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Abstract Biofuels and bio-based products can be produced
from a wide variety of herbaceous feedstocks. To supply
enough biomass to meet the needs of a new bio-based econo-
my, a suite of dedicated biomass species must be developed to
accommodate a range of growing environments throughout
the USA. Researchers from the US Department of Agricul-
ture’s Agricultural Research Service (USDA-ARS) and col-
laborators associated with the USDA Regional Biomass Re-
search Centers havemademajor progress in understanding the
genetics of switchgrass, sorghum, and other grass species and
have begun to use this knowledge to develop new cultivars
with high yields and appropriate traits for efficient conversion
to bio-based products. Plant geneticists and breeders have dis-
covered genes that reduce recalcitrance for biochemical con-
version to ethanol and drop-in fuels. Progress has also been
made in finding genes that improve production under biotic
and abiotic stress from diseases, pests, and climatic
variations.
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Introduction

A number of dedicated herbaceous biomass feedstocks have
been proposed to help achieve US energy independence goals
[58]. Switchgrass (Panicum virgatum L.) was the first peren-
nial grass identified as a biomass feedstock because it has high
yield potential, is native to the USA, needs relatively low
inputs, and can be grown in most climates of the eastern
USA [83, 113]. Other native grasses that are being developed
as biomass feedstocks are big bluestem (Andropogon gerardi
Vitman) and indiangrass (Sorghastrum nutans L. Nash) [59].
GiantMiscanthus (Miscanthus x giganteus (Greef and Deuter
ex Hodkinson and Renvoize) is another high-yielding peren-
nial grass that was introduced from Europe. In the southern
USA, the highest yielding perennial biomass energy crops are
energycane (Saccharum hyb.) and napiergrass (Cenchrus
purpureus (Schumach.) Morrone; formerly Pennisetum
purpureum Schumach.). These two grasses are sub-tropical
in nature and are more photoperiod sensitive allowing vege-
tative production to continue until late fall or until frost kills
the aboveground portion of the plant. Biomass and sweet sor-
ghums (Sorghum bicolor (L.) Moench) are annual grasses that
provide an opportunity to produce biomass crops in rotation
with other row crops in much of the USA. Biomass yield and
feedstock quality for conversion are the primary attributes
addressed by plant breeders and geneticists in the develop-
ment of cultivars for industrial use. This review summarizes
much of the work in these areas that has been performed
within the US Department of Agriculture (USDA) Regional
Biomass Research Centers that were established in 2010.
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Native Perennial Grass Genetics and Breeding

Native perennial C4 grasses like big bluestem, switchgrass,
and indiangrass have promise as dedicated bioenergy crops
and provide opportunities for meeting the demand for
bioenergy. Breeding programs for the native perennial grasses
in the USA use recurrent selection methods for making incre-
mental gains in traits and populations of interest [110].
Switchgrass matures earlier than big bluestem and indiangrass
[99]. Switchgrass genotypes are either Blowland^ ecotypes
that are tetraploids (4×) or Bupland^ ecotypes that are tetra-
ploids (4×), octaploids (8×), or dodecaploids (12×) with chro-
mosome numbers ranging from 18 to 108 [113]. Indiangrass
cytotypes are hexaploids (6×) with chromosome numbers
ranging from 20 to 80. The bluestem complex (big bluestem
and sand bluestem (Andropogon hallii Hack.)) has two
cytotypes, being either hexaploids (6×) or enneaploids (9×),
with chromosome numbers ranging from 20 to 100. While
interspecific hybrids can be produced between big and sand
bluestem, hybrid production is restricted within a ploidy level
in switchgrass [113].

Crossing and Selection and Cultivar Development

Restricted recurrent phenotypic selection (RRPS), combined
with a between- and within-family approach, has been the
method of choice for the native perennial grasses, whereby
half-sib families are produced by open pollination in isolated
nurseries to assess growth, survival, and phenological traits
[16, 110, 114]. Individual progeny within the selected families
are appraised in later years (but the same generation) for both
biomass and quality traits. Selection index theory methods
have been applied by combining biomass and quality traits
in a linear combination that weighs them according to their
relative importance based on the breeder’s perspective. The
index is used as a criterion to select parents for the next cycle
of recombination and to evaluate progress. Each cycle takes
about 5 years to complete with the potential to release a supe-
rior cultivar (i.e., a synthetic population of outstanding indi-
viduals). Cumulative gains are captured across generations.

Switchgrass, big bluestem, and indiangrass are naturally
out-crossing, and cytological and molecular studies have in-
dicated that segregation is predominantly disomic (diploid)
and that quantitative genetics techniques can be applied to
decipher the genetic control of traits [62, 110]. Genetic inher-
itance has been assessed and used to make decisions when
choosing parents and releasing cultivars [16, 43]. Results in-
dicated that genetic variation is ample in these crops for all the
variables or traits under evaluation and that most traits are
controlled by additive genetic variance, which is the most
reliable means toward making genetic gains over generations.
Genetic populations are generally created via open pollina-
tion, but biparental and inter-population crosses have been

made to explore other sources of genetic variation [18, 55].
Genotype-by-environment interactions are found in these
populations and are expressed in the form of differential re-
sponses of families across years or across locations [43, 77].
Cultivars released at the end of a breeding cycle are synthetic
populations composed of the best families of half-sibs. As
synthetic cultivars, they are buffered against biotic and abiotic
stresses. However, linkage disequilibrium occurs in these
Bclosed^ breeding populations over generations and families
are lost as a result of environmental stresses (e.g., freeze or
pest damage). Thus, diversity must be restored by introducing
new germplasm.Maintaining genetic diversity within the fam-
ilies is critical in preserving the capacity to generate new
greater-yielding and quality options dedicated to either
bioenergy platform [17, 110].

Genetic improvement in the warm-season grasses has re-
sulted in the recent release of improved genetic materials with
high value for the bioenergy industry. One such cultivar
named BLiberty^ is a switchgrass synthetic population, bred
and released as the first cultivar with the bioenergy ideotype
(high biomass, low stem lignin, high survival) for the Great
Plains and theMidwest regions of the USA [122]. Liberty was
jointly released in 2013 by the USDA’s Agricultural Research
Service (USDA-ARS) and by the University of Nebraska-
Lincoln and registered as PI 669371 [122]. Liberty was eval-
uated in sward trials in Nebraska, Illinois, and Wisconsin in
three hardiness zones (HZ 3, 4, and 5) and had better winter
survival than the lowland-type cultivars and better biomass
yield than the upland-type cultivars. Liberty was developed
from one sub-line of the Summer x Kanlow population, which
is being improved simultaneously for a combination of high
biomass yield and low stem lignin. The increased biomass
yield with Liberty corresponds to a conversion of about 600
additional L ha−1 of ethanol if processed by a bio-refinery. The
gains with Liberty can be explained by (1) the heterotic effects
obtained with crossing two contrasting genotypes within the
same ploidy levels [55]; (2) the effect of dominance variance
for some of the traits by building the base population from
controlled (fullsib) crosses; (3) the high intensity applied in
selecting the best families for winter survival; (4) the favorable
and high correlations among some of the traits; and (5) the
integration of biomass yield and low-lignin traits into the se-
lection index.

Breeding efforts in big bluestem have resulted in two recent
cultivar releases. BBonanza^ big bluestemwas jointly released
in 2004 by the USDA-ARS and the University of Nebraska-
Lincoln, NE, and registered as PI 641701 [116]. Bonanza was
developed after three 5-year cycles of population improve-
ment within the cultivar BPawnee^ using recurrent breeding
(by open pollination) and selection methods. The objective
was to simultaneously increase biomass (forage) yield and
digestibility (in vitro dry matter disappearance (IVDMD)).
BGoldmine^ big bluestem was released in 2004 by the
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USDA-ARS and by the University of Nebraska-Lincoln, NE,
and registered as PI 641702 [117]. Goldmine was derived
from the cultivar BKaw^ and is adapted to HZ 4–5 of the
Central and Southern Plains and to adjacent regions of the
Midwest in the USA.

Indiangrass is an allopolyploid, and its breeding targets the
improvement of cultivars in both biomass yield and digestibil-
ity (IVDMD) for hardiness zones 4 and 5 within the eastern
Great Plains and Midwest USA. Researchers at the USDA-
ARS recently released three new indiangrass cultivars.
BWarrior^ was released in 2008 by the USDA-ARS and the
University of Nebraska-Lincoln, NE, and registered as PI
655523 [119]. After using a half-sib family selection in cycle
1 and a restricted recurrent mass selection method in the two
successive cycles, Warrior was released as a stable random-
mated cultivar, adapted to the HZ 5 and 6 (upper part) in the
Great Plains andMidwest USA. BScout^was released in 2008
by the USDA-ARS and the University of Nebraska-Lincoln,
NE, and registered as PI 655524 [119]. Two cycles of restrict-
ed recurrent phenotypic selection ultimately led to the devel-
opment of Scout. A selection index that weighed biomass
yield and IVDMD equally was used to select plants as parents
of the two generations. Scout was released as a stable synthet-
ic cultivar adapted to HZ 4 and 5 based on sward trials
established at three locations within these two zones. BChief^
was released in 2008 by the USDA-ARS and the University of
Nebraska-Lincoln, NE, and registered as PI 655525 [119].
Selection was based on biomass yield and heading date in
the first cycle and for an index that combined both biomass
and IVDMD in the second. Chief is best adapted to HZ 4 and
5. The release of Chief, similar to that of Liberty, emphasizes
that inter-population breeding is an efficient tool to make
gains in yield and quality traits for both the forage and
bioenergy programs. Key in the improvement of these culti-
vars was the development of near-infrared reflectance spec-
troscopy (NIRS) equations to rapidly and accurately assess
quality traits [120].

Effects of Lignin Content on Recalcitrance and Survival

Included in the large switchgrass germplasm collection at
ARS-Lincoln is a six-cycle breeding nursery containing ge-
netically related octaploid plants. These plants have been bred
for three cycles for improved in vitro digestibility and one
cycle for decreased in vitro digestibility [115]. Anatomical
evidence indicated that stem anatomy had been significantly
affected by selection for increased or decreased ruminant di-
gestibility. Plants from high-lignin populations had extensive
lignification of the cortical sclerenchyma as compared with
plants from the low-lignin populations [84]. Taking a subset
of plants with the highest or lowest stem lignin from each of
two populations, significant differences were noticed in the
overall compositional makeup of total plant biomass

comprised of stems and leaves. As the first report of this kind
for switchgrass, it was possible to show that cell wall accessi-
bility to cellulases was modified in these plants [12, 88]. In a
follow-up study, using only stems obtained from these
octaploid plants, the importance of cell wall architecture on
final ethanol yields was established. Results showed how
changes at the whole-plant level (digestibility) affected the
apparent response to dilute acid pretreatment during biomass
deconstruction [91]. At the ultrastructural level, the interac-
tions between cell wall architecture and pretreatment were
striking. Plants from the low-lignin, high-digestibility popula-
tion had apparently much smoother cell walls and lower levels
of lignin bubbles, which have been postulated to be regions
that could inactivate cellulases [24, 25]. Conventional breed-
ing strategies based on these results have been subsequently
applied to generate biofuel-type tetraploid germplasm for high
yields and greater conversion potential [122].

Lignin content impacts both plant and biomass parameters,
and although decreased lignin content improves biochemical
fermentation of biomass into liquid fuels, it has a negative
impact on plant fitness. In switchgrass, lowering lignin results
in decreased winter survival [14, 112] although the mecha-
nisms leading to stand losses are unknown. An analysis of
the effects of reduced lignin was then done on plant fitness
[70]. Winter survival is of significant concern for growing
switchgrass and other perennial grasses for biomass. The eco-
nomics of production are strongly dependent on maintaining
yields year after year [72], and even small stand losses can
diminish sustainable production of biomass. Another concern
is that most of the high-yielding switchgrass cultivars are low-
land types with limited winter hardiness north of 40° north
latitude [121]. Although genotypes with superior winter sur-
vival can be selected from these base lowland populations,
their survival, especially in the more northern latitudes, can
be unpredictable [121]. However, inter-mating lowland
switchgrass germplasm with upland germplasm that has supe-
rior winter survival in the Northern Great Plains of the USA
can produce hybrids with improved yields relative to the up-
land populations and improved winter survival relative to the
lowland genotypes [55, 118, 122].

Among the cell wall polymers, lignin presents the biggest
hurdle for efficient deconstruction of cellulose and hemicellu-
lose into liquid fuels [12] and improving saccharification effi-
ciencies of herbaceous biomass would require bioenergy
grasses with lower lignin content [23, 90]. Historically, forage
breeders have known of the relationship between lignin and
recalcitrance and have been successful in increasing rumen
digestibility in multiple grass species. Under most circum-
stances, this has been due to a reduction in Klason lignin
[44]. Jung et al. [45] summarized advances in the understand-
ing and use of the genes responsible for improved digestibility
or degradation of the cell wall. They noted that reduction of
cinnamyl alcohol dehydrogenase (CAD) and caffeic acid-3-
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O-methyltransferase (COMT) enzyme activities associated
with the brown midrib genes that have been used in corn
(Zea mays L.), sorghum, and pearl millet (Cenchrus
americanus (L.) Morrone) could be used to improve digest-
ibility. Downregulation of CAD and COMT enzymes using
biotechnological approaches have both altered lignin compo-
sition and successfully reduced Klason lignin in the walls of
alfalfa (Medicago sativa L.), corn, tall fescue (Festuca
arundinacea Schreb.), and switchgrass among other feed-
stocks [13, 42, 45].

The information from sorghum and previous data on other
grass species [15, 36] led to research on the relationship of
lignin in switchgrass. The expectation was that strategies used
in these other species could be applied to finding the switch-
grass genes coding for lignin biosynthetic enzymes. Lignin
biosynthesis is catalyzed by a series of enzymes [7], and pu-
tative genes coding for some of these enzymes in switchgrass
were identified through expressed sequence tags (EST) se-
quencing projects [105, 106] or through cloning of specific
genes using other grasses as a resource [104]. Based on work
with sorghum [93], and studies ongoing in the Tobias lab
(ARS-Albany, CA), a focus was placed on assaying for
COMT and CAD and cloning of the enzymes responsible for
lignin biosynthesis in switchgrass. Aldehyde precursors of lig-
nin biosynthesis are reduced by CAD to generate the respec-
tive alcohols (monolignols) [7]. In most plants, genes
encoding CADs are part of a family of structurally related
alcohol dehydrogenases, although only one, or at most a few,
are integral to lignin biosynthesis [103]. In tetraploid switch-
grass, the expectation was that at least two CADs would be
involved in lignification. Lignification in switchgrass stems is
a continuous process, and lignin accrues in internodes until
aerial senescence or a first killing frost shuts downmetabolism
[86]. However, maximal rates of lignification appear to occur
in actively elongating internodes [31, 86]. Using complemen-
tary DNA (cDNA) libraries generated from a variety of
switchgrass tissues [106], it was possible to amplify DNA
encoding two CADs, named PviCAD1 and PviCAD2 [78].
Both pro te ins showed a marked prefe rence for
cinnamylaldehydes and were most abundant in actively ligni-
fying stem tissues. Phylogenetic analyses indicated that both
PviCAD1 and PviCAD2 belonged to a clade of enzymes
shown to be integral to lignification in other grasses suggesting
that these were indeed the CADs involved in the lignification
of switchgrass cell walls. RNAi studies using Alamo switch-
grass confirmed the role of these CADs in cell wall lignifica-
tions [31, 79]. Site-directed mutagenesis of PviCAD1 protein
based on phylogenetic and structural predictions showed the
importance of specific amino acid residues for catalysis and
established the importance of a specific histidine-leucine pair
in the active site of all grass CADs implicated in lignification.
CADs not containing these specific amino acids are unlikely
to play a significant role in lignification [80].

Switchgrass Survival, Dormancy, Water Use Efficiency,
and Winter Hardiness

The timing of aerial senescence and onset of dormancy of the
perenniating structures toward the end of the growing season
impacts harvestable biomass yields and sustainability of switch-
grass stands. If aerial senescence can be delayed without affect-
ing dormancy and winter hardiness, it could provide a means to
enhance biomass yields without sacrificing sustainability of
production [92]. For example, two cycles of selection for sur-
vival resulted in a modified version of the cultivar Kanlow with
sufficient cold tolerance to survive in USDA hardiness zones 3
and 4 and 72 % greater biomass yield compared with locally
derived germplasm [18]. The molecular mechanisms control-
ling dormancy, winter hardiness, and survival in switchgrass
need to be first understood, before they can be exploited in
breeding programs. A study using the Roche Inc 454 next-
generation sequencing (NGS) platform of the switchgrass rhi-
zome transcriptome added over 30,000 new cDNA sequences
coding for several genes that likely have an important role in
winter hardiness [66]. These studies were soon followed by the
release of the first draft version of the switchgrass genome
(www.phytozome.org; draft 0.0), which was partially based
on important prior work from the ARS and others [29, 61, 62,
106, 128, 129]. The initial and later draft versions of the
switchgrass genome [33] have significantly enabled the
application of NGS to understand different aspects of
switchgrass biology. ARS-initiated NGS studies have been
used to analyze switchgrass leaf senescence [69], contrasting
metabolism in rhizomes harvested from upland and lowland
cultivars [67], global features of mineral transport genes in rhi-
zomes [68], and class III peroxidases and their tissue expression
in the switchgrass genome [81]. Additional research has
strengthened the availability of genomic resources for
expanding switchgrass research [52, 101, 125, 132]. The devel-
opment of an exome capture pipeline, based on 60 MB of gene
space [30], is currently fueling the development of genomic
selection strategies for biomass yield [75] and gene discovery
for flowering time and cold tolerance of switchgrass [18].

Several other aspects of switchgrass physiology and bio-
chemistry have been investigated or reinvestigated over the
last decade, including studies to understand seed dormancy
in switchgrass and chemical means to improve germination
[85, 87, 89]. Other work has sought to determine switchgrass
water use efficiency (WUE) as compared with other forage
crops. The WUE is strongly influenced by biomass produc-
tion, and the high productivity of switchgrass resulted inWUE
of switchgrass being four to five times that of western wheat-
grass (Pascopyrum smithii (Rydb.) A. Love), which hadWUE
that was much more variable. Although switchgrass had the
highest WUE, it also had the greatest soil water deficit. This
research suggests that switchgrass is a productive bioenergy
crop for the drier areas of the northern Great Plains, but its
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greater depletion of soil water may be an issue in a multi-year
drought or if switchgrass is used in annual crop rotation [41].

Switchgrass Genetic Diversity

Collaborative research between ARS, The Samuel Roberts
Noble Foundation, and the DOE Great Lakes Bioenergy Re-
search Center has characterized genetic diversity in switch-
grass across its native range in the USA. The research dem-
onstrated the existence of at least 10 distinct types of switch-
grass, ranging from highly drought-tolerant ecotypes of the
Great Plains to highly heat-tolerant types of the Atlantic Sea-
board. The work further indicated that all unique types of
switchgrass originated in particular regions in the southern
USA where switchgrass survived numerous Ice Ages [130,
131]. Collaborative work between ARS and other institutions
has developed a mechanism to routinely assay thousands of
switchgrass genotypes for DNA markers representing coding
regions with 169,000 unique genes [53, 129]. This technology
is currently being applied to genotype germplasm that repre-
sents six switchgrass breeding programs in various regions of
the USA [19, 34]. These results have significant implications
for using a wide range of genetic and geographic diversity in
many breeding programs and point to the distinct possibility
of combining important biomass production traits such as late
flowering, early nutrient recycling, and winter hardiness.

Growing switchgrass as a viable crop on large areas of the
USAwill invariably result in biotic stresses. Genetic material
has been screened, and resistance has been found to pathogens
[100, 133] and insects [26, 27, 49, 50, 60] that can be
exploited within breeding programs. Many of the plant mech-
anisms underlying these interactions are under active research
scrutiny. The next decade promises to yield significant new
insights into the molecular and biochemical aspects of switch-
grass biology, genetics, and plant-environment interactions.

The need to understand the inherent properties of different
lignocellulosic materials and how changes in production prac-
tices, harvest methods, and storage conditions influence their
suitability for different industrial processes has led to cell wall
physiological studies in a number of herbaceous feedstocks.
An initial study by Dien et al. [22] examined the role of har-
vest date on biomass composition and quality in terms of its
biochemical conversion to ethanol. Based partially on these
findings, emphasis was placed on understanding the physio-
logical pathways that mediate cellulose crystallinity and recal-
citrance to enzymatic saccharification in the cell walls of en-
ergy grasses.

Sub-Tropical Forage Biomass Traits for Conversion

The sub-tropical climate of the southeastern USA is amenable
to tall warm-season grass species that are native to continents

with tropical climates, due in part to having a shorter critical
photoperiod than switchgrass and giant Miscanthus. Warm-
season grasses such as napiergrass and bermudagrass
(Cynodon dactylon L.) are good forages because they contain
highly digestible fiber, often measured as neutral detergent
fiber (NDF), acid detergent fiber (ADF), and acid detergent
lignin (ADL) via wet chemical analysis. Crude estimates of
cellulose, hemicellulose, and lignin present in cell walls can be
determined using NDF, ADF, and ADL. Though cellulose and
hemicellulose make up the majority of dry biomass in forage
species such as bermudagrass, the amount of lignin and the
types of cross-linking with phenolic components of the cell
wall have major implications on the amount of fiber that is
digestible by ruminant microbes or industrial enzymes used to
produce renewable fuels [2, 111].

Since many of the enzymes used to produce ethanol and
other products from the industrial treatment of biomass were
derived from microbes found in ruminants, it has been theo-
rized that high-quality forage genotypes would also be excel-
lent candidate feedstocks for enzymatic conversion to
biofuels. For this reason, a study was conducted using 50
genetically divergent bermudagrass accessions with wide var-
iation in fiber quality components to determine the extent of
the correlation between forage quality and ethanol conversion.
Anderson et al. [4] compared how multiple cell wall constit-
uents affected both rumen digestibility as determined by in
vitro dry matter disappearance (IVDMD) and conversion to
ethanol via simultaneous saccharification and fermentation
(SSF). A moderate, but significant, correlation was found be-
tween IVDMD and ethanol production (r=0.55 P=0.01).
The same study also compared IVDMD and ethanol produc-
tion with net normalized gas production (NNG) after 24 and
96 h. Ethanol production was highly correlated with NNG24
(r = 0.93 P = 0.001) and less so with NNG96 (r = 0.63
P= 0.001), while NNG96 was a much better predictor of
IVDMD (r=0.73 P=0.01) [4]. This was most likely due to
the early conversion of cellulose to glucose and the subse-
quent use by the hexose-converting yeasts to ethanol. Rumen
fluid that is used for both IVDMD and NNG assessments has
additional enzymes that produce and utilize pentose sugars
which are lacking in industrial yeasts used for SSF.

Though lignin content is a major factor in recalcitrance,
differences in ethanol production also occur due to differences
in cell wall architecture [91]. Anderson and Akin [2] discussed
some of the aspects of cell walls that affect recalcitrance to
degradation. They indicated that mesophyll cells are the most
completely digested cells by rumen fluid, followed by the
epidermis and parenchyma sheath cells. Xylem which has
the most lignin was least degraded. Interestingly, leaf tissue
that did not stain for lignin was still recalcitrant. Anderson and
Akin [2] pointed out the importance of ester- and ether-linked
p-coumaric and ferulic acids in recalcitrance to digestibility in
warm-season grass cell walls. Plant breeding has been
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successful in increasing digestibility of fiber in grasses. In
addition to the aforementioned reduction in lignin through
genetic transformation, digestibility has been increased
through breeding for reduced amount of cross-linking aro-
matics, such as p-coumaric and ferulic acids in the case of
BCoastcross I^ bermudagrass [2]. However, in the case of
the highly digestible bermudagrass cultivar, BTifton 85,^ the
primary cause of the reduced recalcitrance toward digestibility
was the high level of ester cross-linking with lignin. These
ester-linked bonds in bermudagrass can be broken by rumen
enzymes, whereas ether linkages seen in other varieties cannot
[2, 54]. There appeared to be a similar trend within popula-
tions of switchgrass after the initial selection for reduced lig-
nin [111]. Subsequent selection within these populations re-
sulted in greater amounts of p-coumaric acid and greater eth-
anol yields.

Napiergrass

Napiergrass is a valuable forage for much of the world [5, 9],
and one cultivar (Mott) was released for use in the USA [102].
Napiergrass has greater ash and water content compared with
switchgrass, even after frost has killed aboveground biomass
[47]. The low ash and moisture content of harvested material
after winter kill make switchgrass more conducive to direct
combustion or pyrolysis, despite the lower yield potential than
either napiergrass or energycane (Saccharum hyb.). However,
if biomass is to be converted via biochemical methods, where
moisture content and ash are less of an issue, napiergrass
yields high levels of soluble carbohydrates compared with that
of other feedstocks [1]. Anderson et al. [3] later showed sig-
nificant differences in ethanol production between napiergrass
genotypes and numerical differences between leaves and
stems of the same cultivar. Results from research on the ge-
netic diversity of a napiergrass nursery [39] indicated five
heterotic groups. Leaves and stems of 30 of the most diverse
napiergrass genotypes from that study were evaluated for bio-
chemical conversion to ethanol. Leaves and stems of the nurs-
ery material were collected over 3 years, separated, dried,
ground, and evaluated for fiber quality. Triplicate extracted
samples (to avoid soluble sugars affecting ethanol yields)
were treated with dilute sulfuric acid (2 %), and hydrolysates
were neutralized with Ca(OH)2 and mixed with basal YP me-
dium. Cellulase was added to the extracts which were subse-
quently inoculated with Saccharomyces cerevisiae in a simul-
taneous saccharification and fermentation process. The
fermented product was analyzed for ethanol and xylose by
high-performance liquid chromatography (HPLC). Ethanol
yields ranged from 122 to 160 mg/g extracted biomass for
leaves and from 64 to 127 mg/g of extracted biomass for
stems, with means of 140 and 88 mg/g extracted biomass for
leaves and stems, respectively (Anderson—data unpub-
lished). Xylose means were 192 and 183 mg/g for leaves

and stems, respectively. Ethanol and xylose yields from stems
tended to be greater from short (dwarf) plant types that were
1.5 to 2 m in height than in the high-biomass types with
average heights of over 3 m. Correlation coefficients between
ethanol yields and IVDMD were low and positive for leaves
(r= 0.30 P= 0.05) and slightly greater for stems (r= 0.53
P< .001). Fiber components did not significantly correlate
with ethanol yields. With stem-leaf ratios over two and signif-
icant genetic variation in conversion efficiency of napiergrass
stems, feedstock improvement for greater ethanol yields can
likely be accomplished through traditional breeding and selec-
tion specifically for reduced stem recalcitrance. The NIRS
calibrations are currently being developed from these data to
assist in selection from segregating populations.

Sugarcane/Energycane

BEnergycane^ is a term used to describe sugarcane grown sole-
ly for the production of renewable energy. Generally, these
high-fiber sugarcane varieties are derived through wide crosses
of commercial sugarcane varieties (Saccharum spp.) with the
wild relative S. spontaneum. The USDA-ARS has a long-
standing germplasm enhancement program aimed at
introgressing genes from wild relatives into commercial sugar-
cane varieties to increase disease resistance, cold tolerance,
vigor, and adaptability to local growing conditions [76, 123].
Biomass yields of energycane cultivars are significantly greater
than sugarcane with some clones producing more than 80 Mg/
ha dry matter (DM) in the humid tropics of Costa Rica and up
to 30 Mg/ha DM in southern Florida [51]. Most sugarcane
production in Florida and Louisiana is on highly fertile or even
muck soils. These highly fertile soils are currently under culti-
vationwith sugarcane, and growers are not expected to displace
their sugar crop for energycane due to high quotas and high
price of sugar. The growing area for sugarcane in the USA is
limited to Florida, South Texas, Hawaii, and southern Louisi-
ana because of the warm climate and adequate rainfall in these
areas. In the USA, the range of adaptation of the crop will need
to be expanded to encompass sandy soils and colder climates
outside the traditional cane-growing region if conversion of
energycane to biofuel is to become an economically viable
alternative to fossil fuels. In addition, varieties need to be bred
for greater nitrogen use efficiency, increased ratooning ability,
and lower input costs. Testing of clones on muck and sandy
soils indicates a genotype-by-environment interaction [107].
This is also evident from the lack of cross-environment adapt-
ability of sugarcane varieties. Sugarcane varieties are routinely
exchanged between breeding programs worldwide, yet seldom,
if ever, are varieties adapted to diverse locations. Recently, a
number of energycane cultivars have been released. The first
energycane cultivar to be released was BL79-1002^ [6] which
was later determined to have high smut (Ustilago scitamineaH.
and P. Sydow) susceptibility. The sugarcane cultivar BUFCP 74
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1010^ was released in Florida as a cellulosic biomass cultivar
with resistance to smut as well as to other diseases [82]. The
USDA-ARS Sugarcane Research Unit in Houma, LA, in col-
laboration with Louisiana State University Agricultural Center,
and the American Sugarcane League of the USA, Inc. released
the high-fiber sugarcane cultivar BHo 02-113^ for use as a
biofuel feedstock [37]. Ho 02-113 averaged 43.5 Mg/ha DM
which was significantly greater than L79-1002 (37.4 Mg/ha
DM) and was resistant to leaf scald (Xanthomonas albilineans
(Ashby) Dawson), smut, and brown rust (Puccinia
melanocephela). The released energycane varieties were grown
on approximately 385 ha in the USA, with potential for expan-
sion. In addition, these cultivars are being tested on approxi-
mately 50 ha in Central America [37].

Sugarcane is a crop that is generally adapted to tropical
environments. Cold tolerance is a focus of the USDA’s basic
breeding program because the genes for tolerance/resistance
are more likely to be found in the wild germplasm. Cold tol-
erance is required for economic viability of the sugarcane
industry because it can extend the growing and harvest sea-
sons and increase ratooning ability. The trait is also important
when considering the use of sugarcane as a biofuel feedstock
because it has the potential to expand the range of adaptation
of the crop, thus reducing the need to displace sugarcane
grown for sugar production. Since damaging freezes do not
occur on a regular basis in the sugarcane-producing areas of
the USA, a bioassay was developed to identify sources of cold
tolerance among S. spontaneum accessions for use in future
breeding. Breeders at ARS Houma, LA, evaluated 41 S.
spontaneum accessions for survival of belowground
(stubble) buds after subjecting them to freezing temperatures
(−7 °C) for 6 days in a growth chamber [38]. Accessions
identified as having more ratoon cold tolerance than the most
tolerant tested commercial cultivar (HoCP 96-540) were IND
81-144, IND 81-80, IND 81-165, and MPTH 97-216. These
clones are currently being utilized in the USDA-ARS Basic
Breeding Program in Houma, LA, to increase cold tolerance
in sugarcane and energycane.

As part of the ongoing effort to breed more cold-tolerant
cultivars, Khan et al. [46] are attempting to develop molecular
markers to hasten the breeding process. In an attempt to iden-
tify stress-tolerance genes, 465 cold-responsive markers were
identified from the cold-tolerant energycane Ho 02-144 using
subtractive hybridization. Expression profiles of the genes
were compared with those of a cold-sensitive clone. Almost
all genes were induced immediately after the cold-stress treat-
ment and maintained their expression in Ho 02-144, whereas
the cold-sensitive clones showed downregulation of the genes
or little to no upregulation. The cold-responsive genes were
used to derive allelically diverse simple sequence repeat
(SSR) markers that were different between the cold-sensitive
commercial sugarcane clones and cold-tolerant S.
spontaneum. Currently, efforts are underway to identify

functional markers associated with cold tolerance in sugar-
cane. Once identified, these markers will aid breeders in
selecting parents and making targeted crosses to hasten the
development of cold-tolerant sugar and energycane clones.

Land prone to flooding in sugarcane growing regions is fre-
quently left fallow yet would be a candidate location for pro-
duction of flood-tolerant energycane. Louisiana is prone to
flooding because of its low elevation, frequent hurricanes, and
tropical storms. The crop can remain underwater for many days.
Two energycane clones, L 79-1002 and BHo 02-12,^ were
grown alongside two commercial sugarcane clones under peri-
odically flooded and adequately drained conditions to determine
if energycane would be better suited than commercial sugarcane
to the flood-prone areas [108]. When the percent reduction in
flooded versus non-flooded cane was compared, L 79-1002
showed no loss in biomass per hectare. In addition, under
flooded conditions, L 79-1002 produced 4.0 and 6.6 Mg/ha
more dry biomass than BHoCP 96-540^ and BL 99-226^ (both
sugarcane varieties), respectively. Flooding did not affect the
sucrose levels in the two energycanes, but it did affect the su-
crose levels in the sugarcane varieties. Flooding reduced the
stalk populations of both the energycane and sugarcane varie-
ties; however, the energycane varieties were more highly affect-
ed. While flooding reduced photosynthesis of L 79-1002 by
50%, the cultivar still had photosynthetic rates that were greater
than those of the other clones because the un-stressed photosyn-
thetic rate of this cultivar was greater to begin with. L79-1002
also had twice the number of roots as the sugarcane cultivar
BHoCP 96-540.^ The greater root mass might contribute to
flood tolerance because it supplies necessary oxygen to the plant
under flooded conditions. Overall, the energycane clones toler-
ated the flooded conditions better than commercial sugarcane.

In Brazil, sugarcane is the primary feedstock for ethanol.
The juice is extracted from harvested cane and used for crys-
tallization of sucrose or for industrial fermentation to ethanol.
Energycane cultivars can supply both convertible free sugars
and cellulosic biomass as feedstock material for energy or bio-
based products. Nine entries were tested to determine the ef-
fects of harvest time on conversion efficiency in Tifton, GA,
[48]. Type II energycane (avg 860 g kg−1 fiber) had signifi-
cantly greater biomass, with BHo 02-147^ producing the
highest ethanol yields of 3200 L ha−1 y−1. Timing of harvest
had little effect on the biomass quality or ethanol yields of the
type II energycane varieties, while high-sugar type I
energycanes were more variable. However, one advantage of
a late harvest was the reduction in potassium concentration as
the season progressed [48].

Sorghums

Among annual crops, sweet sorghum (Sorghum bicolor L.) is
an excellent source of free sugars for conversion to biofuel.
Traditionally, sweet sorghum has been used as a source of
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edible syrup, but recently, there has been increasing interest as
a bioenergy feedstock. Since sugarcane is seasonal and has a
narrow harvest window, a complementary crop is needed to
keep feedstock conversion facilities open year-round and
make the process economically viable. Sweet sorghum has a
complementary harvest window to sugarcane and is able to
produce significant amounts of free sugars for fermentation.
Previously released cultivars were pure lines and produced
limited amounts of seed, but efforts are currently being made
to develop hybrid sweet sorghum. Hybrid sweet sorghums are
expected to significantly increase seed production which
would consequently lead to the ability to plant increased acre-
age of the crop.

To help determine appropriate parents for a breeding pro-
gram aimed at sweet sorghum improvement, a group of sweet
sorghum accessions from the US germplasm collection were
tested for physiological traits [124]. In addition, potential pa-
rental lines with high sugar yields and disease resistance were
identified within a collection of sweet sorghum lines from
multiple international sources [20]. Male sterile female par-
ents (A-lines) have been tested with high-sugar male parents
for heritability of sugar traits [10, 95]. A number of sweet
sorghum A-lines were crossed with several high-yielding pol-
len parents in both studies. Data from one study indicated no
hybrid vigor for sugar yield, but five of six A-lines produced
hybrids with similar ethanol yields as the pollen parents [95].
The authors pointed out that 91 % of the variation in total
ethanol yields resulted from fiber and not necessarily from
free sugar concentration. In a separate group of crosses, only
negative heterosis was observed for free sugar concentration
in the juice, but hybrid vigor was observed for biomass yield
and theoretical juice yield [20]. Both authors noted the impor-
tance of specific combining ability (SCA) and that certain
hybrids produced total sugar or ethanol yields similar to their
high-yielding male parents but with greater seed production.

As with grain sorghum, sweet sorghum is host to a number
of disease and insect pests. A collection of primarily sweet
sorghum lines was screened for resistance to fall armyworm
(Spodoptera frugiperda (J.E. Smith)) under natural infestation
resulting in damage ratings between 1.88 and 4.75 (1=no
damage, 4 = lost whorl tissue, 9 = completely defoliated)
[40], suggesting that some lines carry resistance to this insect.
Sugarcane aphid (Melanaphis sacchari) has been reported as
an emerging serious pest on grain sorghum in Texas and
neighboring states [109]. Sweet sorghum is also quite suscep-
tible to this insect. Wang F et al. [126] identified a source of
resistance to this aphid in the Chinese grain sorghum line
Henong 16, and a dominant gene for resistance, RMES1,
was mapped to chromosome 6. Other potential sources of
resistance in sweet sorghum are being investigated.

One of the most damaging and widespread diseases of the
crop is anthracnose (Colletotrichum sublineolum), which in-
fects the leaves and causes stalk rot. Numerous sources of

resistance to this disease have been identified in sorghum,
but this pathogen is also highly diverse [74], so that a partic-
ular source of resistance may be effective only in a specific
region or against certain pathotypes. Breeding for stable resis-
tance will require identification of resistance genes that are
effective against a broad array of pathotypes or pyramiding
multiple resistance genes within a single cultivar. Mehta et al.
[56] reported a major dominant resistance locus (Cg1) derived
from SC748-5 which conferred resistance to anthracnose in
multiple environments. Perumal et al. [73] later mapped mo-
lecular markers on chromosome 5 flanking this locus, which
could be used to introgress this gene into elite germplasm.
Further analysis of this locus was conducted in 117 F5 recom-
binant inbred lines (segregating inbred lines developed
through self-fertilization to the fifth generation). These lines
were screened for resistance at four locations. The major re-
sistance locus was confirmed on chromosome 5, and then the
DNA sequences in this region were compared between the
resistant (SC748-5) and susceptible (BTx623) parents. Se-
quencing revealed numerous amino acid changes in multiple
genes, suggesting that Cg1 is not one resistance gene but a
group of several linked resistance genes. This could explain
why the resistance to anthracnose conferred byCg1 appears to
be stable across multiple environments [11]. In a separate
study, pathotypes of anthracnose from Puerto Rico, Arkansas,
and Texas were tested against resistant line SC112-14, and
three additional resistance loci were also found on chromo-
some 5 [21]. This knowledge will help breeding programs to
develop resistant sorghum varieties.

Brown midrib (bmr) mutants have been in used in sorghum
to develop forage or cellulosic biomass sorghums with altered
lignin composition [94]. In sorghum, seven bmr loci have
been characterized [98], but most breeding efforts have fo-
cused on a single null allele of bmr6 and bmr12. Forage sor-
ghum strains with the bmr6 and bmr12 genes were discovered
to have 13 and 15 % less lignin, resulting in 27 % and 23 %
greater glucose levels when treated with dilute acid and cellu-
lase, respectively [23]. Combining these two mutations acted
additively in producing 34 % more glucose, resulting in 43 %
more ethanol when subjected to simultaneous saccharification
and fermentation (SSF). Bmr6 and Bmr12 encode the major
CAD and COMT enzymes in sorghum, respectively [8, 35,
93]. Both the bmr6-ref and bmr12-ref alleles encode nonsense
mutations, which result in the absence of their respective pro-
teins [93, 96]. Both mutations resulted in lowering Klason
lignin concentrations, and bmr12 greatly reduced the S/G lig-
nin ratio [64, 93, 96]. COMT belongs to a clade of enzymes
that utilize S-adenosylmethionine as a methyl donor to cata-
lyze the methylation of other compounds. Within the lignin
biosynthesis pathway, methylation of 5-hydroxyconiferyl al-
dehyde yields sinapylaldehyde, the precursor for sinapyl alco-
hol and S-lignins [64, 93]. Elucidation of these enzymes’ ki-
netics and substrate specificities has been simplified by a new
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method developed by ARS scientists at Lincoln, NE, that
relies on fluorescence as a means to detect and continuously
measure the activity of these enzymes [65]. This new assay
has been subsequently adopted in other studies [96].

High-yielding forage sorghum is an excellent candidate as
an annual cellulosic biomass source. Pedersen et al. [71] de-
termined that a large portion of variation in ethanol yields of
sweet sorghum lines and hybrids was due to cellulosic fiber.
Genes responsible for increased saccharification via enzymes
have been mapped and were identified from a sorghum core
collection [127]. The seven genetic loci identified with the
traits in their study appeared to be responsible for cellulose
biosynthesis and orientation within the secondary cell walls.
Because the bmr mutants have reduced lignin and reduced
recalcitrance to saccharification, it was assumed that sorghum
with these mutations would be more susceptible to insects and
diseases. However, there is evidence that in some cases plants
with modified lignin may have greater resistance [97]. One
cause of greater disease resistance may be due to the increased
amount of ferulic acid compounds in the mutants [32]. Leaves
from mature bmr plants were more resistant to corn earworm
(Helicoverpa zea (Boddie)) and fall armyworm, both common
insect pests, than those of the normal lignin lines, possibly due
to increased vanillic acid [28].

Conclusions

Although feedstock quality for bio-based products significant-
ly impacts conversion, the greatest economic driver of feed-
stock production is yield. As yield per unit area increases,
transport expenses decrease, demand on arable land decreases,
and overall economic returns will increase. Yield of dedicated
feedstocks varies by geographic location and environment.
Switchgrass, other native grasses, and giant Miscanthus are
much better adapted to northern latitudes while more tropical
species like napiergrass and energycane have greater potential
in the south, with annual sorghum an excellent candidate for
many parts of the USA. Restricted recurrent phenotypic selec-
tionmethods have been used to significantly increase yields of
all the major warm-season grass feedstocks addressed in this
review. Genomics have been used to pinpoint traits that will
directly impact crop yields and adaptation. Plant breeders
must use both phenotypic and molecular genetic tools to de-
velop high-yielding feedstocks with biotic and abiotic stress
tolerance since prime cropland will be directed toward food,
fiber, and feed production and biomass feedstocks will be
grown on marginally productive cropland.

Need for Further Research

Over the past few years, emphasis has changed for dedicated
biomass feedstock crops from cellulosic ethanol toward

Bdrop-in^ fuels such as butanol or jet fuels and bio-based
products [57]. Yield and reduction of recalcitrance will con-
tinue to be of primary importance for biochemical conversion
to these products. However, thermo-chemical conversion to
syngas or pyrolysis oils is less reliant on differences in cell
wall composition and more reliant on ash and moisture con-
centration [63]. Clearly, the conversion platform has a sub-
stantial influence on biomass quality traits (or anti-quality
traits) that impact the conversion process, in turn influencing
breeding objectives and goals. It will be important to identify
germplasm with improvements in nitrogen use (NUE) and
water use efficiency (WUE). Breeders have demonstrated that
NUE can be improved by classical breeding, increasing bio-
mass yield at a constant rate of nitrogen fertilizer. However,
doubling biomass yield of perennial grasses without decreas-
ing nitrogen uptake concentration will lead to increased nitro-
gen requirements in the long term, partially defeating the ad-
vantage of increased biomass yield. Monoculture of dedicated
feedstocks has led to increased occurrences of diseases and
pests. Recent efforts have just begun to identify sources of
resistance to pathogens and antibiosis to insect pests. Screen-
ing of germplasm and development of cultivars with both
biotic and abiotic resistance will be a high priority. Creation
and implementation of routine and efficient screens for biotic
and abiotic stresses is a strong research priority, especially in
the face of potential global climate change. Species such as
switchgrass that are still more-or-less wild possess vast
amounts of genetic variability, creating opportunities to im-
prove existing germplasm. For example, the successes of both
the Lincoln, NE, and Madison, WI, switchgrass breeding pro-
grams to improve cold tolerance and combine improved sur-
vival with later flowering and high biomass yield have signif-
icantly expanded the geographic range for which switchgrass
can be used to economically and sustainably produce biomass
for conversion to energy.
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