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Abstract Brachypodium distachyon (Brachypodium)
is a temperate grass with the physical and genomic
attributes necessary for a model system (small size,
rapid generation time, self-fertile, small genome size,
diploidy in some accessions). To increase the utility of
Brachypodium as a model grass, we sequenced 20,440
expressed sequence tags (ESTs) from five cDNA li-
braries made from leaves, stems plus leaf sheaths,
roots, callus and developing seed heads. The ESTs had
an average trimmed length of 650 bp. Blast nucleotide
alignments against SwissProt and GenBank non-
redundant databases were performed and a total of
99.9% of the ESTs were found to have some similarity
to existing protein or nucleotide sequences. Tentative
functional classification of 77% of the sequences was
possible by association with gene ontology or clusters
of orthologous group’s index descriptors. To demon-
strate the utility of this EST collection for studying cell
wall composition, we identified homologs for the genes
involved in the biosynthesis of lignin subunits. A subset
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of the ESTs was used for phylogenetic analysis that
reinforced the close relationship of Brachypodium to
wheat and barley.

Introduction

The application of model systems toward the study of
both basic and applied problems in plant biology has
become routine. Researchers have employed the
model dicot Arabidopsis thaliana to study topics
ranging from nutrient uptake and metabolism to plant—
pathogen interactions. Unfortunately, due to its distant
relationship to monocots, Arabidopsis is not suitable to
study biological features unique to the grasses (e.g. cell
wall composition). With its sequenced genome and
established research community, rice can serve as a
model grass for some applications. Unfortunately, as a
specialized semi-aquatic tropical grass that diverged
from the most important forage grasses and temperate
grains approximately 50 million years ago (Gaut 2002),
rice is not a good model for temperate grasses. Rice
also has physical and physiological attributes that limit
its utility as a model system. Its large size and long
generation time make experiments involving growing
large numbers of plants under controlled conditions
very expensive. It is also challenging to grow rice under
the conditions typically present in greenhouses in
northern climates.

Brachypodium distachyon (Brachypodium) is a
small temperate grass with all the attributes needed to
be a modern model organism including simple growth
requirements, fast generation time, small genome and
self-fertility (Draper et al. 2001). Brachypodium is also
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readily transformed by Agrobacterium or biolistics
facilitating many biotechnological applications (Chris-
tiansen et al. 2005; Vogel et al. 2006). The haploid
genome size of diploid Brachypodium is approximately
0.36 pg, slightly over twice the size of Arabidopsis
(Bennett and Leitch 2005; Vogel et al. 2006). Thus,
Brachypodium possesses one of the smallest genomes
of any grass and is suitable for both functional and
structural genomic research.

Brachypodium belongs to the subfamily Pooideae
and diverged just prior to the radiation of the small
grain crops and forage and turf grasses, making it
“sister’’ to the temperate grasses of greatest economic
significance (Kellogg 2001). This placement is based
on limited sequence data from internal transcribed
spacers (ITS), the 5.8S subunit of nuclear ribosomal
DNA and the chloroplast ndfH gene (Catalan and
Olmstead 2000; Hsaio et al. 1994). RFLP and RAPD
markers also indicate a similar placement of Brac-
hypodium (Catalan et al. 1995; Shi et al. 1993).
However, as was seen with rice, phylogenies based on
different genes can produce phylogenetic trees with
different topologies (reviewed in Kellogg 1998). Thus,
it would be desirable to establish the relationship of
Brachypodium to the temperate grasses using addi-
tional genes.

Brachypodium can also serve as a model to study
polyploidy because polyploid and diploid accessions
are available. An interesting observation is that
accessions that are hexaploid by chromosome counts
only have approximately twice as much DNA as dip-
loids (Vogel et al. 2006). This may have arisen through
the loss of DNA after the event leading to polyploidy
through the process called diploidization (Wolfe 2001).
Alternatively, the hexaploid accessions may have
arisen from the combination of ancestors with chro-
mosomes of different sizes.

Partially sequencing large numbers of random
cDNA clones to generate a collection of expressed
sequence tags (ESTs) is a fast and efficient way to
provide a wealth of genomic information about a
particular species (Adams et al. 1991). Such ESTs
can be used for functional genomic experiments
including the construction of cDNA microarrays and
reverse genetics through gene silencing. ESTs can
also serve as the raw material from which molecular
markers suitable for mapping experiments can be
made. Currently, wheat, corn, rice, barley, sorghum
and sugarcane all have > 200,000 ESTs deposited in
the dbEST division of GenBank. These ESTs have
been used for many projects including: microarrays,
analysis of gene expression patterns, generation of
molecular markers, and physical mapping (including

the assignment of genes to delineated regions in the
wheat genome). Here we report the construction of
five Brachypodium cDNA libraries, the sequencing
of 20,440 ESTs, the identification of transcripts for
the genes involved in lignin monomer biosynthesis
and the construction of a phylogenetic tree for
Brachypodium, rice, wheat, barley, corn, sorghum,
sugarcane, Arabidopsis, soybean, tomato, poplar and
pine based on 11,118 bp from 20 highly expressed
nuclear genes.

Materials and methods
Plant material and growth conditions

Two lines of diploid B. distachyon derived from a
single wild collection were used for this study. One
line, Bd21, underwent five generations of single seed-
descent and was used for the stem plus sheath, leaf,
callus and root cDNA libraries (Vogel et al. 2006). The
developing seed head cDNA library was constructed
using another line, Bd21-0, that had not undergone
single seed-descent. Plants for the stem plus sheath,
leaf and developing seed head libraries were grown in a
greenhouse as described (Vogel et al. 2006). Stems plus
leaf sheaths, and leaves were harvested from the same
plants shortly after anthesis. Entire developing seed
heads containing seeds that ranged in maturity from
anthesis to almost mature as well as the subtending
bracts and stems were harvested and mixed together.
Callus was initiated and grown as described (Vogel
et al. 2006). A mixture of embryogenic and non-
embryogenic callus was used.

To isolate clean roots, plants were grown hydro-
ponically using a raft prepared from aluminum foil
and a ring of styrofoam. The raft was placed on the
surface of water containing 1 g/l of Peter’s 20-20-20
fertilizer (Scotts, Marysville, OH, USA). The fertil-
izer mix was contained in a 14 cm deep reservoir.
Exposed water was covered with aluminum foil to
prevent algal growth. Seeds were placed on paper
towels and incubated at 4°C for 7 days to synchro-
nize germination. The seeds were then placed at
22°C for 2 days to promote germination. Germinated
seeds were inserted into small holes in the aluminum
foil such that the emerging root was submerged in
the fertilizer solution. The hydroponic apparatus was
placed in a growth chamber under continuous illu-
mination at 24°C. Roots were harvested after
3 weeks. All plant material used for library con-
struction was flash frozen in liquid nitrogen prior to
RNA extraction.
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Molecular techniques

Total RNA was extracted from 4 g aliquots of stems
plus sheaths, leaves, roots, developing seed heads, and
callus tissue by first grinding in liquid nitrogen. The
resulting powder was scraped into an RNase-free 50 ml
tube and processed using Plant RNA Reagent (Invi-
trogen, Carlsbad, CA, USA). Poly A+ RNA was ex-
tracted from the total RNA samples using the
FastTrackMAG Maxi mRNA isolation kit (Invitrogen,
Carlsbad, CA, USA). The yield and integrity of total
and poly A+ RNA were assessed by agarose gel elec-
trophoresis and UV spectrophotometry at 260 nm
(Beckman DU-640, Fullerton, CA, USA).

Library construction was performed using the
Superscript II system for cDNA synthesis and cloning
(Invitrogen, Carlsbad, CA, USA) with 5 ug of poly A+
RNA as starting material. First strand synthesis was
performed using the Norl adapter-primer to add a Notl
site on the downstream portion of the cDNA. Fol-
lowing second strand synthesis, the resulting cDNA
was ligated to Sall adapters, cut with Nofl, size se-
lected, and ligated into the pSPORT1 plasmid vector
prior to transformation into OmniMax 2 T1 phage-
resistant chemically competent cells (Invitrogen,
Carlsbad, CA, USA). The resulting transformants were
selected on LB agar plates containing 100 pg/ml
ampicillin. Plasmid minipreps and sequencing using an
M13 reverse sequencing primer was carried out as
described (Tobias et al. 2005).

Bioinformatics

Raw sequence files were processed using the Phred
base-calling program (Ewing and Green 1998; Ewing
et al. 1998). Phred also trimmed the sequences based
on data quality using a probability cutoff value of 0.05
(Phred score > 20) to retain only the high quality seg-
ment of the sequence. The trimmed sequences were
further processed to mask the ends of reads that con-
tained vector and adapter sequence using the program
Crossmatch (http://www.phrap.org). Masked sequences
were then removed from the sequence and quality files
using an in-house Perl script (Lazo et al. 2004). Se-
quences less than 100 bp in length after processing
were excluded from analysis. Sequence tracefiles and
quality scores are available at the project website
(http://wheat.pw.usda.gov/bEST).

The BlastX algorithm was used to compare ESTs to
the EBI UniProt database (Release 4.2). Gene ontol-
ogy (GO) terms were assigned to individual ESTs by
cross referencing the UniProt hits to GO terms using
the association tables found on the Gene Ontology
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Consortium site (http://www.geneontology.org). ESTs
without GO associations were compared to the NCBI
non-redundant database (Release 144) using BlastX
and BlastN. The matches to the non-redundant data-
base were then matched to descriptions from the NCBI
clusters of orthologous groups (COG) Index (http://
www.ncbi.nlm.nih.gov/COG/). ESTs without GO
terms or non-redundant matches were compared to
ESTs contained in the dbEST database using BlastN.
The Phrap assembly program was used to assemble the
ESTs into contigs. The Phrap parameters used (penalty
-5; minmatch 50; minscore 100) resulted in EST clus-
ters of > 90% identity over a 100 bp window.

Identification of genes involved in lignin
biosynthesis

Homologs for ten genes involved in the synthesis of
monolignols (PAL, phenylalanine ammonia-lyase;
C4H, cinnamate 4-hydroxylase; 4CL, 4-(hydroxy)cin-
namoyl CoA ligase; CST, hydroxycinnamoyl
CoA:shikimate hydroxycinnamoyltransferase; C3H, p-
coumarate 3-hydroxylase; CCoAOMT, caffeoyl CoA
O-methyltransferase; CCR, cinnamoyl CoA reductase;
F5H, ferulate 5-hydroxylase; COMT, caffeic acid/5-
hydroxyferulic acid O-methyltransferase; CAD, cinn-
amyl alcohol dehydrogenase) (reviewed in Humphreys
and Chapple 2002) were identified through BLAST
searches of the Brachypodium ESTs using known se-
quences for each gene. Brachypodium ESTs with
highly significant BLAST scores were then used to
query the GenBank non-redundant database. ESTs
that hit the correct lignin biosynthetic gene were then
compared to a list of ESTs contained in Brachypodium
contigs to determine the number of tentatively unique
genes.

Phylogenetic analysis

Brachypodium contigs containing the most ESTs were
selected as candidates for highly expressed genes to be
used for phylogenetic analysis. Several steps were then
used to select 20 suitable genes from which to construct
phylogenetic trees. First, candidate contigs were com-
pared to the NCBI non-redundant database using the
BlastN algorithm to select contigs with highly signifi-
cant hits to known genes. In cases where multiple
contigs matched the same gene only one contig was
selected for further analysis. Contigs corresponding to
known genes were then used to retrieve ESTs from
barley (Hordeum vulgare), rice (Oryza sativa), sugar-
cane (Saccharum officinarum), sorghum (Sorghum bi-
color), wheat (Triticum aestivum) and corn (Zea mays)
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using BlastN with organism limits against dbEST. Four
dicots, A. thaliana, soybean (Glycine max), tomato
(Lycopersicon esculentum), poplar (Populus tricho-
carpa or P. trichocarpa x deltoides) and the gymno-
sperm pine (Pinus taeda) were included in the analysis
to provide a buffer against artifacts in the grass lineage
stemming from systematic bias. Pine also serves as an
outgroup. The tBlastX algorithm was used to identify
ESTs from soybean, tomato, poplar and pine that were
the most similar to the Brachypodium genes. For three
genes we could not identify suitable P. trichocarpa
ESTs and used ESTs derived from the hybrid
P. trichocarpa x deltoides. To identify the correspond-
ing genes from Arabidopsis, the contigs were compared
to the TAIR database of Arabidopsis proteins (http://
www.arabidopsis.org/Blast/) using BlastX. For each
individual contig, DNA sequences from the top four
scoring ESTs for each of the six grasses, the top three
scoring ESTs from soybean, tomato, poplar and pine
and the coding sequence from Arabidopsis were
aligned by the ClustalW algorithm using MegAlign
software (DNAstar, Madison, WI, USA). A portion of
the alignment that contained sequence information for
all ESTs was selected to generate a phylogenetic tree
using MegAlign. If ESTs from the same species were
adjacent to one another in the cladogram, then the
gene was selected for further study.

The partial coding sequences (average 556 bp/gene)
from the 20 highly expressed genes selected above
were then used for phylogenetic analysis. The aligned
sequences were combined to produce one sequence for
each species that was used for phylogenetic analysis
(supplemental data S1). The consensus sequence was
11,118 bp. Phylogenetic trees based on this alignment
were constructed using seven programs: MegAlign,
ClustalX  (ftp://ftp-igbmc.u-strasbg.fr/pub/Clustal W/;
Thompson et al. 1997), and five programs (DNApars,
DNAcomp, DNAml, DNApenny, DNAmIlk) con-
tained in the PHYLIP software package version 3.6
(Felsenstein 1989). Bootstrap analysis was conducted

Table 1 Brachypodium EST summary

using the Segboot (to create bootstrapped datasets)
and Consense (to create a consensus tree) programs
contained in the PHYLIP package along with the
phylogeny analysis programs. Bootstrap analysis for
ClustalX used the internal bootstrap feature.

Results
Library construction and sequencing

The cDNA libraries constructed were of high quality
with approximately 400,000 clones per library. The
average insert size based on restriction digests of 96
clones per library was 1.5 kb for all the libraries with
the exception of the root library that had an average
insert size of 1 kb (not shown).

In total, 20,587 high quality sequences were ob-
tained from 27,648 sequence reads and deposited in the
dbEST division of GenBank where they were assigned
individual accessions numbers DV468879-DV489465.
Subsequent to depositing the sequences in genbank, we
identified 147 ESTs that matched a database of E. coli
and grass plastid sequences and requested that Gen-
bank delete these sequences leaving a total of 20,440
EST sequences. Summary statistics by library are pre-
sented in Table 1. The average length of high quality
non-vector sequence was 650 bp (Table 1). Sequences
from the stem plus sheath, root, callus, developing seed
head and leaf libraries comprised 19, 19, 20, 23, and
19% of the collection, respectively.

Gene ontology

Of the 20,587 B. distachyon ESTs sequenced, 15,595
(76%) were assigned GO terms in any category (bio-
logical, cellular, molecular), 14,617 (71%) were as-
signed GO molecular terms, 13,770 (69%) were
assigned GO biological terms, and 11,898 (58%) were
assigned GO cellular terms (the complete list of GO

Library Sequencing High quality Contigs Singletons Average Library-specific
reads ESTs length (bp) sequences”
Developing seed head 5,952 4,688 857 2,015 610 1,439
Leaf 4,608 3,780 600 1,721 661 1,095
Stem plus sheath 4,800 3,907 667 1,801 665 1,024
Root 4,800 3,869 638 1,932 654 1,461
Callus 7,488 4,196 712 1,749 665 1,222
Pooled ESTs 27,648 20,440 3,832 4,945 650 NA

“The library-specific sequences represents the number of singletons plus the number of contigs unique to that library after Phrap

assembly of the pooled sequences
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Fig. 1 Library contig comparisons. The percentage of contigs
from individual libraries that were library specific, or contained
ESTs from one, two, three or four other libraries. For contigs
containing ESTs from one other library the other library is
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libraries the numbers for all combinations were pooled. The
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matches is available at: http://wheat.pw.usda.gov/pubs/
2006/Vogel/). Of the remaining 4,992 ESTs, 4,982 had
matches to the NCBI non-redundant database; 6% of
these were placed in functional categories as classified
by the NCBI COG index and 94% were placed in
unknown or genome categories (not shown). Of the ten
ESTs that did not match the NCBI non-redundant
database three of these matched sequences in the
dbEST database and the rest were highly repetitive.

EST contig assembly and library comparisons

Phrap assembly of the 20,440 individual sequences re-
sulted in 3,832 contigs and 4,945 singletons (Table 1).
Thus, 8,777 tentatively unique genes (contigs + sin-
gletons) are contained in this collection. The average
contig contained four ESTs and 273 contigs contained
ten or more ESTs. The developing seed head and root
libraries had the highest number of library-specific se-
quences (Table 1). To further assess the gene diversity
in each library, the number of libraries contributing
ESTs to each contig was determined (Fig. 1). The
developing seed head and root libraries had the highest
percentage of library unique contigs at 23 and 21%,
respectively (Fig. 1d, e). The root library was the least
similar to the stem plus sheath and leaf libraries with
only 8 and 7% shared contigs, respectively.

Lignin biosynthetic genes

Since we plan to use Brachypodium as a model for the
development of biofuels and lignin content has a neg-
ative impact on the conversion of biomass into ethanol,
we wanted to know if the genes required for the bio-
synthesis of lignin monomers were present in the EST
collection. We found Brachypodium homologs for all
ten genes thought to be required for the biosynthesis
of monolignols (Humphreys and Chapple 2002)
(Table 2). The root and stem plus sheath libraries
contained the greatest number of ESTs from lignin
biosynthetic genes, 53 and 32, respectively. By contrast,
the leaf library only contained eight ESTs from lignin
biosynthetic genes. This is consistent with the higher
degree of lignification and vascularization found in
roots and stems as compared to leaves. When exam-
ining individual genes, PAL had the highest number of
ESTs from all libraries (32 ESTs) which is not sur-
prising given that PAL feeds into several biosynthetic
pathways, not just lignin. We only found one EST for
F5H suggesting that this enzyme is found in much
lower abundance.
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Table 2 Representation of lignin biosynthetic genes in Brachypodium ESTs

Genes Stem plus Leaf Root Developing Callus Total ESTs Tentatively
sheath seed head unique genes

PAL 12 0 10 6 4 32 6

C4H 0 0 4 1 1 6 4

4CL 0 1 4 0 1 6 4

CST or CQT 0 2 1 2 6 11 3

C3H 1 0 8 0 1 10 7

CCoAOMT 8 0 7 3 5 23 4

CCR 3 2 3 2 2 12 4

F5H 0 0 1 0 0 1 1

COMT 7 2 5 6 1 21 1

CAD 2 1 9 2 0 14 3

Library total 32 8 53 22 21 136 37

PAL phenylalanine ammonia-lyase, C4H cinnamate 4-hydroxylase, 4CL 4-(hydroxy)cinnamoyl CoA ligase, CST hydroxycinnamoyl
CoA:shikimate hydroxycinnamoyltransferase, C3H p-coumarate 3-hydroxylase, CCoAOMT caffeoyl CoA O-methyltransferase, CCR
cinnamoyl CoA reductase, F5SH ferulate 5-hydroxylase, COMT caffeic acid/5-hydroxyferulic acid O-methyltransferase, CAD cinnamyl

alcohol dehydrogenase

Phylogenetic analysis

To better establish the relationship of Brachypodium
to other grasses, we created a phylogenetic tree based
on partial sequences from 20 highly expressed genes
similar to: SAM decarboxylase, glyceraldehyde-3-
phosphate dehydrogenase, 1-aminocyclopropane-1-
carboxylate oxidase, 1,6-bisphosphate aldolase, chlo-
rophyll a/b-binding protein CP26, catalase, a-tubulin,
heat shock protein 70, cyclophilin, reversibly gly-
cosylated polypeptide, cytosolic heat shock protein
90, aquaporin PIP1, putative chlorophyll a/b-binding
protein type III, an unknown protein, dnaK-type
molecular chaperone hsp70, alanine aminotransferase,
23 kDa oxygen evolving protein of photosystem II,
endotransglucosylase/hydrolase = XTH1, ATP/ADP
translocator, and xylose isomerase. We chose to use
highly expressed genes to maximize the chance of
finding the corresponding gene in the species in-
cluded in the analysis. Pine was included as an out-
group. Several steps were taken to select the 20 genes
for phylogenetic analysis. First, 55 candidate Brac-
hypodium contigs were compared to the NCBI non-
redundant database using the BlastN algorithm. Of
these, 43 contigs produced highly significant hits to
the 36 different genes, 11 had no highly significant
hits and one appeared to be chimeric. In cases where
multiple contigs matched the same gene only one
contig was selected for further analysis. Contigs cor-
responding to the 36 different genes were then used
to retrieve the four most similar ESTs from each of
the six grasses, the three most similar ESTs from
soybean, tomato, poplar and pine and the most sim-
ilar Arabidopsis gene. Nine of these genes were
dropped from consideration because we could not

reliably identify homologs outside of the grasses. For
the remaining 27 genes the ESTs for each individual
gene were aligned and used to create separate phy-
logenetic trees for each gene. ESTs from the same
species fell onto different clades of the tree for seven
of the genes examined indicating the presence of
gene family members that would interfere with the
analysis. These seven genes were dropped from the
analysis leaving 20 genes for the phylogenetic analysis
(Table 3).

The phylogenetic trees created using MegAlign for
individual genes were different (not shown) under-
scoring the need to look at multiple genes to arrive at
a correct phylogeny. To perform a more thorough
phylogenetic analysis, the aligned sequences of all 20
genes for each species were combined (supplementary
data S1). The consensus sequence of this alignment
was 11,118 bp with an average of 556 bp per gene.
Using this alignment, phylogenetic trees were created
using seven different programs. With the exception of
the tree produced by MegAlign, all trees were boot-
strapped 1,000 times. The topology of the grass clade
was identical in all the trees with the exception of rice
which was placed basal to the split of the barley—
wheat—Brachypodium clade and the corn-sorghum-—
sugarcane clade in the tree produced by DNA penny.
The bootstrap values for the grass portion of the trees
were extremely high. Thus, we are confident in the
placement of the grasses in the tree presented in
Fig. 2.

In contrast to the robust placement of the grasses
within the tree, the placement of the dicots was
ambiguous. No two programs gave the same topology
and the bootstrap values were very low ranging from
420 to 700 out of 1,000. This lack of resolution is due to

@ Springer



pdip20Yyd1L) g WOIJ PIALIOP d1om soouenbas terdod 1010 [V “sapronap x vdivIoysuy "J WOIj PaALIap 2ouanbag,

Theor Appl Genet (2006) 113:186-195

126T69Md ¢C1Lc6Nd T1TSL8NT LTE]EILA SSILSOSLY T8I0 81T1961VD 8TOSTIND 12v1994D 16¥970Ad S0S89YOd EriLyAd aserawos! asolAx
ceeceold €L811LXD €1918KLd 1L8Y9TOD 06VETDSLY 0610vLdd ¥90S9CVD 1LLO6TYAD 19605940 LYCEryOD L9S0L8ID 6CL83Y AU Ioyedorsuen) JAV/ALV
THLLX 9Se[oIpAY
S8YCIYING 9SL8YSXD TLYIECAD T6SY10dd 0SSLSDSLY 91L80THD 69869CTVD €0VrISMY 8CILS6AD €09€SYOD 0111949 SLO9LYAA /ese[Asoon[3suerjopuy
11 walsAsoloyd jo urejoxd
6VEE60MYV 1L28¢8Dd  ¥6L98VLA 8EC19¢0D 08990DT.LV 90060C>D 8TIY6CVD ¥L6919XD T8CICIED 80LIESAU 088LLINA y1coLvAd Juiajoso wagAxo ey €7
C89Y60MYV 8976£8D4 P0LTOSLA T8LCEILA 08SOLOTLY I8YILLAD 061880VD  6¥SEErAD LS6TB0XD 0L80ESAA  86LCLY A 0L9L8Y A omﬁowwmm%oﬁam oMEE<
0.,dsy auoradeyd
L60ve6Id €€L8€8DE 09CC0SLA LSE090TA O1YISOILY LLOEETAD 80TSTIVD YC0VI9XD 86L5C9dD 9€16SY0D 0L6ST8ING 0r6S8rAd Te[nodfow adAy-3yeup
1L2TeyId 9¥280vdD 80898YLA L1129¢0D 0SYSIOELY 9vLyI8AD 8YC8EIVD 90¥LTcdD 1CC601XD Te0SECAd Y9698 INA 96888y AU umouyu)
111 2d&y
urojoid Jurpuiq-q/e
CO96LELMYV Y08EBLVD 9€09LY LA T8S160UA 0CSTIIDLLY CILIITAD 6€€E8IVD 6TC8EIND 610601XD LT86C8YA 0ICELYIE €8LEBYAA [1&ydoroyo aaneng
LELSBIOME VILLO9HE 8YICLYLA 9ELYETAD 00VECOYLY 06¥COT3D 8C008TVD LEIOEIND ¥80819dD CI9¥c8dd 9.8L9¢4d Y098LYAA 1d1d :an«:%«&
06 UId)OI
1€5689ME 19990840 SLTEETAD S6€€9€0D 0T09SDSLY 8YECLINE LTECTCVD  €8STEYID LI90601XD 9I8SHPAD 06187614 16S98vAd Jooys Hmon&owmmowxw
apndad4o
PSO6C6OME €81S8LVD 99V8L8N T 9LSEYLIA 0SISTOSLY LIOLITND 90909TVD 868LEIND 01€601XD TCCOPYOD €C0STIND €0068YAd PoIe[As04[3 A[qIsIondy
68829¥dd 880cv6Id 6¥600SLA TST8SYNA OSTITOTLY CCIIyLdd STLLOTVD YL8TTIXD 691601XD 6S1LYOLA LOTSTIND 88168YAd urrgdopA)
10€P0TAd 18219999 09¢C0SLA 60¥ErLdd 00STOOSLY 6€CCLIND S8Y9CCVD 1016VIND €81601XD 1ev0rydD 9859044 9S86LY A 0L ureyoxd ypoys 1eoy
991689MH SOTY8LVD T8ELO6VLA 00vYC9LA 096V 1OYLY SLEYOTIHD ¥8E90IVD TTETSSENA TLE601XD 9€S8ErdD S19¢1vdd 06S08YAd urnqn-v
OCLBELMYV Te8SPOId €CL88Y LA T6TLCOLA 060SEOYLY ¥6960C3D €9ECLIVD ¥9LIT9XD LT6L99ED €L9¢v91d 120990449 60SE8YAA omﬁmwmv
92¢dD urajol
ELIILLIV Y6ST8LVD LYSEYTAD TCLE60TA  8TLOEEAV €560VLAA S6C690VD 90SIETIND 6£€601XD 886¥8LdA 919Tcydd SSY8yAd Suipuiq-q/e [iAydorory)
Perer9DH 09¢6€8Dd  SLIELYLA SOTYC0d A 0L68EOVYLY £6907Ldd 8CEOLTVD LI66VIND T08ST9HD L16908ddA 1¢S9cdd 66SE8Y AU aseope ayeydsoydsig-9‘]
9sepIXO
10€€c6Id C8CIS8VD 19SE€6YNA 609C0THA 0€ELLOTLY 0098¢LdA ¥9CSTCVD TLLISSNA LY6L19EdD S00CESOD 8£6109d49 167$8y A d¥e[fxoqred-[-ouedordopioourury-
aseua3oIpAyep
C08S8END P0€L08AD L8OCLYLA €55080Ud 0CIYODELY 0890VLdA LILLTIVD 809TSIND SSI60IXD T0LSErdD 61€918INE 6ETBYAAd oreydsoyd-¢-opAyape1sdk[D
LYISESING ST8S8LIA 288y LA 608STOLA 0LYCODELY 686C913D SLLEYTVD 86059¢dd €195903MD S6£6004D LOCYOSTV 8Y188YAd ose[Ax0q1ed9p INV'S
ojewWIO], UBIQAOS 1erdog ouiq sisdopiqery JBOUYA\ QuedIe3nS wnysIos o1y uIo) Korreqg winipodAyoeig ny 1Sv1g dor,

192

sisA[eue onjouagoAyd 10J posn soouenbas Jo sroqunu UOISSOY € d[qeL

pringer

Qs



Theor Appl Genet (2006) 113:186-195

193

Pinus

Brachypodium

1000
Hordeum

L L.
8o4 111000 Triticum

Oryza

Saccharum
1000 ‘
Sorghum

1000

1000

L Zea
1000

Arabidopsis

Lycopersicum

995 [———— Populus

Glycine

Fig. 2 Relationship of Brachypodium to other grasses. Rooted
phylogentic tree based on the combined partial nucleotide
sequences of 20 highly expressed genes. The tree was produced
using clustalX set to ignore positions with gaps or ambiguities
and correct for multiple substitutions. DNApars, DNAmI,
DNAmlk, DNAcomp and MegAlign all produced trees with
identical topology of the grasses. The dicot lineage was not
resolved because all programs used gave conflicting topologies
with low bootstrap values. Bootstrap values out of 1,000 are
presented. Branch length is proportional to sequence divergence

the low nucleotide sequence conservation among the
dicots. The percent identity among the dicots ranged
from 77.4 to 79.6% whereas the percent identity among
the grasses ranged from 86.5 to 96.2%. Given this
uncertainty, the dicots are presented as unresolved
(Fig. 2). Since the role of the dicot sequences was to
buffer against artifacts in the grass clade their place-
ment in the tree is not critical.

Discussion

Temperate grasses are extremely important to humans
because they supply a large percentage of our food
either directly through the consumption of grains or
indirectly through the consumption of grass-fed ani-
mals. Temperate grasses are also poised to play an
increasing role in supplying energy due to the

increasing economic, environmental and social ex-
penses associated with petroleum-based fuels. The
most important temperate grains and forage grasses
are, for the most part, difficult experimental subjects in
the laboratory. Taken together, these reasons point to
the need for a model temperate grass that can be used
to make rapid gains in our knowledge about the unique
attributes of the temperate grasses. Brachypodium is
well suited to serve as such a model grass. The EST
sequences generated in this study greatly increase the
Brachypodium sequence information available. Brac-
hypodium now ranks ninth among the grasses in terms
of ESTs contained in dbEST. While the modest size of
our sequencing effort does not represent a compre-
hensive analysis of the expressed portion of the Brac-
hypodium genome, it does provide enough information
to begin functional genomic experiments and also
provides the raw material for generating molecular
markers.

We chose to sequence ESTs from cDNA libraries
constructed from five different plant parts to maximize
the number of genes represented in the EST collection.
Our comparison of the libraries to one another sup-
ported the obvious biological differences between the
materials used to make the libraries. For example, the
developing seed head library had the highest percent-
age of library specific contigs which is likely due to the
complex nature and specialized tissues contained in a
seed head that are not found in the other libraries. As
another example, the root library had the least overlap
with the leaf and stem plus sheath libraries. This is not
surprising given the photosynthetic nature of the leaf
and stem.

Due to the increasing economic, environmental
and social costs associated with the consumption of
fossil fuels, ethanol derived from ligno-cellulosic
biomass has become an attractive alternative fuel
source. To produce ethanol from biomass, the sugars
locked in the cellulose and hemicellulose fraction of
the cell wall are degraded to monosaccharides using
a combination of physical, chemical and enzymatic
treatments and then fermented into ethanol. The
lignin fractions of the cell wall is not converted into
ethanol and, in fact, interferes with the conversion.
Lignin also decreases the digestibility of forage
grasses. Thus, manipulation of the lignin biosynthetic
pathway is an obvious target for biotechnological
enhancement of forage grasses and grasses grown
specifically for conversion into ethanol (Chen et al.
2003). We identified homologs to all ten genes cur-
rently thought to be required for the biosynthesis of
lignin precursors (reviewed in Humphreys and
Chapple 2002). Thus, we now have the starting pie-

@ Springer



194

Theor Appl Genet (2006) 113:186-195

ces to rapidly evaluate different strategies for alter-
ing lignin content or composition in a temperate
grass.

Our phylogenetic analysis based on 11,118 bp from
20 genes indicated that Brachypodium is much more
closely related to wheat and barley than to corn, sug-
arcane or sorghum. This is consistent with previous
reports (Kellogg 2001) based on much smaller data
sets. That all seven computer programs used in our
study arrived at the same conclusion with extremely
high bootstrap values underscores the monophyletic
nature of these two clades. In light of the strong sup-
port of the relationship among these grasses based
upon the combined data set, it is interesting to note
that some of the individual genes gave different phy-
logenetic trees. This underscores the importance of
using large data sets from multiple genes to draw
conclusions about phylogeny.

In contrast to the placement of the grasses, the po-
sition of the dicots within the phylogenetic trees was
variable and not well supported by bootstrap analysis.
In fact, none of the trees were identical to a phylogeny
recently produced for the dicots (Judd and Olmstead
2004). The contrast between the robust clade contain-
ing the grasses and the unresolved relationship among
the dicots is due to the greater sequence divergence
observed among the dicots as compared to the diver-
gence among the grasses. An analysis using protein
rather than nucleotide sequence may have helped re-
solve the dicots, but that would have discarded infor-
mation critical to resolving the highly related grasses.
Since our goal was to define the relationship of Brac-
hypodium within the grasses and dicot sequences were
only added to act as a buffer against bias within the
grasses, the lack of resolution in the dicot clade is
acceptable.

We have developed a valuable resource for the
emerging Brachypodium research community that can
be used for functional genomic experiments, as a
starting point for the development of molecular
markers, and as anchor sequences for BAC-based
physical maps. Our initial analysis of these ESTs con-
firmed the close relationship of Brachypodium to
wheat and barley and identified homologs for all the
genes required for lignin monomer biosynthesis.
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