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Brachypodium distachyon genomics for sustainable food and
fuel production
Michael W Bevan1, David F Garvin2 and John P Vogel3
Grass crops are the most important sources of human nutrition,

and their improvement is centrally important for meeting the

challenges of sustainable agriculture, for feeding the world’s

population and for developing renewable supplies of fuel and

industrial products. We describe the complete sequence of the

compact genome of Brachypodium distachyon

(Brachypodium) the first pooid grass to be sequenced. We

demonstrate the many favorable characteristics of

Brachypodium as an experimental system and show how it can

be used to navigate the large and complex genomes of closely

related grasses. The functional genomics and other

experimental resources that are being developed will provide a

key resource for improving food and forage crops, in particular

wheat, barley and forage grasses, and for establishing new

grass crops for sustainable energy production.
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Introduction
The grass family (Poaceae) is the fourth largest plant

family in the world, with over 10 000 species distributed

widely across the earth [1]. The top four global agricul-

tural commodities by quantity are grass crops (sugarcane,

maize, rice, wheat) [2]. Cow’s milk, the sole animal

product in the top 10 agricultural commodities by

quantity [2], largely comes from animals fed by grasses.

Thus, grasses are centrally important for human existence

by directly or indirectly serving as the primary source of

human nutrition. By 2050 the human population is pre-

dicted to increase to 9 billion [3], and an overall per capita
increase in living standards and therefore consumption of

food and energy is also predicted. Furthermore, this

increase must be achieved by more sustainable industries.
www.sciencedirect.com
The capture of sunlight and its conversion to chemical

energy by photosynthesis is the primary biological process

available for sustainable biotechnology, and photosyn-

thesis in land plants remains the largest source of renew-

able food and energy [4] that can be produced within a

sustainable carbon cycle. Primary production from agri-

culture therefore assumes an important role in the tran-

sition to increasingly sustainable food and industrial

production methods. Some grass crop species, such as

maize, sorghum and sugarcane have evolved C4 photo-

synthesis, in which CO2 is concentrated at the sites of

carboxylation to increase photosynthetic efficiency. Grass

crops are therefore centrally important targets for bio-

technological improvement for food and fuel production.

In particular the exploitation of a currently untapped

resource of grass biomass (primarily lignocellulosic cell

walls) is of high interest for sustainable fuel production

[5].

Many challenges need to be overcome to create new

environmentally sustainable industries based on photo-

synthesis. Far higher crop yields need to be achieved with

fewer inputs, particularly of phosphate and nitrogenous

fertilizers, potentially limiting access to water, and the

need to conserve biodiversity by confining agricultural

production zones, all require hitherto unachieved crop

yields. Food and industrial production streams need to be

separated and optimized to minimize gearing of food and

fuel prices to alleviate economic disadvantage [6]. Global

climate change intensifies these production challenges as

current crops are poorly adapted to more uncertain and

extreme climatic conditions. Consequently significant

increases in our knowledge of grass biology that includes

systems-level approaches to understanding how biotic

and abiotic environments influence yield need to be

achieved. Genomics and functional genomics resources

are centrally important for this research, and they also

directly facilitate biotechnological and genetic improve-

ment through plant breeding. In this review we examine

how genomics and functional genomics in the pooid grass

Brachypodium distachyon can contribute to grass crop im-

provement.

B. distachyon is a promising model organism
for grass research
Arabidopsis is a central model in basic plant biology

research for decades owing to its small size, small genome,

rapid generation time, and in planta transformation poten-

tial [7]. Given the broad diversity represented in grass

crops, and some fundamental differences in growth and
Current Opinion in Biotechnology 2010, 21:211–217
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Table 1

Comparison of model and crop plants

Brachypodium Arabidopsis Rice Sorghum Wheat Maize Switchgrass

Height (cm) 15–20 15–20 100 170–320 50 155–215 200

Generation time

(weeks)

8–12 8–12 30 17 12 14–20 26

Density (plants/m2) 1000 2000 36 13 50 6 6

Growth requirements Simple Simple Demanding Simple Simple Simple Simple

Reproduction Selfing Selfing Selfing Outcrossing:

self-compatible

Selfing Outcrossing:

self-compatible

Outcrossing:

self-incompatible

Genome size

(Mbp)

272a 119a 382a 758a 17 000 2048a 2400–3200

Ploidy 2X 2X 2X 2X 6X 2X 4X–8X

Cell wall typeb Type II Type I Type II Type II Type II Type II Type II

a Assembled genome size.
b Grass cell walls differ from dicot cell walls in the type of hemicellulose and the amounts of pectin, protein and phenolic compounds [32].
development of grasses compared to dicots such as Ara-

bidopsis, a model grass species that permits investigations

comparable to those possible in Arabidopsis would find

wide applicability for future grass crop improvement

(Table 1).

The small annual (Figure 1) plant species B. distachyon
belongs to the tribe Brachypodieae, which consists solely

of the genus Brachypodium. This tribe is located at an

intriguing spot in grass phylogeny – basal to the four grass

tribes that collectively encompass the vast majority of

domesticated cool season cereal grain, forage, and turf
Figure 1

Images of Brachypodium distachyon plants. (a) Brachypodium plants (ge

Long day lengths permit dense (1 plant per 1.5 cm2) growth and seed reco

floral organs.
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crops [8]. The discovery that grass genomes show signifi-

cant levels of collinearity in gene organization [9] and the

appreciation of the full power of focusing research on

model systems converged and led to proposals that B.
distachyon (hereafter Brachypodium), the only annual

species in the genus, might have potential as a model

grass owing to its small size and small genome (Table 1

and Ref. [10]).

These desirable features of Brachypodium were further

described by Draper et al. [11], and the potential for

developing a ‘grass Arabidopsis’ drew the attention of
notype Bd21) grown under 23 h day length, 25 days after sowing.

very from plants. (b) Expression of Green Fluorescent Protein (GFP) in

www.sciencedirect.com
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many scientists. Key resources such as community stan-

dard genetic stocks, Agrobacterium tumefaciens-mediated

transformation methods, EST collections, BAC libraries,

genetic linkage maps, and segregating populations have

since been developed for Brachypodium [12]. The broad

interest in Brachypodium and its exceptional promise

provided an impetus to sequence the genome as part

of the DOE Joint Genome Institute Community Sequen-

cing Program. A detailed analysis of the compact 272 Mb

genome has recently been published [13��].

Comparative genomics of the grasses
Three main subfamilies of grasses, the Panicoideae (sor-

ghum, maize), Ehrhartoideae (rice) and Pooideae (wheat,

barley) provide the bulk of human and domestic animal

nutrition. Although grass genomes vary greatly in size due

to expansion of retroelement repeats [14], there is an

underlying conserved gene order [9] reflecting their

common ancestry and rapid diversification [15]. To date

the complete genome sequences of four grass species

representing the three most economically important grass

subfamilies have been analyzed (Table 2). The rice

subspecies japonica was sequenced to high accuracy using

Sanger sequencing of physically mapped BACs [16] and

the indica subspecies was Sanger sequenced using a

whole genome shotgun strategy [17]. The relatively

compact 389 Mb rice genomes were assembled reason-

ably well and continued manual annotation of rice genes

[18�] formed the RAP2 canonical set that has proved to be

instrumental for gene analysis in all grasses. More

recently the sorghum genome was Sanger sequenced

using a whole genome shotgun approach [19��]. The

sequence reads were assembled into >3000 sequence

scaffolds, 127 of which were assembled into pseudomo-

lecules containing nearly 90% of the sequence generated.

The total genome size including estimated gaps is

758 Mb. Thus the 626 Mb contained in the genome

assemblies represents 83% of the estimated genome.

The larger genome size of sorghum compared to rice is

mainly owing to expanded LTR retroelement popu-

lations, such that the euchromatic component of both

genomes is between 250 and 300 Mb. Genome sequence

and assembly of diploid B. distachyon, a wild pooid grass,

revealed a compact genome size of 272 Mb and a rela-

tively low repeat content [13��]. Partly due to this low

repeat content, the sequence assembly was of unprece-

dented quality for a draft plant genome with 99.6% of the
Table 2

Comparison of haploid protein-coding gene numbers in sequenced g

Maize B73 Sorghum

Version ZmB73v1 V1.4

Genome size (Mb) 2048 758

Non-repeat size (Mb) 425 309

Protein-coding gene loci 32 450 27 640
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sequence included in the five pseudomolecules and pre-

dicted gaps amounting to only 0.4%. A total of 25 532

protein-coding gene loci was predicted, and over 90% of

the predicted coding sequences were supported by Illu-

mina RNA-seq data. Recently the maize B73 genome was

sequenced using Sanger sequencing of physically

mapped BACs [20��]. Though the abundance of repeti-

tive DNA prevented unambiguous assembly and gene

ordering on most BACs, the 2.0 Gb assembly, generated

from BAC sequences, was predicted to contain 32 540

protein-coding genes, providing a reasonably narrow

range of haploid gene content from a broad diversity of

grasses between 25 000 and 35 000 (Table 2).

Comparisons of the complete genomes of three grass

species representing a broad diversity of grasses (rice,

sorghum and Brachypodium) have identified five major

drivers of gene diversification: gene loss following whole

genome duplication; tandem duplication; recombination;

DNA transposon-mediated exon shuffling; and genome

expansion. Grasses are derived from a common ancestor

that is predicted to have undergone whole genome dupli-

cation between 60 and 70 mya (million years ago) [21�].
The lineages leading to maize underwent further whole

genome duplication between 5 and 12 mya, while the

bread wheat genome is an allohexaploid derived from

three different ancestral genomes. Comparison of rice and

sorghum suggests that loss of duplicate genes predated

their divergence, resulting in duplicate blocks with

approximately 70% of genes having lost their duplicates

arising from the pan-grass duplication [19��]. Tandem

gene duplicates represent approximately 13% of grass

genes, and among grass-specific genes with enriched

GO categories tandem duplicates represent nearly 27%

of genes [13��]. This demonstrates the importance of

tandem duplications in forming new grass-specific gene

functions. Comparison of evolutionary changes between

small-sized and large-sized grass genomes (Ref. [22�]
showed that much higher rates of change were associated

with genome expansion compared to changes between

subfamilies). More frequent retroelement insertion and

inter-element recombination associated with genome

expansion is also known to disrupt genes and gene islands

[23], leading to increased rates of gene change. Recom-

bination plays a major role in maintaining syntenic gene

order by removing retroelements that tend to disrupt

gene order, leading to gene-rich distal regions of grass
rass genomes

Rice Brachypodium Arabidopsis

RAP2 V1.0 TAIR 8

382 272 119

252 200 110

28 236 25 532 26 990

Current Opinion in Biotechnology 2010, 21:211–217
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chromosomes with relatively high conserved gene order

[24]. Not all classes of genes behave similarly during grass

genome evolution. The largest and most divergent gene

families, such as those encoding F-box proteins and NBS-

LLR disease resistance proteins, are almost never found

in syntenic order, consistent with selection pressures that

maintain diversity generated by duplication [13��].

There is an urgent need to obtain useful and compre-

hensive genome sequence and to access genetic diversity

in currently un-sequenced food crops such as wheat,

barley and sugarcane, and biomass crops such as Mis-
canthus giganteus and switchgrass (Panicum virgatum), in

order to accelerate development of these crops for sus-

tainable food and fuel production. However, their size

and polyploid complexity (bread wheat is hexaploid and

cultivated Miscanthus is triploid) are large barriers. The

knowledge now available from comparing a broad diver-

sity of grass genome sequences provides a robust frame-

work for interpreting these more complex grass genomes.

For example, the exceptionally large genome sizes of

barley (5.1 Gb) and wheat (17 Gb) represent major chal-

lenges to current genome analysis methods. Syntenic

gene order between rice and wheat was used as one of

several strategies in the tour de force construction of a

physical map of BACs representing the 995 Mb wheat

chromosome 3B [25��]. BACs in the minimal tiling path

can now be sequenced to generate an accurate sequence

of genes in their correct chromosome locations. In a

complementary approach, an integrated sequence of

the 622 Mb barley chromosome 1H was constructed by

synteny-based analysis of low coverage shotgun sequence

[26�].

Next generation sequencing has the capacity to generate

reference sequences and to assay genetic diversity in

multiple genotypes [27]. For example, Illumina sequen-

cing provides cost-effective coverage for even the 17 Gb

wheat genome, and a range of assembly algorithms [28–
30] show promise for assembling low-copy genic

sequence. When used on wheat chromosome arms pur-

ified from nullisomic lines [31], each of which is about

500–600 Mb, the scale of the assembly problem is sig-

nificantly reduced and homoeologous relationships are

identified. Intergenic regions in wheat and barley are

approximately 100 kb and are comprised mainly of nested

retroelement insertions. It is unlikely that these regions

can be assembled from chromosome-derived short reads

using current assembly methods. Therefore larger-scale

order available from physically mapped BACs can be

used, for example by sequencing the minimal tiling path

as pools of BACs. In either case, it is both unnecessary to

sequence intergenic sequences of larger grass genomes

(and it is currently unlikely that current next generation

sequencing and assembly methods would be able to

generate sufficiently long assemblies). Instead the

approximate order of accurately and completely
Current Opinion in Biotechnology 2010, 21:211–217
sequenced genes defined by synteny provides a very

useful starting point for map-based gene isolation, asses-

sing diversity of complete gene sets from multiple lines,

the dissection of complex traits as QTLs, and molecular

breeding.

Developing B. distachyon as a model system
for grass research
Funding agencies, notably the U.S. Department of

Energy, have invested significantly in the development

of Brachypodium as a model system to allow researchers

to learn the genetic mechanisms controlling traits such as

cell wall composition, biomass yield, stress tolerance, and

other phenotypes relevant to biomass crop development

[5]. This knowledge will be used to accelerate the dom-

estication of wild grasses (e.g. switchgrass and Miscanthus)
that are promising biomass crops. Comparative analysis of

three diverse grass genomes [13��] showed very similar

gene contents and gene family composition, supporting

the use of Brachypodium as such a general model for

diverse grasses. Of particular interest in the context of

biomass crops, Brachypodium has a typical grass cell wall

structure (Type II). Grass cell walls differ substantially

from the Type I cell walls found in dicots, including

Arabidopsis. Major differences include the type of hemi-

cellulose (primarily xyloglucans in dicots and glucuro-

noarabinoxylans in grasses), the presence of high levels of

pectin and proteins in dicots, the presence of cross-link-

ing phenolic compounds and mixed linkage glucans in

grasses [32]. Further supporting Brachypodium as model

for grass cell walls is the demonstration that Brachypo-

dium and Miscanthus have similar cell wall compositions

[33] and that members of cell wall biosynthetic enzyme

families are very similar between Brachypodium, rice,

and sorghum [13]. A comparison of salient information

about grass models and crops is shown in Table 2.

Practical aspects related to growing Brachypodium have

developed concurrently with the emergence of genome

resources [34]. One significant advance was the discovery

that long days eliminated the need for vernalization in

some diploid lines [34]. Modulating day length permits

rapid generation turnover when needed or development

of larger plants to obtain larger amounts of seeds. For

instance, under 24 h days, B. distachyon variety Bd21 has

been observed to develop from seed to floral spike

emergence in 17 days [35]. Similarly, efficient methods

for growth of winter habit diploids are also now well

established. One such method involves simply planting

seeds into wet soil medium, covering with clear plastic

wrap to prevent desiccation, and leaving the pots in a cold

room for several weeks. Seedlings will emerge and be

vernalized during this period, and thus when removed

from the cold they will rapidly progress to flowering.

Given the small size of Brachypodium anthers and the

overall small structure of the inflorescence, crossing

initially proved to be a challenge. However, successful
www.sciencedirect.com
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crosses have been made in several labs [35], resulting in

many F2 populations, one of which was subsequently

used for development of the first genetic linkage map of

the species [36�] and the first recombinant inbred popu-

lations (D.F. Garvin, unpublished). Additional efforts

have dramatically improved crossing success rates, and

detailed instructional guides for routine crossing are

available (http://www.ars.usda.gov/SP2UserFiles/person/

1931/BrachypodiumCrossing.pdf; http://brachypodium.

pw.usda.gov/).

An efficient transformation system is an absolute require-

ment for a modern model system. Thus, the development

of highly efficient methods for Agrobacterium-mediated

transformation of diploid Brachypodium lines [37�,38�]
has been key in establishing Brachypodium as a model

system. Significant improvements to published protocols

have recently been achieved such that transformation

efficiencies of 50% are routine in a production setting

(see http://brachypodium.pw.usda.gov/for up-to-date pro-

tocols). Thus Brachypodium transformation is at least as

efficient as rice transformation [39] making the creation of

a population of sequence indexed insertional mutants by

T-DNA tagging feasible. Two groups have begun to

build such a collection and >10 000 lines are available

as of the time of writing (http://brachypodium.pw.usda.

gov/TDNA/ and http://www.brachytag.org/), and

methods and vectors for efficient T-DNA mutagenesis

and sequencing of flanking DNA are now in place to allow

other groups to efficiently contribute to making large

populations of T-DNA insertion lines for reverse

genetics. Chemical and radiation mutageneses provide

different spectra of mutants and are commonly used for

forward genetic screens, and TILLING populations are

increasingly used for reverse genetics in grasses [40].

Methods for chemical mutagenesis by ethyl methanesul-

fonate (http://brachypodium.pw.usda.gov) and fast neu-

tron (D. Laudencia-Chingcuanco and M. Byrne, pers.

com.) mutagenesis of Brachypodium have been estab-

lished. Finally, the successful demonstration of Virus

Induced Gene Silencing (VIGS) in Brachypodium adds

another functional genomics resource to the Brachypo-

dium toolbox [41].

As an undomesticated grass, Brachypodium possesses

considerable natural diversity that can be used to under-

stand gene function. Three distinct chromosome num-

bers (n = 5, 10, 15) have been reported for Brachypodium

[11,42,43]. Recent cytogenetic evidence suggests that this

is not a simple polyploid series as was initially thought;

rather, both the 1n = 5 and 1n = 10 cytotypes appear to be

true diploids and the 1n = 15 seems to be a tetraploid

derived from progenitor genomes similar to the 1n = 5 and

1n = 10 cytotypes [42,43]. Thus, the species B. distachyon
should probably be considered three distinct species. For

use as a model system, the 1n = 5 cytotype is of primary

interest. Historical collections dating back to the 1940s
www.sciencedirect.com
are available through the USDA National Plant Germ-

plasm System (NPGS) (www.ars-grin.gov/npgs/). These

collections have been characterized and inbred lines

developed and made freely available for several diploid

accessions [35,38�]. Another collection derived both from

NPGS material and independent collections is main-

tained at the University of Wales, Aberystwyth [11],

and is available via a material transfer agreement. The

recent introduction of 188 freely available diploid inbred

lines generated from seeds collected at 53 sites spread

across Turkey has greatly expanded the germplasm

available to researchers [44,45�]. Considerable genetic

and phenotypic (seed size, flowering time, growth habit,

etc.) diversity was observed in this collection. Additional

collections have recently been made in Spain that

promise to provide additional germplasm in the future

(Luis Mur, pers. comm.). To facilitate the study of

natural diversity, a project to re-sequence six diverse

accessions is underway through the DOE JGI Com-

munity Sequencing Program (http://www.jgi.doe.gov/

sequencing/why/Bdistachyon.html).

Future direction
With the completion of the Brachypodium genome

sequencing project, a key foundation is now in place

to allow it to be used as a modern model system.

Perhaps just as importantly, a rapidly growing number

of researchers have adopted Brachypodium as a model

for their research programs. As a measure of its growing

acceptance, we have dispatched seed to over 350 labs

worldwide and numerous secondary distributions are

presumed to have occurred. When combined with

growing investments by funding agencies worldwide

in research focused on developing improved grass crops

for food an fuel, it seems likely that Brachypodium will

continue its upward trajectory to join the model organ-

ism club. Many areas of plant biology will directly

benefit from the use of Brachypodium as a model

system, shown by reports covering a wide range of

topics (e.g. vernalization and flowering time [46–48],

seed storage proteins [49–52], fatty acid turnover [53],

plant–pathogen interactions [54], and wounding/insect

responses [55,56]). Root biology is another area in

which Brachypodium will be useful because, unlike

Arabidopsis, it readily forms mycorrhizal associations

(M. Harrison and M. Watt, pers. comm.). These associ-

ations are important for many crops, especially for the

uptake of P, and are especially important for low-input

agriculture as envisioned for the future production of

biomass crops. Brachypodium root development is very

similar to wheat [57], further indicating that Brachypo-

dium will be useful as a model in this area. We have

also noted that Brachypodium is very sensitive to

pathogens [58] and toxins in the soil. Thus Brachypo-

dium research is poised to make key contributions to

understanding grass biology and to sustainable food and

fuel production.
Current Opinion in Biotechnology 2010, 21:211–217
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