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Abstract

Terminal-repeat retrotransposon in miniature (TRIM) elements are a miniature form of
retrotransposons and play an important role in genome organization. The Cassandra TRIM
family has been identified in over 50 plant species, including both monocots and dicots.
Cassandra elements carry an independently transcribed 5S RNA sequence in their terminal
repeat regions, which is unique compared with other TRIM families. Although the existence
of Cassandra elements has been documented in many plants, much work remains to charac-
terize Cassandra family members and elucidate their distribution. In this study, we compara-
tively analysed the Cassandra family members in the Brassica oleracea, B. rapa and
Arabidopsis thaliana genomes. A total of 602, 451 and 173 members, of which 130, 60 and
9 were relatively intact, were identified from the B. oleracea, B. rapa and A. thaliana genomes,
respectively. Most of the Cassandra elements (1120/1226) were found in intergenic spaces, but
106 elements were inserted in genic regions such as introns, exons and untranslated regions.
Our comparative analysis of the Cassandra family members in A. thaliana, B. rapa and
B. oleracea reveals that some Cuassandra elements have been commonly retained during
the last 20 million years in three species and some elements have been uniquely evolved in
Brassica species. This study promotes our understanding of the role and utility of Cassandra
elements in the evolution of the Brassicaceae family.
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Introduction

Terminal-repeat retrotransposon in miniature (TRIM)
elements are small (<900bp) in size, abundant and
ubiquitously present in plant genomes, in addition to
being found in the genome of an ant, Pogonomyrmex
barbatus (Witte et al., 2001; Zhou and Cahan, 2012).
TRIM elements share structural features with long
terminal-repeat (LTR) retrotransposons, including the
terminal repeat (TR), primer-binding site (PBS) and poly-
purine tract (PPT); thus, TRIM elements are considered to
be derivatives of LTR retrotransposons (Wicker et al.,
2007; Zou et al., 2009). TRIM elements sometimes associate
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with genic regions and can change gene structure and
function by affecting the promoter, shuffling the coding
region and/or altering gene expression. In addition,
TRIM elements are an important source of molecular
markers that have been effectively utilized for genome
mapping, diversity and evolutionary studies (Witte et al.,
2001; Yang et al., 2007).

The Brassicaceae family is economically important,
with >330 genera and around 3700 species. It has
diverse phenotypic resources and includes important
species for studies of the evolution of polyploidy
(Johnston et al., 2005; Mun et al., 2009; Wang el al.,
2011). In addition, the widely used diploid model plant,
Arabidopsis thaliana, is a member of the Brassicaceae
family. The Brassica rapa and B. oleracea genomes
have now been sequenced and are publicly available,
revealing that around 40% of both genomes is derived
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Fig. 1. Micro-synteny comparison of genomic regions containing Cassandra elements with their non-inserted paralogues
(NIPs) and non-inserted orthologues (NIOs) in Arabidopsis thaliana, Brassica oleracea and B. rapa. (A) Shared insertion in
A. thaliana and B. oleracea. Micro-synteny comparison of genomic regions of At-Cassandra (AT1G75100) and Bo-Cassandra
(Bol039911) with its NIP (Bol027754) and a NIO from B. rapa (Bra015866). (B) Shared insertion in B. oleracea and B. rapa.
Micro-synteny comparison of genomic regions of Bo-Cassandra (Bol032090) and Br-Cassandra (Bra017586) with its NIPs
(Bol006317 and Bol022826) and NIOs from B. rapa (Bra025047 and Bra017586) and A. thaliana (AT3G45880). (C) Unique
Cassandra element insertion in B. rapa. Micro-synteny comparison of the genomic region of Br-Cassandra (Bra026525) with
its NIPs (Bra025142 and Bra017360) and NIOs from B. oleracea (Bol020035, Bol032573 and Bol042725) and A. thaliana
(AT2G04030). Exons and gene direction are indicated with red arrows. Cassandra element insertions are shown as red bars.
T+ and T — indicate genes with Cassandra insertion and non-insertion, respectively.
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(~350bp), PBS, PPT and internal sequence. The sizes of
the Cassandra family members ranged from 801 to
826bp, and the elements had a low AT content (45—
49%) compared with the whole genomes (>63.8%;
Wang et al., 2011). Hereafter, we will refer to the Cassan-
dra TRIM families from A. thaliana, B. oleracea and
B. rapa as At-Cassandra, Bo-Cassandra and Br-Cassan-
dra, respectively (Table 1). Most of the Bo-Cassandra
and Br-Cassandra members shared high sequence
similarity. By contrast, At-Cassandra members exhibited
dissimilarities and indel structures compared with
Bo-Cassandra and Br-Cassandra members, suggesting
that the Cassandra family has recently been amplified

in the Brassica genus (Fig. S1, available online).

A. thaliana, B. oleracea and B. rapa pseudo-
chromosome sequences contained 173, 602 and 451
members, respectively. Among the 602 Bo-Cassandra
members, 130, 108 and 364 had relatively intact elements,
solo TR and fragmented structures, respectively. Of the
451 Br-Cassandra members, 60 were intact. Only 9 of
the 173 At-Cassandra members were identified as
intact, suggesting that Cassandra elements proliferated
in the Brassica genus after divergence from the
Arabidopsis genus (Table 1; Tables S1, S2 and S3, avail-
able online). We also analysed the Cuassandra family
members in Oryza sativa, Medicago truncatula and Zea
mays and identified 32, 10 and 1087 intact elements,
respectively (Tables S4, S5 and S6, available online).

Cassandra family members, including intact elements,
solo TR and fragments of Cassandra elements, exhi-
bited random distribution patterns on the A. thaliana,
B. oleracea and B. rapa pseudo-chromosome sequences
(Fig. S2, available online). In addition, a survey of only
intact elements also revealed a random distribution pattern.
The characterization of insertion positions revealed that the
Cassandra family members preferentially resided in inter-
genic spaces (88—94%), although a number of these were
located in the introns of genes in B. oleracea and B. rapa

(Table 1; Tables S1, S2 and S3, available online).

Our phylogenetic analysis revealed that At-Cassandra
members are diverse compared with Bo-Cassandra and
Br-Cassandra members. The high sequence conservation
of Bo-Cassandra and Br-Cassandra elements suggests
that Bo-Cassandra and Br-Cassandra members have
recently been amplified in the Brassica genus (Fig. S3,

available online).

Comparative analysis of homologous sequences
harbouring Cassandra members can reveal their transpo-
sition period (Kwon et al., 2007, Yang et al., 2007,
Sampath et al., 2013). One of the Cassandra members
was found in the syntenic regions of the three
genomes, suggesting that it might have evolved before
the A. thaliana-Brassica split 20 million years ago
(MYA; Fig. 1(A); Mun et al., 2009; Town et al., 2000,
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Yang et al., 1999). Other members were unique in the
Brassica genus, coexisting in one of the triplicated para-
logous regions of B. oleracea and B. rapa. These
elements probably inserted themselves into the region
between 4 and 17 MYA, after genome triplication of the
tribe Brassicaceae but before speciation of B. oleracea
and B. rapa (Fig. 1(B); Mun et al., 2009; Town et al.,
2006; Yang et al., 1999). Another Br-Cassandra member
was unique to B. rapa, suggesting that it was activated
after the divergence of B. rapa and B. oleracea 4 MYA
(Fig. 1(C); Mun et al., 2009; Town et al., 2006; Yang
et al., 1999). As exemplified by these three distribution
patterns, Cassandra elements have remained active in
these species for more than 20 million years.

The present study reveals the continuous activation of
Cassandra TRIM family elements throughout evolution in
Brassicaceae species, even though the Cassandra family
was derived from the ancestor of monocot and dicot
plants. Further identification of autonomous partner
elements will be important for exploring the functional
and evolutionary roles of Cassandra elements in plants.
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To view supplementary material for this article, please
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