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Abstract We compared the sequence of a 96.7 Kb-long
BAC clone (BI9N3) from Brassica oleracea (broccoli)
with its corresponding regions in Arabidopsis thaliana.
B19N3 contains eight genes and 5 transposable elements
(TEs). The first two genes in this clone, Bol and Bo2,
have its corresponding region at the end of chromosome
V of Arabidopsis (24 Mb). The third gene, Bo3, corre-
sponds to an ortholog at the opposite end (2.6 Mb) of
the same chromosome. The other five genes, Bo4 to Bo8
also have a corresponding region on the same chromo-
some but at 7.7 Mb . These five genes are colinear with
those found in the corresponding region of Arabidopsis,
which contains, however, 15 genes. Therefore, a cluster
of 10 genes is missing in B. oleracea clone (B19N3). All
five genes in common have the same order and orien-
tation in the genomes of both species. Their 36 exons
constituting the eight homologous genes have high
conservation in size and sequence identity in both spe-
cies. Among these, there is a major gene involved in
aliphatic glucosinolate biosynthesis, BoGSL-ELONG
(Bo4). Similar to A. thaliana, this gene, has a tandem
duplicate, Bo5. A contig for this region was constructed
by primer walking and BAC-end-sequencing, revealing
general gene colinearity between both species. During
the 20 million years separating A4. thaliana from B. ol-
eracea from a common ancestor both genomes have
diverged by chromosomal rearrangements and differen-
tial TE activity. These events, in addition to changes in
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chromosome number are responsible for the evolution
of the genomes of both species. In spite of these changes,
both species conserve general colinearity for their cor-
responding genes.

Introduction

Comparative genomics of 4. thaliana and Brassica spe-
cies is of clear importance for understanding the evolu-
tion of their genomes. The main events implicated in the
formation of these genomes are changes on chromosome
number and structure, as well as chromatin duplication
and accumulation of transposable elements. Having a
completely sequenced Arabidopsis thaliana genome
(AGI 2000), it is possible to start to ascertain the con-
tribution of most of the events molding the genomes of
this species and other species of economic importance in
the family, such as Brassica oleracea.

A. thaliana has a genome of only 125 Mb (AGI 2000)
and n=>5 chromosomes whereas the genome of B. oler-
acea is five times larger, with approximately 600 Mb and
almost twice as many chromosomes (#=29). It has been
estimated that these two species share 85% nucleotide
identity and have diverged from a common ancestor 15—
20 million years ago (Yang et al. 1999; Zhang and
Wessler 2004). Based on the frequency of duplications,
both genomes have undergone one or two cycles of
polyploidization during their evolution (Quiros and
Paterson 2004). Previous studies on comparative ge-
nomics for these two species have disclosed general
conservation of gene content and colinearity, however,
this conservation is incomplete, due to extensive chro-
mosomal rearrangements (Kowalski et al. 1994; Lag-
ercrantz 1998; Cavell et al. 1998; Lan et al. 2000; O‘Neill
and Bancroft 2000; Ryder et al. 2001; Bancroft 2001;
Quiros et al. 2001; Babula et al. 2003; Li et al. 2003;
Lukens et al. 2003; Gao et al. 2004a). The present study
adds to our previous report comparing the sequences of
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B. oleracea BAC clone B21H13 with its corresponding
A. thaliana sequence (Gao et al. 2004a). This clone
contains 23 genes including BoGSL-ALK, a major gene
involved in the aliphatic glucosinolate pathway. Its
corresponding region in Arabidopsis had 37 genes.
Blocks of 5 to 7 genes were observed in Brassica. The
genes in common conserved order and orientation. We
now report the comparative analysis of the sequence of a
second B. oleracea BAC clone, BI9N3, with its corre-
sponding regions in Arabidopsis. BI9N3 also contains a
major gene on glucosinolate biosynthesis, BoGSL-
ELONG (Li and Quiros 2002). Sequencing of this clone
provides further evidence of chromosomal rearrange-
ments and accumulation of transposable elements (TEs)
affecting gene density and size of introns and intergenic
spacers.

Materials and methods
Sequencing of BAC clone BI9N3

BAC clone B19N3 originates from a Brassica oleracea
var . italica (broccoli) ‘Early Big’ library (Gao et al.
2004a). It was selected for sequencing because it contains
BoGSL-ELONG, a major gene in aliphatic glucosinolate
biosynthesis (Li and Quiros 2002). The complete and
annotated sequence of this clone was submitted to
GenBank as accession number AC149635 (Gao et al.
2004b). The BAC clone was subcloned and sequenced as
described by Gao et al. (2004a). Five gaps were filled by
a combination of primer walking and shotgun
sequencing of subclones at both sides of the sequencing
gaps. Final error rate was estimated using CONSED.

Sequence analysis and gene-prediction

The Brassica BI9N3 sequence was analyzed for protein-
coding genes with the following gene-prediction 4 tha-
liana software: GenScan (Burge and Karlin 1997),
GlimmerM (Salzberg et al. 1999) and TwinScan, by
comparing conserved regions in the DNA of both spe-
cies (Flicek et al. 2003). The sequence of BI19N3 was
aligned with its corresponding A. thaliana sequences
with Blast 2.2.9 (Altschul et al. 1997). The alignment
result was viewed using ACT (http://WWW.San-
ger.ac.uk/software/ACT), a DNA sequence comparison
viewer based on Artemis (Rutherford et al. 2000). The
score used for ACT was 30. The BAC sequence also was
compared to Arabidopsis, Brassica, and Oryza sativa
ESTs, cDNAs, and CDS using BLAST and FASTA
with the NCBI, AGI and TIGR database (http://
www.tigr.org/tdb/e2k1/bogl/) to analyze gene conser-
vation. The conserved regions were translated into
protein and tBLASTn applied to the GenBank protein
database to adjust exon-intron boundaries. The infor-
matic search was done during March 2004 and the last
modified dates of all the Arabidopsis gene models were

2003-05-02 or 2003-05-07. last modified dates of all the
Arabidopsis gene models were 2003-05-02 or 2003-05-
07. We use the program ‘““‘RepeatMasker”’(A.F.A. Smith
and P. Green, unpublished) to search and locate TEs in
this BAC. Then we used BLASTN and BLASTX sear-
ches to the GenBank database to find by comparison all
types of transposable elements.

Contig assembly by BAC-end sequencing

We assembled five BAC clones from the right end of
B19N3 into a contig along the chromosome. One pair of
20 bp-long primers were constructed based on the
B19N3 BAC-right end sequence. Two BAC clones were
selected with this sequence from BAC library. These
clones were then sequenced at both the ends. Then
additional primers were constructed and used to re-
screen the BAC library to select the rest of the BAC
clones forming the contig.

Results and discussion
Characteristics of BAC clone BI9N3

The length of the whole BI9N3 sequence is 96,718 bp
and contains eight genes, named Bol to BoS8, and 5
transposable elements. The G+ C content in the whole
clone is 35%, and 44% in its protein-coding region. The
average gene size (from start codon to stop codon) of the
eight genes in this BAC is 2,732 bp. The average gene
density in BI9N3 is 1 gene/12,089 bp (Table 1), three
times less than the average gene density for the A. tha-
liana genome (Gao et al. 2004a).

Identification of protein-coding genes in BI9N3

Eight protein-coding genes with 39 exons are predicted
from the B19N3 sequence by using three programs,
GenScan, GlimmerW and TwinScan, and BLASTP,
BLASTN and BLASTX to conserved regions. By com-
paring conserved regions with Arabidopsis, TwinScan
predicts correctly 28 exons of a total of 39 exons in 10
genes. All exons in four genes (Bol, Bo4, Bo6 and BoS)
were predicted by TwinScan. GenScan predicted cor-
rectly only 12 of the 39 exons, and it was unable to
predict all the exons of a single gene. The relative low
prediction values of these programs for B19N3 are
similar to those observed for Brassica BAC clone
B21H13 (Gao et al. 2004a).

Comparison of BI9N3 with its corresponding region
in Arabidopsis

The A. thaliana sequences corresponding to the Brassica
B19N13 sequence are on chromosome V, but there is
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Table 1 Features of Brassica
BAC clone B19N3 compared to
its corresponding A. thaliana
segment and to Brassica BAC
clone B13H21

# data extracted from Gao et al.
2004
° Arabidopsis data extracted

Brassica Brassica Arabidopsis
BAC clone BAC clone BAC clones
B19N3 BI13H21? T2007 + MYJ24
(AC149635%) (AC122543) (AB026660 + AB006708°)

Sequence length 96.7 Kp 101.5 Kb 97.2 Kb

G+ C Content

Overall 35.0% 37.1% 34.6%

Protein-coding DNA 44.0% 46.4% 44.0%

Non-coding region 33.8% 32.8% 29.0%

Total number of genes 8 23 15

Average gene size 2732 2086 3412

(bp)

Average gene density 12089 4415 6486

(bp per gene)

Average number exons 4.5 5.1 7.1

per gene

Average exon size (bp) 184 264 320

Average number introns per gene 3.5 4.1 6.1

Average intron size (bp) 467 176 183

Average spacer size (bp) 9,627 2,425 2,695

from: Rice Chromosome 10
Sequencing Consortium (2003)

poor gene colinearity. The first two genes in the BI9N3
clone, Bol and Bo2, have its corresponding region at the
end of chromosome V (Arabidopsis clone MAEIL,

Fig. 1 Predicted genes and transposons in clone B19N3 and
sequence alignment of this clone to Arabidopsis BACs MAEI
and T2007 +MYJ24 using the DNA sequence comparison viewer
ACT. Main transposable elements are indicated by boxes, “Filled
triangle” indicates transposable elements shorter than 1,000 bp

|z2000

Arabidopsis

|sss00

24.4 MDb). There are three genes in the corresponding
region in A. thaliana, but the middle gene is absent in
Brassica clone BION3 (At5g60820). The A. thaliana or-
tholog (At5g08130) for the third gene in BI9N3, Bo3, is
further removed from the rest, being at the opposite end
of the same chromosome (clone: T22D6, 2.6 Mb). Five
genes in BI9N3, including Bo4, Bo5, Bo6, Bo7 and BoS,
have orthologous in the Arabidopsis contig formed by
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Table 2 List and properties of corresponding orthologs in Brassica BAC B19N3 and A. thaliana

Brassica Arabidopsis
Gene No. Exons® Introns® Spacer® Gene No. c¢cDNA.EST Exons® Introns® Description
supported

Bol 531/1 0/0 11816  At5g60830 Partial 621/2 60/1 BZIP transcription
factor protein

Bo2 351/3 228/2 18995  At5g60810 Partial 252/2 125/1 Hypothetical

Bo3 654/6 845/5 4573 At5g08130 No found  1230/9 767/8 bHLH family protein

Bo4 1464/10 2792/9 ATI1. At5g23010  Full length 1521/10 2076/9 MAMI

BoGSL-ELONG 16967

Bo5 1272/10 9910/9 2078 AT2. At5g23020 Partial 1512/10 1920/9 MAM-L

Bo6 792/2 482/1 5659 AT3. At5g23030  Full length 795/2 96/1 Sequence-associated
cc protein

Bo7 504/4 258/3 7304 AT4. At5g23040 Full length 777/5  689/4 Expressed protein

Bo8 1638/3 (partial) 482/2 (partial) ATI1S. At5g23150 Partial 1916/3  631/2 PWWP
domain-containing
protein

Total 7206/39 14504/31 67392/7 Total 8624/43 6364/35

Average 184 467 9627 Average 200 181

% Exons and introns: total length (bp)/ number

® Spacer: spacer length (bp) from the previous gene stop codon to listed gene start codon

clones T2007 and MYJ24 at 7.7 Mb. Colinearity is
conserved for these five genes in both species; however,
the corresponding region in Arabidopsis has a total of
15 predicted genes. The difference in gene number is due
to the fact that a cluster of ten genes in BI9N3 (between
Bo7 and Bo8) is missing (Fig. 1, Table 2).

Gene structure and DNA sequence conservation

All 39 exons for the eight genes predicted in BI9N3 have
a high level of DNA sequence conservation with their
orthologs in A. thaliana (Table 3). Their identity ranged
from 70 to 90%, with the majority (25 exons) having 80—
89% identity.

The orientations of all eight genes in BI9N3 are the
same as those of their Arabidopsis orthologs. Also they
share the same structural features, with a few

exceptions such as Bol, Bo3 and Bo7, which have
fewer exons than their corresponding to A. thaliana
orthologs (Table 3). Bo8 was truncated, therefore it
was not possible to assess whether it has all 21 exons
present in its ortholog At5g23150. The genes displaying
structural differences were near the breakpoints of the
rearrangement events causing loss of colinearity be-
tween the chromosomes of both species, with the
exception of Bo2. It is unknown whether these rear-
rangements might be related to the observed changes in
exon number or is just coincidental.

Duplication of glucosinolate genes
BoGSL-ELONG (Bo4) is a key gene controlling bio-

synthesis of 4-carbon side-chain aliphatic glucosinolates
in Brassica (Li and Quiros 2002). Its orthologous gene in

Table 3 Comparison of size (in bp) of corresponding exons in the orthologs of A. thaliana and B. oleracea (identity %)

Gene Exonl Exon2 Exon3 Exon4 Exon$5 Exon6 Exon7 Exon8 Exon9 Exonl0
At5G60830 531 86

Bol 531(79%) O

At5g60810 91% 54 198

Bo2 91 (83%) 44 (70%) 198 (84%)

At5G08130 169 103 137 115 70 96 338 112 90

Bo3 143 (76%) 0 41 (76%) 115 (85%) 70 (88%) 48 (85%) 371 (73%) 121(73%) O

At5g23010 441 260 214 81 93 87 101 34 75 132

Bo4 432 (83%) 260 (85%) 214 (78%) 81 (87%) 93 (91%) 87 (89%) 101 (91%) 34 (85) 75 (85%) 141(75%)
At5g23020 444 260 214 81 93 87 101 34 75 123

Bo5S 192 (80%) 260 (80%) 214 (82%) 81 (85%) 93 (90%) 87 (88%) 101 (89%) 34 (75%) 75 (85%) 135(78%)
At5g23030 492 303

Bo6 489 (80%) 303 (84%)

At4g23040 65 101 383 77 151

Bo7 0 0 279 (84%) 77 (87%) 148 (80%)

At5g23150 111 77 1728

Bo8 111 (89%) 77 (88%)  1638(78%)

#Annotated as 5’UTR and not an exon in Arabidopsis



Arabidopsis, (At5g23010) also has this function and is a
member of the isopropyl malate synthase-like gene
family (methylthioalkylmalate synthase, MAMI)
(Kroyman et al. 2001). Another member of this family,
(At5g23020) is a tandem duplicate (MAM?2) in some
accessions and both genes together with a third locus,
(M AM-L), which is approximately 11 kb apart, consti-
tute the GS-Elong region in A. thaliana reported as an
insect resistance quantitative trait locus (Kroyman et al.
2003). The segment harboring the paralogs MAM 1 and
MAM?2 is quite variable in 4. thaliana due to presence of
indels and gene conversion events between the two
genes, which range in nucleotide similarity between 95 to
99%. Further M AM?2 seems to be subjected to balancing
selection. (Kroyman et al. 2003). Similar to A. thaliana,
Bo4, has a tandem duplicate, Bo5 (BoGSL-ELONG-L),
which corresponds to MAM-L. Bo4 and Bo5 and their
corresponding A. thaliana homologs have 10 exons and
share the same exon size, except those at both ends of
the genes whose size is similar but not identical (Ta-
ble 3). The exons of Bo4 and Bo5 share 90% identity.
Bo5 is non-functional in broccoli ‘Early Big’ due to the
insertion of a TE between exon 4 and 5. The tandem
duplication of these genes in both species might have
occurred before their divergence in separate lincages.
However the lost of functionality of Bo5 might be an
independent event since in its A. thaliana counterpart
there is no evidence of TE insertions or presence of
premature stop codons.

Transposable elements

We found fifteen TEs, making a total length of 23 kb in
BAC BI9N3 (Fig. 1). Seven of the TEs, Ta-Tg, are
longer than 1 kb. The other eight TEs are shorter than
1 kb., a 3.5 kb-element is located between Bol and Bo2.
The large size of the spacer between Bo2 and Bo3, which
is 18,995 bp-long, is due partly to the insertion of 7h, a
copia-type retrotransposon of approximately 5 kb, and
insertion of three other shorter TEs. Similarly, the
intergenic region between Bo4 and Bo5 is 16,967 bp due
in part to the insertion of two TEs, Tc and Td. The first
TE, Tc, is a 2 kb-long L1/CIN4 LINEs retroelement
whereas Td is a 3 kb-long En-Spm DNA transposon. Tg,
which corresponds to a transposase, is inserted in the
intergenic region of Bo6 and Bo7. The large intronic
sequence of Bo5, which is almost eight times that of its
A. thaliana counterpart, is due to the insertion of two
TEs, Te and Tf in two of the nine introns of this gene .
Tfis a 3.5 kb-long copia-like-LTR retroelement inserted
into intron 5 whereas Te, a Harbinger DNA Transpo-
son, is inserted into intron 4 of Bo5. Three shorter TEs,
a Mariner DNA transposon, a DNA tranposon and a
RC/Helitron tranposon are located between 7h and Bo3.
A Pogo DNA transposon is located between Bo3 and
Bo4. A 354 bp-long DNA transposon is located in
intron 1 of Bo4. A very short HAT DNA transposon is
inserted into intron 1 of Bo6. Finally, two short TEs, a
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Gypsy LTR retroelement and a DNA transposon are
inserted between Bo7 and BoS.

TEs are the major component of plant genome size
variation (Zhang and Wessler 2004; San Miguel et al.
1996; 1998; Suoniemi et al. 1996; Gribbon et al. 1999;
Vicient et al. 1999). Only 6% of the A. thaliana is con-
stituted by TEs and B. oleracea shares most of the TE
lineages present in the former species. However, the
number of elements in the genome of the latter species is
much greater than in that of the former species, com-
prising approximately 20% of its genome (Zhang and
Wessler 2004). The small size of the 4. thaliana genome
is due perhaps to its inability to amplify many copies of
TE, since there is no evidence for their massive elimi-
nation. On the other hand the B. oleracea genome size,
which is approximately five times that of A. thaliana, can
be explained in part by relative amplification of certain
TEs, such as copia-like elements (Zhang and Wessler
2004) and chromosome gain due to polyploidization
(Quiros and Paterson 2004). The large proportion of TE
elements in clone B19N3, six occupying close to 20% of
its total sequence, results in a low gene density (1gene/
12,800 bp) by increasing intron size and intergenic
spacers, supporting the findings of Zhang and Wessler
(2004). This chromosomal region seems to correspond to
a TE rich region, considering that another sequenced
BAC clone, B21H13 contains only one TE and has a
gene density of 1 gene/4,415 bp (Gao et al. 2004a)
(Table 1).

Conservation of a Brassica BAC contig with their
corresponding A. thaliana sequences

After we sequenced the Brassica BAC clone B19N3,
we assembled four additional BACs from the right end
of BI9N3 into a contig by BAC-end sequencing.
These four BACs are in the following order: B13D10,
B5F12, B6308 and B42P13. Five of the eight Brassica
BAC-end DNA sequences matched the same number
of A. thaliana genes by BLAST alignment with the
Arabidopsis database. We named these partial genes
Bo9, Bol0, Boll, and Bol2 (Fig. 2). The left end of
BAC clone B5F12 matches with gene Bo8. Genes,
Bo4, Bo5, Bo6, B07, Bo8, B09, B010, Boll, Bol2
conserve order with their corresponding A. thaliana
orthologs distributed in a contig of six BAC clones on
chromosome V (Fig. 2). However, it is not possible to
tell whether there are additional synteny breaks for the
intervening genes, as observed in BAC clone B19N3.
It is a well known fact that both the A. thaliana
genome and B. oleracea genomes are duplicated (AGI
2000; Lagercrantz 1998; Quiros and Paterson 2004).
Thus the question arises whether the regions compared
are orthologous. The conservation of the two contigs
in both species reinforces further the evidence for
orthology of the compared regions. Furthermore, Li
et al. (2002) presented evidence of orthology of the
two regions based on sequence conservation of the
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Fig. 2 Sequence conservation between five B. oleracea and six
A. thaliana contiguous BAC clones AT1=At5G23010, AT2=
At5g23020, AT3=At5g23030, AT4=At5g23040, ATIS =
At5g23150, ATI19=At5g23190, AT26=At5g23260, AT34=
At5g23340, AT58 = At5g23580

MAM gene region and overlapping Brassica BAC end
sequences with those of 4. thaliana.

Colinearity between Brassica and Arabidopsis

Complete sequencing of a second BAC clone from B.
oleracea discloses that although general colinearity is
maintained in the genomes of A. thaliana and B. ol-
eracea, extensive chromosomal reshuffling has taken
place during the evolution of these species. In addition
to chromosome gain by polyploidization, accumula-
tion of TEs have been responsible for the expansion of
the Brassica genome. This accumulation seems to af-
fect gene density in some genomic regions due to the
increase in size of introns and intergenic spacers.
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