
can be found through a web portal (http://switchgrass
genomics.org/ [verified 28 Oct. 2011]) that posts a

wide range of information on switchgrass genetics and
genomics research and community activities. Research
projects, programs, and grant awards are summarized on
the research efforts page (http://www.switchgrass
genomics.org/research.shtml [verified 28 Oct. 2011])
along with presentations and meeting summary reports.
Summary information on public sequence resources

for switchgrass is available through the Switchgrass
Genome Data page (http://www.switchgrassgenomics.
org/pub_sequence.shtml [verified 28 Oct. 2011]). Sources
of germplasm for Panicum virgatum can be found on

the Publicly Available Switchgrass Germplasm page
(http://www.switchgrassgenomics.org/germplasm.shtml
[verified 28 Oct. 2011]). The Switchgrass Genetics and
Genomics Google Group has been set up for information
distribution and individuals can self-subscribe or use
the Switchgrass Genomics Email List page (http://www.
switchgrassgenomics.org/contact.shtml [verified 28 Oct.
2011]) to become a member. Curators of the website can
be reached via switchgrassgenomics@plantbiology.msu.
edu to add or modify content on the website.

One key component of a research community is
leadership and, analogous to the Maize Genetics Execu-
tive Committee (http://www.maizegdb.org/mgec.php
[verified 21 Nov. 2011]), the Switchgrass Genetics Execu-
tive Committee (SGEC) (http://www.switchgrass
genomics.org/exec_committee.shtml [verified 21 Nov.
2011]) is tasked with providing information, coordinat-
ing meetings, facilitating research efforts among the
community, and highlighting research needs to funding
agencies. In 2011, the inaugural SGEC was elected by
the community (http://www.switchgrassgenomics.org/
exec_committee.shtml [verified 28 Oct. 2011]).

As the switchgrass genetics and genomics community
has grown so have germplasm exploration and collecting
efforts. Most of these collections have yet to be deposited
in the GRIN system, the USDA-ARS system that is the
only nationwide repository of publicly available germ-
plasm. The USDA-NRCS Plant Materials Centers have
been responsible for collecting switchgrass from much of
its range and many of these collections have been depos-
ited into GRIN for public distribution. Many hundreds
of additional collections have been made, in the form of
either live tillers or seeds, which could be deposited into
GRIN, making them accessible to the entire community.
The SGEC will take up the challenge of coordinating
accessibility of these accessions, balancing the need for
wide community access with the need to avoid overload-
ing the workload of the GRIN switchgrass curator.

CONCLUSIONS AND FUTURE OUTLOOK

Current efforts to develop switchgrass into a dedicated
energy crop and to unlock its physiological and genomic
secrets are hampered by several research needs that
have yet to be fulfilled. Community priorities will be
identified and articulated by the Switchgrass Genetics
Executive Committee. Included in the needs likely to be
identified as high priority by the community are
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- A completed reference genome including separation of
homoelogous genomes and advanced annotation.
The information needs to be accessible to all
community members.

- A central database that serves as an entry to the
genome sequence and genome resources, archives
genetic information such as mutant stocks, and
quantitative trait loci.

- Cost-effective, high-density genotyping platforms.

- Mapping populations and association panels with
high-density genotype information.

- Transcriptomics, proteomics, and metabolomics tools
and information for key genotypes.

- Phylogenomic databases to predict switchgrass gene
function through comparative genomic analyses of
grasses and other species.

- Genotype-independent methodologies to clonally
archive and propagate heterozygous individuals.

- Facile transformation across genotypes.

- Deletion, silencing, and insertion mutant collections
to facilitate validation of gene function.

- Germplasm collection, characterization, and
preservation.

- Systems biology computational tools to facilitate
prediction of gene and pathway function from
diverse datasets (Lee et al., 2011).

With the anticipated advances in genome sequenc-
ing, tool development, genetics, and breeding, a solid
foundation for advanced breeding, genomics, genetics,
ecology, and physiology will soon be available. These
tools will facilitate a new era of bioenergy crop develop-
ment and production.
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