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Abstract The goal of this study was to assess the extent
to which transposable elements (TEs) have contributed to
protein-coding regions in Arabidopsis thaliana. To do this,
we first characterized the extent of chimeric TE-gene
constructs. We compared a genome-wide TE database to
genomic sequences, annotated coding regions, and EST
data. The comparison revealed that 7.8% of expressed
genes contained a region with close similarity to a known
TE sequence. Some groups of TEs, such as helitrons, were
underrepresented in exons relative to their genome-wide
distribution; in contrast, Copia-like and En/Spm-like
sequences were overrepresented in exons. These 7.8%
percent of genes were enriched for some GO-based func-
tions, particularly kinase activity, and lacking in other
functions, notably structural molecule activity. We also
examined gene family evolution for these genes. Gene
family information helped clarify whether the sequence
similarity between TE and gene was due to a TE contrib-
uting to the gene or, instead, the TE co-opting a portion of
the gene. Most (66%) of these genes were not easily
assigned to a gene family, and for these we could not infer
the direction of the relationship between TE and gene. For
the remainder, where appropriate, we built phylogenetic
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trees to infer the direction of the TE-gene relationship by
parsimony. By this method, we verified examples where
TEs contributed to expressed proteins. Our results are
undoubtedly conservative but suggest that TEs may have
contributed small protein segments to as many as 1.2% of
all expressed, annotated A. thaliana genes.

Keywords Arabidopsis thaliana - Transposable element -
Chimera - Expressed - Paralogues - Gene family

Introduction

Transposable elements (TEs) are a ubiquitous feature of
plant genomes. In maize, for example, TEs comprise 60—
80% of the genome (SanMiguel et al. 1996; Messing et al.
2004). The proportion is lower, but still substantial, in
compact genomes like those of rice and Arabidopsis thali-
ana. TEs represent 29% of the rice genome (Messing et al.
2004) and 10% of the 125-Mb Arabidopsis genome (Ara-
bidopsis Genome Initiative 2000). TEs are traditionally
categorized into two groups based on their mode of trans-
position. Class I elements, or retrotransposons, copy and
paste to a new location via an RNA intermediate, which then
reintegrates into the genome at a new location after reverse
transcription. Class II elements are DNA transposons. DNA
transposons excise out of their chromosomal location as
DNA and reinsert elsewhere in the genome. Maize and other
grasses contain predominantly class I elements. In contrast,
class I TE activity is apparently suppressed in Arabidopsis
(Wright and Voytas 1998), with DNA transposons approx-
imately equaling retrotransposons in copy number (Wright
and Voytas 1998; Arabidopsis Genome Initiative 2000).
The roles of TEs in genome evolution are varied (Le
Rouzic et al. 2007) but many are harmful to genome
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function. Common examples include insertional inactiva-
tion of genes (Greene et al. 1994) and DNA rearrangement
via ectopic recombination (Kazazian 2004; Bennetzen
2005). Nonetheless, a subset of TE-mediated events is
adaptive: in Drosophila, for example, TE insertions have
contributed to enhanced insecticide resistance, either by
affecting gene expression or by changing gene structure
(Schlenke and Begun 2004; Aminetzach et al. 2005).
Similarly, a “domesticated” TE-derived transposase
domain contributed directly to two vertebrate proteins,
RAGI and RAG?2, that are central to the immune system of
jawed vertebrates (Kapitonov and Jurka 2005). The inser-
tion of TE sequence fragments into open reading frames
(ORFs) of vertebrate genes may be a general phenomenon
(Nekrutenko and Li 2001). Consistent with this conjecture,
TEs share sequence similarity with thousands of human
protein-coding sequences (Britten 2006), many of which
remain functional (Wu et al. 2007).

The contribution of TEs to plant genes is not yet clear,
but some TE-based phenomena have been well docu-
mented. For example, reverse transcription of mRNA
transcripts by class I transposons has generated more than
1000 retroposed genes in rice, many of which have recruited
exons from flanking regions to produce functional genes
(Wang et al. 2006). TEs also capture and shuffle gene
fragments (Jiang et al. 2004; Brunner et al. 2005; Lai et al.
2005). Maize helitrons, for example, capture and move
gene fragments to the extent that ~20% of genes (or gene
fragments) differ in location between two maize lines (Lai
et al. 2005; Morgante et al. 2005). Additionally, in A. tha-
liana, helitrons proliferated after the acquisition of exon
fragments (Hollister and Gaut 2007). Many of the gene
fragments captured by TEs are expressed (Jiang et al. 2004;
Brunner et al. 2005; Lai et al. 2005), fueling speculation
that TE-mediated gene shuffling can lead to novel genes.
While it is clear that TEs can capture gene fragments, there
are few direct examples that TE sequences have contributed
to functional plant genes. One exception is the domestica-
tion of a hAT-like transposase by the DAYSLEEPER gene in
Arabidopsis (Bundock and Hooykaas 2005), but the gen-
ome-wide extent of TE incorporation into functional genes
remains unknown.

Plant genomes possess not only TEs but also an abun-
dance of gene duplications. Duplicated genes provide
functional redundancy, a potential template for evolution-
ary innovation and a comparative context to infer the
incorporation of TE-like sequence in individual genes
(Gotea and Makalowski 2006). Plants are a particularly
rich system in this respect. All plant genomes studied to
date exhibit evidence of ancient whole-genome duplication
events in their evolutionary past, including relatively small
genomes like that of A. thaliana (Adams and Wendel
2005). In Arabidopsis, duplicated chromosomal regions

retain ~25% of their genes as duplicates (Blanc et al.
2003), and a similar proportion of Arabidopsis genes
(~16%) have been duplicated as a result of local, tandem
duplication events (Zhang and Gaut 2003). An important
consequence of this extensive duplication is large gene
families. Plants possess more gene families—with more
members per gene family, on average—than other
eukaryotes (Lockton and Gaut 2005).

In this study we exploit gene family data from Arabid-
opsis to assess the possibility that TEs have contributed to
expressed peptides. To achieve this, we search for TE-
related sequences in expressed sequence tags (ESTs) of
Arabidopsis and verify that the TE-related sequence had a
genomic counterpart in an annotated protein-coding region.
However, there is an inherent difficulty with this approach:
when there is clear evidence that a TE is homologous to a
portion of a coding sequence, it is difficult to discriminate
whether the TE contributed to the coding region or
acquired the coding fragment, as commonly occurs with
helitrons and other TEs. To address this uncertainty, we
examine gene family data. In the comparative and phylo-
genetic context of gene families, one can use parsimony
arguments to infer whether a subset of gene family mem-
bers contains a unique insertion consistent with
contribution from a TE. We find evidence for TE homol-
ogy to expressed regions in more than 2000 genes and
demonstrate that TE insertion events have led to the for-
mation of TE-gene chimeras.

Materials and Methods
Genomic, EST, and TE Sequences

We downloaded three types of Arabidopsis sequences from
TAIR (The Arabidopsis Information Resource; http://
www.arabidopsis.org). All three sequence types were
based on Arabidopsis thaliana genome release 8. The first
type was genomic “Seq” gene sequences, which consist of
5" and 3’ untranslated regions (UTRs), introns, and exons;
the second was coding sequence (CDS, or exon-only
sequences); and the third was peptide sequences. The Seq
data contained 30,271 annotated sequences; the CDS and
protein data each contained 29,161 sequences (Fig. 1). In
addition, we downloaded A. thaliana UniGenes. UniGene
Build No. 49 was downloaded via NCBI’s Entrez Web site.
Our database consisted of 25,693 UniGene sequences.
Our TE database was comprised of sequences derived
from a BLASTn query (le-20 cutoff, no repeat filtering)
against the A. thaliana release 5 genome. TE queries were
tabulated from three sources: (i) TEs described in a pre-
vious survey of 17 Mb of the A. thaliana genome (Le et al.
2000); (ii) A. thaliana TEs found in TIGR’s repeat
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Fig. 1 Flowchart giving an
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database; and (iii) all GenBank ORFs annotated as trans-
posase-related in the Arabidopsis genome. Our final TE
database consisted of 3079 nonredundant TE sequences in
the Arabidopsis thaliana genome. The TE sequences ran-
ged in length from a 65-base mariner-like TE fragment to a
15.8-kb MULE. The mean length of our TE sequences was
1134 bases.

Candidate Identification

To identify genes that consist in part of TE-like sequence,
we implemented a decision tree based on a BLAST search
among TE, UniGene, CDS, and genomic sequences
(Fig. 1). In this initial BLAST, the TE, CDS, and UniGene
FASTA sequences were combined into a single database.
The Seq file was used as the query in a tBLASTx (Altschul
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et al. 1997), with repeat filtering off, against the TE, CDS,
and UniGene subject database.

BLAST results were parsed to find Seq sequences that
hit, at an e-value <le-10, all three types of sequences (TE,
CDS, and UniGene) in the subject database. These data
were further parsed to find BLAST alignments in which all
three types of subject sequences aligned to a common
region of the Seq sequence, so that a TE was found to
overlap expressed (UniGene), exonic (CDS) sequence. Seq
sequences that did not meet this criterion were not studied
further. Each comparison among sequence types provided
some information. For example, the BLAST alignment
between Seq and Unigene confirmed that the UniGene was
not an EST cloning artifact and confirmed gene expression;
the alignment among Seq, UniGene, and CDS confirmed
exon/intron boundaries; the alignment of TE with
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UniGenes confirmed expression of a TE-like sequence; and
the alignment of TE with annotated Seq data confirmed that
the TE-like region is found in genomic sequence.

Gene Ontology Analysis

For each genomic Seq query that successfully hit a TE,
CDS, and UniGene sequence, we assessed its classification
according to Gene Ontology (GO) (Ashburner et al. 2000)
to determine if any biases in molecular function existed.
The A. thaliana GO Slim database (Berardini et al. 2004)
was downloaded from TAIR, and only entries that corre-
sponded to the function of our genes of interest were
parsed. These data were compared to the distribution of GO
Slim functional categories for the whole genome using
2 x 2 chi-square contingency tables.

Gene Family Identification and Evolution

When there is homology between a TE and a coding
region, one cannot infer the direction of the TE event. Did
the TE contribute to the gene or, conversely, did the TE
acquire a copy of the gene fragment? To address this
question, we used gene family data. The phylogenetic
distribution of the TE on a gene family should allow one to
distinguish TE insertion from acquisition, using parsimony
arguments. For these analyses, we relied on the Arabid-
opsis high-stringency gene family data set of Rizzon et al.
(2006). These gene families were defined by a homology
criterion of pairwise identities >50% over >90% of the
peptide sequence; paralogues were grouped using the sin-
gle-linkage criterion, resulting in 10,542 genes clustered
into 3544 gene families.

For each gene family, we took the following steps. We
first assembled each gene family as a FASTA file of Seq
genomic sequences and then identified the location of the
TE-like region in the originally identified “TE gene” from
the initial BLAST. Each Seq sequence represents an un-
spliced genic region (including introns, exons, and UTRs),
as found on the chromosome. Because TE activity takes
place at the chromosomal level, we aimed to identify
TE-like regions in Seq sequences. We used tBLASTX to
compare the region of strong TE homology to the Seq
sequence of all other paralogues in an attempt to identify
further TE-like regions. Each resulting e-value was recor-
ded. As sequence divergence among paralogues is a
confounding factor in the identification of TE insertions in
gene families, we devised a BLAST resampling procedure
to determine if TE-like regions were atypical relative to the
other genic regions. To do this, 100 coding sequence
fragments were randomly chosen from the gene family
member that was originally identified as containing a TE-
like region. These random fragments were the same length

as the TE-like region but did not overlap with it. Each
fragment was used as a tBLASTx query against the entire
gene family, using identical criteria as in the initial
BLAST. Coding sequence fragments that hit a paralogue at
an e-value less than the previous TE-region tBLASTx
value for that same paralogue were considered a successful
hit and recorded. Paralogues with more successful hits had
higher BLAST resampling scores. In summary, high blast
resampling values indicated that the non-TE regions were
more similar among paralogues than the TE region, sug-
gesting that the putative TE insertion into protein-coding
regions represented a region of aberrant sequence
evolution.

We subsequently aligned all peptides within gene fam-
ilies using T-Coffee (Notredame et al. 2000) with default
parameters. The TE-like regions of the genes were exclu-
ded from the aligned peptides, as these could bias both
phylogenetic analyses and our inferences. Alignments were
visually inspected and hand-adjusted, then employed to
construct Poisson-corrected neighbor-joining trees with
1000 bootstrap replications, using MEGA v3.1 (Kumar
et al. 2004).

Results and Discussion
Exon Sequences Containing TE-Related Fragments

We queried a database of 57,875 TE, CDS, and UniGene
sequences with 30,271 genomic Seq sequences. Of the
30,271 BLAST queries, 5738 hit to all three types of
sequence in the subject database (Fig. 1). These 5738
results were further parsed to find BLAST alignments in
which TE, CDS and UniGene sequences overlap, aligning
to the same region of the Seq sequence—2373 alignments
passed this criterion, leaving 3365 to be rejected. None of
the 2373 alignments involved genes functionally annotated
as a TE or a pseudogene. Of the rejected alignments, in
2472 cases only the TE hit the Seq query, with no evidence
of exon overlap or gene expression, suggesting that the TE-
like sequence was found in an intron. In 835 rejected
alignments, the TE sequence hit the Seq query and over-
lapped with CDS, but not its corresponding UniGene,
perhaps indicating either a match to a pseudogene or an
erroneous structural gene call. For a further 58 rejected
results, the TE aligned to the Seq query and a UniGene, but
not its CDS, likely indicating a match to a UTR.

The remaining 2373 BLAST hits possessed the expected
gene structure and a TE in at least one expressed exon
(Fig. 1, Table 1); they comprised our dataset for further
analysis (see Supplementary Table S1 for a comprehensive
list). For the 2373 alignments, the Seq genomic sequence
matched the TE sequence, with a mean alignment length of
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Table 1 Summary of the gene families for which the presence of TE-like regions varies among paralogues

Gene® TE family ~ TE- region size Inference  Gene family size Genes with TE ~ Gene family annotation”

At1g74290  Ac-like 463 Insertion 9 1 Esterase/lipase/thioesterase family protein
At3g20950 Copia-like 363 Insertion 22 1 Cytochrome P450 family protein

At3g27150 EnSpm 573 Equivocal 2 1 Kelch repeat-containing F-box family protein
At3g44540  Ac-like 371 Equivocal 2 1 Acyl CoA reductase, putative

At4g02810 EnSpm 134 Equivocal 2 1 Expressed protein

At4g33390 EnSpm 150 Equivocal 2 1 Hypothetical protein

At5g39030 EnSpm 491 Equivocal 4 2 Protein kinase family protein

* The gene originally identified in the original Seq vs. UniGene-CDS-TE BLAST

® Gene annotations retrieved from TAIR (The Arabidopsis Information Resource; http://www.arabidopsis.org)

833 bases and a mean BLAST e-value score of 2.65e-12. A
subset of 201 alignments showed strong TE sequence
homology across 90% or more of the length of the gene.
This suggests that, rather than contributing a small segment
to the gene as with the majority of alignments, these 201
TEs may have been involved in TE domestication events.

Of the 2373 genes, 162 had stop codon overlapping the
TE-related sequence, suggesting that TEs may have either
contributed additional 3’ exon sequence or truncated the
gene product by contributing a stop codon. These 162
genes remain expressed, and at least several are function-
ally well characterized: for example, DET3 (Atlg12840)
(Schumacher et al. 1999), PGP4 (At2g47000) (Terasaka
et al. 2005), and HYD1 (At1g20050) (Topping et al.
1997). Of the 2373 “TE genes,” 125 were annotated as
alternatively spliced. In 43 cases, the TE was found to
overlap the gene’s splice junction, raising the possibility
that, of 2373 putative TE contributions to genes, 43 con-
tributed both protein-coding sequence and an alternative
splice site. We also examined the chromosomal locations
of the 2373 genes and compared their distribution across
chromosomes to that of our TE database. We found no bias
toward any chromosome for these putative TE-gene
chimaeras (data not shown).

Figure 2 shows the proportions of TEs involved in the
2373 putative TE-gene chimeras compared to all TEs in
our TE database. Perhaps the most striking observation is
the statistically significant bias against helitron-like
sequences within exons; helitrons represent 18.9% of the
TEs in our database and only 2.4% of exon hits. Helitrons
have been shown to capture gene fragments (Lai et al.
2005; Hollister and Gaut 2007). If exon capture commonly
leads to novel gene formation, the signal of remnant heli-
trons is not discernible in our data. However, helitron TE
sequence is similar only at the 5 and 3’ ends, varying
considerably internally (Kapitonov and Jurka 2001). Thus,
an intrinsic bias against finding helitrons may exist in our
BLAST analysis. Mariner-like class II transposon
sequences are also significantly underrepresented in exons.
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Members of the mariner TE family have a 5'-TA-3' target
site, so it may not be surprising that these TEs are not often
found in GC-rich, gene-rich regions of the genome.
En/Spm elements are significantly overrepresented in
exons. TEs in the En/Spm superfamily are known to pref-
erentially insert into hypomethylated gene-rich regions of
plant genomes (Kunze and Weil 2002), to the extent that
they are used as plant mutagens (T-DNA) (Wisman et al.
1998; Krysan et al. 1999). Another surprising result is the
significant overrepresentation of copia-like LTR retro-
transposons in the putative chimeric gene dataset compared
to our whole TE database. In contrast, there is a significant
bias against gypsy-like LTR retrotransposons. While
Wright et al. (2003) estimated roughly equal numbers of
copia- and gypsy-like retroelements in the A. thaliana
genome, our TE database contains considerably more
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Fig. 2 Bar chart comparing the distributions of TEs involved in the
2373 putative TE-gene chimeras (gray) against all 3079 genomic TEs
in our starting database (open bars with black borders). Each bar
represents the percentage of each TE family within the 2373 TE-gene
chimeras and the 3079 TEs, respectively. *p < 0.05, 2 x 2 Xz
contingency test, after Bonferroni correction
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gypsy-like than copia-like TEs (468 and 116, respectively).
Both of these observations may suggest that the bias
toward copia-like and against gypsy-like elements in cod-
ing regions may not be a biological phenomenon, but the
result of a deficiency of copia sequences in our original TE
database and an excess of gypsy sequences. Lending sup-
port to the veracity of this result, however, copia-like
elements have been identified previously as having an
insertion preference near genes in maize, while gypsy-like
elements have been observed to preferentially insert into
other repetitive elements (Bennetzen 1996).

This discussion of copia and gypsy make the important
point that these comparisons could be sensitive to the
method of genome-wide TE identification that was used to
compile the original TE database. Our initial compilation of
a genome-wide TE query database was conservative with
respect to method (using BLASTn as opposed to tBLASTn
or other repeat-finding criteria) and stringency (using
BLASTn hit e-values <le-20). As a result, our TE database
used in the Seq-Unigene-CDS-TE blast comparison was
smaller, in terms of the number of identified TE sequences,
than previous estimates of the genome-wide complement of
TEs in A. thaliana (Arabidopsis Genome Initiative 2000;
Wright et al. 2003). However, our use of this database also
ensures that our results are conservative, with respect both
to the number of genes found to have TE homologies and to
the believability of results. Even so, our trends are com-
parable. Qualitatively, the trends in Fig. 2 remained
unaffected using the genome-wide percentage TE estimates
based on Wright et al. (2003), except for the aforemen-
tioned copia and gypsy result. For example, Wright et al.
(2003) estimated that helitrons and SINE elements com-
prise ~23% and ~3% of genomic TEs, respectively,
whereas we estimate ~20% and ~ 7%, respectively.

Functional Biases of Genes with Homology to TEs

The ORFs of functional TEs encode a narrow range of
functions. For example, in order to transpose successfully,
a class II DNA transposon only needs to bind and cut both
its terminal inverted repeats and its target site using a
single transposase enzyme. One might expect, therefore,
that chimeras between TEs and genes would also encom-
pass limited function. An example is the human SETMAR
protein, which is a chimera between a mariner class Il TE
and a previously existing protein (Cordaux et al. 2006).
The function of SETMAR is unknown, but it appears that
the TE contributed a transposase domain and, conse-
quently, a new DNA-binding function to SETMAR.
Following this example, one could predict that exons with
TE-like sequences may be enriched for binding functions.

Accordingly, we assessed GO functions for genes con-
taining TE-like sequences (Fig. 3). Of all 15 GO Slim
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Fig. 3 Comparison of the distributions of GO Slim annotations for
the genes involved in the 2373 putative TE-gene chimeras (gray)
against all genes in the Arabidopsis genome (open bars with black
borders). Each bar represents the percentage of genes that fall into a
particular GO annotation, for both types of genes in question.
*#p < 0.05, 2 x 2 x> contingency test, after Bonferroni correction

functional categories, 10 categories were significantly
over- or underrepresented for genes with TE-like sequences
compared to all genes in the Arabidopsis genome. Meeting
our expectations, the “transcription factor activity” GO
Slim category was significantly overrepresented for puta-
tive TE-gene chimeras. Contrary to our prediction,
however, neither “nucleic acid binding” nor “DNA or
RNA binding” functions were significantly over- or
underrepresented. Most significantly overrepresented were
both the “kinase activity” and the “transferase activity”
functions. Both kinase and transferase genes are known to
form large gene families in Arabidopsis (Meyers et al.
1998; Frova 2003). Perhaps this functional redundancy
permits the acquisition of TE sequence with few detri-
mental consequences. Also, “TE genes” were significantly
overrepresented in the “nucleotide binding” and “receptor
binding/activity” functional categories.

“TE genes” were significantly underrepresented in the
“transporter activity” GO Slim functional class. This group
of functions encompasses proteins which facilitate trans-
membrane transport—a function not commonly associated
with TEs. Also underrepresented were the three “catch-all”
categories of “molecular function unknown,” “other
enzyme activity,” and “other molecular functions.” Puta-
tive TE-gene chimeras were also poorly represented in the
“structural molecule activity” GO Slim category, with only
1 of the 907 genes in this category demonstrating homol-
ogy to TE-related sequences. If the “structural molecule
activity” category consists primarily of conserved
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housekeeping genes, these genes could be more sensitive to
perturbation by TE insertion than genes in other functional
groups.

Gene Family Data Help Discriminate Between TE
Insertion and Co-option

Thus far we have described 2373 examples of homology
between TEs and expressed exonic sequence. But with
homology data alone, we cannot infer the direction of the
relationship. That is, did TEs contribute sequence to exons,
thus providing potentially adaptive material, as has been
widely argued (Britten 2006; Cordaux et al. 2006), or did
TEs co-opt genic sequence, as has been demonstrated
previously (Jiang et al. 2004; Lai et al. 2005)? Although
the direction of sequence relationship can be difficult to
decipher, gene family phylogenies can provide insight
(Gotea and Makalowski 2006). With gene family data and
a phylogenetic context, there is the possibility to infer
directionality using parsimony arguments.

We compared each of the 2373 Seq to TE-UniGene-CDS
homologues to determine if they belonged to gene families.
Of the 2373 genes, 1928 were single-copy (Fig. 1), which
provided no information as to directionality, as they are not
present in a gene family, and were thus not considered fur-
ther. For each of the remaining genes, the gene families in
which they belonged were assembled into 391 unique gene
families and aligned. For each of these 391 multigene fam-
ilies, we characterized the distribution of the TE-like region
and, after determining the length of the TE-like region,
performed our BLAST resampling test. This resampling test
compares randomly chosen, non-TE fragments of the same
length as the TE-like region. In 155 cases, the BLAST
resampling test could not be performed because the TE
region was longer than the flanking gene regions.

BLAST-based searches for regions of TE homology in
the remaining 236 genes revealed that every paralogue of
191 gene families contained the same TE-like sequence;
these gene families were discarded from further consider-
ation as no phylogenetic inference regarding TE insertion
or cooption could be made, leaving 46 gene families under
consideration. In 39 cases low BLAST resampling scores
suggested that the TE-like region was not out of the
ordinary with regard to divergence among gene family
members. Thus, in these cases we could not clearly identify
the TE region as a unique insertion. This led us to conclude
that sequence evolution among the gene family members
was responsible for the result, and not a TE insertion event
(see Fig. 4a for an example). Seven gene families remained
on which to perform further analyses.

Given the seven gene families that met our strict
requirements, we employed two additional criteria to dis-
criminate between TE insertion or gene sequence
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acquisition. The first employed parsimony arguments: a
clade of “TE-gene” chimeras within a gene family with
many paralogues that lack the TE-like sequence argues
strongly for a TE insertion event. Second, we examined
each alignment by eye for either an insertion or an
unusually divergent region at the location of the TE-like
sequence (as identified by the original BLAST). For
example, the large, 22-paralogue cytochrome P450 gene
family contained only a single paralogue (At3g20950) in
which 363 base pairs (bp) of a Copia-like element perfectly
matched the start of the gene, contributing an intron, and
extending into the second exon (Supplemental Fig. 1). This
TE-like region exists as an insertion only in paralogue
At3220950. The other 21 paralogues in this gene family do
not possess this same sequence. Moreover, the BLAST
resampling results also indicated that the TE-like region is
atypical with regard to sequence divergence. Thus one can
infer that At3g20950 is an example of a single TE insertion
into a coding region of an expressed gene (Fig. 4b).

We applied our additional criteria to all seven of the
remaining gene families. A second example of TE insertion
was found in one paralogue (Atl1g74290) of an “esterase/
lipase/thioesterase” gene family (Fig. 4c), where a single
paralogue in the nine-member gene family was found to
contain a high sequence similarity to an Ac-like TE. For the
remaining five gene families, we were unable to conclude
that either “TE contribution” or “TE co-option” was the
cause of the pattern of TE-like regions on the phylogenies.
Most (four or five) of these gene families were two-
member gene families, in which parmisony arguments are
impossible to apply (Table 1). One of these five additional
gene families was four paralogues in size, in which two
putative TE-gene chimeras formed a single clade. Two
other paralogues formed their own clade, thus making it
unclear whether an ancient TE insertion or co-option was
responsible for the pattern of TE-like sequence on the tree
(Fig. 4d). Although our parsimony arguments cannot dif-
ferentiate between TE acquisition and TE insertion in these
five examples, these may still represent true TE contribu-
tions to coding sequence. In these cases, the availability of
an outgroup sequence, such as A. thaliana’s sister species
Arabidopsis lyrata, would facilitate this distinction. Addi-
tionally, although parsimony arguments based solely on
distributions of TE-regions on phylogenetic trees cannot be
made in these five examples, one may argue that, since
exon capture by TEs is a relatively rare event in compar-
ison with TE insertion via transposition, TE insertion may
be the most parsimonious conclusion.

Implications of the Methods and Results

Overall, we found 2373 genes where coding sequence,
ESTs, and TEs showed strong BLAST identity to the same
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e

At1g34210 1.4 87

At4933430 3e-35 18
100 At29g13800 0.0 100

At5063710 5.4 97
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I
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Gene family divergence

100 v At1g74290 0.0 100
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At2g36290 0.38 73

At3g48410 10 100

At3g54240 10 34
At5g22460 10 93

100 [ At3g03230 10 99
10l At3g03240 0.38 28

TE insertion

Fig. 4 Gene family phylogenetic trees (a—d). Phylogenies that have
downward-pointing black triangles are examples of trees in which the
inference of a TE event was possible. Conclusions are based on
parsimonious events, assuming equal probability of excision and
insertion, as well as consideration of the mode of TE replication. The
underlined gene was originally identified in the initial BLAST as

genomic region. At the level of sequence homology, then,
we provide evidence that TE-like sequences are present in
expressed protein-coding sequences in 7.8% of Arabidopsis
annotated genes. We caution that some of these could be
expressed transcripts that do not contribute to the prote-
ome, but at present the number of confirmed proteins is not
sufficient to provide an unbiased genome-wide analysis at
the protein level (Gotea and Makalowski 2006). We then
addressed the question of directionality and found only a
handful of gene families with compelling evidence for a TE
insertion event. These few cases likely do not represent the
full extent of TE contribution to exons in A. thaliana and,
as such, likely underestimate the true picture.

What factors led us to believe that we underestimated
the number of TE-gene chimeras? First, as mentioned
above, we began with a TE query database that was

At3g20950 0.0 100
At3g20940 10 100
Atag15350 10 100
At5g47990 10 100
At2g27000 10 100
At2g27010 10 100
At3g20140 10 100
9 At3g20110 10 100
At3g20120 10 100
66 At3g20100 10 100
78 At3g20080 0.78 100
72 At4g15380 10 100
At1g28430 10 91

23

At4g15330 10 100
At3g20130 10 100
At4g15360 10 100
At3g20090 10 100

93 At3g20960 10 100

At2g14100 10 100
1 At5g42580 10 100
40 ,7/\!1950520 10 99
100\—At1950560 0.78 96
P
0.05
TE insertion
Aorv 100] At5g39000 10 100

‘ At5g38990 10 100
At5g39020 6e-141 0O
At5g39030 0.0 100

0.05

TE insertion/co-option equivocal

possessing a putative expressed TE in CDS. To the right of each locus
tag are two numbers: first, the TE vs. gene family tBLASTx e-value;
second, the result of the BLAST resampling (as a percentage). The
text below each figure describes the inference drawn. Gene family
names and biological functions are given in Table 1

compiled using conservative methods. Second, our phy-
logenetic analyses are biased against older gene families,
as only young gene families tended to pass our BLAST
resampling test, which rejected overly divergent para-
logues. Third, our phylogenetic methods were amenable
only to Arabidopsis genes within gene families. Further
inferences about the direction of TE-gene homologies for
singleton genes may be possible from multispecies anal-
ysis (e.g., Gotea and Makalowski, 2006); to this end,
ongoing genome sequencing of additional Brassica taxa
will provide a valuable resource for deciphering the con-
tributions of TEs to annotated protein-coding regions.
Finally, we used gene family data based on stringent
parameters (>50% BLASTp identity over >90% of the
sequence), and only 34.8% of Arabidopsis genes were
included in gene families under this definition (Rizzon
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et al. 2006). TE-gene chimeras are likely to be assigned
more often to the ~65% of genes that are not in a gene
family. The reason is that a TE insertion changes the
sequence of its peptide, making it less similar to its
homologues and resulting in its exclusion from a gene
family.

To examine the effect of gene family definitions on our
study, we repeated the phylogenetic analyses using lower-
stringency gene family definitions (paralogues with >30%
identity over >70% of the peptide) (Rizzon et al. 2006).
BLAST resampling of the originally-identified TE genes,
however, often showed very low match proportions, mak-
ing it difficult to interpret whether the TE-like region was
unique. After repeating the phylogenetic analysis with low-
stringency gene families, it became clear that our use of
high-stringency paralogues led to fewer inferences of TE
insertion events, but limited false positives.

There is no doubt that TEs are major contributors to the
evolution of plant genomes (Jiang et al. 2004; Bennetzen
2005; Brunner et al. 2005; Lai et al. 2005). It is also clear
that chimeric constructs are relatively common in plants,
particularly when TEs acquire portions of coding regions
(Jiang et al. 2004; Wang et al. 2006). Thus far, however,
the extent of TE contribution to expressed and putatively
functional proteins has not been assessed. Despite the
conservative nature of our analysis, we found compelling
evidence for TE insertion into expressed protein-coding
sequences. Our results reside between two extremes, rep-
resented by human studies, which claim that more than
1000 proteins contain TE sequence (Nekrutenko and Li
2001; Britten 2006), and Drosophila melanogaster, which
seems to possess very few expressed TE-gene chimeras
(Lipatov et al. 2005). With very few exceptions (e.g.,
Gotea and Makalowski, 2006; Bundock and Hooykaas
2005), the directionality of these relationships (contribution
or co-option of genic regions by TEs) has not been deter-
mined. We have found only a handful of cases for which
the evidence of TE contribution to a coding region is strong
but expect that larger plant genomes, with correspondingly
larger TE complements, contain more evidence for TE
contributions to coding regions. Even so, the contribution
of TEs to TE-gene chimeras may not be small in Arabid-
opsis. We found that 15% (7 of 46) of the examined
multigene families provided compelling evidence for
incorporation of TE sequence into coding regions. If this
proportion is representative, then ~361 of our initial set of
2373 “TE genes” represent TE contributions to coding
regions, representing ~ 1.2% of all annotated A. thaliana
proteins.
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