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Development of Genetic and Genomic 
Research Resources for Brachypodium 
distachyon, a New Model System for 
Grass Crop Research

David F. Garvin,* Yong-Qiang Gu, Robert Hasterok, 
Samuel P. Hazen, Glyn Jenkins, Todd C. Mockler, 
Luis A. J. Mur, and John P. Vogel

Abstract
Grass crop genomics research frequently is hindered by large genome sizes 
and polyploidy. While rice is an attractive system for grass genomics due to 
its small genome size and available genome sequence, it is not particularly 
well-suited as a robust model system for all grass crops. The wild grass 
species Brachypodium distachyon (L.) P. Beauv. (Brachypodium) has recently 
gained favor as a new model system for grass crop genomics research 
because it possesses a suite of biological traits desired in a model system. 
Further, it is more closely related to the large and diverse group of cool 
season grass crops than is either rice (Oryza sativa L.) or sorghum [Sorghum 
bicolor (L.) Moench.], the second grass crop species whose genome has 
been sequenced. Thus, by virtue both of its biological attributes and its 
evolutionary history, Brachypodium fi lls an important gap in grass crop 
genomics research. A surge in interest in Brachypodium has led to rapid and 
signifi cant advances in the acquisition of knowledge and development of 
resources needed to exploit this species as a model system, including. the 
impending completion of a draft nuclear genome sequence of Brachypodium. 
Integration of diverse genetic and genomic resources developed or under 
development for Brachypodium with the genome sequence will encourage 
further adoption of this species as a bona fi de model plant system.

Before 2001, the unassuming grass genus Brachypo-
dium was perhaps more known for its enigmatic fea-
tures such as the diversity of chromosome numbers in 
the genus (Robertson, 1981) and the proper placement 
of the genus in the evolutionary tree of the grass fam-
ily Poaceae than for anything else (Catalan et al., 1995; 
Kellogg, 2001). However, at the end of 2001 a seminal 
paper was published that touted a member of this genus, 
Brachypodium distachyon (L.) P. Beauv. (referred to as 
Brachypodium throughout the rest of this paper), as 
a new model system for grass genomics (Draper et al., 
2001). A compelling case was made in this publication 
for Brachypodium to be given consideration as a new 
model system for genomics. In particular, Brachypo-
dium possesses the suite of traits desired in a model 

D.F. Garvin, USDA-ARS Plant Science Research Unit and Dep. of Agronomy and Plant Genetics, University 
of Minnesota, 1991 Upper Buford Cir., St. Paul, MN 55108; Y.-Q. Gu and J.P. Vogel, Genomics and Gene 
Discovery Research Unit, USDA-ARS Western Regional Research Center, 800 Buchanan St., Albany, CA, 
94710; R. Hasterok, Dep. of Plant Anatomy and Cytology, Faculty of Biology and Environmental Protection, 
University of Silesia, 40-032 Katowice, Poland; S.P. Hazen, Dep. of Biochemistry, The Scripps Research 
Institute, La Jolla, CA 92037; G. Jenkins and L.A.J. Mur, Institute of Biological Sciences, University of 
Wales, Aberystwyth, Penglais, Aberystwyth, Ceredigion, SY23 3DA, UK; T.C. Mockler, Center for Genome 
Research and Biocomputing, Dep. of Botany and Plant Pathology, Oregon State University, Corvallis, OR, 
97331. Research supported by Polish Ministry of Science and Higher Education Grant 2 PO4C 012 30 to R. 
Hasterok, and by Ruth L. Kirschstein National Research Service Award postdoctoral fellowship GM071225 
to S.P. Hazen. Mention of trade names or commercial products in this article is solely for the purpose of 
providing specifi c information and does not imply recommendation or endorsement by the U.S. Department 
of Agriculture. Received 12 June 2007. *Corresponding author (garvi007@umn.edu).

Published in Crop Sci. 48(S1) S69–S84. Published 8 Feb. 2008.
doi:10.2135/cropsci2007.06.0332tpg
© Crop Science Society of America
677 S. Segoe Rd., Madison, WI 53711 USA

Abbreviations: BAC, bacterial artifi cial chromosome; BES, BAC end sequence; 
cDNA, complimentary DNA; DNA, deoxyribonucleic acid; DOE, Department of Energy; 
EST, expressed sequence tag; FISH, fl uorescent in situ hybridization; GUS, β -
glucoronidase; HR, hypersensitive response; JGI, Joint Genome Initiative; kb, kilobase 
pair; NPGS, National Plant Germplasm System; ORF, open reading frame; PCR, 
polymerase chain reaction; QR, qualitative resistance; QTL, quantitative trait locus; 
RNAi, ribonucleic acid interference; SAR, systemic acquired resistance; SNP, single 
nucleotide polymorphism; T-DNA, transfer-DNA.

Ge ome

The

Ge ome

The

Activities & Resources

Published March, 2008



S-70 The Plant Genome [A Supplement to Crop Science] ■ March 2008 ■ No. 1

plant including a small genome, availability of diploid 
ecotypes, self-fertility promoting inbreeding, trans-
formability, small stature, and a moderately rapid 
life cycle. Indeed, these desirable biological features 
in Brachypodium are quite similar to those found 
in the dominant model plant Arabidopsis thaliana 
(L.) Heyhn (Arabidopsis). Readers are directed to 
Draper et al. (2001) and the following publications for 
additional reading that describes various aspects of 
Brachypodium that are complementary to the present 
review (Jenkins et al., 2003; Hasterok et al., 2004; Jen-
kins et al., 2005; Garvin, 2007).

	 is 2001 Brachypodium paper (Draper et al., 
2001) prompted interest among a range of research 
groups, and since its publication major strides have 
been made in helping Brachypodium mature into a 
full-
 edged model plant system. 	 is has included 
the emergence of an international Brachypodium 
research community, leading to the formation of 
the International Brachypodium Initiative (IBI) in 
2005 to foster communications among researchers. 
In January 2006, the � rst Brachypodium distachyon 
Genomics Workshop was held at the XIV Plant and 
Animal Genome Conference in San Diego, Cali-
fornia, and the � rst meeting of the IBI was held at 
the same meeting. Further, a website (http://www.
Brachypodium.org; veri� ed 26 Nov. 2007) was estab-
lished to provide basic information on the species for 
interested parties.

Similarly, research with Brachypodium has rapidly 
accelerated. A crowning achievement for Brachypo-
dium that will soon emerge is a dra�  nuclear genome 
sequence. In 2006, the U.S. Department of Energy’s 
Joint Genome Institute (DOE-JGI) accepted a pro-
posal to undertake whole genome sequencing of the 
Brachypodium genome, to 8X genome coverage (see 
http://www.jgi.doe.gov/sequencing/cspseqplans2007.
html; veri� ed 26 Nov. 2007). 	 is will be accompanied 
by a complementary integrated project to sequence 
almost 200,000 expressed sequence tags (ESTs) from 
diverse tissues to provide a view of the Brachypodium 
transcriptome. 	 e completion of the Brachypodium 
genome sequence is expected in 2008, as is the tran-
scriptome sequencing.

Since the genus Brachypodium is a sister group 
to the four major cool season grass tribes of greatest 
economic importance (Triticeae, Aveneae, Poeae, and 
Bromeae) (Kellogg, 2001), the Brachypodium genome is 
expected to exhibit far greater synteny to the genomes 
of major cool season cereal grains and forage and turf 
species than will the genomes of rice or sorghum, 
which have been sequenced. 	 us the Brachypodium 
genome sequence will � nd great utility as a surrogate 
to assist gene discovery in the large genomes of its cool 
season crop relatives. Similarly, access to the genome 

sequence of Brachypodium will be a boon for wide 
ranging functional genomics research in grasses, such 
as investigating the impact of speci� c modi� cations 
to the plant cell wall on cellulosic ethanol conversion 
(U.S. DOE, 2006). Lastly, the Brachypodium genome 
sequence will be a representative of a third major grass 
lineage, with the rice and sorghum genome sequences 
representing two other such lineages (Kellogg, 2001). 
	 is will provide an unprecedented opportunity to 
examine genome evolution in this most economically 
important plant family.

	 e Brachypodium genome sequence and 
EST collection must be accompanied by additional 
genomics tools to be e  ciently exploited by the 
research community. With the impending release of 
the Brachypodium genome sequence, it is timely to 
review the diverse array of Brachypodium genome 
resources and technologies that have already been 
developed or are being developed, and that will play 
a major role in optimizing the ability to use Brachy-
podium as a model system.

Genetic Resources
	 ere are two main collections of Brachypodium 
available. 	 e � rst source of Brachypodium ger-
mplasm is the USDA National Plant Germplasm 
System (NPGS). Approximately 30 Brachypodium 
accessions are available from the NPGS, and details 
of these accessions can be viewed by the appropri-
ate querying of the NPGS Germplasm Resources 
Information Network website (http://www.ars-grin.
gov/npgs; veri� ed 26 Nov. 2007). In addition, com-
plete passport data for these accessions from annual 
Plant Inventory reports can be found at the follow-
ing website (http://www.brachypodium.org). 	 ese 
accessions have been collected and deposited into 
the NPGS over the last several decades. 	 e USDA 
NPGS accessions are designated by the pre� x “PI” 
(eg., PI 185133). 	 e second set of ecotypes is held at 
Brachyomics in Aberystwyth, Wales. 	 e following 
website http://www.aber.ac.uk/plantpathol/germ-
plasm.htm (veri� ed 26 Nov. 2007) lists this col-
lection. 	 e Brachyomics ecotypes are designated 
with the pre� x designation “ABR” (e.g., ABR1). 	 e 
Brachyomics website provides information on both 
chromosome numbers and origin of the ABR eco-
types. 	 e Brachyomics collection includes 38 eco-
types, with the majority deriving from the USDA 
NPGS collection itself. For a table that lists much 
of this overlap as well as chromosome numbers, 
see Jenkins et al. (2003). But it is worth noting that 
this publication likely misses some of the redund-
nacy, based on comparing USDA NPGS passport 
data and the listed geographic locations of some 
of the ABR lines. E� orts are being made in the 
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 community to completely resolve the synonymy of 
the NPGS and ABR lines.

For purposes of genomics research, it is impera-
tive to have community genetic stocks that are 
genetically homogeneous and are also homozygous. 
Although Brachypodium is inbreeding, accessions 
acquired by sampling populations in the wild may 
each harbor varying degrees of genetic diversity, as 
has long been observed in other species (eg, Brown 
et al., 1978). So, there is no expectation that the 
original accessions are genetically homogeneous. 
	 us, a set of inbred Brachypodium lines from 
the NPGS collection was developed by single-seed 
descent (Garvin, 2007; Vogel et al., 2006a). Inbred 
lines developed from 28 di� erent NPGS accessions 
have been designated with the pre� x “Bd”. In nearly 
all instances, the inbred lines each have the desig-
nation “Bd”, followed by two numerals separated 
by a hyphen (e.g., Bd2–3). 	 e � rst numeral is an 
identi� er of the NPGS accession from which it was 
derived. For instance, the single seed descent inbred 
line Bd1–1 was developed from the NPGS accession 
PI 170218. 	 e second numeral was included because 
in many instances two separate inbred lines were 
developed from a single accession.	 us, Bd3–1 and 
Bd3–2 are each single seed descent inbreds indepen-
dently developed from PI 185134. (See Vogel et al. 
2006a, for inbred line derivations.)

One signi� cant case where this nomenclature is 
not followed is for Bd21. 	 is inbred line is a single 
seed descent line derived from Bd 254867, but does 
not have a numerical su  x because just a single 
inbred line was initially developed. It is important 
to clarify this because inbred line Bd21 has been 
adopted as the canonical genotype for much of the 
genomics research being pursued, and is serving 
as the source of DNA and RNA for both the whole 
genome and EST sequencing projects by DOE-JGI.

Because Brachypodium is described as a poly-
ploid series, 
 ow cytometry was used to infer ploidy 
levels of the Bd inbred lines. Currently, a c-value of 
0.36 for diploid Brachypodium (Bennett and Leitch, 
2005) has been adopted because the far lower c-value 
reported by Draper and colleagues (2001) and in 
some subsequent publications has not been con-
� rmed. Inbred lines derived from PI 170218 (Bd1–1), 
PI 185133 (Bd2–3), PI 185134 (Bd3–1, Bd3–2), PI 
245730 (Bd18–1), and PI 254867 (Bd21) were hypoth-
esized to be diploid based on c-values approximating 
0.36 (Vogel et al., 2006a). Subsequent chromosome 
counts support their diploid (2n = 10) nature (R. 
Hasterok, personal communication, 2006). 	 e 
other inbred lines appeared to be polyploid based 
on c-values approximately twice as large as those of 
the diploids. A core set of these inbred diploid lines 

has been widely disseminated to the research com-
munity; these are available on request (contact: D.F. 
Garvin, garvi007@umn.edu). 	 ough the number 
of lines is small, they reveal phenotypic variation 
in many traits of agricultural relevance in crops 
(Garvin, 2007). To date, just one one morphological 
trait—pubescence on leaf sheaths—has been ana-
lyzed genetically and is controlled by a single domi-
nant gene, termed Spub (D. Garvin, unpublished 
data, 2007).

Diploid genotypes are the most desirable for 
genomics research, and between the Brachyomics/
Abersytwyth and NPGS collections it appears that 
there are perhaps just 14 unique diploid ecotypes/
accessions. 	 ese have been collected across a wide 
geographic range in Europe to the middle east, but 
this nonetheless highlights the fact that more diploid 
inbred lines will be needed to capture additional 
genetic diversity in the species. One strategy for 
doing so would be to develop additional inbred lines 
from each original accession to try to capture addi-
tional variation that may be present. Indeed, besides 
Bd21, a second inbred line designated Bd21–3 has 
been developed from PI 254867 (Vogel and Hill, in 
press) that exhibits distinct patterns of molecular 
variation that di� erentiate it from Bd21 (Vain et al, 
in press, 2008). Similarly, Christiansen et al. (2005) 
allude to the presence of molecular variation in 
plants from the same accession. Additionally, further 
collection of diploid germplasm is warranted. 	 e 
broad range of diploid Brachypodium (see the fol-
lowing section on geographic distribution) suggests 
that this should be possible.

A cornerstone resource for any model system is 
segregating populations. 	 e only report of a segre-
gating population was published in 2004 (Routledge 
et al., 2004), which examined disease resistance seg-
regation in a small population. But, routine crossing 
of Brachypodium has proven to be a challenge due 
to the small size of the 
 oral structures and the fact 
that the anthers reside between folds in the palea. 
	 us, development of a protocol that will permit 
routine crossing is needed. Nonetheless, segregat-
ing populations between all combinations of the 
diploids Bd1–1, Bd2–3, Bd3–1, and Bd21 have been 
created (Garvin, 2007). Ultimately, development of 
immortalized recombinant inbred populations for 
the various combinations among the Bd diploids 
will be completed. 	 e � nal intended inbred popula-
tions will derive from either F

7
 or F

8
 individuals. It is 

expected that the � rst RIL populations will be com-
pleted in 2008.

A molecular map of Brachypodium is essential 
for many purposes, and currently a community 
e� ort is underway to to develop a primary molecular 
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map of Brachypodium for comparing its genome 
organization to that of rice and other grasses. 	 is 
project involves an F

2
 population from the cross 

Bd3–1 × Bd21, with markers primarily derived from 
simple sequence repeat length polymorphisms iden-
ti� ed in EST sequences. Subsequently, a larger popu-
lation of this same cross will be used to expand map 
resolution by populating it with a large number of 
single nucleotide polymorphism (SNP) markers.

Geographical Distribution
Since collection of additional germplasm is a prior-
ity for Brachypodium research, it is useful to review 
the extent of the geographic range of both native and 
introduced Brachypodium. According to herbarium 
records, � eld observations, and a small characterized 
germplasm collection, the geographic distribution of 
both native and introduced Brachypodium appears 
to be widespread (Fig. 1). 	 e native range is likely to 
be very broad, extending throughout the Mediterra-
nean basin and into the Indian subcontinent. All but 
three of 35 apparently unique accessions character-
ized for genome size originate from this area (Draper 
et al., 2001; Hasterok et al., 2004; Hasterok et al., 
2006; Vogel et al., 2006a). A majority of the diploid 
accessions with a haploid genome of � ve chromo-
somes were collected in northern Spain while others 
hale from France, Italy, Slovenia, Iraq, and Turkey. 
	 e island of Formentera in the Mediterranean Sea is 
home to the only accession, ABR114, known to have 
a haploid genome of ten chromosomes (Draper et al., 
2001; Hasterok et al., 2006; Jenkins et al., 2003). 	 e 
known range of polyploids with a haploid genome of 
� � een chromosomes extends outside the aforemen-
tioned range as far north as Belgium and as far east 
as Pakistan. In addition to a broad native latitudinal 
distribution, there is a broad range of altitudes where 
populations are common in both coastal sea level 

territory as well as mountainous areas in Turkey 
(Kaman Kirschir, 1100 masl, PI 245730), Iraq (Arbet, 
675 masl, PI 254868), Iran (Kashmar, 1220 masl, PI 
239714), and Afghanistan (Jabal-Us-Siraj, 1600 masl, 
PI 220567).

With the available data, some speculation is 
required to de� ne the native habitat. Outside this 
area, where the tribe Brachypodieae is not believed 
to be native, Brachypodium is prevalent and o� en 
considered invasive. 	 ree characterized accessions 
are from nonnative areas (Uruguay, South Africa, 
and Australia) and are described as having a hap-
loid genome of � � een chromosomes (Jenkins et al., 
2003). Records also denote Brachypodium popula-
tions in east Africa and northwest South America at 
elevations as high as 3600 masl (Cajamarca, Peru). 
Among other institutions, the Missouri Botanical 
Garden and the Jepsen Herbarium maintain records 
of the location of many Brachypodium collections 
made in North America, speci� cally California and 
neighboring areas in the Southwest United States, 
where it is considered an exotic pest.

As is the case in other model system species (e.g., 
Anholt and Mackay, 2004; Koornneef et al., 2004), 
natural genetic variation will be a valuable resource 
to exploit to de� ne gene function in Brachypodium. 
	 e environments in which Brachypodium is most 
commonly found o� en experience hot, dry summers 
and mild, wet winters, such as the climate found 
around the Mediterranean and Californian chap-
arral communities. Additionally, other conditions 
include the steady equatorial climate of the Peruvian 
highlands, cold and snowy Central Anatolian win-
ters, and mild temperate England. 	 ese numerous 
environmental milieus represent a wide range of 
biotic and abiotic conditions that may be indica-
tive of the presence of an ample amount of adaptive 
natural genetic variation within Brachypodium that 
will facilitate functional genomic analysis.

Molecular Cytogenetic 
Characterization of 
Brachypodium
FISHing for Karyotypes
An important part of the development of Brac-
hypodium as a functional genomics bridge to the 
temperate cereals and grasses is an understanding 
of its cytogenetics and that of its relatives within the 
genus. Accurate descriptions of its chromosomes 
with the aid of 
 uorescence in situ hybridization 
(FISH) enable facile identi� cation of its chromo-
somes in squash preparations of root meristems, 
and facilitate the integration of genetic and physical 
maps. Quality karyology is especially important in 

Figure 1. Geographic distribution of Brachypodium. 
Green shaded areas correspond to the species distribution 
inferred from herbarium records, fi eld observations, and 
germplasm collection passport data. The 2n = 4x = 30, 
2n = 2x = 10, and 2n = 2x = 20 accessions character-
ized for DNA content or chromosome number are plotted 
as blue, red, and orange dots, respectively.
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this genus, given the unusual variation in basic chro-
mosome number (Robertson, 1981) and confusing 
phylogenetic relationships within this genus.

Much of our understanding of the cytogenet-
ics of Brachypodium has come from scrutiny of two 
diploid reference lines (ABR1 and ABR5) from the 
collection managed by Brachyomics in Aberystwyth 
(Draper et al., 2001; Jenkins et al., 2003; Hasterok et 
al., 2004; Jenkins et al., 2005; Hasterok et al., 2006). 
	 ese studies have shown that these two reference 
lines have indistinguishable karyotypes, compris-
ing � ve pairs of very small chromosomes, re
 ecting 
the inordinately small genome size in this species 
(Bennett and Leitch, 2005). 	 e karyotypes are dis-
tinctly asymmetrical, with the longer chromosomes 
exceeding twice the length of the shorter ones. At 
early somatic metaphase (Fig. 2a), the pair of meta-
centric chromosomes 1 is easy to discriminate, as it 
is the longest of the complement (>7 µm) and sub-

stantially longer than the other pairs. Metacentric 
chromosomes 2 and 3 are signi� cantly smaller than 
1 (5–6 µm) and are di  cult to distinguish from one 
another in routine squash preparations. 	 e two 
smallest (3.5–4.0 µm) pairs of chromosomes are 
acrocentric and can be identi� ed unequivocally, due 
to the presence of a nucleolar organizing region on 
the short arm of chromosome 5 only. 	 us, three 
out of the � ve pairs of chromosomes can be identi-
� ed in prometaphase squash preparations using 
morphometrical features revealed by phase contrast 
microscopy or basic 
 uorescence staining of chro-
matin. Identi� cation of all of the chromosomes of 
the complement requires FISH with probes speci� c 
for chromosomes 2 and 3.

In addition to ABR1 and ABR5, the “Bd” inbred 
reference lines are now widely used (Garvin, 2007; 
Vogel et al., 2006a). Since one of these lines, Bd21, is 
now the reference genotype for much of the current 

Figure 2. (a-b) Somatic chromosomes of Brachypodium stained fl uorescently with DAPI. (a) Early metaphase chromo-
somes of line ABR1 displaying very good morphology. (b) Highly condensed late metaphase chromosomes of line 
Bd21 with lower resolution of morphometrical features. White numerals in (a) and (b) indicate chromosome identities. 
(c) Dual color FISH of 5S rDNA (red fl uorescence) and 25S rDNA (green fl uorescence) probes to somatic metaphase 
chromosomes of Bd21. (d) Dual color FISH with BAC clones ABR1–26-H1 (red fl uorescence) and ABR1–63-E11 (green 
fl uorescence). Colored annotation indicates localization of BACs to particular chromosome arms. (e-f) Idiograms show-
ing comparative “landing” of selected Brachypodium BAC clones onto chromosomes of ABR1 (2n = 2x = 10) and 
ABR114 (2n = 2x = 20). The ideograms indicate that the two lines appear to be related to each other by complex 
centric fi ssion or fusion. Photographs (b-d) courtesy of Elzbieta Wolny, Department of Plant Anatomy and Cytology, 
University of Silesia Katowice. Bar, 5 μm.
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genomics resource development, it is imperative that 
its karyotype be carefully examined and contrasted 
with information previously obtained for ABR1 and 
ABR5. We present here the � rst molecular cytogenetic 
analysis of Bd21. Not surprisingly, this inbred line has 
the same karyotype as ABR1 (Fig. 2b). 	 e 5S ribo-
somal DNA locus is located on a proximal region of 
the long arm of chromosome 4, and the 25S ribosomal 
DNA locus occupies a distal part of the short arm 
of chromosome 5 (Fig. 2c). 	 is is concordant with 
results reported in Draper et al. (2001). Furthermore, 
two 
 uorescently-labeled clones from a BAC library 
of ABR1 “land” onto the same short arm (p) and long 
arm (q) chromosomal sites of Bd21 (Fig. 2d; Hasterok 
et al., 2006). 	 erefore, we are con� dent that all of the 
cytogenetic resources available for the ABR lines will 
be transferable to the Bd line collection.

FISHing for Synteny
One of the aims of establishing Brachypodium as 
a new model is to gain access to genetic regions of 
 interest in its less tractable crop relatives by alignment 
to syntenic regions in Brachypodium. 	 e closer phy-
logenetic position of the temperate cereals and grasses 
to Brachypodium relative to rice would imply that 
the Brachypodium genome will be substantially more 
colinear and will harbor a more similar repertoire of 
genes. To assay the synteny between Brachypodium 
and its temperate relatives, and to test its utility as 
a “bridge”, we screened by PCR BAC libraries of 
ABR1 and ABR5 using primers based on mapped 
genomic sequences of several members of the Poaceae 
(Hasterok et al., 2006). Orthologous sequences were 
detected in the libraries, showing that there is homol-
ogy between Brachypodium and these species.

However, to determine if contiguous sequences 
from rice and ryegrass mapped physically to the same 
locus, we landed marker-selected BACs onto chromo-
somes of Brachypodium using FISH. For example, 
BACs containing sequences orthologous to the QTL 
Hd3 and the Hd3a gene that control heading date 
in rice (Monna et al., 2002) were hybridized in situ 
to somatic metaphase chromosomes. Many of these 
“landed” on a single locus in an interstitial part of chro-
mosome 1q (Hasterok et al., 2006). Similarly, two BACs 
corresponding to two close markers from chromosome 
6 of Lolium perenne and chromosome 2 of rice (Arm-
stead et al., 2004) map to the subterminal part of chro-
mosome 3q in Brachypodium (Hasterok et al., 2006). 
Clearly, these preliminary results suggest that the 
genome structure of Brachypodium is su  ciently well 
conserved compared to other grasses to enable compar-
ative genomic studies. Additional planned studies will 
continue “landing” other marker-selected, single-locus 
BACs to achieve dense coverage of the entire genome of 

Brachypodium. Such a physical map would provide a 
useful resource for reconstructing the archetypal grass 
genome, and for determining the patterns of genome 
evolution in the Poaceae.

FISHing for Phylogeny
	 e genus Brachypodium has relatively few species 
with a wide distribution. 	 e species have di� erent 
basic chromosome numbers, and some have a poly-
ploid series as well. 	 ese two features together have 
complicated the taxonomy and have precipitated 
reclassi� cations and reappraisals of phylogenetic 
relationships (Robertson, 1981). On the basis of the 
identi� cation of 10, 20, and 30 chromosome cyto-
types, it was accepted for many years that Brachypo-
dium had evolved an autopolyploid series based on 
multiples of 10 chromosomes. However, it has been 
shown recently (Hasterok et al., 2004) by molecular 
cytogenetics that the 20 chromosome type not only 
appears to be a di� erent diploid of unknown origin, 
but also a possible progenitor of the 30 chromosome 
cytotype. 	 is has necessitated a change in status of 
the latter from autohexaploid to allotetraploid. Fur-
thermore, comparative BAC “landing” in the 10 and 
20 chromosome cytotypes had shown that they may 
be related by multiple Robertsonian translocation 
events (Fig. 2e-f). However, the story appears even 
more complex than this. A BAC clone mapping to 
the subterminal part of chromosome 4p, and one to 
the distal part of chromosome 4q of Brachypodium, 
have a similar distribution in related species such as 
Brachypodium sylvaticum (L.) Beauv. (2n = 18), B. 
sylvaticum subsp. glaucovirens (2n = 16) and Brachy-
podium pinnatum (L.) Beauv. (2n = 28), despite dif-
ferences in chromosome number. However, in the 20 
chromosome cytotype the clones map to two subter-
minal and pericentric regions of two di� erent chro-
mosomes. 	 e implication is that the genome of the 
20 chromosome cytotype di� ers substantially from 
the others and may be a taxonomic outlier.

Brachypodium Growth 
and Development
One early concern faced by Brachypodium research-
ers was the belief that vernalization was needed to 
help induce 
 owering (Draper et al., 2001). 	 is was 
a potential logistical obstacle since it would require 
extensive cold room space for high-throughput 
research that was envisioned, and would add weeks 
to generation times. Initial experiments with the 
NPGS Brachypodium accessions in 2002 revealed 
that a majority of the accessions 
 owered readily in a 
greenhouse without any vernalization, while others 
did not. 	 e accessions subsequently determined to 
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be diploid (Vogel et al., 2006a) uniformly appeared 
to require vernalization, although pilot studies deter-
mined that the vernalization requirement varied 
considerably among lines (D. Garvin, unpublished 
data, 2003). 	 us, e� orts to develop single seed 
descent inbred lines from the NPGS collection pro-
ceeded at di� erent rates, depending on whether or 
not the lines needed vernalization.

Subsequent research in growth chambers, using 
a generic setting of 20°C constant temperature and 
a mix of 
 uorescent and incandescent lights, led to 
the discovery that long daylengths induced 
 ower-
ing in the majority of the inbred diploid Bd lines, 
thus bypassing the need for a vernalization period. 
Long daylengths successfully induce 
 owering in 
Bd2–3, Bd3–1, and Bd21 (Vogel et al., 2006a). While 
the long day response has not yet been quanti� ed 
in detail, these three lines will 
 ower readily with 
20h daylength, but will not when daylength is 14 
h. Flowering can be accelerated with more extreme 
light regimes; in 24 h conditions in
 orescences of 
Bd21 plants have been observed to begin emerg-
ing in as few as 17 d (D. Garvin, unpublished data, 
2006). 	 us, modulation of daylength is an e� ective 
method of accelerating generation time in these 
three inbred lines (Fig. 3a,b), with Bd21 
 owering 
most rapidly, followed by Bd3–1, and then Bd2–3 
(Fig. 3c). In contrast, Bd1–1 and Bd18–1 do not rap-
idly 
 ower in long daylengths (Fig. 3c), although 
Bd1–1 will eventually begin to 
 ower sporadically 
a� er three or more months in long days. 	 us, ver-
nalization of approximately eight weeks at 5°C can 
be used to induce 
 owering in these two lines.

By selecting the appropriate daylength regimes, 
it is possible to obtain plants of a particular size 
depending on what the end use is. For instance, if 
one desires a large amount of vegetative biomass 
from Bd21, this could be obtained by growing plants 
under 12-hour daylengths so as to suppress the 
transition to 
 owering. Alternatively, if one desires 
to advance a generation as rapidly as possible, long 
days will result in small plants (Garvin, 2007; Vogel 
et al., 2006a; Fig. 3d) from which the � rst seeds will 
be ready to harvest from Bd21 in as little as two 
months. Owing to the presence of a relatively signi� -
cant endosperm, the seeds themselves are approxi-
mately 17% of the size of a wheat seed, and 35 to 40% 
the size of a polished rice grain, with the hull adher-
ing to the seed (Fig. 3e).

Brachypodium Transformation
An e  cient transformation system is essential for 
a model plant system, and has been one of the pil-
lars supporting the tremendous success of the dicot 
model Arabidopsis. Unlike the Arabidopsis 
 oral dip 

method of transformation, methods used for grass 
transformation are laborious, involve extensive tis-
sue culture, and are o� en ine  cient. Rice has the 
best developed transformation system of any grass, 
and can be transformed by both Agrobacterium 
tumefaciens (Agrobacterium) and biolistic methods 
at high e  ciencies. A tremendous amount of e� ort 
has been directed at optimizing rice transformation 
and this has resulted in transformation e  ciencies 
increasing from less than 1% in the � rst reports 
to greater than 40% today (reviewed in Tyagi and 
Mohanty, 2000). For the major grass crops most 
closely related to Brachypodium such as wheat 
(Triticum aestivum L.) and barley (Hordeum vulgare 
L.), transformation remains ine  cient. In contrast, 
research to date indicates that Brachypodium trans-
formation e  ciency can approach that of rice.

	 e stage for Brachypodium transformation was 
set with the identi� cation of tissue culture condi-
tions for the induction of embryogenic callus and 
regeneration of fertile plants (Bablak et al., 1995). 
	 is was a key development because embryogenic 
callus is a preferred target for transformation due 
to its highly regenerable nature. In this study, three 
diploid accessions (B200, B373, B377) produced sev-
eral types of callus, including embryogenic callus, 
when mature seeds were incubated on callus-induc-
ing media. 	 e optimal callus-inducing medium 
contained LS salts, 3% sucrose, and 2.5 mg l–1 2,4-D. 
E  cient regeneration of fertile plants was observed 
on several di� erent media. 	 ese conditions are sim-
ilar to those used for other grasses, indicating that 
Brachypodium is not unusual in this regard.

Both particle bombardment and Agrobacterium 
have been used to transform several grass species, and 
each o� ers unique advantages and disadvantages. Par-
ticle bombardment has the advantages of not being 
dependent on the biological limitations of Agrobacte-
rium, and being less dependent on the plant genotype 
used. 	 e main requirement for transformation by 
particle bombardment is that plants can be regener-
ated from the bombarded explant. Since conditions 
for inducing embryogenic callus were already estab-
lished, it is no surprise that the � rst report of Brachy-
podium transformation used particle bombardment 
of embryogenic callus (Draper et al., 2001). In this 
study the authors transformed a polyploid accession 
(ABR100) via particle bombardment, with an average 
e  ciency of � ve transformations per gram of starting 
embryogenic callus.

	 is demonstrated that Brachypodium could 
be transformed; however, it begged the question 
of whether a diploid Brachypodium line could be 
transformed. 	 e answer came when a more detailed 
account of biolistic transformation was published 
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(Christiansen et al., 2005). In this paper the authors 
generated embryogenic callus from 10 accessions 
(two diploid and eight polyploid) and attempted to 
transform four accessions (two diploid and two poly-
ploid). One diploid accession (BDR018) was success-
fully transformed with an average e  ciency of 5.3% 
of bombarded calli producing transgenic plants. 	 e 
other diploid accession (BDR001) proved extremely 
recalcitrant to transformation. 	 e two polyploid 
accessions tested (BDR017 and BDR030) were trans-
formed at frequencies of 3.8 and 4.1%, respectively. 
	 ese results compare favorably with the 3.8% e  -
ciency � rst reported for biolistic rice transformation 
(Christou et al.,1991). 	 us, Brachypodium is similar 
to other species in that genotype has a profound 

e� ect on transformation e  ciency and underscores 
the need to examine multiple genotypes when devel-
oping transformation systems.

While the relative simplicity of biolistic transfor-
mation made it a logical choice for initial attempts to 
transform Brachypodium, the method has disadvan-
tages. Biolistic transformation requires specialized 
equipment that may not be accessible to researchers 
in smaller institutions. A more serious disadvantage 
is the complexity of the transgene loci which typically 
contain many copies of the inserted DNA, including 
truncated pieces, interspersed with genomic DNA 
that may span megabases of the host genome (Svi-
tashev and Somers, 2002; Kohli et al., 2003). 	 ese 
complex insertions can interfere with downstream 
applications that require simple insertions, and may 
lead to silencing of transgenes in later generations. 
Attempts to minimize the complexity of biolistic loci 
by using linear DNA instead of circular plasmid DNA 
have produced mixed results. In one report transfor-
mation of rice with linear DNA resulted in simpler 
insertions than plants transformed with circular DNA 
(Fu et al., 2000) while another study reported that lin-
ear and plasmid DNA had similarly complex insertion 
patterns (Loc et al., 2002).

In contrast to biolistic transformation, Agro-
bacterium-mediated transformation typically 
results in simple insertion patterns (for a direct 
comparison of methods see Dai et al., 2001; Travella 
et al., 2005). Agrobacterium-mediated transfor-
mation of both rice and Arabidopsis produces an 
average of approximately 1.5 transgenes per line 
(Feldmann, 1991; Jeon et al., 2000). 	 us, many 
researchers favor Agrobacterium-mediated trans-
formation. However, the development of an e  cient 
Agrobacterium-mediated transformation system for 
a species can be di  cult and time consuming. It is 
fortunate then that Brachypodium has proven to be 
amenable to Agrobacterium-mediated transforma-
tion. 	 e � rst report of Agrobacterium-mediated 
transformation of Brachypodium was published in 
2006 (Vogel et al., 2006a). In this study, 19 acces-
sions and inbred lines (16 polyploid and three 
diploid) were evaluated for transformability. 	 e 
highest transformation e  ciency was obtained in 
the polyploid inbred line Bd17–2, for which 14% of 
the callus pieces co-cultivated with Agrobacterium 
produced transgenic plants. 	 e diploid NPGS 
accession PI 254867 was also transformed. How-
ever, the transformation frequency was much lower 
(2.5%). Since only three diploid accessions/inbred 
lines were tested in this experiment, it is likely that 
diploid lines with higher transformation e  ciency 
will be identi� ed as more are tested. In this context, 
it is noteworthy that only one of the 16 polyploid 

Figure 3. Descriptive images of Brachypodium. (a-b) 
Bd21 grown under 24 h light. (a) Three week-old plant. 
(b) Same plant at 6 wk, with seeds maturing and plant 
senescing. (c) Differences in developmental rate among 
four inbred diploid Brachypodium lines grown in 20 h 
days. Left to right: Bd1–1, Bd2–3, Bd3–1, and Bd21. 
Each pot has three plants. (d) Comparison of plant size 
between wheat spikes and a pot of six mature Bd21 
plants. (e) Comparison of seed size between rice (left), 
wheat (right) and intact and dehulled Bd21 seeds (center).
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accessions tested had an  average transformation 
e  ciency exceeding 10%. In fact, most had trans-
formation e  ciencies less than 1%. Southern blot 
analysis and segregation of the transgene in the T1 
generation indicated that most transgenic plants 
contained simple low-copy insertions typical of 
Agrobacterium-mediated transformation.

Since the initial e  ciency of transforming dip-
loids was not adequate for high throughput applica-
tions, research toward improving the transformation 
method has continued. By altering the conditions 
of the co-cultivation step, the e  ciency of trans-
formation of the diploid inbred line Bd21–3 that 
was derived from the same accession as Bd21 was 
increased 10-fold to approximately 30% (Vogel and 
Hill, in press). Similarly, by altering various condi-
tions, transformation frequencies of Bd21 itself have 
exceeded 30% (Vain et al., in press). 	 ese transfor-
mation e  ciencies are approximately the same as 
rice, and make experiments such as T-DNA tagging 
feasible. Indeed, the � rst T-DNA 
 anking sequence 
tag from Brachypodium has already been deposited 
in Genbank (accession number EF165098).

	 e utility of Brachypodium transformation for 
functional genomics of temperate grasses was clearly 
demonstrated in a recent study of 
 owering genes. 
In this report (Olsen et al., 2006) the authors used 
biolistic transformation to introduce two orthologs 
of Terminal Flower 1, LpTFL1 from perennial rye-
grass (Lolium perenne L.) and TFL1 from Arabidop-
sis into Brachypodium. By studying the resulting 
transgenic plants the authors were able to conclude 
that both orthologs acted as 
 oral repressors in a 
temperate grass, a conclusion that could not have 
been reached using Arabidopsis or rice.

Brachypodium transformation is still in its infancy 
and continued improvements are expected. 	 e rapid 
progress in Brachypodium transformation made by 
a few groups with limited resources underscores the 
promise of Brachypodium for high-throughput trans-
formation. Indeed, early reports of Brachypodium 
transformation e  ciency compare favorably to the ini-
tial reports of rice transformation, which was assisted 
by a large grant program aimed at developing rice 
transformation and biotechnology. 	 us, the require-
ment for an e  cient transformation system has been 
satis� ed for Brachypodium as a model system.

Brachypodium BAC 
Library Resources
Large insert DNA libraries have many biological 
applications. 	 ese include isolation of genes or gene 
clusters from regions of interest (Kuang et al., 2005), 
whole-genome physical mapping (Chen et al., 2002), 
genome structure analysis (SanMiguel et al., 2002; 

Wicker et al., 2005), and comparing the genome 
organization of related genomes (Gu et al., 2004; 
Chantret et al., 2005; Isidore et al., 2005). Bacterial 
arti� cial chromosome (BAC) libraries have emerged 
as the preferred method for constructing large-insert 
clone libraries. Relative to alternative large insert 
libraries, BACs are easier to manipulate, have fewer 
chimeric clones, and can be stably propagated in E. 
coli (Shizuya et al., 1992; Woo et al., 1994).

BAC library resources have been developed both 
for di� erent Brachypodium species and for di� er-
ent inbred lines of Brachypodium. 	 e � rst genus 
Brachypodium BAC library was constructed for B. 
sylvaticum, a perennial member of the genus with an 
estimated genome size of 470 Mb (Foote et al., 2004). 
	 is library contains 320,228 clones with an aver-
age insert size of 102 kb, representing 6.6X genome 
equivalents. To compare genome organization 
between this species and rice and wheat, the authors 
screened BAC library � lters with a set of single/low-
copy DNA probes, some of which were derived from 
rice, barley, or wheat sequences (Foote et al., 2004). 
Seven BAC contig blocks were identi� ed, and within 
these blocks 22 of the 25 (88%) markers anchored to 
B. sylvaticum BACs were colinear with rice and/or 
Triticeae markers, indicating the maintenance of 
colinearity between genus Brachypodium genomes 
and major cereal crops (Foote et al., 2004). 	 e isola-
tion of the major chromosome pairing locus Ph1 in 
polyploid wheat demonstrated the usefulness of the 
B. sylvaticum BAC clones for comparative genome 
analysis and marker development in targeted wheat 
regions (Gri  ths et al., 2006).

	 e � rst Brachypodium BAC library was con-
structed from two diploid genotypes (ABR1 and 
ABR5) (Hasterok et al., 2006). 	 e library consists of 
9100 clones with an average insert size of 88 kb, rep-
resenting 2.22X genome equivalents. PCR primers 
designed from 15 markers targeted to a contiguous 
region of approximately 884 kb on rice chromo-
some 6 were used to screen this BAC library; all but 
two markers were physically associated with at least 
one other marker, indicating a signi� cant degree 
of colinearity between the targeted rice genome 
region and the Brachypodium BACs in the syntenic 
region of Brachypodium. In addition, 
 uorescent in 
situ hybridization of the marker-selected BACs to 
Brachypodium chromosomes revealed that contigu-
ous BACs co-localized on a single chromosome, fur-
ther con� rming the conservation of genome synteny 
at the chromosomal level (Hasterok et al., 2006).

In an e� ort to develop physical maps of the 
Brachypodium genome, two other BAC librar-
ies have been developed from the inbred diploid 
Brachypodium line Bd21 (Huo et al., 2006). 	 e 
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libraries were constructed with two di� erent restric-
tion enzymes (HindIII and BamHI) to avoid bias 
and cloning artifacts associated with BAC libraries 
constructed with just one restriction enzyme (Zhang 
and Wu, 2001). A total of 36,842 clones were picked 
for each BAC library. 	 e average insert sizes for the 
HindIII and BamHI libraries are 105 kb and 100 kb, 
respectively, with insert sizes ranging from 30 kb 
to 200 kb. Based on a genome size of 355 Mb (Ben-
nett and Leitch 2005), individually the two libraries 
theoretically represent 9.9 and 9.4 equivalents of the 
Brachypodium genome, respectively. Screening the 
BAC libraries with starch biosynthesis genes veri� ed 
the genome equivalents represented by each library. 
	 ese BAC libraries and high-density colony � lters 
are available to the public (to order, visit the website 
http://wheat.pw.usda.gov/wgc/resources.html; veri-
� ed 26 Nov. 2007). An additional BAC library for 
Brachypodium inbred diploid line Bd3–1 was also 
recently constructed; this library has an average 
insert size of 130 kb, and is estimated to represent 
10X genome equivalents. 	 is library is also available 
(see the website http://www.genome.arizona.edu; 
veri� ed 26 Nov. 2007).

To obtain a broader view of the sequence com-
position of the Brachypodium genome, a pilot BAC 
end sequencing of the Bd21 BAC library clones 
was performed (Huo et al., 2006). A total of 2185 
high-quality BAC end sequences (BES) were gener-
ated, with an average length of 563 bases per BES. 
	 ese BES represent a random sample of genomic 
sequences from Brachypodium. 	 e G+C content 
of the BES is 45.2%, which is very similar to those 
obtained previously for other monocot genomes 
(SanMiguel et al., 2002; Yu et al., 2002). Sequence 
alignments revealed that 40% of BES had matches 
in the dbEST database with E values less than 10–10. 
Even at an E value of less than 10–50, 16.5% of BES 
still found a match. 	 is suggests that a considerable 
portion of the Brachypodium genome is similar to 
known transcribed sequences and possesses a much 
lower content of repetitive DNA than in other cereal 
genomes (Mao et al., 2000; Peterson et al., 2002; 
Akhunov et al., 2005; Haberer et al., 2005).

When BES were compared to ESTs from cereal 
crops, 23% have a signi� cant match to wheat ESTs 
at E values < 10–10, compared to 14.8% and 18% to 
maize and rice, respectively. Moreover, BES could 
readily be anchored to both the rice genome and 
wheat EST-deletion bin maps (Qi et al., 2004). 	 us 
these BES are not only useful for developing a BAC-
based physical map for the Brachypodium genome, 
but also facilitate a direct comparison of genome 
structure and organization between Brachypodium 
and other cereal crops (Huo et al., 2006).

One of the important applications of BAC librar-
ies in genomics research is to develop BAC-based 
physical maps for the entire genome of targeted 
species. In this approach, random BAC clones are 
digested with one or more restriction enzymes and 
the pro� les of the resulting restriction fragments act 
as � ngerprints of the BAC clones. Based on shared 
� ngerprint patterns, clones derived from the same 
regions of a genome can be assembled into contigs 
(Soderlund et al., 2000). High-throughput � nger-
printing of BAC clones and automated sizing of 
DNA fragments by capillary electrophoresis were 
developed to facilitate physical mapping of large 
and complex genomes (Luo et al., 2003). Integration 
of a whole-genome BAC-based physical map with 
linkage maps permits ready identi� cation of spe-
ci� c physical genome regions to explore for genes of 
interest in a given region. BAC-based physical maps 
can be readily generated by � ngerprinting deep-
coverage BAC libraries to permit assembly of BAC 
contigs spanning large chromosome regions (Zhang 
and Wu, 2001). 	 e resulting integrated physical and 
genetic map, together with associated BES informa-
tion, will also be invaluable for aligning and order-
ing sequence contigs obtained from the DOE-JGI 
Brachypodium whole-genome shotgun sequencing 
project, and for sequence completion by � lling iden-
ti� ed gaps (Vollrath and Jaramillo-Babb, 1999).

EST Resources and 
Transcriptome Sequencing
A powerful tool to gain insight into an undescribed 
genome is to partially sequence random cDNA 
clones to generate a collection of expressed sequence 
tags (ESTs) (Adams et al., 1991). ESTs serve many 
purposes such as being employed for microarray 
design, for analysis of gene expression, for generation 
of molecular markers, for physical mapping, and 
for annotation of genes in genomic sequence. Since 
ESTs provide a wealth of sequence information rela-
tively quickly and inexpensively, they have become 
a standard genomic resource for many plants. As of 
September 2006, six grasses: wheat, maize (Zea mays 
L.), rice, barley, sorghum, and sugarcane (Saccha-
rum o�  cinarum L.) have greater than 200,000 ESTs. 
	 ree other grasses: tall fescue (Lolium arundinacea 
Schreb.), Brachypodium, and switchgrass (Panicum 
virgatum L.) have greater than 10,000 ESTs each 
deposited in GenBank.

In 2005, 20,440 Brachypodium ESTs repre-
senting approximately 6000 genes were deposited 
in GenBank bringing the total number of publicly 
available Brachypodium ESTs to 20,449 (Vogel et 
al., 2006b). 	 is project provided the � rst signi� cant 
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genomic resource for this model species. 	 e ESTs 
were derived from � ve cDNA libraries constructed 
from RNA of di� erent tissues (stem plus leaf sheath, 
leaf, callus, developing seed heads, roots) of the 
inbred diploid line Bd21. Using ESTs for 20 genes, 
the authors constructed a phylogenic tree that sup-
ported the close relationship of Brachypodium to 
wheat and barley that has been previously reported 
based on much smaller datasets (Kellogg, 2001). 
	 is EST collection was shown to contain homo-
logs for all the genes involved in the biosynthesis 
of lignin monomers, which is of particular interest 
to researchers using Brachypodium as a model for 
energy crops. 	 ese EST sequences have also been 
used to identify microsatellites and to generate SSLP 
markers being used to construct the � rst-generation 
genetic map of Brachypodium discussed earlier in 
this paper.

While these EST sequences have provided a � rst 
step toward de� ning the Brachypodium transcrip-
tome, Brachypodium lacks the abundant expressed-
transcript data necessary to develop it fully as a 
research model for grasses. 	 us, deeper sequencing 
of the Brachypodium transcriptome is extremely 
important and will complement the rich genomic 
information that will emerge from the DOE-JGI 
Brachypodium whole-genome shotgun sequencing 
project. In addition to sequencing the Brachypodium 
genome, the DOE-JGI will generate at least 180,000 
EST sequences from normalized Bd21 cDNA librar-
ies for the complementary Brachypodium EST 
sequencing project. 	 ese ESTs will be derived from 
independent normalized cDNA libraries enriched 
for full-length transcripts. 	 e libraries will repre-
sent a diverse collection of tissues, developmental 
stages, diurnal sampling, and various treatments 
selected to maximize transcript diversity.

	 is high-throughput EST sequencing e� ort 
will achieve signi� cant transcriptome coverage 
but not all genes will be sampled. Nonetheless, 
the sequence data generated will have numerous 
uses. For instance, the EST sequences will provide 
experimental evidence for many gene models in 
the Brachypodium genome and thus will greatly 
improve the initial Brachypodium genome annota-
tion e� orts. Moreover, the resulting EST sequences 
will be useful for optimizing ab initio gene-� nding 
algorithms and will thus lead to improved annota-
tion methods. 	 e Brachypodium EST sequences 
will also enable diverse functional genomic studies 
and tool development. 	 is includes overexpression 
of candidate genes in transgenic plants, directed 
knock-down or targeted mutation of candidate genes 
by TILLING (McCallum et al., 2000), delete-a-gene 
(Li and Zhang, 2002), RNAi or arti� cial microRNAs 

(amiRNAs) (Schwab et al., 2006), development of 
a full-length cDNA collection for recombination-
based manipulation of ORFs into epitope tags, yeast 
two-hybrid baits, and overexpression constructs for 
systematic studies of gene function, and develop-
ment of microarrays that will � nd use in a diverse 
range of studies (Mockler et al., 2005).

Bioinformatics 
Resource Development
With Brachypodium genome sequence acquisition 
poised to grow at an extremely rapid rate, bioinfor-
matics becomes centrally important for pursuing 
biology associated with this sequence information. 
Annotation of eukaryotic genomes such as that of 
Brachypodium is a challenging problem that involves 
integrating multiple lines of evidence to infer gene 
models and to make functional predictions. While 
computational annotations are adequate for many 
applications such as comparing general characteristics 
of several genomes, in the development of a model 
system such as Brachypodium a scienti� cally rigorous 
investigation of the genome should rely on manual 
curation that provides a “consensus” annotation of 
gene models and functional classi� cations.

A curated annotation is the long-term goal of 
the Brachypodium community; however, a short-
term goal will be to establish a public genome data-
base featuring automated annotations. Without an 
easily accessible annotation, it will be very di  cult 
for biologists to exploit the information content of 
the Brachypodium genome sequence. 	 e DOE-JGI 
large-scale Brachypodium EST sequencing project 
will provide experimental evidence to improve many 
gene structure models and annotations. But, because 
there will be relatively little empirical transcript evi-
dence, bioinformatics approaches will be required 
to de� ne gene structures and annotate Brachypo-
dium genes. 	 us, ab initio gene-� nding algorithms 
(Lukashin and Borodovsky, 1998; Salamov and 
Solovyev, 2000; Korf et al., 2001; Majoros et al., 2004) 
will be used to predict gene models. Sequence data-
base searches will identify homologous sequences, 
and predicted proteins will be compared against 
domain/pro� le databases (Zdobnov and Apweiler, 
2001) to provide information about predicted pro-
tein structure and compute gene ontologies. Tran-
script evidence and homology estimates will enable 
researchers to evaluate gene predictions, and the 
evidence (EST, cDNA, or homology) that supports a 
predicted gene model will provide con� dence in the 
computational annotations.

To facilitate exploitation of the forthcoming 
Brachypodium genomic sequence from both the 
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DOE-JGI whole genome and EST sequencing projects, 
a new database is needed to provide public access to 
sequence data from the Brachypodium genome and 
EST sequencing projects. Such a database, BrachyBase 
(http://www.brachybase.org; veri� ed 26 Nov. 2007) is 
being developed at Oregon State University. BrachyBase 
is based on the GMOD genome browser (gbrowse; Stein 
et al., 2002), and the current prototype version uses the 
TIGR japonica rice genome assemblies (International 
Rice Genome Sequencing Project, 2005) as a surrogate 
genome sca� old for Brachypodium sequence align-
ments (Fig. 4). BrachyBase will incorporate all available 
Brachypodium genome and transcriptome data from 
the DOE-JGI sequencing projects and other public data 
sources to make these sequence resources widely avail-
able to the research community through a user-friendly 
web-based interface. 	 e design of BrachyBase antici-
pates the adoption of high-throughput genomics tech-
nologies such as emerging high-throughput short-read 
sequencing technologies.

Brachypodium: A Model for 
Plant-Pathogen Interactions
To be a useful model for plant–pathogen interac-
tions, Brachypodium must serve as a host for a range 
of commercially relevant cereal and grass pathogens. 
Considerable e� orts have already been made to 
screen the responses of Brachypodium accession to 
pathogens. 	 e most well characterized interaction 
involves the rice blast pathogen, Magnaporthe grisea 
(Hebert) Barr. 	 is is a devastating cereal disease 
with a wide host range that includes most temper-
ate cereals and forage grasses as well as rice (Valent 
and Chumley, 1991; Talbot, 2003). Screening di� er-
ent accessions of Brachypodium with M. grisea has 

revealed a range of responses from a hypersensitive 
response (HR)-mediated resistance to full suscepti-
bility. In one genotype, ABR5, segregation analysis 
suggested the resistance to M. grisea strain Guy-11 
was dependent on a single R gene. Crucially, the 
cytology of both susceptible and resistant interac-
tions in Brachypodium appeared to be very similar 
to those reported in rice, suggesting that observa-

tions made in either species could be directly compa-
rable (Routledge et al., 2004).

Brachypodium accessions have also been exten-
sively screened with strains of stripe rust (Puccinia 
striiformis Westend.), and wheat leaf rust (Puc-
cinia triticina Eriks.), and barley leaf rust (Puccinia 
hordei G. Otth.), as well as crown rust (Puccinia 
coronata Corda) (Draper et al., 2001) adapted to the 
genus Lolium. Only in one instance—the interac-
tion of P. coronata strain 7–02 with ABR100- were 
symptoms of full susceptibly observed. In all other 
cases, a range of phenotypes were noted, ranging 
from immunity (rarely), to highly localized HR-
type cell death, and to the formation of disease-
associated pustules (uredinia) in necrotic regions 
(Draper et al., 2001). 	 is range of responses was 
suggestive of qualitative resistance (QR) with the 
possibility of some single gene resistance within 
HR interactions. Since surprisingly little is known 
of the interaction of rusts with cereals, the develop-
ment of a rust–Brachypodium pathosystem could 
represent a major opportunity to develop our 
understanding of this complex disease. In contrast, 
the interactions of powdery mildew fungi (Blu-
meria graminis DC) and cereals have been excep-
tionally well investigated (Huckelhoven, 2005). 
Screening the ABR Brachypodium collection with 
barley and oat strains of B. graminis failed to iden-
tify any interaction leading to disease symptoms, 
suggesting the presence of nonhost resistance. Such 
resistance is in itself an important target for fur-
ther study and should provide genes that could be 
exploited in agriculture (Ellis, 2006).

Wheat head blight caused by Fusarium gra-
minearum Schwabe is an increasing problem, with 
losses associated not only with disease but crop 
contamination with mycotoxins (Parry et al., 1995; 
McMullen et al., 1997). Trials of F. graminearum 
strains on Brachypodium have been limited, but 
on each occasion disease symptoms were observed. 
Investigations of any future model F. graminearum–
Brachypodium interaction would undoubtedly be 
eased by the relatively large seed heads that are a fea-
ture of Brachypodium (Draper et al., 2001). Equally, 
a model interaction with the important necrotrophic 
pathogen Stagnospora nodorum [(Berk.) Castellani 
& Germano] should be developed. Both of the two 
tested accessions exhibited the formation of necrotic 

 ecks but virulence was considerably reduced com-
pared to wheat controls. However, these results are 
likely not to re
 ect universal responses of Brachypo-
dium to these two pathogens, because it is likely that 
wider screens of both plant and pathogen germplasm 
would identify interactions leading to more pro-
nounced disease symptoms.

These preliminary pathogen screens 

demonstrate that Brachypodium offers 

a wealth of targets for further analysis: 

multiple pathogenic interactions, QR, 

nonhost resistance, and SAR. 
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	 e response of Brachypodium to the dicot bacte-
rial pathogen Pseudomonas syringae pv. phaseolicola 
elicited a HR that proved to be a reasonably e  cient 
inducer of systemic acquired resistance (SAR). 	 is has 
been extensively characterized in model dicotyledon-
ous species but appears to be qualitatively di� erent 
in cereals (Gorlach et al., 1996; Molina et al., 1999). 
Accordingly, SAR in Brachypodium did not appear to 
be associated with the synthesis of salicylic acid or the 
expression of genes encoding pathogenesis-related pro-
tein (L. Mur, unpublished data, 2007), both markers for 
SAR in dicot species (Ryals et al., 1996). Interestingly, 
this was in contrast with the wound-induced systemic 
expression of a proteinase inhibitor, which, as in dicots, 
appeared to be regulated by jasmonic acid (Mur et al., 
2004). Given the potential of SAR as a source of � eld 
resistance, Brachypodium could serve as a model to 
characterize this phenomenon in cereals.

	 ese preliminary pathogen screens demon-
strate that Brachypodium o� ers a wealth of targets 
for further analysis: multiple pathogenic interac-
tions, QR, nonhost resistance, and SAR. 	 e next 
challenge is to exploit these opportunities. In 
many cereal crop genomes, the amount of repeti-
tive DNA and polyploidy pose a particular problem 
for genomic analysis. As pointed out elsewhere, 
the Brachypodium genome could act as a genomic 
bridge to cereal species and thereby considerably 
ease the task of mapping orthologous genes, includ-
ing R genes and QTLs associated with QR. 	 is 
strategy requires the establishment of the syntenic 
relationships between Brachypodium and other 

species; this is being implemented (Hasterok et al., 
2006). 	 is implementation will be accelerated fur-
ther as the community molecular mapping project 
and ultimately the DOE-JGI genome sequencing 
project are completed.

Pathologists seeking to isolate cereal defense 
genes orthologous to those characterized in Arabi-
dopsis are likely to choose to focus on rice, given its 
already completed sequence. However, Brachypodium 
may well emerge as the model of choice in mutagen-
esis programs and functional genomic studies. 	 e 
advantages of Brachypodium for mutagenesis have 
been exhaustively considered (Draper et al., 2001; 
Jenkins et al., 2005). Further, a protocol for high 
throughput Agrobacterium-mediated transforma-
tion of Brachypodium (Vogel et al., 2006a) makes the 
development of T-DNA or transposon-tagged popula-
tions possible. 	 e potential value of such resources 
to pathologists is illustrated by the use of Arabidopsis 
T-DNA populations to isolate many genes involved 
in pathogen resistance (eg., Torres et al., 2002; Mal-
donado et al., 2002; Dellagi et al., 2005; Zeidler et al., 
2004; Liu et al., 2005; Ramonell et al., 2005).

	 e value of Brachypodium functional genomic 
analyses is already being realized. 	 e Mur lab in 
Wales has adopted a targeted approach to construct a 
subtractive library representing approximately 4000 
genes that are di� erential expressed during disease 
development in genotype ABR1 following  challenge 
with M. grisea. Using these sequences, cDNA 
 microarrays have been constructed and screened. 
While analyses are ongoing, genes involved in the 

Figure 4. BrachyBase Genome Viewer. A screenshot from the BrachyBase genome viewer showing Brachypodium ESTs 
and EST assemblies mapped onto rice chromosome 1 and in comparison to rice gene models.
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indole biosynthesis and amino acid metabolism have 
been shown to be up-regulated (L. Mur, unpublished 
data, 2007) as found in defense reactions in Arabidop-
sis (Truman et al., 2006). Analyses using metabolomic 
approaches are more advanced and have also focused 
on the interaction of M. grisea with ABR1 (suscep-
tible) and ABR5 (resistant). Brachypodium proved to 
be a highly suitable subject for metabolomic studies, 
where reproducible metabolite pro� les indicated that 
di� erential phospholipid processing was a feature of 
the di� erent interactions (Allwood et al., 2006). 	 is 
accorded with an earlier study which indicated the 
phospholipid derivative, jasmonic acid, was a feature 
of the response of Brachypodium to M. grisea (Mur 
et al., 2004). Such studies may be very much in their 
infancy but they demonstrate that Brachypodium is a 
highly suitable model for functional genomic studies 
into plant-pathogen interactions.

Most of the Brachypodium resources described in 
this paper have been or are being developed without 
signi� cant external grant support. An early willing-
ness by many scientists to commit to such resource 
development without large dedicated grant support 
re
 ects a desire both to have a model system more 
amenable for cool season grasses than is rice, and to 
have a model grass system with the attributes to per-
mit high throughput functional genomics research 
similar to what is possible with Arabidopsis. As 
detailed here, in just a few years a large ensemble of 
genetic and genomic resources has been developed for 
Brachypodium, and during the next few years we can 
expect to see virtually all of the resources desired in a 
model plant system ushered in for Brachypodium.
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