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Abstract We have newly identified five Terminal-
repeat retrotransposon in miniature (TRIM) families,
four from Brassica and one from Arabidopsis. A total
of 146 elements, including three Arabidopsis families
reported before, are extracted from genomics data of
Brassica and Arabidopsis, and these are grouped into
eight distinct lineages, Brl to Br4 derived from
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Brassica and Atl to At4 derived from Arabidopsis.
Based on the occurrence of TRIM elements in 434 Mb
of B. oleracea shotgun sequences and 96 Mb of B. rapa
BAC end sequences, total number of TRIM members
of Brl, Br2, Br3, and Br4 families are roughly esti-
mated to be present in 660 and 530 copies in B. olera-
cea and B. rapa genomes, respectively. Studies on
insertion site polymorphisms of four elements across
taxa in the tribe Brassiceae infer the taxonomic lineage
and dating of the insertion time. Active roles of the
TRIM elements for evolution of the duplicated genes
are inferred in the highly replicated Brassica genome.

Introduction

Retrotransposons comprise a significant fraction of the
genomes in most organisms, particularly in plants.
They may play an important role in maintaining chro-
mosomal structure at the heterochromatin region,
especially in the centromere and telomere, and in
restructuring the euchromatin region in the eukaryotic
genome (Kumar and Bennetzen 1999; Fedoroff 2000;
Kumekawa et al. 2001; Yang et al. 2005b, c; Lim et al.
2006). Retrotransposons are classified into two types:
long terminal repeats (LTR) retrotransposons and
non-LTR retrotransposons. L'TR retrotransposons are
subclassified into the Tyl-copia and Ty3-gypsy groups,
based on distinct sequence features and the order of
encoded gene products (Kumar and Bennetzen 1999).
Recently, two unique groups of non-autonomous
LTR retrotransposons were reported. They have some
typical features of LTR retrotransposons but lack the
coding capacity for mobility-related proteins. One
group is the large retrotransposon derivatives (LARD)
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in grasses (Kalendar et al. 2004), and the other is termi-
nal-repeat retrotransposons in miniature (TRIM)
(Witte etal. 2001; Yang et al. 2005b; Antonius-Kle-
mola etal. 2006). TRIM elements have terminal
repeats (TR) ranging from 100 to 250 bp in length that
encompass an internal domain of ~300 bp and create
Sbp target site duplications (TSD). The internal
sequence begins with a complement of the primer
binding site (PBS) of tRNA-methonine and ends with
typical polypurine tract (PPT) motifs. Although TRIM
elements have important roles in restructuring plant
genomes by affecting the promoter, coding region, and
intron-exon structure of genes (Witte et al. 2001), they
have not been well studied.

Recent studies revealed that Brassicaceae family
compose 25 tribes, 338 genera, and ~3,700 species (Al-
Shehbaz et al. 2006; Beilstein et al. 2006). In the tribe
Brassiceae, three basic Brassica species, B. rapa (A,
n =10), B. nigra (B, n=8), and B. oleracea (C, n=9),
diverged during approximately 7.9-3.7 million years
ago (MYA); the first divergence of the rapa-oleracea
(A-C genome) clade with B. nigra (B genome) 7.9
MYA; and later divergence between B. rapa and B.
oleracea 3.7 MYA (Truco et al. 1996; Inaba and Nishio
2002; Rana et al. 2004; Lysak et al. 2005; Al-Shehbaz
et al. 2006; Beilstein et al. 2006). Also, three amphidip-
loids (allotetraploids), B. juncea (AB, n = 18), B. napus
(AC,n=19), and B. carinata (BC, n = 17) were synthe-
sized by the natural allopolyploidization of the three
basic Brassica species fewer than 10,000 years ago (U
1935; Rana et al. 2004). Many studies suggested that
the tribe Brassiceae has triplicated chromosome seg-
ments (Lagercrantz and Lydiate 1996; O’neill and Ban-
croft 2000; Rana et al. 2004; Lysak et al. 2005; Parkin
et al. 2005; Yang et al. 2005a; Nelson and Lydiate 2006)
or much more complex duplication of chromosome
segments which is collinear with the Arbidopsis
genome (Lan and Paterson 2000; Babula et al. 2003;
Lukens et al. 2003) after Arabidopsis-Brassica diver-
gence about 20 MYA (Blanc et al. 2003; Bowers et al.
2003).

Recently we reported that a triplicated FLOWER-
ING LOCUS C regions of Brassica rapa maintain
sequence-level collinearity with the homoeologous
Arabidopsis chromosome region with a concerted dele-
tions and a few insertions. About 50% of triplicated
genes are deleted and about 9% of genes including
transposons are newly inserted during diploidization
process of the triplicated genome (Yang et al. 2006).
During the analysis, we found that new TRIM ele-
ments inserted into Brassica counterparts. We postu-
lated that transposable elements such as TRIM
elements that are activated after divergence with Ara-
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bidopsis may do an important role for evolution of
duplicated genes and genome restructuring in the trip-
licated Brassica genome.

Here we describe finding of eight TRIM lineages
from Arabidopsis and Brassica through intensive
search of genomics data. And we try to infer their util-
ity as DNA markers to identify the phylogeneic clade
in the Brassica relatives and their role for evolution of
the duplicated genes in the highly replicated Brassica
genome.

Materials and methods
Data analysis

Three TRIM elements, Brl, Br2, and Br3, were identi-
fied by sequence comparison of four paralogous B.
rapa  BAC clones, KBrH052008 (52008),
KBrH117M18 (117M18), KBrH004D11 (4D11), and
KBrHO80AO08 (80A08) (from the HindIIl BAC library
of B. rapa L. ssp pekinensis inbred line ‘Chiifu’) (Park
et al. 2005). These four BAC clones, located in differ-
ent chromosomal regions, show overall collinearity
with one another and with an Arabidopsis sequence
(3.0-3.3 Mb region of Arabidopsis pseudo chromo-
some five sequence, GenBank accession no.
NC_003076 Version 4:). The presence of multiple
instances of the homologous sequences in B. rapa has
been inferred to the result of genome triplication
(80A08 vs. 4D11 vs. 52008-117M18 clade). Two BACs
52008 and 117M18 that are highly homologous and
located near at the same chromosome are thought to
be derived from a recent segmental duplication (Yang
et al. 2006).

Sequence comparison in the regions of InDel, such
as the gaps indicated by arrows in Supplemental Fig. 1,
revealed closely spaced direct repeats flanking short
sequences that begin with the primer binding site
(PBS) of tRNA methionine and end with a polypurine
tract (PPT), that is a distinct feature of TRIM elements
(Witte et al. 2001). Pairwise sequence comparison was
conducted using the program PipMaker (http:/
bio.cse.psu.edu) and manual inspection. TRIM homo-
logues were identified by subsequent BLAST-NR
searches to GenBank (http://www.ncbi.nlm.nih.gov/
BLAST/), the B. oleracea database (http://www.tigr.
org/tdb/e2k1/bogl/release.shtml), and 11,204 B. rapa
BAC end sequences of B. rapa (GenBank accession
numbers CW978640-CW988843) using the terminal
repeat (TR) sequences of each element. Only a few full
length TRIM elements are detected from the relatively
short sequences of BAC ends and shotguns. Therefore,
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hits containing at least one entire terminal repeat
sequence, were pooled for further analysis.

For phylogenetic analysis, we used only one TR
sequence of each element. The internal sequences
were not compared because most elements extracted
from BAC ends and shotgun sequences had truncated
features. We included Katydid-Atl, -At2, and -At3
(Witte etal. 2001) for the analysis. A total of 146
TRIM elements were included in the phylogenetic
analysis, and their positions and accession numbers are
listed in Supplemental Table 1.

Phylogenetic analyses were performed using dis-
tance and parsimony approaches in PAUP* 4.0b10
(Swofford 2002). Neighbor-joining (NJ) analysis was
based on the Kimura-2-parameter model. Tree topolo-
gies were evaluated using bootstrap analysis with 1,000
replicates for neighbor-joining methods. The multiple
sequence alignment of selected TRs was created using
CLUSTALW and the program Boxshade (http://bio-
web.pasteur.fr/seqanal/interfaces/boxshade.html).

Copy number estimation

We estimated the copy numbers of Br elements in B.
rapa and B. oleracea genomes using hit numbers to
96.5 Mb of B. rapa BAC end sequences (133,644 BAC
end sequences with an average length of 723 bp) and
4343 Mb of B. oleracea shotgun sequences (538,418
whole genome shotgun sequences with an average
length of 807 bp), respectively. All the B. rapa BAC
end sequences derived from three BAC libraries using
B. rapa L. ssp pekinensis inbred line ‘Chiifu’ are col-
lected from GenBank (ftp:/ftp.ncbi.nih.gov/genomes/
BACENDS/brassica_rapa/) and B. oleracea shotgun
sequences are collected from TIGR (http://www.tigr.
org/tdb/e2k1/bogl/release.shtml) on January 2006.
Only one hit is counted for each element based on
BLASTN (E-value < E-2). The equation to estimate
the copy numbers is followed to the previous report
(Zhang and Wessler 2004); (1/genome coverage) x

Hits/2[1 + (average read length-TR length x 2)/(aver-
age read length + TR length x 2)].

Identification and mapping of the At members on
Arabidopsis genome are conducted by MegaBLAST of
Atl, At2, At3, and At4 into Arabidopsis psedu chro-
mosome sequences (GenBank accession numbers
NC_003070, NC_003073, NC_003074, NC_003075, and
NC_003076 for chromosome number 1, 2, 3, 4, and 5,
respectively).

PCR analysis to detect insertion polymorphism
of TRIM element

To find insertional polymorphisms among taxa in the
tribe Brassiceae, pairs of PCR primers were designed
from the flanking sequence of the insertion sites of the
selected TRIM elements. Primer sequences and their
estimated PCR product sizes are represented in
Table 1. PCR analysis followed the previous report
(Yang and Park 1998). Plant materials, 15 species in
the tribe Brassiceae and two Arabidopsis thaliana are
listed in Table 2. To inspect their insertion polymor-
phism among F1 varieties, we randomly purchased 15
Chinese cabbage F1 varieties that are commercially
available in Korea. Names of the 15 F1 varieties are
listed in an order of lane numbers for PCR: (1) Guem-
bit; (2) Noranja; (3) Norangkimjang; (4) Manjeom; (5)
Maeryuk; (6) Bulam-2, 7) Ssatnorang; (8) Seoul; (9)
Speed 60 days; (10) Shinchoon; (11) Ssammat; (12)
Jangmi; (13) Jangwon; (14) Jeongsang; (15) Hanyeo-
rum.

Results
Identification of TRIM elements Brl, Br2, and Br3
TRIM elements were identified during sequence com-

parison of four paralogous B. rapa BAC clones, 52008,
117M18, 80A08, and 4D11, containing flowering locus

Table 1 Nucleotide sequence of primers, estimated PCR product size, and their target site duplication (TSD) sequence for four TRIM

elements that used for the insertion polymorphism

PCR* BAC Nucleotide (5-3") Estimated product (bp) Elements (bp) TSD
Insertion Non-insertion

A 6P20 tgagacgcaggacaagaatg/ggatggtcctatgtttgctca 376 252 Br1-Solo TR AGGCT

B 80A08 gggaacatgagtgtcggtct/cttcgcaagetttcecatcag 607 217 B(r111?3)85) TAGTC

C 52008 gcgagtctcttcacaccaca/accctcaaagaagggaccat 1193 555 Br1/MiBrl GACT(C/A)

D 12115 tctcccaatggtcgetaaac/cctccaaaagegatgtaagg 462 92 B(r613?3)65) TCCCT

4 The PCR products from each TRIM element are shown in A-D panels in Figs. 4, 5

@ Springer


http://www.tigr.org/tdb/e2k1/bog1/release.shtml
http://www.tigr.org/tdb/e2k1/bog1/release.shtml

630

Theor Appl Genet (2007) 114:627-636

Table 2 The list of plant

. D Genome Species and accessions Accessions Chromosome
materials used in this study ;
(no.) (cultivars) numbers (1)
AA (1) B. rapa ssp pekinensis Chiifu 10
AA (2) B. rapa ssp pekinensis Kenshin 10
AA (3) B. rapa ssp pekinensis Jangwon maternal 10
AA (4) B. rapa ssp pekinensis Jangwon paternal 10
BB (1) B. nigra 3481-82 8
BB (2) B. nigra 6315 8
CC B. oleracea 1281-67 9
AABB B. juncea 1911-76 18
AACC B. napus 3690-75 19
BBCC B. carinata 0572-69 17
DD Diplotaxis erucoides 1235-67 7
Accessions for B. rapa, Raph- EE Eruca stenocarpa 1796-70 8
anus, and Arabidopsis are EIE1 Erucastrum laevigatum 4127-76 7
provided from NIAB, and the SS Sinapis alba 7619-88 12
other accessions are provided RR Raphanus sativus Jinjudaepyoung 9
from INIA, Gomez Campo At-c Arabidopsis thaliana Colombia 5
(Tsunoda et al. 1980) At-l Arabidopsis thaliana Landsberg 5

C (FLC) gene homologs and the homoeologous Ara-
bidopsis counterpart. These sequences are collinear
with InDels. Two BACs 52008 and 117M18 containing
FLC-3,80A08 containing FL.C-1, and 4D11 containing
FLC-2 gene are located on gene-rich regions of long
arm terminals of chromosome 2 (linkage group R3), 10
(linkage group R10), and 6 (linkage group R2), respec-
tively (Yang et al. 2006).

Three TRIM elements were identified by pairwise
comparison of two highly homologous BACs 52008
and 117M18 and their Arabidopsis counterpart. The

collinear sequence of these two BACs showed over
98% sequence similarity, with the exception of the
InDels (Supplemental Fig. 1). Cytogenetic inspection
and sequence comparison revealed that these two
regions were segmentally duplicated about 0.8 MYA
(Yang et al. 2006). Two TRIM elements were identi-
fied at the InDel sites in 52008 (Br1-52008) and
117M18 (Br1-117M18), respectively. About 5 bp target
site duplication (TSD) is detected by comparison with
the related empty site (RESite) in each BAC sequence
(Fig. 1a, b; Supplemental Fig. 1). A stowaway-type

(l\) R — ¢ —
ta*ta
e Brl — 1

—_—
52008 : 87023 atagaggtccatgtagactc y gactatacatcagtatcaaattctc 87700
117M18: 20577 ataaaggtccatgcagactce tacatcagtatcaaattctc 20595
(B) 1 Bri F— ]

- —
117M18: 32390 acgtttata-ttgtataagt v caagtaattgatatctactctttat 32767
52008 : 77207 acgtttatatttgtataagt agttgatatctactctttat 77262
(€) o - —

—
52008 : 141858 gtacgaaaataaatgaaatt | aaattctcacat-aacaccaaagat 143234
117M18: 92718 gtacgaaaataaatgaaatt Y aaattctcacat-aacaccaaagat 94094
At_Ch5:3277733 atacgaaaataaatcaaatt ctcacattaacaccaaagat 3277792
(D) ] 5z T——

—_—
80A08: 54322 gggaacatga//tggtagtc | tagtcgta//cgatgaacatttttyg 54898
4D11 : 57412 aggaacatga//tggtagtec gta//caatgaacatttttg 57596
At_Ch5:3189983 gggaacatga//tggtagte gta//cgatgaacatttttg 3190167

Fig.1 Finding TRIM elements between homologous sequences
and alignment of their RESites Inspection of the InDel region in
the dotplots between two homologous BAC sequences, 52008
and 117M18 (Left panel of Supplemental Fig. 1) and between
117M18 and the counterpart Arabidopsis sequence (Right panel
of Supplemental Fig. 1) resulted in finding TRIM elements, Brl
in 52008 (Br1-52008) (a), Brl in 117M18 (Br1-117M18) (b), and
Br3 in both BAC clones (Br3-52008) (¢) based on their features,
the related empty sites (RESites) and the 5 bp target site duplica-
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tion (TSD). Another feature, a MITE (BrMil, 357 bp), is identi-
fied as a nest form in the Br1-52008 (a). Similarly, a Br2 is
detected in a BAC clone 80A08 based on its RESites in another
paralogous Brassica BAC clone 4D11 and a Arabidopsis se-
quence on chromosome 5 (3,189,981-3,190,167 bp) (d). BACs
52008, 117M18, 4D11, and 80A08 containing flowering locus C
(FLC) homologs are located on cytogentic chromosomes 2 (link-
age group R3), 2 (linkage group R3), 6 (linkage group R2), and
10 (linkage group R10), respectively (Yang et al. 2006)
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miniature inverted repeat transposable element
(MITE), named BrMil (357 bp), was further identified
as a nest insertion within a TA rich region of a TR of
Br1-52008.

Another TRIM element, termed Br3, was found in
both BAC clones 52008 and 117M18 in comparison
with the Arabidopsis counterpart sequence (Fig. lc,
Supplemental Fig. 1c) indicating that Br3 inserted into
the region before the segmental duplication event.
Another TRIM element, Br2-80A08, was identified by
comparing BAC clones 80A08 and 4D11 and the coun-
terpart sequence of Arabidopsis (NC_003076: 3, 189,
9813, 190, 157 bp) (Fig. 1d).

TRIM elements At4 and Br4

Based on subsequent BLAST and data mining,
another TRIM lineage, named Katydid-At4 (At4), was
newly identified from Arabidopsis. The At4 element
contains 136-258 bp internal sequences with flanking
198 bp TRs. Seventeen At4 elements including one tri-
TR and six solo-TR elements were identified (Supple-
mental Tables 1, 2). Their homologous elements, Br4,
were identified from the B. rapa BAC end sequences
(BES) and B. oleracea shotgun sequence databases
(Supplemental Table 1), based on the similarities of
their sequence and structure.

All members have distinct features of TRIM ele-
ments with a miniature terminal repeats and an inter-
nal sequence, even though there is variability in their
sequences and sizes (Fig.2). The Br2 element is
slightly larger than that of Brl (385 vs. 364 bp, respec-
tively), and both showed significant sequence similarity
with the Arabidopsis Atl and At2 families. In contrast,
the Br3 elements show no sequence similarity with any
Arabidopsis members and the size is much larger than
the TRIM elements reported before (Supplemental
Fig. 2) (Witte et al. 2001). The Br4 family shows signifi-
cant sequence similarity with the At4 and their internal
sequence is hyper variable in its length even though the
sequence itself is conserved (Supplemental Fig. 3).

Phylogenetic analysis of TRIM elements

A total of 146 TRIM clements, included the Atl, At2,
and At3, which are identified in a previous report
(Witte et al. 2001), are analyzed for phylogentic analy-
sis. Tree topologies derived from neighbor-joining
methods show eight independent lineages. Members
derived from Arabidopsis are grouped as Atl, At2,
At3, and At4 and members derived from Brassica are
grouped as Brl, Br2, Br3, and Br4 (Fig.3). All the
members in each lineage show almost same feature of
the family represented in Fig. 2. Although TRIM ele-
ments derived from Arabidopsis and Brassica belonged
to independent lineages, elements derived from B.
rapa (red dots), B. oleracea (gray dots), and B. napus
(green dots) are intermingled in each Br lineage
(Fig. 3). This suggests that At and Br members were
independently activated in each genus after the diver-
gence of Brassica and Arabidopsis, respectively.

PCR analysis to confirm the insertion polymorphisms

Activation time of Br members can be estimated by
inspection of the insertion of each member among var-
ious taxa in Brassica relatives. We inspected the inser-
tion sites of independent Br element by PCR analysis
against 17 taxa in the tribe Brassiceae. Nine Br ele-
ments were inpected and five of them were not
included in this paper because these five amplified the
target bands in Brassica rapa but did not in other spe-
cies or amplified unspecific several bands through spe-
cies. Four primer sets produced bands that represent
the insertion polymorphism against most of 17 taxa
(Fig. 4; Tables 1, 2). Three of four cases of TRIM inser-
tions are unique in B. rapa lineage (B, C, D) and one is
unique in rapa-oleracea clade. All four cases of inser-
tion are not detected in B. nigra as well as other sister
genera such as Diplotaxis, Eruca, Erucastrum, Sinapis,
Raphanus, and Arabidopsis indicating that these are
inserted into B. rapa lineage after the rapa-oleracea
clade diverged from the B. nigra and other genera.

364bp [Z Primer binding site (PBS)
125 (136) 125 Il Poly purine tracter (PPT)
——] Br2 g ——=385bp
195-210 136-258 195-210
— ——1B i 536-654bp
255 (807) S
[ — ] Br3 = ——— 1311bp

Fig. 2 Schematic representation of TRIM elements Brl, Br2,
Br3, and Br4 TRs are denoted as boxed triangles showing the
same features based on sequence similarity. In all four families

the internal sequences begin with primer binding sites (PBS) of
tRNA methionine and end with a polypurine tract (PPT).
Numerals indicate nucleotide length
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Fig. 3 Phylogenetic tree of TRIM elements derived from the ge-
nus Brassica and Arabidopsis Bootstrap values are denoted as
percentages in parenthesis. A total of 146 TRIM elements are list-
ed in Supplemental Table 1 by their nucleotide positions from the
GenBank accessions. Elements from Arabidopsis, B. rapa, B. ol-
eracea, and B. napus are denoted as pink, red, gray, and green
dots, respectively. Representative TRIM families are designated
as numbers in parenthesis

The appearance of each TRIM element in lineage of
Brassica species depends on the insetion time. A solo
TR of Br2 found in the BAC end sequence (BES) of
KBrHO006P20 (Br2-6P20) occurred in B. rapa
(A genome) and B. oleracea (C genome) and A-and

Fig. 4 PCR analysis for the detection of insertion polymorphism
across 17 taxa in Brassicaceae The lane names follow the abbrevi-
ations of the plant materials based on genome compositions
(Table 2). PCR analyses were conducted using flanking sequence
of the four TRIM elements insertion sites, Br2-6P20 (a), Br2-
80A08 (b), Br1-52008 (¢), and Brl-12I15 (d). Primers and
estimated sizes are listed in Table 1. Dark and white arrowheads

@ Springer

C-subgenome of the three allopolyploids, B. juncea
(AB), B. napus (AC), and B. carinata (BC) (Fig. 4a).
The Br2-80A08 appeared in B. rapa (A genome) and
the A-subgenome of B. juncea (AB genome) and B.
napus (AC genome) (Fig. 4b). The Brl element in
BAC end KBrHO12I15 (Br1-12I15) is unique in one of
four inbred lines of B. rapa (Fig.4d). Similarly, the
Br1-52008 insertion is detected in only one of four
inbred lines of B. rapa, and it is additionally detected in
the B. napus (Fig. 4c).

The insertions, Br2-80A08 and Br2-6P20 that are
specifically appeared in A-and A and C-genome,
respectively, were detected in all of 15 commercial F1
varieties of Chinese cabbage (Fig.5a, b). The Brl-
12115 and Br1-52008 that are recently activated
appeared as heterozygous forms in four (Nos. 1, 8, 12,
14) and two F1 varieties (Nos. 7 and 8) (Fig. 5b).

Insertion of TRIMs in genes

We found a TRIM insertion in one of two homologous
gene predictions that existed in two sequenced BAC
clones, KBrH004D11 and KBrHO80AO8, of B. rapa
(Fig. 6). The gene 4D11_18 remains conserved with an
Arabidopsis ortholog At5g10170, while the 80A08_12
is dramatically rearranged by a deletion and an inser-
tion of the Br2. The Br2 provides novel first exon
decoding 12 amino acids and 5’ UTR (Fig. 6b, c¢). PCR
analysis revealed that the Br2 inserted into the
80A08_12 in the B. rapa lineage (Fig. 4b).

Nucleotide sequences of Br elements occur as chi-
meric features in many expressed sequence tags
(ESTs): the TR sequence of Brl and Br2 in EST

(E)

Brassica Genome

denote PCR bands with insertion and without insertion, respec-
tively. e Phylogenetic lineages of three basic Brassica species and
their allopolyploids are shown based on divergence dating (U
1935; Rana et al. 2004; Truco et al. 1996), and the estimated
insertion points of each element are denoted as arrows based
on appearance of the insertion polymorphism in the left panels
A-D
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Brassica rapa F, varieties

1 3 5 7 9 11 13 15

(A)

(B

(©)

(D)

Fig. 5 PCR analysis for the detection of insertion polymorphism
across 15 Chinese cabbage F1 varieties Primer information is the
same as A-D in Fig. 4. The lineage with insertions are listed as
numerals in panel C and D. Dark and white arrowheads denote
PCR bands with insertion and without insertion, respectively

sequences of Lycoris longituba (GenBank ID
gi46452940) and of B. napus (such as gi32499949,
2132500904, gi32505705); the internal sequence of Brl
in Arabidopsis ESTs (such as gi5841198, gi1053954);
the internal sequence of Br3 in many full-length potato
callus ¢cDNAs (such as gi39799021); and the TR
sequence of Br4 in Arabidopsis cDNA (such as
£i42534613). Furthermore, we have identified that one
expressed gene is chimeric between a Brl and a known
gene. One chimeric B. napus EST (gi56841787) begins
with an inverted form of an almost intact Brl element
and ends with unique sequence, which is identical to
Arabidopsis aldose 1-epimerase gene (Fig.7). Addi-
tional intact form of the aldose 1-epimerase gene
ortholog should be present in the B. napus genome
because it is an allopolyploid of the B. rapa and B. oler-
acea genome (U 1935).

Copy number estimation of the TRIM elements
of B. rapa and B. oleracea

TRIM elements, including degenerate members, were
identified at 92 positions in the 120 Mb Arabidopsis
genome sequence (Supplemental Table 2). These dis-
tributed relatively evenly through five Arabidopsis
chromosomes (Fig. 8).

The copy numbers of the TRIM elements in B. oler-
acea and B. rapa genome are estimated based on the
occurrence of their homologs in 434 Mb of B. oleracea
shotgun sequences and 96 Mb of B. rapa BAC end
sequences, respectively. The numbers are roughly esti-
mated to be present in 660 and 530 copies in B. olera-
cea and B. rapa genomes, respectively (Table 3).
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Fig. 6 Gene rearrangement by insertion of Br2 in the BAC
clone 80A08 Paralogous BACs 80A08 and 4D11 are located
chromosome 10 (linkage group R2) and 6 (linkage group R2),
respectively (Yang et al. 2006). a, b Predicted genes in the
80A08 and 4D11, 80A08_12 (52,621-54,970) and 4D11_18
(57,532-57,659) are orthologous with a Arbidopsis gene
At5g10170. Exons and introns are denoted as black (gray in dot-
plots) and white boxes, respectively. Percent identity plot (PIP)
indicates high, low, and no similarity as red, green, and white
boxes, respectively. Deletion is denoted as red dotted lines. Br2
insertion is represented as blue dotted lines (¢) Exon arrays of
At5g10170 (NP_196579, putative IPS), 4D11_18, and 80A08_12
are denoted as the black boxes with numerals. Br2 insertion in
the 80A08_12 is represented as blue lines compared to the
4D11_18 and the novel First exon is denoted as blue dotted lines
compared to the Br2 element

Distribution of these elements are unknown yet in
B. rapa. However, five TRIM elements were identified
from BACs 52008, 117M18, and 80A08 (Fig. 1 and
Supplemental Fig. 1), that were mapped on gene-rich
regions of B. rapa chromosomes based on BAC
sequences (Yang et al. 2000).
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1163 1536 ) Table 3 Copy number estimation of each TRIM elements in the
" ) . o At5g15140  (9i26452397) genome of B. rapa and B. olearcea
"I S 5.napus EST (qi56841787)
92% 352 700 Brl Br2 Br3 Br4 Total
E—hBr1i =] .
32 ) Hits to B. rapa BAC 53 27 13 44 137
end sequences ?
Fig. 7 Schematic representation of a chimeric EST sequence A Hits to B. oleracea 179 193 26 163 561

B.napus EST sequence (gi56841787) and it’s homologous gene in
Arabidopsis (gi26452397) are represented as boxes (middle) and
lines (top), respectively. The inverted form of Brl element (bot-
tom) shows similarity with the beginning 321 bp of the EST. The
remaining sequence of the EST is similar to 3’ region of the Ara-
bidopsis gene, a putative aldose 1-epimerase (At5g15140:
2i26452397). The homologous regions are denoted as shade boxes
with sequence similarity and nucleotide positions (numerals) in
each sequence
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1

30 Mb
1 ] ] ] ] ]

Chr1 d%
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Fig. 8 Insilico Mapping of TRIM elements on Arabidopsis chro-
mosomes. The Katydid-Atl, -At2, -At3 and the newly identified
At4 are positioned as different colors on the chromosomal region
based on the Arabidopsis pseudo chromosome sequence Version
4. Their exact positions are listed in Supplemental Table 2

Discussion

Dating of the insertion time based on the phylogenetic
lineage

The distribution patterns of Br elements across taxa
show their evolutionary lineages and permit inference
of the time periods in which the insertion events
occurred (Kumar and Bennetzen 1999). Inspection of
various insertion sites of Br elements can be used as
clade markers for the species in Brassicaceae such as
the previous study using insertion sites of SINE ele-
ment (Lenoir et al. 1997; Tatout et al. 1999).

The genus Brassica includes many important vegeta-
ble crops including three basic Brassica species, B. rapa
(A genome), B. nigra (B genome), and B. oleracea (C
genome), and also three allotetraploids, B. juncea (AB
genome), B. napus (AC genome), and B. carinata (BC
genome). Three basic Brassica species diverged during
approximately 7.9-3.7 MYA (Truco et al. 1996; Inaba

@ Springer

shotgun sequences °
Copy numbers in B. rapa 219 110 42 156 528
Copy numbers in 221 236 25 175 657
B. oleracea

4 B. rapa BAC end sequences include 96.5 Mb from 133,644
reads with an average 723 bp read length (January 2006, Gen-
Bank)

® B. oleracea shotgun sequences include 434.3 Mb from 538,418
reads with an average 807 bp read length (January 2006, TIGR).
Equation for copy number estimation = (1/genome coverage) x
Hits/2[1 + (average read length — TR length x 2)/(average read
length + TR length x 2)]. Copy no. in B. rapa=>5.5 x hits/2
[1+ (723—TR length x 2)/(723 + TR length x 2)]. Copy no. in
B. oleracea =1.6 x hits/2[1 + (807 — TR length x 2)/(807 + TR
length x 2)]

and Nishio 2002; Rana et al. 2004; Lysak et al. 2005;
Al-Shehbaz et al. 2006; Beilstein et al. 2006) and three
allotetraploids are resynthesized by the natural allo-
polyploidization fewer than 0.01 MYA (U 1935; Rana
et al. 2004).

To identify insertion time of various TRIM ele-
ments and to know their utility for clade marker, we
have searched the insertion polymorphism across the
tribe Brassiceae. We have targeted the intact Brl
and Br2 element because Brl and Br2 are relatively
small (less than 350 bp) compare to Br3 and Br4 ele-
ments. The Br2-6P20, a solo-TR, appeared in the A
and C genomes but not in the B genome, indicating
that it inserted into the rapa-oleracea (A-C genome)
clade after divergence from B. nigra (B genome)
during 7.9-3.7 MYA (Inaba and Nishio 2002; Rana
et al. 2004; Lysak et al. 2005). The Br2-80A08, B.
rapa (A genome)-unique, is likely to have been
inserted into the B. rapa lineage within 3.7-0.01
MYA, after the rapa-oleracea split, but before the
allopolyploidization of the AB and AC genomes
(Inaba and Nishio 2002; Rana et al. 2004). The Brl-
52008 is detected in only one of two highly homolo-
gous BACs 52008 and 117M18 that are segmentally
duplicated about 0.8 MYA (Yang et al. 2006). It is
identified in only one of four inbred lines of B. rapa
and one of allopolyploids (AC), indicating it was
activated in a certain B. rapa lineage during 0.8-0.01
MYA. The Br1-12I15 is unique in only one of four
inbred lines of B. rapa, indicating it was activated
after allopolyploidization events fewer than 10,000
years ago (Fig. 4e).



Theor Appl Genet (2007) 114:627-636

635

The assumption of the insertion time is supported by
inspection of the 15 F1 hybrid cultivars. Two Br ele-
ments, Br2-80A08 and Br2-6P20, that assumed to be
inserted in an ancient B. rapa lineage remained in all of
15 commercial F1 varieties of Chinese cabbage
(Fig. 5a, b). However, two Br elements, Br1-12I15 and
Br1-52008, that are recently activated in B. rapa
appeared in four and two F1 varieties, respectively
(Fig. 5b). All the six insertions are heterozygous in the
F1 varieties indicate that they are derived from one of
their parental lines. If an insertion of Br element is
identified as unique in one breeding line, the insertion
polymorphism can be used as DNA marker for the
breeding line that protects the breeder’s right for the
specific breeding line.

TRIMs play an active role for rearrangement
of duplicated genes

Transposons are genetic elements that can spread
within genomes, and that constitute an important frac-
tion of eukaryote genomes. Most transposons are acti-
vated by stress and have reshaped eukaryote genomes
in many ways (Casacuberta and Santiago 2003). Plant
centromeric and pericentromeric regions often contain
a large fraction of retrotransposons that could be
important for the functionality of these regions (Zhong
et al. 2002; Yang et al. 2005b). Inter-specific hybridiza-
tion or allopolyploidization might activates the trans-
position of a centromere specific retrotransposon to
facilitate rapid karyotypic evolution (O’neill et al.
1998; Lim et al. 2006).

In spite of their mutagenic capacity, both LTR-ret-
rotransposons and MITEs can be found associated to
the evolution of plant genes. MITEs are distributed at
gene-rich regions of the rice genome sequences
(IRGSP 2005). The insertion of MITEs within genes
can modify the promoter and terminator sequences, as
well as the translational start and coding sequences.
LTR-retrotransposon sequences are also frequently
found associated to genes, suggesting that the modifi-
cation of the regulation of target gene expression due
to the presence of promoter and terminator sequences
within the LTRs (Casacuberta and Santiago 2003).

In silico mapping of the insertion sites in Arabidop-
sis showed that the Katydid-At elements were evenly
distributed throughout the genome (Fig.8, Supple-
mental Table 2) and some were directly related to the
structure of the expressed genes in Arabidopsis (Witte
etal. 2001). The haploid genome size of B. rapa
(529 Mb) and B. oleracea (696 Mb) is 3.5-4.5 times
greater than that of Arabidopsis (157 Mb) (Johnston
et al. 2005). However, the estimated copy numbers of

Br elements are more than six times greater in Brassica
species than in Arabidopsis. Chromosomal locations of
these are unknown yet in B. rapa genome except five
TRIM clements identified from BAC clones 52008,
117M18, and 80AO08. These three BACs are derived
from gene-rich euchromatin of chromosome 2 and 10
(Yang et al. 2000). Based on evidence of distribution of
TRIM elements in the Arabidopsis euchromatin
regions and occurrence of chimeric feature of TRIM
elements in lots of ESTs, the abundant TRIM elements
seem to play an important role for restructuring the
host genome in B. rapa as do MITE elements in the
rice genome (Jiang and Wessler 2001; Jiang et al. 2003;
IRGSP 2005). Moreover TRIM elements have pro-
moter and terminator sequence in their small terminal
repeat sequences that can provide active modification
of gene feature by internal insertion.

We have identified many of expressed sequence
tags (ESTs) that include a part of Br elements as chi-
meric forms. Sequence-level analysis of the triplicated
B. rapa genome sequence revealed that about 12 and
44% of triplicate genes remained as triplet and dou-
blet paralogues, respectively. Furthermore some of
these genes are duplicated once more by a recent seg-
mental duplicateion (Yang et al. 2006). These dupli-
cated genes can attain a selective advantage by
gaining new function or silencing in each duplicate in
a complementary manner (reviewed in Hurles 2004).
We found that one of the triplicated genes is dramati-
cally rearranged at its 5’ coding and promoter region
(Fig. 6). Collective data suggest that TRIM elements
play an active role for gaining new function by rear-
rangement of the duplicate genes in the highly repli-
cated Brassica genome.
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