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ABSTRACT

Large differences in plant genome sizes are mainly
due to numerous events of insertions or deletions
(indels). The balance between these events deter-
mines the evolutionary direction of genome
changes. To address the question of what phenom-
ena trigger these alterations, we compared the
genomic sequences of two Arabidopsis thaliana
lines, Columbia (Col) and Landsberg erecta (Ler).
Based on the resulting alignments large indels
(>100 bp) within these two genomes were analysed.
There are ~8500 large indels accounting for the dif-
ferences between the two genomes. The genetic
basis of their origin was distinguished as three
main categories: unequal recombination (Urec)-
derived, illegitimate recombination (llirec)-derived
and transposable elements (TE)-derived. A detailed
study of their distribution and size variation along
chromosomes, together with a correlation analyses,
allowed us to demonstrate the impact of particular
recombination-based mechanisms on the plant
genome evolution. The results show that unequal
recombination is not efficient in the removal of TEs
within the pericentromeric regions. Moreover,
we discovered an unexpectedly high influence of
large indels on gene evolution pointing out signifi-
cant differences between the various gene families.
For the first time, we present convincing evidence
that somatic events do play an important role in
plant genome evolution.

INTRODUCTION

Both the existence and viability of living organisms
depend on their ability to survive under continuously

changing environmental conditions. Because of that,
their genomes have to continuously evolve in order to
fulfil adaptation constraints and enable a reproductory
success. In the case of land plants, their inability to
move greatly increases the impact of genome plasticity
required to meet this challenge. This situation is reflected
in the rates of occurrence for structural genome modifica-
tions and polyploidization events observed in plant species
(in contrast to animals).

The recent bioinformatic studies of genome structure,
based mainly on the whole-genome sequence data of
Arabidopsis and rice, revealed a major influence of large
scale duplications on plant genome evolution (1). While it
is known that polyploidizations cause the simultancous
multiplication of all genes in the genome—thus building
the base for their subsequent functional divergence—these
events remain relatively rare. In this context, the discrete
yet much more frequent insertions and deletions (indel
events) seem to have greater impact on genome size,
structure and functionality. Unfortunately, our present
knowledge of genome changes on the level of accidental
insertion and deletion events remains relatively rudimen-
tary. The above-mentioned events can be attributed
to several different evolutionary mechanisms, including,
in particular, the activity of transposable elements
(TEs), unequal homologous recombination (Urec) and
illegitimate recombination (Illrec). Although substantial
amounts of data have been collected on TEs, since
Barbara McClintock described first TEs (2), the global
studies depicting chromosomal distributions of various
TE classes are based generally on sequence data from a
single line/variety of a species and are usually not analysed
in the context of different mechanisms of genome evolu-
tion (3.4). In the case of Urec—a mechanism postulated as
a major force for both expansion and reduction of tan-
demly arrayed genes, the published reports are mainly
based on the analyses of particular gene families (4-7).
Thus, the overall action of the Urec process in a broader
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whole-genome context remains largely unknown. Apart
from the above, there is also insufficient data on its role
in the removal of TEs from the genome (8). Finally,
almost nothing is known about the role of ILLrec (also
termed nonhomologous end joining—NHEJ) events in the
whole genome background (9). Although the process was
found to be of major importance for the inactivation and
deletion of repeated and noncoding sequences, it was not
investigated apart from the case of conserved motifs in
TEs (8), plant resistance genes (7) and pseudogenes (10).
In light of the above, it seems intriguing to compare var-
ious indel-generating mechanisms in a genome-scale
manner, in order to study their relative impact and signif-
icance on short time-scale evolutionary changes.

As it is, although many recently published articles con-
sider genome variation at the SNP level in Arabidopsis
(11-15), relatively few concentrate on large indels. This
is most often due to difficulties in gathering numerous
sequences of a length sufficient for large indel identifica-
tion. Recently, Clark et al. (15) used hybridization to high-
density oligonucleotide arrays to resolve the sequence
polymorphism among 20 diverse A. thaliana lines. This
analysis revealed a large number of polymorphic regions,
however, the strategy applied did not allow for an accu-
rate discrimination of large indels (and mechanisms of
their origin) from highly diverged regions (15).
Moreover, because of sequence length, predominant por-
tion of large indels (starting from several hundred base
pairs in length) cannot be efficiently detected with most
recent high-throughput sequencing strategies (16). On the
other hand, the importance of indel-based polymorphism
for genetic and practical approaches is growing, even as
new analytical technologies are being constructed within
this area (17-19). For the very same reasons, the knowl-
edge about the mechanisms and overall genetic basis and
evolutionary trends of large indels occurrence is of major
importance.

Though larger indels are much less abundant than small
ones in the plant genome, nevertheless, they greatly influ-
ence the genome size, as well as its structural and func-
tional evolution. In the case of Arabidopsis such an
analysis could be performed by comparing genomic data
from two A. thaliana lines, Col, which was subjected to
BAC-based sequencing afforded by the Arabidopsis
Genome Initiative (21), and Ler, a line partially shot-
gun-sequenced by Cereon Genomics (currently part of
the Monsanto Co.) (22) Thanks to such an approach
there is a unique opportunity to catch the corresponding
mechanisms of genome restructurization in the act and
investigate the ways in which they operate in a chromo-
some. In our previous study we investigated large indels
(=100 bp in length) for four chromosomal segments using
these data collections (23). In this work we performed a
more comprehensive whole genome analysis based on a
novel heuristic approach to reconstructing genome inter-
vals affected by indel events. In addition to the identifica-
tion of large indels and assignment of corresponding
evolutionary mechanisms, we studied their occurrence in
coding sequences, as well as analysing the indels’ impact
on gene evolution and genome size (by correlating indel
distributions with a number of genome features).

MATERIALS AND METHODS

Assignment of Ler contigs to Col chromosomal
coordinates and identification of large indels differentiating
Col and Ler lines: estimation of the level of

synonymous substitutions

Both Col and Ler sequences were downloaded from the
TAIR website. Initially, the contigs were filtered to
remove those sequences dominated by repeat sequences
and transposable elements (TEs). The rejected cases con-
stituted these contigs, where over 70% of the sequence was
covered by one or more known repeats or TEs [as deter-
mined by RepeatMasker (A.F.A. Smit, R. Hubley and
P. Green, RepeatMasker Open-3.0. 1996 to 2004; http://
www.repeatmasker.org); search run in ‘sensitive’ mode
versus Repbase database, ver. 8.12 (24)]. Subsequently,
for each of the accepted Ler contigs a BLASTZ (25) com-
parison versus all Col chromosomes was carried out.
Afterwards, the computations were carried out for each
chromosome strand (i.e. two strands per chromosome)
separately using the following heuristic approach (in an
attempt to map the contig using its best preserved areas
first).

First, a contig was divided into intervals according to
the representation of its areas (as mapped by the parts of
individual ungapped BLASTZ alignments) on the chro-
mosome strand (see Figure S1). Second, the trusted inter-
vals (seeds) were chosen from those intervals which did
not overlap with any repeats/TEs, were over 60bp in
length, over 90% in sequence identity and were covered
only by a single aligned part of the chromosome (i.e. were
the one and only ‘good quality image’ of the contig part
on the chromosome).

Proceeding from the trusted set, further intervals were
filled proceeding from the 5’ to 3’ end of the contig, mini-
mizing the introduced gaps (as long as a fragment could be
added within 99 bp of an already existing fragment). For
filling the intervals with corresponding chromosome
strand stretches, only ungapped alignments of greater
than 50% sequence identity and of more than 100 bp
length were considered. This last step was repeated, until
no further intervals satisfying the condition could be
added.

The end result was a single, gapped alignment represent-
ing the mapping of contig to the chromosome. For each
one of the constructed alignments (two for each strand of
each chromosome) a coverage parameter was calculated as
the sum of products constituted of aligned intervals’
lengths and the respective alignment sequence identities.

The intervals dominated by repeats/TEs (over 90% in
repeats/TEs) were excluded from the coverage calculation.
The contig mapping with highest coverage (if any) was
chosen as the assignment of Ler contig to Col chromo-
somal coordinates. A collection of custom Perl scripts was
used to implement and execute the algorithm. We checked
for inversions by filtering indels versus the opposite chro-
mosome strands (labelling the cases where indel was miss-
ing on one strand but present on the opposite strand, as
inversions). Finally, large indels were inferred directly
from gaps in the sequence of length between 100 and
20000 bp.



Eighty-two pairs of coding sequences from both lines
were aligned using ClustalX (29). Numbers of synony-
mous substitutions per synonymous site (Ks) were
estimated using Nei—Gojobori (p-distance) method
implemented in MEGA4 (20).

Identification of mechanisms responsible for indels

For all non-terminal indels (identified as insertions in the
Col line) several additional properties were analysed in
order to identify the corresponding mechanisms of their
origin.

First, insertion coordinates were compared with the
map of repeated sequences constructed for all five
chromosomes RepeatMasker. If some repeats were
detected, several parameters were resolved including
their number, size, borders, orientation, relative position
to insertion, level of interruption/truncation, repeats name
and class.

Second, the flanking regions of the indel were tested
whether they contain highly similar (and likely homolo-
gous) sequences of >50bp and >95% sequence identity.

Based on this information, a heuristic procedure resol-
ving molecular mechanism of indel origin (mainly on the
basis of TE presence, terminal repeats and presence of
diverged fragments stemming from unequal crossing
over) was constructed using spreadsheet functions in the
Excel program (Microsoft Co.)

In summary, indels were divided into 15 categories.
These include: ‘intact TE’, which corresponds to indels
entirely occupied by an intact transposable eclement;
‘novel/modified TE’, which corresponds to indels that
have transposon-related both ends (from the same TE
class), and some additional internal parts of transposon
origin, thus could be either a rare unclassified so far TE, or
a TE which was modified by succeeding mutation; ‘LTR-
derived’, which corresponds to clear LTR element inser-
tions; ‘TE with additional modifications’ and ‘truncated
TE(s)’, which both comprise of indels caused by TE inser-
tion/excision with some smaller mutation (internal dele-
tions or cutting off, respectively); ‘a few TEs’ caused by
the insertion of more than one transposable element; ‘dele-
tion of TE(s)-containing fragment by Urec’, ‘deletion of a
TE fragment by Urec’ and ‘deletion of TE(s) by Urec’,
which correspond to the removal of transposons by
Urec; ‘Urec within TE-free sequences’; ‘Col solo-LTR’
and ‘Ler solo-LTR’, which correspond to the insertions
of the LTR element following the removal of its internal
part by Urec between LTRs; ‘deletion of a TE fragment by
ILLrec’; ‘ILLrec’, caused by illegitimate recombination
(mainly deletions), and ‘unknown’, when we were not
able to clearly identify the corresponding mechanism(s)
of indel origin. Additionally, in the case of ILLrec-based
indels we manually checked indels larger than 1kb to
exclude any potential phenomenon that could escape
detection (e.g. unknown TEs detected by the BlastX
screening of transposases and reverse transcriptases
against the Plant UniProt database). Finally, all 15 cate-
gories were further combined in four general categories
(Unk, TE, Urec, ILLrec).
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Verification of contig assignment, indels detection and
mechanism identification

The final parameters for contig assessment and indels
detection were established after preliminary testing. The
results obtained were verified by two means. First, 50
randomly selected contigs that were determined to have
non-terminal Col indels (insertions in the Col or deletions
in the Ler line) were manually checked if they were appro-
priately assigned to the chromosome and chromosomal
region, and whether they were correctly resolved as
indel-possessing regions. A molecular mechanism respon-
sible for individual indel creation was further verified by
extracting the corresponding Col chromosomal sequence
covering the indel region with 1kb up- and downstream
borders [EMBOSS package (26)]. Furthermore, the
sequences were screened for repeated sequences
(RepeatMasker), the regions of homology suggesting a
recombination-based mechanism [Blast 2 sequences (27)]
and annotated genes (TAIR; www.arabidopsis.org). The
second procedure was based on experimental indel verifi-
cation. For this purpose 19 non-terminal Col indels were
randomly selected. However, because of standard PCR
amplification limits, indels shorter than 2kb were used
for this analysis. The sequences of the Col region covering
an indel were used to design PCR primers using the
Primer3 program (28). To enable the recognition of
sites, the primers were required to be at least 30 bp apart
from the indel breakpoints and the corresponding Col and
Ler sequences of the primer sites had to be identical
(no mismatches were allowed). Moreover, the primers
were checked if they had a unique hybridization site in
the Col genome (by BLASTN against AGI whole
genome). The seeds of Col-0 (CS1093) and Ler-0 (CS20)
lines were supplied by ABRC.

The Col and Ler genomic regions corresponding to
each indel were amplified by a PCR using standard reac-
tion conditions and 0.5U of Taq DNA polymerase
(Fermentas, Vilnius, Lithuania). PCR products were ver-
ified by agarose gel electrophoresis and cloned to pGEM-
T Easy vector (Promega GmbH, Mannheim, Germany)
following sequencing using standard T7 and SP6 primers.
In a few cases, the PCR products were directly sequenced
using the designed primers. The final sequences were com-
pared with corresponding data of Col pseudochromosome
and Ler contigs by ClustalX (29).

Data normalization procedure

The number of indels detected depended in part on the
Ler contig coverage for corresponding Col chromosomal
location. To eliminate this effect we applied the data
normalization procedure that estimated a number of
indels by multiplying the indels number detected by
contig coverage for a particular chromosomal section.
After preliminary testing, the optimized resolution for
the data analysis was set up at 1.5kb (smaller resolutions
gave an inconsistent result because of the too infrequent
number of mutations per section). Thus, contig coverage
was calculated by dividing the section size (1.5 MDb) by the
total length (in bp) of non-overlapping contigs assigned
for the section.
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Averaging the records for chromosomal arms

Eight chromosomal arms (the NOR-carrying arms of
chromosomes 2 and 4 were excluded from the investiga-
tion) were divided into sections of 1 Mb starting from the
centromere. Centromere positions were established from
TAIR data. For the sections, the contig coverage was
counted individually in order to enable a data normaliza-
tion procedure (see ‘Data normalization procedure’ sec-
tion). In the final step of this stage, the histogram
analysis of indels distribution for particular indel-generat-
ing mechanisms was performed. Its results were normal-
ized and the average number of mutations estimated for
each section from the summarized data of chromosomal
arms. Similar analyses were conducted to evaluate average
indel length (median) for particular categories, and to esti-
mate the total length of mutated regions for Urec-,
ILLrec- and TE-derived indels (in this case the normaliza-
tion procedure was applied as well). It should be noted
that the first nine sections spanning 5 Mb from the cen-
tromere were counted based on data from all eight arms,
but further sections were counted from the records of
a decreased number of chromosomal arms, because of
differences in their length.

Screening for indels within genes and corresponding
coding sequences (CDSs)

In order to identify these genes, which were affected by an
indel event, gene annotation were downloaded from the
TAIR website (TAIR7 Genome Release) and compared
with indel data. The gene list obtained was filtered against
transposon-related sequences by two means. First, all
Arabidopsis genes were filtered out if their annotations
contained terms as follows: ‘reverse transcriptase’,
‘transpos’, ‘retroelement’, ‘pseudogene’, ‘ribonuclease H’
or ‘virus’. Second, the remaining coding sequences were
screened against repeats by RepeatMasker. If the stretch
of a sequence in gene CDS that was detected to be homol-
ogous to TE was longer than 100bp, the gene was
excluded as potentially TE-related (although by this
mean we could theoretically exclude some genes that
evolved by transposon exonization, there is no data
reporting this process in Arabidopsis, presumably due to
the relatively low abundance of repeats, and very compact
gene organization). Following this filtering the curated list
of genes affected by indels was used to study the mecha-
nisms responsible for indels generation. This approach
resulted in a generation of four indel-harbouring gene
lists, namely Unk, TE-affected, Urec-affected and
ILLrec-affected. The detailed analysis of transcriptional
activity was performed by a comparison of these lists
with data from Yamada er al. (30). The indel-mutated
gene list (in this case undivided into indel-generated mech-
anism categories) was further used to study to what extent
the evolution of various gene families was affected by
indel-generating processes. For this, we used gene family
representations given in the TAIR data. In cases of recep-
tor-like kinases and disease resistance genes (genes with
NBS domain) we employed the corresponding data from
Shiu et al. (31), and from the NIBLRRS Project data (32).

Lastly, the F-box genes were obtained from HMMpfam
records.

Data used for correlation studies

The position of genetic markers and their physical loca-
tions in the Arabidopsis genome were obtained from
Singer et al. (33) RI map. Recombination rates were cal-
culated as the genetic distance (in cM/50 kb) between pairs
of neighbouring informative SFP markers and plotted
versus the average physical distance between the same
markers. Then, the mean recombination frequency was
calculated for chromosomal sections used in the study
(with 1.5 Mb windows). GC level was established for par-
ticular chromosomal sections using the geecee program
supplied in the EMBOSS package (26). For an analysis
of TAGs we used data from Rizzon et al. (34), but filtered
against the transposable element-related sequences, as
described above. The number of TAGs for each 1.5-Mb
chromosomal section was counted and divided by the total
number of non-TAG genes for the section. Methylation
levels were kindly provided by Xiaoyu Zhang and Steve
Jacobsen (35). These were recalculated by adding values
for particular chromosomal sections. Two groups of data
corresponding to two methods of methylation site identi-
fication were applied: methylcytosine immunoprecipita-
tion [mCIP; (35)]. In all the correlations calculated in the
present work we used data obtained for particular chro-
mosomes instead of averaged records for a chromosomal
arm. Statistics were performed using the WINKS SDA
Software (Texasoft, Cedar Hill, TX).

Analysis of recently active TE

From indels identified as ‘intact TE’ (detailed category),
‘LTR-derived’, ‘Col solo-LTR’ and ‘Ler solo-LTR’, we
selected those cases where indels were covered in >95%
by a repeat. TE corresponding to an indel could not be
truncated (TE with one or two ends shorter by more then
20bp was considered as truncated), and no additional
insertion of other TEs was permitted, however, we
accepted small deletions within TEs (their accumulative
length had to be <100 bp).

RESULTS

Assignment of Ler contigs to Col pseudochromosomes
and identification of indels

The sequence data of 81306 Ler contigs were downloaded
from the Monsanto Co. database and assigned to Col
chromosomes by using a Perl script developed especially
for this purpose. In total, we were able to assign 55151
contigs (67.8%) with the total length of 69.6 Mb amount-
ing to 58.4% coverage of the Columbia genome. The
rejected contigs either consisted of repeated elements
which resulted in ambiguous assignments to a number of
chromosome locations, or did not fit into any location,
presumably being placed in the unsequenced parts of the
Columbia genome. Though the number of unassigned
contigs seems to be large, in fact it is not, especially
when we take into consideration that 23.3% of the



Columbia genome is still not sequenced (36), and the
number of repeated elements was estimated to be ~10%
(21). Not all chromosomal locations were covered by
contigs at the same level, especially the pericentromeric
regions and centromeres themselves having a relatively
low number of contigs assigned (Figure S2). The list of
Ler contigs assigned to Col chromosomes, with their loca-
tion and orientation, is presented in Table S1.

Based on BlastZ-generated alignments of the Ler-
Col sequence, the discontinuities in the alignments of
10020000 bp were identified. This analysis resulted in
6636 insertions or deletions distinguishing the two
Arabidopsis accessions (lines). Of them, 2871 were
described as non-terminal indels, as both 5" and 3’ borders
and were identified in the corresponding sequence align-
ments. The majority of these (2201) were insertions in Col
(or deletions in Ler). The discrepancy in the number
of non-terminal insertions in Col and Ler is due to the
relatively short length of Ler contigs and singletons; on
the average the contigs were only 1261 bp long. For this
reason, a majority of insertions in Ler could be detected as
terminal indels only. As terminal indels do not give the
opportunity to analyse their length, borders and mecha-
nisms of origin, only non-terminal insertions in the Col
line were selected for further analysis (Table S2).

The error rate of the Ler contigs assignment to the Col
chromosomes and indels identification was 5% as assessed
from a manual verification on the sample of 100 randomly
selected non-terminal indels (insertion in Col/deletion
in Ler). In addition, 19 indel sites were randomly selected
for detailed, experimental verification. Out of these,
in three cases we obtained unspecific PCR products
for one of the two accessions. The remaining 16 indel
sites were successfully amplified for both lines and the
resulting products were sequenced, and aligned using
the ClustalX program. In all cases, the results confirmed
the predicted indel polymorphism. These 16 indels verified
were submitted to GeneBank wunder accessions
EU737117-EU737148.

To estimate the divergence time between Col and Ler,
we selected 82 genes that were completely covered by Ler
contigs, and used them to calculate levels of synonymous
substitutions (Ks) between the two accessions. Because
of the very high level of sequence similarity between the
two lines, 40 gene pairs were not informative, as they
showed no synonymous subsitutions. However, there is
a conspicuous secondary peak in the age distribution
centred around Ks = 0.006, which corresponds to Col-
Ler split (Table S3). Using an estimated rate of Ks of
1.5 per silent site per billion years (38), the lines diverged
~200000 years ago.

Characterization and mechanisms of indels origin within
Arabidopsis Col and Ler accessions

As already stated, we identified 2201 non-terminal inser-
tions in Col accession. Taking into consideration chromo-
some coverage by the contigs (see data normalization
procedure in ‘Materials and Methods’ section), and the
error rate of 5%, the hypothetical total number of inser-
tions (we will use term ‘insertion’ operationally as it
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could be a deletion in the other genome) in the Col
genome it was estimated to be ~4300 (4514 x 95%).
Although we do not have complete information about a
number of non-terminal insertions in Ler, we can quite
accurately calculate the number of smaller non-terminal
insertions in this line. For insertions of the 100-200 bp
sequence, the probability that their number would be sig-
nificantly reduced because of Ler contig length is relatively
low. For 942 cases of 100-200 bp-long insertions, 425
(45%) cases were insertions in Ler. Thus we can make
an assumption, that the frequency of insertions in Ler
accession is similar, and conclude that there are ~8500
indels of 100-20000bp that differentiate the two
Arabidopsis lines. Taking total genome size into account
120 Mb, a single large indel occurs every 14.2 kb.

For non-terminal indels we were able to determine
their length, and eclucidate the probable evolutionary
forces responsible for their appearance. All of the three
main mechanisms (TE, Urec, and ILLrec) have some char-
acteristics, which enable discrimination between them.
However, in many cases an individual indel analysis deliv-
ered evidence of two or even more mechanisms being
involved. Hence, we developed a heuristic approach, that
takes into account a number of parameters and performs
some additional analyses, such as the location of repeated
elements within an insertion and searching for homol-
ogous sequences within genomic regions under con-
sideration. Here, for simplicity, we focus on general
mechanisms, and refer to the detailed categories in partic-
ular cases only, where it can be of a special interest. The
presumable general mechanisms responsible for indels
were divided into three classes: ILLrec, which includes
sequence homology-independent recombination path-
ways, TE, which correspond to new insertions or the exci-
sions of transposable elements (both perfectly conserved
and slightly modified mainly by illegitimate recombina-
tion) and Urec, which originates from homologous recom-
bination events involving two identical or highly similar
sequences of > 50 bp length. Unclear cases were classified
to be in the unknown origin (Unk) category (this fourth
class consists of mutations likely generated by mechanisms
that can not be assigned to any of the above for some
reason; it was not used in the analysis of mechanisms
generating indel mutations). The distribution of various
indel categories along particular chromosome is shown
in Figure 1. Full information describing non-terminal
indels detected is presented in Table S2.

In the presented whole-genome analysis, it has been
estimated that the ratios of particular indel-generating
mechanisms were different: the highest number of indels
was derived from ILLrec events (42.9%), while the num-
bers of Urec and TE-generated indels were similar (24.4%
and 26.4%, respectively) (Table 1). Considering the mean
sizes of indels, the largest indels were generated by Urec
events (median = 2924), smaller by TE-insertion/excision
events (median = 1314) and much smaller by ILLrec
(median = 215) (Table 1).

A detailed, histogram-based analysis of indel size dis-
tributions shows exponential decay characteristics for
events generated by illegitimate recombination. In the
case of unequal recombination-derived indels the same
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Figure 1. Indel distribution along Arabidopsis chromosomes. The x-axis represents the physical distance (Mb) along the chromosome. The y-axis
represents the normalized numbers of indels counted for each 1.5Mb chromosomal section. The bar represents the centromeric region.

Table 1. Indels number and size

Mechanism (general) Total
Unk  Urec- ILLrec- TE-derived
derived derived indels
indels indels
Number detected 151 569 980 526" 2201
Percentage detected 6.9 25.9 44.5% 23.9%
Number estimated 285 1101 1936 1192 4514
Percentage estimated 6.3 24.4 42.9 26.4
Median size 1531 2924 215 1314 682

Results and estimations for insertions in Col accession

“In 15 cases indels were due to LTR insertion followed by their removal
by Urec, thus they are double counted in columns describing the invol-
vement of the mechanisms studied.

plot reaches the highest value at ~500bp, but the fre-
quency of mutations for this category is still relatively
high up to ~6kb (Figure S3). This result suggests a rela-
tively broad range of size distribution for the Urec cate-
gory of indels. TE-derived indels vary widely in size range
with a few peaks within a 150-2600 bp range, a strong

peak at ~5kb and a number of hits at ~8 and ~10kb.
The above-mentioned areas correspond to non-autono-
mous DNA transposons, copia-like retroelements and
autonomous DNA transposons/gypsy retroelements,
respectively (Figure S3).

In this work we only analysed indels of >100bp in
length. For the same reason, the number of indels resulted
from ILLrec events is likely to be underestimated (the fact
reflected in its distribution on the corresponding histo-
gram). The distributions mean and median were 394 bp
and 215bp, respectively. If the deletions smaller than
100 bp had been included, these two values would have
been shifted to a much lower size, as evidenced by
Bennetzen et al. (37) [compare also with Ref. (10)].
Fortunately, two other types of indels (TE- and Urec-
derived) give much larger sizes, and thus the inaccuracy
resulted from size distribution is presumably not
significant.

Indel distributions along the chromosome varies with
respect to indel category

The indel distributions along a chromosomal arm are
often disrupted by additional peaks, some of which stem
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Figure 2. Distributions of indel numbers (A—C), sizes (D) and their combined length (E). The x-axis represent the physical distance (Mb) along an
averaged chromosomal arm calculated in 1 Mb sections, starting from (peri)centromeric region towards telomeres. (A) The y-axis represents the
normalized numbers of ILLrec-derived indels. The averaged data shown as a solid black line, while component data for eight chromosomal arms
depicted in dashed lines. (B) The y-axis represents the normalized numbers of Urec-derived indels. The averaged data shown as a solid black line,
while component data for eight chromosomal arms are depicted in dashed lines. (C) The y-axis represents the normalized numbers of TE-derived
indels. The averaged data shown as a solid black line, while component data for eight chromosomal arms depicted in dashed lines. (D) Medians of
indel sizes in kb plotted on y-axis with respect to particular indel-generating mechanisms. (E) Sum of indel length in kb plotted on y-axis with respect
to particular indel-generating mechanisms. Data were normalized by contig coverage. (F) Length of eight chromosomal arms taken into account in
A, B, C, D, and E. The chromosomal arms notation according to the chromosome number and position of an arm (N corresponds to North, S

corresponds to South).

from ancient rearrangements events (see below). In
order to analyse these distributions more accurately, we
decided to eliminate the chromosome-specific bias by
averaging the distributions for individual chromosomal
arms (see ‘Materials and Methods’ section). This analysis
revealed some general trends of indel accumulation
(Figure 2A—C). The Kruskal-Wallis test confirmed that
particular indels categories are not identical with respect
to location (H = 9.61, P = 0.009) and the Tukey multiple
comparison procedure identified the differences between
the distribution of ILLrec- and TE-derived indels, and
ILLrec- and Urec-derived indels, but not for Urec- and

TE-related indels (at the 0.05 significance level). The
number of TE-derived indels increases slowly from a tel-
omere and approaches exponential growth some 2Mb
ahead of a centromere with the precise maximum at the
first section from the centromere. Conversely, distribu-
tions of Urec-derived indels have distinct courses along
the chromosome: accumulation of these indels increases
gradually along the chromosomal arm, starting from tel-
omere and reaching the maximum about 1.5 Mb from the
centromere, then subsequently decreasing. Still different,
the ILLrec-derived indels demonstrate a bimodal distribu-
tion of intermediate form between TE- and Urec-related
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Table 2. Spearman’s rank correlation coefficients between different
indels categories and gene density, TE frequency, recombination
frequency, GC level, TAGs and DNA methylation level (mCIP)

All non- ILLrec- Urec- TE-derived Indels

terminal  derived  derived indels within

Col indels indels indels genes
Gene density  —0.877*  —0.793""" —0.639""* —0.873"*  -0.202
TE frequency 0.912"*  0.791"*  0.685™* 0.897*** 0.264*
Recombination  0.060 0.039 0.234* 0.043 0.374*

frequency

GC-level -0.291**  -0.255"  —0.420"* —0.335"" —0.586"*
TAGs 0.237* 0.159 0.499"*  0.268* 0.610"**
mCIP 0.882***  (0.782"**  0.627"** 0.870™** 0.200

*P<0.05; ™P<0.01; " P<0.001.

distribution curves. The number of ILLrec-derived
indels increases towards the centromere reaching two
maxima, the first of which lies about 2.5Mb ahead of
the centromere and the second forming a pericentromeric
peak.

In order to identify the underlying causes of emerging
chromosomal distributions we analysed a number of
pairwise correlations between particular indel types and
some chromosome characteristics (Table 2). For ‘all
non-terminal indels’ category a negative correlation
was found with gene density and GC-level, whereas a pos-
itive correlation was indicated with TE frequency. This
fact is indicative of the expected selection pressure on
functional, gene-rich regions. As expected, all three indi-
vidual indel categories (ILLrec-, Urec- and TE-derived
indels) are also negatively correlated with gene density
and GC-level, and positively correlated with TE fre-
quency. It is however noteworthy that the strength of
these relationships varies (see Table 2). Apart from the
above-mentioned correlations, in particular the Urec-
derived indels were found to be strongly correlated with
tandemly arrayed genes (TAG) frequency, and with
recombination rate.

To address the question as to what impact the particular
mechanisms of indels generation have on genome shape,
we analysed distributions of indel sizes and their combined
length along an averaged chromosomal arm (Figure 2D
and E, respectively). In the case of ILLrec-derived indels it
appears their sizes do not change along the arm. On the
contrary, Urec-derived indels tend to be much shorter
close to the centromere. This is also reflected in the sum
of indel lengths in centromere proximity (Figure 2E).
Mirroring but reverse to this trend, TE-derived indels
become the largest close to centromere. Medians and the
combined length of Urec-related mutations are about
twice as large as TE-related mutations along an arm, but
compensate ~2Mb from the centromere around the cen-
tromere. It should be noted that indel size fluctuations
within centromeric and pericentromeric regions are not
accidental, as they are derived from a relatively large
number of events (from 13 to 126 indel events for each
first twelve sections from a centromere for each
mechanism).

Table 3. Indels within genes and coding regions

ILLrec- Urec- TE-derived Unk Total

derived derived  indels
indels indels
Within genes
No. 400 392 63 41 894°
Percentage 44.7 43.8 7.0 4.6
Mean® 364 1266 1078 1019 950
Median® 178 925 586 747 572
Within CDSs
No. 194 375 32 32 631°
Percentage 30.7 59.4 5.1 5.1

“The value determines overlapping sequences of indels and genes.
°In two cases the indel was due to LTR insertion followed by its
removal by Urec, thus it is double counted.

Indel events within genes and CDSs

We also analysed indels that occurred specifically within
protein-encoding genes. For this purpose the gene anno-
tation data were scanned to exclude genes related to
known TEs (see ‘Materials and Methods’ section).
Altogether, we were able to identify 1185 different genes
that were affected by 894 indels (some mutations covered
more than one gene). The majority of these genes possess
indels within coding regions (908 cases, 76.6%). Both
types of recombination (ILLrec, Urec) have the highest
influence on gene content (Table 3). A similar analysis
for coding regions revealed an even greater role of unequal
homologous recombination (Table 3), with the length of
the overlapping gene-indel region reaching its maximum
value for unequal recombination (Table 3).

When analysing the distribution of indels within genes,
we found they positively correlate with both TAG fre-
quency and recombination frequency, and negatively
correlate with the GC level (Table 2).

We also checked the impact of large indels on gene
transcriptional activity. For this purpose the genes and
CDSs affected by indels were divided on the basis of
whether they are or are not transcribed [based on data
from ref. (30)]. Altogether, out of 1184 indel-affected
genes, 1148 have the transcriptional activity tested by
Yamada et al. (30). For these genes 57.9% (665 cases)
were transcribed. Results for a similar analysis for partic-
ular mechanisms are shown in Figure 3, and more detailed
data are shown in Table S4. The number of genes and
CDSs harbouring indels, which are/are not transcription-
ally active varies significantly among four indel-generated
mechanism classes (X2 =37.10, df=3, P<0.001, and
x> =23.55, df=3, P<0.001, respectively). For all
genes/CDSs harbouring indels, the frequency of active ele-
ments is significantly lower than for the whole genome
data (Table S5). However, this analysis was performed
based on insertion in the Col line (deletion in Ler) and
transcriptional data for the Col line, as well. This means,
that we cannot reliably expect the result to show the real
level of gene inactivation due to indel events, although the
overall trends are unlikely to be affected. These tendencies
suggest that TE insertions, in particular, have a much
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Figure 3. Genes (defined as sequences from 5" to 3’ untranslated regions
(UTRs); including exons, introns and UTRs) and CDSs (defined as
translated part of the gene from start codon to stop codon and exclud-
ing introns) affected by indels at transcriptional level. Percentage of
transcriptionally active genes (y-axis) for particular indel categories
(x-axis) given in relation to total number of silenced genes. “Whole
genome’ represents percent of transcriptionally active genes/CDSs
within the genome, as tested by Yamada et al. (30), and ‘All’ illustrates
transcriptionally active genes in all genes/CDSs harbouring indels. Data
for particular indel categories are also shown.

stronger effect on gene activity than other mechanisms of
the indel generation.

Moreover, we attempted to analyse how often the indels
are detected in different gene families. The number of
indel-harbouring genes varies between different gene
families (x> = 74.3, df = 11, P <0.0001—precise results
are shown in Figure 4). The most frequently mutated
gene families were disease resistance genes and cyto-
chrome P450, whereas the rarest mutations were found
within functionally constrained genes encoding transcrip-
tion factors and cytoplasmic ribosomal proteins.

Recently active transposable elements in the
Arabidopsis genome

The study gave us the unique opportunity to find out these
TEs, which were actively mobile at least in one line some-
time during the past ~200000 years after Col-Ler split.
We will refer to them as ‘recently active’. Investigation of
the TE category let us disclose correct, non-truncated
transposons. As we focused on insertions in the Col line
(=deletions in Ler), all retroelements and RC/Helitron
class transposons detected were active in the Columbia
accession, because of their transposition cycle. Other
types of DNA transposons detected could be recently
active either in Col (a case of an insertion), or in Ler (a
case of an excision) line. Altogether, after using a conser-
vative criterion to minimize the introduction of false posi-
tives, we detected 166 transposable elements, out of which
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Figure 4. Gene families affected by indels. Percentages of indel-
harbouring genes (y-axis) given in relation to total group representation
in the genome (x-axis). ‘Disease resistance’ corresponds to all the genes
with NBS domain.

the retroelements constitute 40.4%, and the DNA trans-
posons account for the remaining 59.6% (see Table 4, for
details). Not surprisingly, detected TE appeared to be rel-
atively unaltered as compared to their corresponding con-
sensus sequence in RepBase: median values for percent of
substitution, percent of deletion and percent of insertion
were 3.05, 0.45 and 0.00, respectively.

Within the retroelements subset, the Copia-like transpo-
sons are twice as common as the Gypsy group, while
LINE and SINE elements seem to occur only rarely. A
relatively small number of Gypsy elements that were
detected in comparison with Copia elements could be
attributed mainly to the very strong preference of these
retrotransposons for incorporation within pericentromeric
regions—for which the number of assigned Ler contigs
is relatively low. It is also in accordance with previous
results (4).

Within DNA transposons two main classes, namely
Helitrons and MULEs (Mutator-like transposable ele-
ments), were determined to be recently active. Both vari-
eties have been proven to acquire and fuse fragments of
plant genes (37,39,40), which may indicate this process is
of importance in the Arabidopsis genome, presumably
enhancing its plasticity.

We detected 25 cases of indels containing solo-LTRs.
Out of these 13 cases were caused by an insertion in the
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Table 4. Recently active transposable elements detected by a compar-
ison of Col/Ler accessions

Percent of
elements detected

Number of
elements detected

Retroelements 67 40.4
SINEs 3 1.8
LINEs/L1 4 2.4
Copia 40° 24.1
Gypsy 20% 12.1

DNA transposons 99 59.6
Pogo 4 2.4
En-Spm 1 0.6
MULE (MuDR) 33 19.9
Harbinger 2 1.2
RC/Helitron 44 26.5
ATTIRXI1 4 2.4
hAT 4 2.4
Mariner 4 2.4

Unclassified 3 1.8

Total 166

Those correspond to intact elements, which were inserted/excised from
one line in comparison with the other.
“The value includes solo-LTRs.

Columbia line followed by its subsequent removal by
Urec. In the same dataset there are 60 clear cases of
LTR insertion in Col line (both copia and gypsy class).
From our results it can be estimated that 21.7% (13 x 60)
of LTRs were removed from the Columbia genome by
unequal recombination between their terminal repeats
within the last ~200000 years. However, this estimate
should be treated with caution as the number of solo-
LTRs detected is relatively low and no normalization
procedure that takes into consideration chromosomal
position could be applied. Keeping this in mind, our
general conclusion is that Urec is not efficient enough
to fully counteract genome expansion by LTR inser-
tions, especially for chromosomal regions in close prox-
imity to the centromere, where Urec’s activity is
relatively low.

DISCUSSION

One of the most apparent results of our studies concerns
the indel chromosomal distribution. The striking differ-
ence in their occurrence within pericentromeric regions
in comparison to chromosome arms was found. Taking
into consideration the origin of indels, this phenomenon is
due to either TE insertions or recombination-based
mechanisms (Figure 2A—C). The regions with a highly
elevated level of indels comprise about 4 Mb counting
from the centromere towards the telomere, and corre-
spond directly to chromosomal regions of elevated num-
bers of transposable elements. Wright et al. (41) already
provided convincing evidence that the accumulation
of TEs in pericentromeric regions is the result of
strong selection against the TE disruption of gene
function. Thus, it seems reasonable to argue that both
ILLrec- and Urec-derived indels, due to their frequency,
counteract TE-based genome expansion (42,43); thus
(peri)centromeric regions appear to be an evolutionary

‘battlefield” between transposons and recombination-
based events. This conclusion is also supported by the
inferred strong positive correlations between TE fre-
quency and ILLrec/Urec-originated indels distribution
(0.79 and 0.69, respectively). These two types of mechan-
isms seem to counteract genome expansion in different
fashions and are pointed out below.

Unequal recombination is insufficient in the removal of
transposable elements within centromeres

A closer look at the indel distribution along chromosome
arms (Figure 2A and B) demonstrates a difference between
ILLrec- and Urec-derived events. The frequency of Urec-
related indels, although high within pericentromeric
regions, decreases close to the centromere (Figure 2B).
Moreover, the distribution of indels generated by Urec is
significantly correlated with recombination frequency
(0.234, P <0.05). It is well documented that centromeric
regions have a strong reduction in rates of recombination
(44,45), a phenomenon likely connected with the high
level of DNA methylation (35). Interestingly, the average
length of mutations generated by the Urec mechanism is
about 3-fold shorter within the first 2Mb from the cen-
tromere, than along the chromosome arm (Figure 2D).
The low numbers and sizes of Urec-related indels within
these regions are reflected in the total length of modified
DNA (Figure 2E).

Another piece of evidence emerged from our investiga-
tion of retrotransposon insertions and their elimination by
Urec through solo-elements: the number of solo-elements
appears to be relatively low in comparison with intact
ones (~1:5). This contradicts the previous report of
Devos et al. (42), who found the ratio of solo-LTRs to
intact elements in Arabidopsis is ~1:1. This discrepancy is
presumably due to the distinct data sets applied. Devos
et al. (42) analysed all the intact elements within the
genome, as a consequence finding many more solo-LTRs
within the chromosomal arms, where Urec is relatively
efficient; in contrast we detected only these events that
took place in the Col genome after Col-Ler separation.
Based on these observations we suggest unequal recombi-
nation is inefficient in the removal of TE in the proximity
of centromere.

Somatic events play an important role in
plant genome evolution

Contrary to Urec-, ILLrec-derived indels are not corre-
lated with recombination frequency and accumulate
within centromeric regions (Figure 2A). Their average
sizes do not depend on chromosomal position
(Figure 2D). Our data suggest that DNA methylation
levels do not inhibit this mechanism of indel occurrence.
It should be emphasized that ILLrec-related indels being
shorter than 100 bp are much more common, than larger
ones [(37); see also Figure S3]. Moreover, at least 34% of
indels in the TE-related category have some traces of
ILLrec action, as they are truncated and fragmented. As
a consequence, the impact of ILLrec indels on genome size
is much larger than could be deduced from Figure 2F.
Thus, our final suggestion is that ILLrec takes over the



function of Urec in genome reduction within centromeres.
It is tempting to speculate its main role is not the removal
of TEs, but their inactivation by disturbing the sequence
of their coding regions. In plants, unlike in animals, there
are no germ lines, hence most of somatic cells can poten-
tially develop towards generative cells. As it is widely
accepted that ILLrec is active mainly in somatic cells,
where the availability of homologous sequences is limited
(9), it is noteworthy that somatic events are much more
essential for plant genome evolution that previously sup-
posed. It is probable that the much higher plasticity of
plant genomes in comparison with animal ones is, in
part at least, a consequence of the broader influence of
somatic events on plant genome evolution.

Large indels have an unexpectable high effect
on gene evolution

Out of 2201 indels detected in our study, there were 894
(40.6%) and 631 (28.6%) affected genes and their coding
regions, respectively. Contig coverage for chromosomal
arms, which are rich in coding sequences, is much higher
than for (peri)centromeric ones (Figure S2), thus the con-
tribution of indels affecting genes within all indels is in fact
several times lower. Even with this reservation, however,
the result reveals a surprisingly significant influence of
indels on gene evolution, and indicates their role in these
processes as comparable to their function in the deletion
of repeated sequences. Both Urec- and ILLrec-derived
indels appear to shape gene structure much more fre-
quently than TE-based indels (Table 3). This finding is
in a line with previous data on gene evolution in plants
(5-7). On the other hand, the coding regions are mainly
affected by Urec-originated events (59.4% of all the cases;
Table 3), and the average length of indel-affected gene
sequences is a few times larger for Urec-, than for
ILLrec-based indels (Table 3). Again, it should be noted
that the polymorphisms described in this study were
derived and based on insertions in the Col line (or deletion
in Ler) and existing Col gene annotations; thus presum-
ably some genes that have been disrupted by indels were
not identified, as they do not exist in present annotations.
In human pseudogenes, ILLrec generates deletions three
times more often than insertions (10), and it is suggested in
regard to larger events (such as those caused by Urec) that
the trend could in fact be opposite to the one observed
here (46). Hence, we must conclude that the effect of
ILLrec on coding sequences could have been
underestimated.

The occurrence of indels within genes correlates
strongly with the distribution of tandemly arrayed genes
(TAGsS), a finding which is not surprising, as these muta-
tions are the main force of TAGs birth-and-death life cycle
(5). On the other hand, we found a strong negative corre-
lation with GC-level and positive with recombination fre-
quency. These two values are related to each other (47)
and indicate that the occurrence of indel mutations within
genes is governed by recombination-dependent events,
and takes place usually during meiotic crossing-over.
This finding is in accordance with previous data (9).
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By current annotation, genes lacking expression support
are overrepresented within genes harbouring insertions in
the Col line relative to Ler (Figure 3). The difference is
statistically significant (Table S5), however, it cannot be
concluded where the transcriptional silencing is an effect,
and where a cause of indels. Conversely, there are signif-
icant discrepancies between particular indel categories.
Genes interfered by TE insertion/excision events exhibit
transcriptional inactivity almost twice as often as
ILLrec-affected ones (Table S4, Figure 3). This phenome-
non is presumably connected to indel size (Table 1),
although other reasons, such as DNA methylation
around TEs have been suggested (35).

Moreover, we investigated the frequency of indel
appearance in particular gene families. In order to com-
pare indel polymorphism with more global descriptions of
polymorphism (SNPs and polymorphic regions) described
by Clark et al. (15), we selected the same gene families for
this study. The overall trend between these two data col-
lections is similar. In both cases, the disease resistance
gene family emerges as the most polymorphic group of
genes, while the cytoplasmic ribosomal proteins and tran-
scription factors exhibit the lowest levels of polymorph-
ism. Contrary to Clark et al. (15), the mutated genes with
the F-box domain were found to be less prevalent. This is
probably due to the very stringent criteria we applied to
the exclusion of TE-related genes, which eliminated a large
fraction of genes within the category.

Indel distributions along the chromosome may reflect
breakpoints of ancient rearrangements

The distribution of indels along all the chromosomes is
strongly influenced by their centromeric location, where
the main indel peaks occur. However, there are some addi-
tional peaks within chromosomal arms. The most appar-
ent of these is an additional indel peak in the middle of the
south arm of chromosome 1 (normalized indel number
counts to 75.54; Figure 1). The region under investigation
exhibits normal gene density, GC-content, and there seem
to be no remnants after ancient local rearrangements
(initially deduced from a comparison with homeologous
chromosomal regions). Still, there is a significant increase
in TEs number, and TAGs within this region (data not
shown). Together with the majority of ILLrec indels
within the region, this observation points to an ancient
chromosomal fusion event, which took place during the
reduction of A. thaliana chromosome number. To assess
this conclusion, we compared the chromosomal location
of the indel peak with results from comparative genetic
(48-53) and physical (54,55) mapping, which both support
the hypothesis. It should be emphasized that this particu-
lar chromosomal fusion event has been suggested to be the
most recent one in the Arabidopsis genome’s history
[fusion/breakage 3; (51)].

Considering the number of indels, the next noncentro-
meric peaks are located on chromosomes 5, 2 and 4 (nor-
malized indel number of 85.51, 64.96 and 60.52,
respectively; Figure 1). In all these cases, the peaks
are mainly the result of ILLrec-derived indels, and cor-
respond to regions with elevated numbers of TEs.
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For chromosomes 5 and 2, a comparison with a compar-
ative genetic map revealed that the peaks correspond
to other regions of ancient chromosomal fusion break-
points [fusion/breakage 1 and 2, respectively, according
to Ref. (51)]. In contrast, no obvious correlations with
any known genomic features for the region on chromo-
some 4 were detected.

Furthermore, we double-checked the chromosomal
fusion breakpoints in order to infer whether any remnants
of these events could be detected on the level of indel
distribution. Besides chromosomes 1, 2 and 5, other
breakpoints are located within chromosomal regions
embedded in pericentromeric indel peaks, making it diffi-
cult to identify. It is worth noting that we could expect any
remnants of the fusions only in the case of chromosomes
1, 2 and 5, where the ancient pericentromeric regions had
been taken apart: in fusions that resulted in the formation
of present chromosomes 3 and 4 only telomeric sequences
could be expected. We also found that it is impossible to
detect remnants of more ancient chromosomal rearrange-
ments at the level of indel distribution, though they can be
easily detected by bioinformatic (23,56,57) and hybridiza-
tion approaches (58,59), where coding sequences are
mainly involved.

Recently, Lysak et al. (54) proposed a mechanism by
which chromosome number reduction might proceed and
suggested that the ancient pericentromeric region had
been lost during chromosomal fusions. However, our
study suggests that traces related to ancient pericentro-
meric regions can be detected at least in some cases (e.g.
increased levels of TEs and accumulation of ILLrec-
derived indels within breakpoint regions). Therefore, it
seems reasonable to conclude that some parts of the peri-
centromeric heterochromatin domains were temporarily
retained after the fusion event, and the succeeding process
of their removal was relatively slow. Hence, the underlying
mechanism of ancient centromere loss merits further
investigation.
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