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Abstract The small annual grass Brachypodium distach-
yon (Brachypodium) is rapidly emerging as a powerful
model system to study questions unique to the grasses. Many
Brachypodium resources have been developed including a
whole genome sequence, highly eYcient transformation and
a large germplasm collection. We developed a genetic link-
age map of Brachypodium using single nucleotide polymor-
phism (SNP) markers and an F2 mapping population of 476
individuals. SNPs were identiWed by targeted resequencing
of single copy genomic sequences. Using the Illumina Gold-
enGate Genotyping platform we placed 558 markers into
Wve linkage groups corresponding to the Wve chromosomes
of Brachypodium. The unusually long total genetic map
length, 1,598 centiMorgans (cM), indicates that the Brac-
hypodium mapping population has a high recombination
rate. By comparing the genetic map to genome features we
found that the recombination rate was positively correlated

with gene density and negatively correlated with repetitive
regions and sites of ancestral chromosome fusions that
retained centromeric repeat sequences. A comparison of
adjacent genome regions with high versus low recombina-
tion rates revealed a positive correlation between interspe-
ciWc synteny and recombination rate.

Abbreviations
BAC Bacterial artiWcial chromosome
BES BAC end sequence
Bp Base pair
cM centiMorgans
kb Kilobase
LTR Long terminal repeat
SNP Single nucleotide polymorphism
OPA Oligo pool array
UTR Untranslated region

Introduction

The small annual grass Brachypodium distachyon (Brachyp-
odium) possesses the physical and genomic attributes neces-
sary to be a model system including: small size, rapid life
cycle, and simple growth requirements (Draper et al. 2001;
Garvin et al. 2008; Vogel and Bragg 2009). Recently, sig-
niWcant progress has been made in developing the genomic
resources and experimental tools needed to expedite research
in Brachypodium (Gu et al. 2009; Hasterok et al. 2006; Huo
et al. 2006, 2008, 2009; Vain et al. 2008; Vogel et al. 2006;
Vogel and Hill 2008). A draft genome sequence was recently
produced and the 272 Mb sequence was nearly complete
(only 0.4% predicted gaps) and of very high quality (Interna-
tional Brachypodium Initiative 2010). Lacking from the
list of Brachypodium resources is a comprehensive genetic
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linkage map, the foundation of any genetic system. Although
an SSR-based Brachypodium genetic linkage map consisting
of 20 linkage groups based on 139 markers was recently
reported, this map failed to coalesce into Wve linkage groups
representing the Wve Brachypodium chromosomes, indicat-
ing that more markers are needed (Garvin et al. 2010) not
only to accomplish this goal, but also to make the map a
broadly useful tool for structural and functional genomics
research such as positional cloning. Single nucleotide poly-
morphisms (SNPs) are the most abundant type of genetic
polymorphism and they are amenable to high-throughput
analysis. Since SNPs are sequence tagged markers with
codominant inheritance, they are suitable for comparative
genomic studies (Luo et al. 2009) and for genome wide link-
age disequilibrium and association studies (Chan et al. 2010;
Cogan et al. 2006; Kim et al. 2007; Ponting et al. 2007).
SNPs can also address fundamental questions relating to
evolution and meiotic recombination (Groenen et al. 2009;
Myers et al. 2005). Many technologies have been developed
to genotype SNPs cost-eVectively in an automated fashion
(Butler and Ragoussis 2008).

It is known that recombination rate varies dramatically
among genomic regions, and numerous studies have
attempted to understand the factors responsible for this varia-
tion. An overall positive correlation between gene density
and recombination rate has been observed in many species
(Anderson et al. 2006; Dvorak et al. 2004; Tian et al. 2009).
However, for other genome features correlations to recombi-
nation seem to be taxon-speciWc. For example, a positive cor-
relation between recombination rate and GC content has been
report in mammals (Groenen et al. 2009; Jensen-Seaman
et al. 2004; Myers et al. 2005) whereas a negative correlation
has been reported for Arabidopsis chromosome 4 (Drouaud
et al. 2006). In rice, recombination hot spots were associated
with high gene density (Wu et al. 2003) whereas this trend
was not detected in Arabidopsis (Drouaud et al. 2006). A
high density genetic map would allow us to examine the pat-
terns of genome wide recombination in Brachypodium and
compare those patterns to the sometimes conXicting patterns
observed in other species as noted above.

Here, we describe the development of a Brachypodium
SNP-based genetic linkage map, and compare the distribu-
tion of recombination events to that of genome features,
with an emphasis on the unusually high recombination rate
observed in Brachypodium.

Materials and methods

Mapping population and DNA extraction

Four hundred and seventy-six F2 plants derived from the
cross of two inbred diploid Brachypodium lines, Bd3-1 and

Bd21 (Garvin et al. 2010) were used for linkage analysis.
This population is a pool of F2 individuals from two sepa-
rate F1 hybrids. Leaf tissues of the individual lines and
parent lines were harvested from seedlings, frozen, lyophi-
lized, and DNA was extracted using a standard phe-
nol:chloroform extraction method (Sharp et al. 1988).

SNP discovery and SNP genotyping

Regions for SNP discovery were selected both from
Brachypodium Bd21 BAC end sequences (BES) (Huo et al.
2008) and the Brachypodium 4£ draft genome assembly.
Unique sequences which were evenly spaced along physi-
cal contigs (Gu et al. 2009; Huo et al. 2008) and 4£ scaV-
olds were selected for analysis. PCR primers were designed
using BatchPrimer3 (You et al. 2008) and used to amplify
the selected regions from Bd3-1. The resulting amplicons
were sequenced on an ABI 3730 DNA Analyzer (Choi
et al. 2007). The resulting sequences were trimmed to
remove low quality sequence, and polymorphic sites were
identiWed using an in-house SNP discovery pipeline. The
pipeline includes four steps: (1) mapping Bd3-1 sequences
to Bd21 4£ draft genome assembly using BLAST (identity
percentage ¸95%, and E value ·1e¡50); (2) Wnding SNPs
on the basis of sequence alignments between those two
lines; (3) assessment of quality scores of discovered SNPs
on both Bd-21 and Bd3-1 (Phred score ¸20 on both lines at
the same loci); and (4) generating sequence fragments
(150 bp in length) with SNP variants in the middle for Illu-
mina GoldenGate assays. The pipeline was written in Perl
and is available upon request.

All the SNPs were run through the Illumina assay design
tool to predict their potential success as markers in the
GoldenGate assay. A designability rank score was given to
each SNP by Illumina, with scores ranging from 0 to 1.0,
where a rank score of <0.4 has a low probability of success,
0.4 to <0.6 has a moderate probability of success, and >0.6
has a high probability of success. SNPs with designability
rank score of 0.4 or higher were selected to be included in
the oligo pool array (OPA).

The GoldenGate assay was performed by the UC Davis
Genome Center per the manufacturer’s protocol. Automatic
allele calling for each locus was completed using BeadStudio
software (Illumina, San Diego, CA). All genotype data
were manually checked and re-scored if any errors in call-
ing the homozygous or heterozygous clusters were evident.

Linkage map construction

Linkage analysis between markers, estimation of recombi-
nation frequencies, and determination of the linear order of
loci was performed using JoinMap 4.0 software program
with an initial logarithm of odds score of 10 (Van Ooijen
123
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2006). Recombination rates were converted to genetic dis-
tances in centiMorgans (cM) using the Kosambi mapping
function (Kosambi 1944).

Alignment to genomic sequence

The sequence Xanking each SNP marker was compared
to the assembled whole genome sequence using
BLASTN to determine the position of each marker in the
genome assemblies. Average recombination rates were
obtained by dividing the total linkage distance (cM) by
the total physical length (Mb) for each linkage group.
These estimates were not adjusted for gaps between link-
age groups or supercontigs or for diVerences in marker
density.

Using the Brachypodium genome annotation v1.0 (Inter-
national Brachypodium Initiative 2010), the percentages of
gene sequence and LTR sequence of each marker interval
were calculated and plotted against the recombination rate
of each marker interval. Regression analysis was applied in
logarithmic model.

Recombination rate and collinearity

Adjacent marker intervals with low recombination rates
(<3.5 cM/Mb) and high recombination rates (>9 cM/Mb)
were identiWed, and paired intervals with gene densities
>8.5 gene/100 kb selected for further analysis. The
sequences from selected intervals were extracted and GC
content calculated using CoGe (Blas et al. 2009). Gene den-
sity, percentage of non-gene sequence and percentage of
LTR sequences was calculated as described above. The rice
orthologous regions to each such Brachypodium interval
were determined using CoGe SynMap (Allerdings et al.
2006). Only gene pairs with BLAST values of E · e¡10

were used to determine collinearity, and small inversions
were not counted.

Results

SNP discovery

The parents of the F2 mapping population, Bd21 and Bd3-1,
were chosen because they both exhibit a spring habit, and
F1 hybrids are fully fertile. They also appear to be highly
divergent from each other (Vogel et al. 2009). To identify
SNPs we designed 5,099 primer pairs to amplify unique
sequences selected from Bd21 BES and preliminary 4£
genome assembly sequences. We obtained useable
sequence from 4,100 of these pairs to produce 3.8 Mb of
sequence from Bd3-1. The remaining 999 primer pairs
either failed to produce a PCR product or failed to produce

a useable sequence. High quality sequences (Phred score
>20) were compared to Bd21 sequence using an in-house
SNP discovery pipeline to detect SNPs. Among the 4,100
sequences produced, 968 had at least one polymorphism
and the remaining 3,132 loci were not polymorphic. In
total, 3,387 SNPs (Phred >20) at 968 loci were detected,
giving an average SNP frequency of »1 SNP/kb of aligned
sequence data from the two genotypes (Online Resource 1).

We used the Brachypodium v1.0 genome annotation
(International Brachypodium Initiative 2010) to determine
whether SNPs were in genic or intergenic regions
(Table 1). We deWne the genic region as anywhere between
the 5� and 3� transcribed, untranslated regions (UTR),
inclusive. Since not all genes had predicted UTRs, genic
SNPs may be underestimated to a small degree. We showed
that 58% (1,946) of the SNPs fell in intergenic regions and
43% (1,441) SNPs fell in genic regions. Among the SNPs
located in genic regions, 604 were in exons and 837 were in
introns or UTRs. The distribution of mapped markers was
similar to the overall SNP distribution (Table 1).

The sequences Xanking the SNPs were then analyzed
using the Illumina assay design tool to predict potential
success as markers in the GoldenGate assay. Of the 3,387
SNPs, 46 (1.4%) had a score <0.4, indicating they were not
suitable for the GoldenGate platform, and were excluded
from consideration. 259 (7.6%) had a score between 0.4
and 0.6 indicating a reasonable probability that they would
work, and 3,082 (91%) had a score >0.6 indicating a high
probability that they would work. Among the 3341 SNPs
with design scores >0.4, 1976 occurred within 61 bp of
another SNP, indicating they had a high probability of fail-
ing in the GoldenGate assay. The remaining 1,365 SNPs
represented 872 loci. We considered SNPs originating from
the same PCR amplicon as one locus. Of these 872 loci,
652 had at least one SNP with a Phred quality score >35.
We chose to focus on SNPs meeting this higher quality
threshold to avoid false-positives due to sequencing errors.
SNPs from all 652 of these loci were selected for the OPA
design. As a control, we included 46 SNPs that were
<500 bp from another SNP in the OPA. Another 70 SNPs
with Phred scores between 20 and 35 were included in the
OPA because they had the potential to Wll gaps along the
sequence contigs.

Table 1 Assignment of SNPs to genic or intergenic regions

Genic region Intergenic 
region (%)

Total

Exon/CDS
(%)

Intron/UTR
(%)

All markers 604 (17.8) 837 (24.7) 1,946 (57.5) 3,387

Mapped markers 123 (22.0) 177 (31.7) 258 (46.3) 558
123
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Genotyping and linkage map construction

The 768 Illumina GoldenGate SNP markers were used to
genotype 476 F2 plants. Of these markers, 200 were not
used for linkage analysis for the following three reasons:
(1) 169 markers failed to detect a SNP in the mapping
population (2) nine markers were apparently heterozygous
in one of the parent lines or (3) 17 markers failed to pro-
duce good cluster separation on BeadStudio software plat-
form. Another 10 markers were excluded because the
segregation ratio exhibited signiWcant segregation distor-
tion (P < 0.0001, �2). Data from the remaining 558 markers
was used for linkage analysis with the JoinMap4 program.
All 558 markers were included in the resultant linkage map,
including 34 pairs of control markers that were within
500 bp of one another. In every case, each partner in each
control marker pair mapped to the same genetic locus as the
other partner indicating that the Illumina genotyping and
mapping were working properly. The Wve linkage groups
(LOD value of 10) correspond to the Wve chromosomes of
Brachypodium (Table 2; Fig. 1; Online Resources 2, 3).
The map spanned a total length of 1,598 cM with an
average of 2.9 cM between markers. There were two
marker intervals greater than 30 cM and 21 intervals greater
than 10 cM. The genetic length for each chromosome
ranged from 182.7 cM (chromosome 5) to 449.1 cM (chro-
mosome 1).

The total genetic length of the Brachypodium map was
larger than expected when compared to other plants such as
rice, sorghum, wheat, and Arabidopsis (Table 3) (Bowers
et al. 2003; Dubcovsky et al. 1996; Harushima et al. 1998;
Luo et al. 2009; Mace et al. 2009; Wright et al. 2003).
Given its genome size, we expected the map length and
recombination rate for Brachypodium to fall between those
of Arabidopsis and rice. Instead, the Brachypodium map
length was greater than rice, and Brachypodium had the
highest recombination rate, even higher than Arabidopsis
(Table 3). Given this surprising Wnding, we wanted to ver-
ify the map length obtained by comparing distances gener-
ated from another mapping project and by another method.
To compare our map to the previously generated SSR map
that was developed using 183 of the 476 F2 plants used in

this study, we combined the genotyping data from 69
Brachypodium SSR markers (Garvin et al. 2010) and 558
SNP markers derived from 177 F2 lines (six lines were not
included because too many SSR genotyping calls were
missing) and created a combined SNP–SSR map with Join-
Map (not shown). This map had a total map length of
1,464 cM, nearly the same as the SNP-only map. We com-
pared this combined map to the Wve largest linkage groups
(representing parts of Brachypodium chromosomes 1, 2, 3,
and 4) from the SSR map (Garvin et al. 2010). In each case,

Table 2 Mapping summary by 
chromosome

No. markers Distance 
(cM)

kb/marker cM/marker Physical 
length (Mb)

Recombination 
rate (cM/Mb)

Group 1 152 449.1 492.1 3.0 74.8 6

Group 2 91 348.3 651.6 3.8 59.3 5.9

Group 3 137 350.9 437.2 2.6 59.9 5.9

Group 4 112 267 433.9 2.4 48.6 5.5

Group 5 66 182.7 430.3 2.8 28.4 6.4

Total 558 1598 485.7 2.9 271 5.9

Fig. 1 Brachypodium linkage groups and their alignment to the Brac-
hypodium genome sequence. Linkage group/pseudomolecule pairs
are presented for each chromosome. In each pair, the black bar on the
left represents the linkage group and the blue bar on the right repre-
sents the genomic sequence. They are oriented such that the start of the
bp and map distances (0) is at the top of each chromosome. The loca-
tion of each marker is indicated by a red line on the genetic map and a
pink line on the genomic sequence. Corresponding locations for each
marker is indicated by a green line. The scale for the linkage groups
(cM) is on the left and the scale for the genomic sequence (Mb) is on
the right. The sizes and number of markers are indicated below. Note
that recombination rate is not uniform across the chromosome with
higher recombination rates at the distal ends and lower in the central
centromeric region. A Wgure showing the linkage groups with labels
and distances can be found in Online Resource 2. A table listing all the
markers and their positions can be found in Online Resource 3
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the length of the common intervals was slightly longer in
the SSR map (Table 4). In addition, the genetic length of
linkage group 1 was calculated using another software
package, QGA Station (http://ibi.zju.edu.cn/software/qga/
index.htm), which resulted in a length estimate of 513 cM,
longer than the length (449 cM) calculated by JoinMap4.
Thus, we are conWdent that we have not overestimated the
length of the Brachypodium map. Since many factors inXu-
ence recombination frequency, it will be interesting to
determine if other Brachypodium mapping populations
have similarly high recombination rates.

Integration of genetic linkage map and genome sequence

To integrate the genetic linkage map and the Brachypodium
genome sequence, we assigned each marker to a unique
position in the 8£ preliminary genome assembly by
BLAST searches. Since only unique sequences were used
to construct the markers, we were able to unambiguously

assign each marker to one location in the genome (Fig. 1;
Online Resource 3). The genetic map was then used to
assemble the preliminary 8£ sequence scaVolds into Wve
pseudomolecules (International Brachypodium Initiative
2010). Where genetic mapping data was unable to deter-
mine marker order due to a lack of recombination between
markers, we placed the markers into the same order as they
are found in the genomic sequence The marker density of
each chromosome ranged from 430 to 652 kb/marker, with
an average of 486 kb/marker. There were 55 (10%) marker
intervals larger than 1 Mb and 17 (3%) marker intervals
larger than 2 Mb.

Recombination frequency in a genomic context

Genome-wide patterns of recombination have been
described for Arabidopsis and rice. In both cases, recombi-
nation rates in the repeat-rich centromeric and pericentro-
meric regions are much lower than rates in gene-rich distal
regions (Drouaud et al. 2006; Jensen-Seaman et al. 2004;
Wright et al. 2003; Wu et al. 2003). By comparing genetic
and physical distances between neighboring markers, we
were able to examine the relative changes of recombination
rate along each chromosome (Table 2; Fig. 2). The average
recombination rate for each chromosome ranged from 5.5
to 6.4 cM/Mb with a genome-wide average of 5.9 cM/Mb.
In contrast, recombination rates for smaller intervals varied
dramatically, from 0 to 43.4 cM/Mb. As has been demon-
strated in numerous other systems, we observed low recom-
bination rates in centromeric and pericentromeric regions
of each chromosome and higher recombination rates in
regions with high gene density (Fig. 2).

To quantitatively examine the correlation between
recombination rate and gene or long terminal repeat (LTR)
density, we plotted the gene and LTR content of each map
interval against the corresponding recombination rate
(Fig. 3). Regression analysis showed a signiWcant positive
correlation between recombination rate and the percentage
of gene sequence in an interval (Fig. 3). There was a signiW-
cant negative correlation between recombination rate and
the percentage of LTR sequence in an interval (Fig. 3).

Another approach to compare recombination rate with
genomic feature composition is to rank all intervals from
high to low recombination rate and then calculate a cumula-
tive sum of each feature. In fact, such an analysis answers
the question of how much of a given feature is contained in
various fractions of high and low recombination regions.
Figure 4 shows a deviation from a straight line which
would be expected if there was no correlation between
recombination rate and physical distance, coding sequence,
or LTR sequence. The trend is most dramatic for LTR
sequence where only 6.7% of the genetic distance accounts
for 50% of the LTR sequence. It is less dramatic for

Table 3 Comparison of recombination rate of plants with sequence
genomes

Note that the recombination rate for Brachypodium is greater than
Arabidopsis despite having a genome over twice the size
a Assembled genome sizes (Arabidopsis Genome Initiative 2000;
International Brachypodium Initiative 2010; International Rice
Genome Sequencing Project 2005; Paterson et al. 2009)
b Map lengths from (Bowers et al. 2003; Harushima et al. 1998; Lister
and Dean 1993)
c Calculated by dividing the map length by genome size

Genome 
size (Mb)a

Genetic 
map length 
(cM)b

Recombination 
rate (cM/Mb)c

Arabidopsis 119 597 5.0

Brachypodium 272 1,598 5.9

Rice 382 1,530 4.0

Sorghum 758 1,059 1.4

Table 4 Comparison of genetic distances between SSR and integrated
map

Note that for the common intervals, the SSR map sizes are slightly
larger than the SNP map sizes. This is an independent veriWcation of
our map length
a From (Garvin et al. 2010)

Linkage 
groupa

Chromosome No. of 
Common 
SSR Markers

Distance in 
SSR map 
(cM)a

Distance in 
combined 
map (cM)

a 3 10 176.3 116.9

b 2 5 177.1 121.8

c 1 4 58.7 29

d 1 3 84.1 45.5

e 4 3 70.3 45.5
123
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physical distance and gene sequence, where 50% of the
physical distance or coding sequence is contained in 15.2 or
23.4% of the genetic distance, respectively. While there are
obvious deviations from an even distribution, the curves are
much less skewed than they would be expected to be for
large genome species like wheat, maize or even sorghum.

A comparison of recombination-suppressed heterochro-
matic regions in rice and sorghum physical maps revealed
that these regions were less syntenic than regions with
higher recombination rates (Bowers et al. 2005). We exam-
ined previously described syntenic breakpoints and paired
regions to see if synteny correlates with recombination rate
in Brachypodium. Previously, 14 major syntenic disrup-
tions between Brachypodium and rice/sorghum were iden-
tiWed (International Brachypodium Initiative 2010). These
breaks in synteny are at the sites of ancient chromosome
fusion events and describe a general role for the insertion of
whole chromosomes into centromeric regions during grass
genome evolution (International Brachypodium Initiative
2010). Five of these regions are also characterized by the
presence of low copy number centromeric repeats (Interna-
tional Brachypodium Initiative 2010). All Wve of these
regions had suppressed recombination (<3.1 cM/Mb)
(Fig. 2). The recombination rate at the nine syntenic break-
points without centromeric repeats varied from 0.6 to

13.9 cM/Mb (Fig 2). In these cases, recombination rate cor-
related with overall percentage of gene sequences indicat-
ing that a historical break in synteny does not predict
continued low recombination rates.

To further examine the correlation between recombina-
tion rate and genomic features, including synteny to rice,
we compared regions of high (>8.5 cM/Mb) and low
(<3.5 cM/Mb) recombination rates. Since chromosomal
position and gene density have large eVects on recombina-
tion rate (Fig. 2), we focused our analysis on a paired com-
parison of low recombination intervals and high
recombination intervals that were immediately adjacent to
or within 211 kb and that had similar gene densities. First,
we identiWed 155 regions with recombination rates less
than 3.5 cM/Mb. As expected, most (107) of these intervals
had lower than average gene densities (<8.5 genes/100 kb,
the genome-wide gene density is 9.4 gene/100 kb) and were
excluded from the analysis. Another 15 marker intervals
were smaller than 100 kb or larger than 500 kb and were
excluded from the analysis because small regions provided
too few genes to accurately gauge synteny, and large
regions are less likely to be uniform and may have sub
regions that vary in recombination rate. We examined the
remaining 33 intervals to determine if they bordered, or
were very close to, intervals with a high recombination rate

Fig. 2 Recombination rates of Brachypodium chromosomes. The
x axis represents the physical length of each chromosome (Mb).
The y axis represents the recombination rate (cM/Mb) calculated for
the genomic regions between adjacent markers. Red arrows indicate
the centromeres; green arrows indicate syntenic breakpoints with cen-

tromere repeats; pink arrows indicate the syntenic breakpoints without
centromere repeats. The heat map at the bottom of each graph was
adapted from (International Brachypodium Initiative 2010) and repre-
sents the percentage of coding sequence (exons) with the scale from
blue to red representing a range of 0–22.3%
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(Online Resource 4). Fourteen intervals Wt these criteria, 13
were adjacent to and one was within 211 kb of a high
recombination rate interval. We then determined the gene
density, the percentage of gene sequence, the percentage of
non-gene sequence, the percentage of LTR sequence and
GC content for each interval. We also determined the per-
centage of genes that were collinear when compared to the
rice orthologous region. A paired Student’s t test revealed
that the degree of collinearity was signiWcantly diVerent
(P < 0.001) between the high and low recombination rate
intervals. In fact, in 13 out of 14 interval pairs the interval
with the low recombination rate had a lower degree of syn-
teny than the interval with the high recombination rate. To
see if there were other distinguishing features of these inter-
vals, we also use paired t tests to examine the gene density,
the percentage of non-gene sequence and GC content. In all
cases, the regions were not signiWcantly diVerent between
the two groups (Table 5). The only other signiWcant diVer-
ence (P < 0.01) we noted was in the percentage of LTR
sequences. The high recombination rate regions had 50%
fewer LTR sequence than the low recombination rate
regions. Thus, a major diVerence between these paired high
and low recombination rate regions is in the degree of syn-
teny to another species. While it is obvious that rearrange-
ments between the parents of a mapping cross will suppress

recombination in the aVected region, it is surprising that
synteny between two species that diverged over 40 million
years ago would still track so signiWcantly with recombina-
tion rate. Whether this is due to LTR sequences that con-
tinue to cause rearrangements or some other mechanism
and how widely applicable this phenomenon is will require
more detailed studies. As a practical application, if it is
shown to be widespread, the correlation between synteny
and recombination rate may be useful in predicting the util-
ity of particular regions as a structural model for genomic
regions in related grasses such as wheat and barley.

Discussion

This study provides answers to several important questions
that will allow Brachypodium to serve as a model system.
First, we showed that there is suYcient polymorphism (»1
SNP/kb of single-copy sequence) between Brachypodium
genotypes to enable studies that require genetic diversity
(e.g. map-based cloning, QTL analysis, association map-
ping, etc.). This supports earlier work based on a survey of
SSR markers (Garvin et al. 2010), but since the current
study focused on large numbers of single copy sequences it
provides a more reWned quantitative estimate of molecular
diversity. The level of polymorphism we observed is simi-
lar to that observed in many other species including
between the low copy regions of the indica and japonica
subspecies of rice (Feltus et al. 2004). Also, our exclusion
of multicopy sequences and repetitive DNA has likely
reduced our SNP rate relative to other studies (Feng et al.
2002; Nasu et al. 2002) because genes and low-copy DNA

Fig. 3 Correlation of genome features with recombination rates. The
a percentage of coding sequence and b percentage of LTR sequence
contained in each interval was calculated and plotted against the
recombination rate (cM/Mb). A logarithmic model curve was Wtted to
each dataset and the correlation coeYcient calculated. Note that
recombination rate is positively correlated with the coding sequence
and negatively correlated with LTR sequence
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Fig. 4 Cumulative genetic distance plotted against cumulative physi-
cal distance gene and LTR sequence. Map intervals were ranked from
highest to lowest recombination rate. Cumulative percentage of cod-
ing sequence, physical distance and LTR sequence were calculated by
summing consecutive percentages of each feature in each map interval
with the next interval. The resulting lines deviate from the straight line
expected if there was no relationship between recombination rate and
these features
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generally evolve more slowly than multicopy sequences.
We also showed similar rates of polymorphism in both
genic and non-genic sequences. Second, we demonstrated
that there are no particular diYculties in mapping markers
in Brachypodium. This is an important Wnding because the
Wrst attempt to make a genetic map for Brachypodium
using SSR markers did not produce Wve linkage groups,
which raised the possibility of inherent problems associated
with the cross, or with Brachypodium biology (e.g. large
regions that lack polymorphism or unusual recombination
behavior). Third, this genetic linkage map provided a tem-
plate with which to assemble sequence scaVolds into Wve
pseudomolecules representing the Wve Brachypodium chro-
mosomes (International Brachypodium Initiative 2010). All
of the mapped markers were collinear with the sequence
assembly, giving us conWdence that both the genetic map
and sequence scaVolds are largely correct. Together these
Wndings pave the way for future genetic studies in Brachyp-
odium.

This study also identiWes some potentially interesting
aspects of recombination rate that may be worth further
study. First, since Brachypodium is almost entirely inbreed-
ing (Vogel et al. 2009), the unusually high recombination
rate observed may be an adaptation to maximize generation
of novel genetic variation when rare outcrossing events do
occur. Since recombination rate is aVected by many factors,
including genetic interference, much more work needs to be
done to determine if this Wnding is a broad feature of Brac-
hypodium. Second, by examining the genomic composition
of the recombination intervals, we showed that, as reported
elsewhere, recombination rate correlates positively with
gene density and negatively with LTR density. This is in
agreement with the conclusions from studies in rice, maize,
and wheat (Anderson et al. 2006; Dvorak et al. 2004; Tian

et al. 2009). We also showed that recombination was sup-
pressed in regions containing centromere repeat sequences
present at ancestral chromosome insertion events, but found
that regions of ancestral chromosome insertions without
residual centromere repeat sequences were not inherently
prone to low rates of recombination.

A more surprising Wnding was that recombination rate
was positively correlated with the degree of synteny
between rice and Brachypodium. This became apparent
when we examined 14 intervals in which a high recombina-
tion region bordered a low recombination region. In all
except one case, the region that exhibited higher synteny
with rice had a higher recombination rate. Importantly,
these regions were remarkably similar not only in terms of
gene density, but also in percent of non-coding sequence
and GC content. We did note a signiWcantly higher LTR
content in the low recombination intervals. It will be inter-
esting to compare the genome sequence of both parents of
the mapping cross to explore possible reasons for the diVer-
ences in recombination rate.
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