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Colinearity of a large region from barley (Hordeum vulgare) chromosome 5H and rice (Oryza sativa) chromosome 3 has been
demonstrated by mapping of several common restriction fragment-length polymorphism clones on both regions. One of
these clones, WG644, was hybridized to rice and barley bacterial artificial chromosome (BAC) libraries to select homologous
clones. One BAC from each species with the largest overlapping segment was selected by fingerprinting and blot
hybridization with three additional restriction fragment-length polymorphism clones. The complete barley BAC 635P2 and
a 50-kb segment of the rice BAC 36I5 were completely sequenced. A comparison of the rice and barley DNA sequences
revealed the presence of four conserved regions, containing four predicted genes. The four genes are in the same orientation
in rice, but the second gene is in inverted orientation in barley. The fourth gene is duplicated in tandem in barley but not
in rice. Comparison of the homeologous barley and rice sequences assisted the gene identification process and helped
determine individual gene structures. General gene structure (exon number, size, and location) was largely conserved
between rice and barley and to a lesser extent with homologous genes in Arabidopsis. Colinearity of these four genes is not
conserved in Arabidopsis compared with the two grass species. Extensive similarity was not found between the rice and
barley sequences other than within the exons of the structural genes, and short stretches of homology in the promoters and
3’ untranslated regions. The larger distances between the first three genes in barley compared with rice are explained by the

insertion of different transposable retroelements.

The grass family is the fourth largest family of
flowering plants (approximately 10,000 species) and
includes wheat (Triticum spp.), maize (Zea mays), rice
(Oryza sativa), barley (Hordeum wvulgare), and oats
(Avena sativa). This diverse family exhibits a large
variation in DNA content. Rice is a diploid species
with a relatively small genome (430 Mb), whereas
barley and many other diploid Triticeae spp. contain
4,000 to 8,000 Mb of DNA in their nuclei (Bennett and
Leitch, 1995). These differences in DNA content in-
dicate that a single chromosome from barley contains
more DNA than one complete haploid rice genome.

Despite the enormous differences in genome size,
comparative RFLP maps have revealed a remarkable
conservation of gene content and gene order among
the cereal genomes (Gale and Devos, 1998). Early
DNA renaturation studies had indicated that the
larger plant genomes contain more repetitive DNA
and that some of this repetitive DNA was intermixed
with genes (Flavell and Smith, 1976). The sequencing
of a 280-kb segment around the adh1-F gene in maize,
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a large genome grass (2,400 Mb), showed that inter-
genic regions were mainly composed of retrotrans-
posons inserted within each other. These retro-
elements accounted for more than 60% of the DNA in
the adhl-F interval and more than 70% of the total
maize genome (SanMiguel et al., 1996; SanMiguel
and Bennetzen, 1998). Comparison of the ortholo-
gous region in a close relative with a smaller genome,
sorghum (Sorghum bicolor; 750 Mb), showed a com-
plete absence of detected retro-elements. Only genes
identified within this interval were evolutionarily
conserved, indicating an extensive differentiation in
the intergenic regions of these species (Chen et al.,
1997).

The diploid Triticeae genomes are even larger than
the maize genome (barley = 5,000 Mb; rye [Secale
cereale] = 8,000 Mb) and repetitive sequences repre-
sent more than 75% of the genome (Flavell and
Smith, 1976; Suoniemi et al., 1996; Gribbon et al.,
1999; Vicient et al., 1999). Panstruga et al. (1998)
sequenced a 60-kb region in barley around the mlo
locus and found three genes plus retrotransposons
and complex repeat structures that accounted for
one-quarter of the DNA in this interval. Similar re-
peat structures accounted for more than one-half of
the DNA sequence in another 66-kb region in barley
around the rarl locus (Shirasu et al.,, 2000). Even
though these and other preliminary sequencing ef-

1342 Plant Physiology, March 2001, Vol. 125, pp. 1342-1353, www.plantphysiol.org © 2001 American Society of Plant Physiologists



forts in Triticeae species (Wei et al., 1999; Stein et al.,
2000; Lagudah et al., 2001) are providing a first pic-
ture of the organization of these large genomes, no
large segment of Triticcae DNA sequence has been
compared yet with its orthologous region in rice.
Preliminary comparisons of this sort will help indi-
cate to what degree the large amount of rice sequenc-
ing generated by the Rice Genome Project will be
useful for positional cloning and genetic character-
ization in the Triticeae.

This paper presents the DNA sequence and se-
quence comparison of an orthologous region of the
rice and barley genomes. Our data show that com-
parative sequence analyses of this type can greatly
assist sequence annotation, including gene identifi-
cation and characterization of gene structure. More
importantly, these studies will help indicate the na-
ture, frequency, and timing of different types of se-
quence evolution in these two important grass
lineages.

RESULTS
Clone Identification

Thirty-seven thousand and 300,000 clones from rice
and barley bacterial artificial chromosome (BAC) li-
braries, respectively, were screened for individual
clones that contained homology to WG644. Four
clones with homology were identified in each library
and clones 635P2 (barley) and 3615 (rice) were se-
lected for sequencing because they appeared to have
the greatest degree of overlap. Both BACs hybridized
also with rice RFLP clones R2311 (two copies in 3615)
and R2628 and barley subclone UCW12 from the
plasmid rescue of BAC 635P2. Barley subclone
UCW12 was positioned on a Triticum monococcum
genetic map (Dubcovsky et al., 1996) and found to be
completely linked to WG644. RFLP markers R2311
and R2628 were also found to be closely linked to
WG644 in different rice genetic maps (Maroof et al.,
1996; Harushima et al., 1998; Sarma et al., 1998; Kato
et al., 1999).

BAC Sequencing

Rice BAC 3615 was sequenced at different levels of
coverage (5%, 10X, 15X, and 20X; PHRED > 20) and
assembled after each round of sequence to evaluate
the best balance between initial coverage and final
finishing efforts. The number of gaps and “prob-
lems,” defined as areas covered by a single subclone
or areas with a base quality below 1 in 10,000 error
rate, decreased with the increasing coverage (5X, six
gaps and 216 problems; 10X, three gaps and 80 prob-
lems; 15X, two gaps and 43 problems; and 20X, two
gaps and 39 problems). Although the gap sizes were
reduced, other problems were not efficiently solved
by increasing coverage from 15X to 20X. One prob-
lem region on this BAC, containing two duplicated
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regions in inverted orientation from the end of gene
4, adjacent to a tandem of five large repeats, was not
fully resolved, resulting in two contigs of 66,700 and
5,812 bp. We report here the sequence of the first
50,000 bp with a predicted error rate lower than 1 in
100,000 bp (GenBank accession no. AY013245).
Barley BAC 635P2 was completely assembled,
starting from a 13X redundant set of shotgun se-
quences (PHRED scores > 20). Difficult regions such
as G- and C-rich areas and gaps in the region of two
nested BARE-1 retrotransposons in barley BAC
635P2 were closed using a combination of primer
walking and drhodamine and dGTP big dye termi-
nator chemistries. The complete sequence was
102,433 bp and has a predicted error rate lower than
1 in 100,000 bp (GenBank accession no. AY013246).

Colinear Gene Region

The first step in the sequence analysis of these two
colinear BACs was the delimitation of regions that
are conserved and unique between the rice and bar-
ley sequences. Unique regions were annotated indi-
vidually for each BAC, but conserved regions were
annotated simultaneously in both BACs and com-
pared with the information provided by the rice-
barley sequence alignment and six-frame translation
of the homologous regions.

Comparison of the complete sequence of 3615 with
the complete sequence of 635P2 using the program
Dotter revealed the presence of four conserved re-
gions (Fig. 1). The same regions were detected by the
gene prediction programs Genescan and Gen-
eMark.hmm and by BLAST and GeneSeqer searches
of the expressed sequence tag (EST) databases, sug-
gesting that they correspond to gene regions. No
similarity was found between the rice and barley
sequence outside the genes with the exception of
short stretches of homology in the promoters and
3'-untranslated regions and non-colinear Stowaway
transposable elements.

The conserved regions span 30-kb at the 5" end of
the rice sequence and the complete 102 kb of the
barley sequence. The greater physical length of the
four-gene region on the barley BAC was due to larger
intergenic spaces than in rice. Distances between
genes 1 and 2 (rice = 1.4 kb; barley = 24.0 kb), and
between genes 2 and 3 (rice = 0.6 kb; barley = 30.5
kb) were greatly expanded in barley by the insertion
of different transposable elements (see below). Gene
4 was duplicated in barley (gene 4a and 4b) but not in
rice (Figs. 1 and 2).

The four genes are in the same predicted transcrip-
tional orientation in rice, but the second gene is in
inverted orientation in barley (Figs. 1 and 2). The
relative inversion of gene 2 was confirmed experi-
mentally. All fragments observed on a pulse field
agarose gel with digestions of both BACs with eight-
cutter restriction enzymes and all possible double
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Figure 1. Sequence comparison of barley BAC 635P2 with the first 50 kb of rice BAC 3615 using the program Dotter (word
25, similarity 80). The location of genes and large transposable elements in rice (vertical) and barley (horizontal) are
indicated by arrows and boxes, respectively. A more detailed annotation is presented in Figure 2.

digestions agreed with the restriction maps predicted
by the current sequence assembly (Fig. 2). An addi-
tional gel replica was prepared with DNA from both
BACs digested with eight six-cutter restriction en-
zymes, several of them with restriction sites between
exons 3 and 9 from gene 2. Filter replicas from the
six- and eight-cutter restriction enzymes were hy-
bridized with two probes from genes 2 and 1 probe
from gene 1 to analyze putative short inversions. The
first probe for gene 2 included exons 1 to 3 and the
second one exons 9 to 13. Restriction fragments de-
tected by hybridization with the three probes were all
predicted by the current sequence assembly, suggest-

ing that the relative inversion of gene 2 is not the
product of an incorrect sequence assembly.

Two areas of inverted homology were identified
flanking barley gene 2 (6,893-7,457 and 38,348-35,605
bp; Fig. 2). These inverted repeats might have been
associated with a recombination event between non-
orthologous repeated sequences located in opposite
orientation at both sides of gene 2, resulting in the
inversion of this barley gene.

The four Arabidopsis genes with the highest simi-
larity with the four genes identified within the rice
and barley BACs (Table I) seemed to be not colinear
in Arabidopsis. The closest Arabidopsis homologues
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Figure 2. Organization of repetitive and conserved sequences in barley BAC 635P2 and the first 50 kb of rice BAC3615. Genes
are represented by arrows, transposable elements by boxes, and MITEs by triangles. Ta and Tb, Copia-like retrotransposon; Tc,
non-LTR retroelement; Td, terminal-inverted repeat element; Te and Tf, nested BARE-1 retrotransposons; Tg, MuDR-like
element; Th, Copia-like retrotransposon; Ti, nonautonomous Mutator element. SSRs with eight or more repeats are indicated

by an asterisk.
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Table I. BLASTP comparisons between the barley predicted protein, the rice predicted protein, and the two most similar Arabidopsis

proteins

BLASTN comparisons between the barley predicted cDNA and the dbEST database. The last column includes the predicted exons confirmed

by alignment with cDNA clones. Gene 5 has been found only in rice.

Predicted Predicted Rice Arabidopsis BLASTP BLASTN Exons
_— cDNA sAcc. No. R — .
Barley Gene Score Expect Gene Score Expect Score Expect Aligned
Gene 1 562 e-159 F14F8.20 421 e-118 BE429317 Wheat 315 2e-83 Start to 2
322 aa F3N23.2 281 6e-76 BE704834 Rye 961 0 2 to stop
Gene 2 758 0 MSL3.6 503 e-142 BE494453 Rye 555 e-155 Start to 5
423 aa T16K5.10 120 2e-27 BE413026 Barley 1,439 0 2to 11
Al941761 Maize 123 2e-25 10 to stop
Gene 3 1,403 0 S1K1 797 0 AW672216 Sorghum 190* 7e-48 1to6
825 aa K7L4.2 269 7e-72 BE186368 Maize 182 5e-43 10to 13
AU031105 Rice 168 8e-39 14 to 16
BE475909 Maize 248 e-62 16 to stop
Gene 4 1,150 0 MXF12.6 909 0 BE493856 Rye 856 0 1to7
644 aa F14M4.17 368 e-102 AW428933 Tomato 70 4e-9 6to 9
AW?758716 Pinus 76 7e-11 8to 10
BE357922 Sorghum 726 0 10to 16
BE357994 Sorghum 426 e-116 15t0 17
BE040236 Rice 222 5e-55 16 to stop
Gene 4b 1,101 0 MXF12.6 891 0
644 aa
Rice gene 5 — — — C27091 Rice 432 e-118 1
296 aa C74904 Rice 292 3e-76 1
C27330 Rice 312 2e-82 2

T TBLASTX score.

for rice and barley genes 1, 2, and 4 (Table I) are all
located on Arabidopsis chromosome 5, but on three
different BACs positioned approximately 10,000 kb
from each other on the physical map (BAC F14F8 =
5,400-5,500 kb; MSL3 = 23,700-23,800; MXF12 =
14,400-14,500). The closest homolog for barley and
rice gene 3 maps to Arabidopsis chromosome 1 (BAC
F4N2 = 25,100-25,200 kb).

An additional search of the Arabidopsis database
was performed using TBLASTN and the four Arabi-
dopsis predicted proteins concatenated in a single
file. The objective of this search was to explore the
possibility of genes, which are colinear between the
grasses and Arabidopsis but which have diverged
considerably in sequence. This search showed that
the Arabidopsis gene MXF12.5 adjacent to the closest
Arabidopsis homologue for barley gene 4 (MXF12.6,
Table I) was similar to barley gene 3, although with
BLAST scores (score = 70) one order of magnitude
lower than the SIKI closest homolog (score = 797).
Significant BLAST scores were also obtained between
two grass genes and the Arabidopsis BAC MSL3.
However, in this case the closest homolog of gene 2
(MSL3.6) was more than 20 kb apart from the Arabi-
dopsis gene showing similarity with barley gene 3
and that similarity was very low (score 67.6 Expect

5e-10). These weak similarities to gene 3 in the prox-
imity of the closest Arabidopsis homologues to genes
2 and 4 are more likely related to the abundance of
kinase genes similar to S1K1 than to true conserved
pairs of colinear genes.

Plant Physiol. Vol. 125, 2001

The Nonoverlapping Region from Rice BAC 3615

Gene predictions in the 20-kb of the BAC 36I5
contiguous sequence that does not overlap with BAC
635P2 were more difficult because of the absence of
comparable barley sequence. However, both Genes-
can and GeneSeqer predicted an initiation codon at
39,753 bp and a terminal exon at 40,748 bp tentatively
designated as gene 5. The presence of a gene in this
region was further supported by the significant sim-
ilarity between three nonoverlapping segments from
this gene with three rice cDNA clones (C27091 from
11-280 bp, 95% identical; C74904 from 320-519 bp,
92% identical; and C27330 from 707-883 bp, 95%
identical) (Table I). Alignment with C74904 sug-
gested different exon-intron boundaries to those pre-
dicted by Genescan. Assembly of a protein from the
putative coding regions was performed and analysis
of the putative protein by BLASTP and TBLASTN
produced no matches to known proteins.

Gene Structure

The comparison of the colinear barley and rice
sequence not only delimited the genes within the
genomic sequence but also helped to establish their
structure.

The predicted protein from barley gene 1 has a
high level of similarity with the predicted rice pro-
tein (93% similarity, Table I) and with the closest
Arabidopsis homologue (gene F14F8.20, 353 aa, 73%
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Figure 3. Structure of the genes found in the regions conserved between rice BAC 3615 and barley BAC 635P2 and the closest
Arabidopsis homologues (Table I). Exons (boxes) and introns (lines) are proportional to their length. Exons of identical length
in the three species are indicated in black and those of identical length in rice and barley in black with white diagonal lines.

similarity). All three genes are divided in six exons
(Fig. 3). Exon 2 has identical size in all three species
and exons 3 to 6 have identical length in barley and
rice. However, analysis of the Arabidopsis genomic
sequence revealed the existence of alternative GT (19
bp downstream from the current annotation) and AG
(71 bp upstream from the current annotation) splice
sites between exons 3 and 4. If these alternative splice
sites are used, the third exon of the predicted Arabi-
dopsis protein would have the same length as the rice
and barley exon 3 and the overall similarity between
Arabidopsis and barley predicted proteins would im-
prove from 73% to 81%. This alternative annotation is
presented in Figure 3. Gene structure in barley was
confirmed by the absence of gaps in the alignment of
the DNA sequence from the predicted barley cDNA
(concatenated predicted exons) with a cDNA from
Triticum durum (BE429317, 97% identical) and a
cDNA from cold stressed winter rye (BE704834, 96%
identical, Table I). The closest Arabidopsis homo-
logue has been annotated as a putative mitochondrial
carrier protein by the presence of a mitochondrial
energy transfer protein signature (CAC01763).

The predicted protein from barley gene 2 also has a
high level of similarity with the predicted rice pro-
tein (88% similarity, Table I) and with the closest
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Arabidopsis homologue (gene MSL3.6, 425 aa, 72%
similarity, Table I). The rice and barley genes are
divided in 13 exons, 10 of which are of identical
length (Fig. 3). The Arabidopsis gene has seven exons
of identical length to the grass species but has one
exon less. The last exon of the Arabidopsis gene
showed 79% similarity to the last two exons from rice
and its length (210 bp) was identical to the sum of the
lengths of the last two exons in rice (57 and 153 bp).
Analysis of the Arabidopsis genomic sequence
showed the presence of alternative splice sites that
would improve the similarity between the Arabidop-
sis predicted protein and the predicted proteins from
grasses. An alternative GT splice site 87 bp down-
stream of the annotated end of exon 1 would deter-
mine an exon of identical length to rice (Fig. 3). The
use of alternative splice sites for exon 2 (166 bp from
annotated AG and 76 bp downstream from anno-
tated GT) would greatly improve similarity with pre-
dicted exon 2 from grasses. The predicted Arabidop-
sis exon 5 for gene 2 has six amino acids less than the
predicted rice or barley protein at the start of exon 5.
The use of an alternative splice site 18 bp down-
stream from the one that has been annotated in Ara-
bidopsis would result in the addition of six amino
acids (VPKVKQ) that are very similar to those found

Plant Physiol. Vol. 125, 2001



in rice and barley (VAKIKQ and VSKIKQ), respective-
ly). These three modifications of the Arabidopsis an-
notation would improve the overall similarity be-
tween the Arabidopsis and barley predicted proteins
from 72% to 75%. This alternative annotation is pre-
sented in Figure 3. The predicted gene structure in
barley has been confirmed by the alignment of the
predicted nucleotide sequence of the barley cDNA
based on the genomic sequence with cDNAs from rye
(BE494453, 96% identical), barley (BE413026, 99%
identical), and maize (AI941761, 81% identical; Table
I). The presence of this sequence in different cDNA
libraries related to flowering may provide an indica-
tion of its function. The closest Arabidopsis homo-
logue has been annotated as a putative cleavage stim-
ulation factor subunit 1 (BAB10643).

Gene 3 is the largest of this interval with 790 amino
acids in barley and 804 in rice. The translated pro-
teins show 88% similarity (Table I) and are both
divided in 18 exons, 14 of them of identical length
(Fig. 3). The closest Arabidopsis homologue (gene
S1K1, 63% similarity with barley predicted protein,
Table I) has 13 exons of identical length to rice and
barley but has five additional predicted exons after
exon 18. However, 30-bp downstream from the an-
notated donor splice site of Arabidopsis exon 18, a
stop codon is present in the same position as in
barley and rice. The 10 amino acids predicted for
these additional 30 bp (CDTLRTILRL) are identical to
the last 10 amino acids in rice and barley gene 3. The
predicted amino acids from the additional five exons
from the Arabidopsis protein produced no signifi-
cant hits with the non-redundant and SwissProt da-
tabases, and therefore require further experimental
confirmation. These last five exons are not included
in Figure 3. The 18 exons predicted for barley gene 3
were confirmed by alignment of the predicted cDNA
with different c¢DNA clones from sorghum
(AW672216, 76% identical), maize (BE186368, 89%
identical and BE475909, 88% identical), and rice
(AUO031105, 88% identical with barley and 98% iden-
tical with rice predicted cDNA) (Table I). The stop
codon and the polyadenylation signal (409 bp down-
stream from the stop codon) were confirmed by
alignment of the genomic sequence with maize EST
BE475909 and rice EST AU031106 (97% identical with
rice), respectively. The closest Arabidopsis homo-
logue has been annotated as a Ser/Thr kinase with
homology to yeast and mammalian stress activated
kinases (AC008262).

The predicted barley protein from gene 4 showed a
high similarity with the predicted rice protein (95%
similarity) and with the closest Arabidopsis homo-
logue (gene MXF12.6, 655 aa, 86% similarity, Table I).
The rice, barley, and Arabidopsis genes are orga-
nized in 17 exons, 16 of which are of identical length
in rice and barley, and 13 of which are identical in the
three species (Fig. 3). The predicted gene structure
was supported by the perfect alignment of the

Plant Physiol. Vol. 125, 2001

Colinear Barley and Rice Bacterial Artificial Chromosomes

predicted rice and barley cDNA with six different
overlapping cDNAs from rye, sorghum, rice, tomato
(Lycopersicon esculentum), and pine (Table I). Gene 4
includes RFLP markers WG644 and R2311 (Ha-
rushima et al., 1998; Sarma et al., 1998; Kato et al.,
1999). The closest Arabidopsis homologue has been
annotated as an ABC transporter-like protein
(BAB10828).

Barley genes 4a and 4b are duplications of an an-
cestral barley gene 4. The predicted 4a and 4b pro-
teins have 17 exons of identical length (Fig. 3). The
percentage of conserved amino acids between barley
genes 4a and 4b (95%) is identical to that observed
between barley gene 4a and rice gene 4 (95%) sug-
gesting that this duplication is almost as old as the
rice-barley divergence or that duplication has accel-
erated divergence between the two copies. Rice gene
4 showed lower similarity with barley gene 4b (92%)
than with barley gene 4a (95%). This suggests that
barley gene 4a may be either the true orthologue of
rice gene 4 (if gene 4b from rice was deleted) or the
barley copy that conserved a similar function to rice
gene 4 (if the duplication never occurred in the rice
lineage and the two barley copies diverged in their
function).

The ends of exon 6 in barley genes 4a and 4b and
rice gene 4 are not absolutely clear because the clos-
est canonical GT 5'-splice sites force three different
deletions/insertions that disagree with the boundary
of homology between the three genes. The use of an
alternative conserved GC 5'-splice site simulta-
neously eliminates the insertion/deletions in all
three genes, determines exons of similar length with
Arabidopsis and provides a perfect adjustment to the
boundary of the barley-rice homology. This alterna-
tive GC 5'-splice site, predicted by comparative se-
quence analysis, was confirmed by the perfect align-
ment of the border between exons 6 and 7 with a rye
cDNA (BE493856, BLAST score 829 E = 0). A similar
non-canonical GC 5'-splice site has been reported in
a comparison between the mouse and human GALT
genes (Batzoglou et al., 2000).

BLASTN comparisons between rice and barley
genomic sequences from gene regions successfully
identified 123 of the 125 exons annotated in the co-
linear region. Almost no similarity was found in the
intron regions, except a few base pairs flanking the
exon-intron boundaries. The number of base pairs
from each end of the significantly similar segments
detected by BLASTN and the closest exon-intron
boundary (including AG-GT splice sites) was calcu-
lated for the 208 exon-intron boundaries annotated in
the colinear region. The average number of base pairs
between these two points varied between 0 and 68 bp
with an average of 9.8 bp and an sp of 11.8 bp. Once
a larger number of comparisons between rice and
barley genes become available, the distribution of
these distances can be used to assign a probability
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to gene prediction programs based on rice-Triticeae
comparisons.

Only exon 5 from gene 2 and exon 1 from gene 4
were not detected by BLASTN between the rice and
barley genomic sequences. Exons 14 and 15 from
gene 3 were detected but merged in a single segment
by BLASTN. These four exons were detected by the
gene prediction program GeneMark.hmm in both
rice and barley. GeneMark.hmm (using the rice
model) and Genescan (using the maize model) de-
tected 56% and 22% of the 54 exons present in the rice
genes. The number of exons predicted by these two
programs in the barley genes (total 71 exons) was
slightly higher than the number predicted in rice
(GeneMark.hmm 62%, Genescan 32%), but signifi-
cantly smaller than the number of exons detected by
the rice-barley sequence comparison (98.4%).

Short stretches of homology between rice and bar-
ley were found upstream of the start codons of genes
1 and 3 using BLASTN. A region of 37 nucleotides
(86% identical) was found 285 and 217 bp upstream
of the start codon in rice and barley genes 1, respec-
tively. Two conserved regions of 24 (94% identical)
and 38 nucleotides (95% identical) were identified
upstream of the start codons of gene 3 in rice (50 and
120 bp) and barley (41 and 91 bp). No significant
homology was found between the promoter regions
of barley genes 4a and 4b, or between any of the
promoter regions in the grass genes and the closest
Arabidopsis homologues. The conserved regions in
genes 1 and 3 provide good starting points to delimit
sequences with relevant biological function within
the promoter regions.

Intergenic Regions

The organization of the different retroelements in
these two BACs is shown in Figure 2. Coordinates for
the different transposable elements are available in
the annotated sequences in GenBank (AY(013245 and
AY013246). The termini of retrotransposons and
some terminal inverted repeat (TIR) elements such as
Mutator (Bennetzen, 1996) are large enough and con-
tain enough features to robustly ascertain exact in-
sertion sites using only same sequence comparisons.
However, other transposable elements are more vari-
able in this aspect and coordinates for the boundaries
required additional identification methods.

The larger distance between genes 1 and 2 in barley
compared with rice is due in part to the insertion of
two Copia-like retrotransposons and a non-long ter-
minal repeat (LTR) retroelement (Ta, Tb, Tc; Fig. 2).
These three transposable elements account for 18 of
the 22-kb difference in size between the correspond-
ing barley and rice intergenic region. The larger dis-
tance between genes 2 and 3 in barley compared with
rice, similarly, is due to the insertion of a TIR element
(Td, Fig. 2) and two BARE-1 retroelements (Te and Tf,
Fig. 2). BARE-1-Tf is inserted into the 3'-LTR of the
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BARE-1-Te in opposite orientation (Fig. 2). A putative
solo LTR of a BAGY-2 retrotransposon (Shirasu et al.,
2000) was found upstream of the two nested BARE-1
elements. These elements account for 21 kb of the
29-kb difference between barley and rice in the re-
gion between genes 2 and 3. An additional 5-kb
transposable element with homology to MuDR was
found downstream of barley gene 4b (Tg, Fig. 2).
Eight Stowaway miniature inverted transposable ele-
ments (MITEs) were found in the introns and inter-
genic regions of barley genes 3, 4a, and 4b.

One large Copia-like retrotransposon (6 kb) was
found between rice genes 4 and 5 (Th, Fig. 2). A
nonautonomous Mutator transposable element and
11 MITEs were also found in this 50,000 bp of rice
BAC 36I5.

Simple Sequence Repeats

BAC sequencing provides the opportunity to find
SSR markers for specific regions of the genome. Sim-
ple sequence repeats (SSR), each with eight or more
repeats, were identified in the rice and barley BACs
(Fig. 2).

In rice BAC 3615, one dinucleotide SSR was found
in an intergenic region and two other dinucleotide
SSRs were located within introns of genes 3 and 4.
The long (TC),, SSR located between exons 1 and 2 in
gene 4 seems to be a good candidate to develop a
PCR marker for this region of the rice genome by
designing specific primers in the conserved flanking
exons.

In barley BAC 635P2, two short dinucleotide SSRs
were found in intergenic regions at the beginning
and end of the BAC. The trinuclotide SSR located
within the first exon of gene 2 is not a perfect repeat
(GGC);(GAC)(GGQ), and no differences in size were
found in this region between the barley cDNA and
closely related ¢cDNAs from rye (BE494453) and
wheat (BE400296), suggesting that these repeats will
not yield a polymorphic SSR.

DISCUSSION
Gene Discovery and Gene Structure

Sequence comparison between colinear rice and
barley BACs 3615 and 635P2 exemplifies the potential
of comparative genomics as an independent method
for gene identification to validate predictions made
by gene finding programs (Avramova et al.,, 1996).
Because no similarity was found between the inter-
genic regions, a visual comparison of the complete
rice and barley BAC sequences using a dotplot im-
mediately delimited the gene regions (Fig. 1). With
the exception of rapidly evolving gene families (for
instance, disease resistance genes; Leister et al., 1998),
this method may provide a fast way to identify Trit-
iceae genes once the complete rice sequence becomes
available.
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Sequence comparison was useful not only to iden-
tify the genes present in the region but also to pro-
vide valuable information for the determination of
gene structure. Predicted gene structures were vali-
dated in most cases by comparisons with EST data-
bases. A similar approach has been used in human-
mouse comparisons of orthologous regions to
accurately identify coding exons (Batzoglou et al.,
2000). The percentage of exons identified by the
BLASTN comparison of rice and barley gene regions
(98.4%) was significantly higher than the percentage
identified by GeneMark.hmm (59.2%) and Genescan
(28%). However, four exons were correctly predicted
by GeneMark.hmm and missed or merged by the
rice-barley comparison, suggesting that a combina-
tion of gene finding programs, search of the EST
databases, and comparative sequence analyses will
provide the best strategy to determine gene content
and structure.

None of the gene prediction programs were able to
detect the non-canonical 5'-“GC” splice site at the
end of exon 6 in gene 4. The alternative GC splice was
first predicted by the comparative sequence analysis
and then confirmed by the alignment of the predicted
sequence with two different cDNAs. It would be
useful to establish the frequency of these non-
canonical sites in plant genes to assign them a correct
probability in gene-finding programs.

If exon-intron boundaries were randomly distrib-
uted among the 3 bp of a codon, one-third of them
would be expected to be between codons and two-
thirds within codons. However, 66% of the observed
exon-intron boundaries were located between codons
and only 34% within codons (Fig. 3), indicating a
non-random distribution. It is interesting to point out
that the 16 exon-intron boundaries found within a
codon were all conserved in Arabidopsis and both
grass species, suggesting the possibility of some bio-
logical constraints in their modification.

Even though the comparisons between barley and
rice genomic sequence were the most useful to deter-
mine exon-intron boundaries, comparisons with Ara-
bidopsis homologues were useful to polish the gene
annotation. Arabidopsis annotation can also benefit
from the comparison with grasses. For instance, we
found five regions (gene 1, exons 3 and 4; gene 2,
exons 1, 2, and 5; and gene 3, exon 18) where data
from the grass species suggested alternative annota-
tions for the Arabidopsis genes that would increase
similarity with the predicted grass proteins.

Gene Islands

The expected average distance between genes in
barley is approximately 240 kb, based on the size of
the barley genome (5,000 Mb; Arumuganathan and
Earle, 1991) and assuming that barley has about as
many genes (21,000) as predicted for Arabidopsis
(Bevan et al., 1998). However, the average gene den-
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sity in barley BAC 635P2 is approximately one gene
every 20 kb, approximately 12 times higher than the
expected genome average. A very similar gene den-
sity was observed in the sequence of two other chro-
mosome regions in barley (Panstruga et al., 1998;
Shirasu et al.,, 2000), suggesting that many barley
genes are clustered in islands of higher-than-average
gene densities. Gene clustering was also observed in
several wheat regions (Feuillet and Keller, 1999;
Lagudah et al., 2001), suggesting that this is a com-
mon feature of the large Triticeae genomes.

The existence of gene clusters was also suggested
by studies based on preparative centrifugation in
Cs,S0, density gradients (Barakat et al., 1997). Bara-
kat and coworkers (1997) designated these regions as
“gene space” and suggested that they have a partic-
ular GC composition. However, the GC content of
barley BAC 635P2 (44.2%) is outside the interval
determined for barley “gene space” (45.8%—46.7%)
according to Barakat et al. (1997). The GC content of
BAC 635P2 is very similar to the average base pair
composition of the barley (42.8%—45.6%) and wheat
(45.7%) genomes (Melzer and Kleinhofs, 1987; Lagu-
dah et al., 2001), suggesting that the base pair com-
position of the gene-rich regions is not significantly
different from the average genome base pair compo-
sition in the Triticeae.

The base-composition of the 635P2 BAC (A =
27.6%, T = 28.2%, C = 21.8%, and G = 22.5%) is also
very similar to the composition of the Copia-like
retro-element BARE-1 (A = 25.8%, T = 28.1%, C =
21.4%, and G = 24.8%), which represents approxi-
mately 3% of the barley genome (Vicient et al., 1999).
In wheat, 13% of the random sequences from 2 Mb of
sheared T. monococcum genomic DNA showed signif-
icant similarity with sequences of a set of known
Copia-like retro-elements (Lagudah et al., 2001). The
large number of copies of these transposable ele-
ments suggests that their own base composition can
have a large effect on the average base-composition
of the complete genome.

Genome Size and Intergenic Regions

It is possible to speculate that the massive increase
in genome size in the Triticeae may have also re-
sulted in a tendency to have larger introns. However,
the number of corresponding introns that were larger
in barley than in rice was very similar to the number
of introns that were larger in rice than in barley.
Twenty-five introns were larger in barley and 23
were larger in rice. If the total length of the introns is
considered, two genes were larger in rice and two in
barley (Fig. 3). These two results suggest that most of
the contributions to the differences in genome size
between barley and rice occurred outside the genes.
There was also a similar number of corresponding
introns that were larger in rice than in Arabidopsis
(27 introns) as vice versa (26 introns were larger in
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Arabidopsis), although the total length of the introns
was larger in rice for the four genes analyzed here
(Fig. 3). These results further demonstrate that ex-
pansion and contraction of the introns was not af-
fected by the differential expansion-contraction of
the genomes outside of the genes but suggest that
large insertions within the introns are more frequent
or are retained longer in these grass species than in
Arabidopsis. A larger number of genes should be
compared to test this hypothesis.

The large difference in size between the rice and
barley colinear gene regions was mainly due to the
insertion of different layers of retroelements in the
intergenic regions. Similar results were reported be-
fore in comparisons between colinear BACs from the
small genomes of rice and sorghum with the colinear
BAC from the larger genome of maize (Chen et al.,
1997). The sequence of a 240-kb interval of the maize
genome around the Adhl gene (SanMiguel et al.,
1996) showed 21 retrotransposons and two solo-
LTRs, but only three small non-LTR retroelements
(retroposons) and no large TIR elements (Tikhonov et
al., 1999). The presence of a MuDR-related element in
this 100-kb of barley DNA sequence may suggest a
higher frequency of this element family in barley
compared with maize (Bennetzen, 1996). However,
larger regions should be compared to confirm this
hypothesis.

As found in other studies (Bureau and Wessler,
1994; Tikhonov et al., 1999), most MITEs were asso-
ciated with genes, inserting into introns or just up-
stream or downstream of them (Fig. 2). However, one
Stowaway MITE was inserted into the 3'-LTR of ret-
rotransposon Ta (Fig. 2). Such events appear to be
relatively rare, and this is the first of which we are
aware.

Cursory examination of the LTR sequences of the
rice and barley retrotransposons discovered here
suggests that deletions may be more common in rice
than in barley. In the eight LTRs of the four intact
retrotransposon of 635P2 only one insertion/deletion
(indel) larger than 30 bp was found (corresponding
to the insertion of the above mentioned Stowaway
element into the Ta LTR). Yet, a large deletion of 521
bp and a 5-bp insertion/deletion were the only dif-
ferences found between the sequences of the 36I5
retrotransposon’s LTRs.

Rearrangement of the Rice, Barley, and
Arabidopsis Genomes

Rice and barley have diverged for approximately
50 million years since they shared a common grass
ancestor. During that time, a relatively small number
of large chromosomal rearrangements have differen-
tiated their nuclear genomes (Devos and Gale, 1997).
However, these comparative mapping analyses have
a 5- to 10-cM sensitivity that would miss most small
chromosomal rearrangements. Our comparative se-
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quence analysis of a four-gene segment indicates a
single gene inversion and a gene duplication that
differentiates these two genomes in this region. As
this region represents less than 0.01% of either of
these genomes, this suggests that thousands of such
small re-arrangements may be present. From analysis
of these two lineages alone, we cannot predict where
or when these rearrangements occurred, but a
broader characterization of other grass genomes
should provide this information.

A comparison to the Arabidopsis genome suggests
that genes from this region have been retained in the
approximate 240 million years since these three spe-
cies diverged from a common Angiosperm ancestor.
Although none of the Arabidopsis gene pairs appear
to be tightly linked, three of them are on the same
chromosome, suggesting the possibility that most of
the re-arrangements involved cis events like inver-
sions, duplications, or deletions. A similar lack of
colinearity between rice and Arabidopsis was previ-
ously reported by Devos et al. (1999). Despite differ-
ing only 3- to 5-fold in divergence time, Arabidopsis
appears to have many fold more rearrangements rel-
ative to the grasses. This observation suggests that
either most of these rearrangements occurred be-
tween the divergence times of Arabidopsis/grasses
and barley/rice or that most of the rearrangements
occurred specifically in the lineage that gave rise to
Arabidopsis. Comparative genetic mapping studies
have suggested that Arabidopsis may have had an
unusually high frequency of chromosomal re-
arrangement during evolution (Paterson et al., 1996,
2000), possibly a secondary outcome of its unusually
small genome size.

MATERIALS AND METHODS
BAC Selection

Colinearity between the long arm of rice chromosome 3
and the long arm of homeologous group 5 in the Triticeae
has been studied extensively because of the presence of
vernalization and frost tolerance genes Vrn-1 and Fr-1 in
wheat and barley (Hordeum vulgare) and heading date gene
Hd6 in rice (Dubcovsky et al., 1998; Sarma et al., 1998; Kato
et al., 1999; Sutka et al., 1999; Yamamoto et al., 2000). RFLP
marker WG644 was mapped in this colinear region in rice,
barley, and wheat (Kleinhofs et al., 1993; Dubcovsky et al.,
1998; Sarma et al., 1998) and was used to screen the Morex
barley BAC library (Yu et al., 2000) and the Nipponbare
rice HindIIl BAC library (http://www.genome.clemson.
edu/orders/lib_desc/nippon.html). Positive BACs found
in both libraries were fingerprinted with restriction en-
zyme HindIIl to determine the approximate position of
WG644 within the selected BACs. DNA was transferred to
nylon membranes and hybridized with clone WG644 to
confirm that all the BACs were from the same locus.
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Sequencing

DNA from BACs 36I5 (rice) and 635P2 (barley) was
extracted using the Large Construct Kit (Qiagen USA, Va-
lencia, CA) and sheared with a HydroShear device (Gen-
emachines, Inc., San Carlos, CA ) to two different average
sizes of 2 and 9 kb. The sheared fragments were blunt-
ended, dephosphorylated, and “A” tails added by incuba-
tion with Tag polymerase. Inserts were then ligated into
pCR4TOPO using the TA cloning system. Clones were
sequenced from both directions using big dye terminator
chemistry and run on an ABI3700 capillary sequencer. Base
calling and quality assessment were done using PHRED
(Ewing and Green, 1998), assembled by PHRAP and edited
with CONSED (Gordon et al., 1998). Gaps were filled by a
combination of primer walking and shotgun sequencing of
subclones with extremes at both sides of the sequencing
gaps. Final error rate was estimated using CONSED.

Sequence Analysis

Complete sequences from the rice and barley BACs were
compared using the computer program Dotter (Sonnham-
mer and Durbin, 1995) to identify the conserved regions.
Open reading frames were predicted using the rice training
set of the gene-finding program GeneMark.hmm (Lukashin
and Borodovsky, 1998; http://genemark.biology.gat-
ech.edu/GeneMark/) and the maize (Zea mays) training set
for Genescan (Burge and Karlin, 1997; http://genes.mit-
.edu/GENSCAN.html). Sequences from the BACs were
also compared with NCBI dbEST and non-redundant da-
tabases using BLASTN, BLASTX, and TBLASTX algorithms
(Altschul et al., 1997). Gene structure was determined by a
combination of the two gene prediction programs men-
tioned above with GeneSeqer (Usuka et al., 2000; http://
gremlin3.zool.iastate.edu/cgi-bin/prg/gs.cgi, maize splice
site model) that generates splicing alignments of significant
ESTs with the BAC genomic sequence.

Information from the gene-prediction and gene-splicing
programs was combined with the identification of signifi-
cantly similar segments between the barley and rice
genomic sequence using BLASTN. These conserved re-
gions, generally limited to the exons, were translated into
proteins to adjust AG/GT exon-intron boundaries to the
reading frames. The complete predicted cDNA and pre-
dicted protein were determined from the annotated struc-
ture of the gene. The predicted cDNA was aligned with the
significant ESTs to confirm the annotated exon-intron
boundaries. The predicted protein was used to search for
the closest homologous (and, hence, possibly orthologous)
Arabidopsis gene. The predicted Arabidopsis gene struc-
ture was then used to further polish the gene structure
determined by the previous methods.

The positions of transposable elements were determined
by a combination of FASTA, BLAST, and NETBLAST
searches to the GenBank/EMBL nonredundant database
and TIGR (http://www.tigr.org/tdb/rice/blastsearch.s-
html), homology searches to known transposable elements,
same sequence comparisons, and orthologous sequence
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comparisons. The sequences of both BACs were compared
with themselves (same sequence comparison) and each
other (orthologous sequence comparison) using COMPARE,
DOTPLOT, STEMLOOP, REPEATS, and GAPs (Wisconsin
Package Version 10.1, Genetics Computer Group, Madison,
WI).

Restriction Map

Restriction maps of 3615 and 635P2 were constructed to
experimentally validate computer sequence assembly. This
experimental confirmation was important to determine the
effect of large retroelements with large inverted repeats on
the assembly algorithms. BACs were individually digested
with 8-bp specificity restriction enzymes Ascl, Notl, Pacl,
Pme 1, and Swa 1. All possible single and double digestions
were analyzed for the restriction enzymes with one or more
sites within this BAC. Restriction fragments were separated
by pulse field electrophoresis in 1% (w/v) agarose gels
(12°C, 14 h, 200 V, pulse 0.2-13 s). Gel filter replicas were
hybridized with [a-**P]-labeled clones R2311, R2628,
UCW12, Exons 1 to 3 from rice gene 2, exons 9 through 13
from rice gene 2, and BAC vector pBELOBACI1
(CVU51113). The two different segments from gene 2 were
used to test the inversion of this gene.
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