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Abstract Much is known about the abundance of trans-
posable elements (TEs) in eukaryotic genomes, but much
is still unknown on their behaviour within cells. We em-
ploy here a combination of cytological, molecular and
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genomic approaches providing information on the
intragenomic distribution and behaviour of non-long ter-
minal repeat (LTR) retrotransposon-like elements (R7FE).
We microdissected every chromosome in a single first
meiotic metaphase cell of the grasshopper Eyprepocnemis
plorans and polymerase chain reaction (PCR) amplified a
fragment of the RTE reverse transcriptase gene with spe-
cific primers. PCR products were cloned and 139 clones
were sequenced. Analysis of molecular variance
(AMOVA) showed significant intragenomic structure for
these elements, with 4.6 % of molecular variance being
found between chromosomes. A maximum likelihood tree
built with the RTE sequences revealed the frequent pres-
ence of two or more elements showing very high similar-
ity and being located on the same chromosome, thus
suggesting intrachromosome movement. The 454 pyrose-
quencing of genomic DNA gave strong support to the
microdissection results and provided evidence for the
existence of 5' truncated elements. Our results thus indi-
cate a tendency of RTE elements to reinsert into the same
chromosome from where they were transcribed, which
could be achieved if retrotranscription and insertion takes
place immediately after transcription.

Keywords 454 sequencing - Intrachromosomal -
Intragenomic - Microdissection - RTE - Transposable
elements

Abbreviations

AMOVA  Analysis of molecular variance
dNTP Deoxynucleoside triphosphate
LINE Long interspersed nuclear element
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LTR Long terminal repeat

ORF Open reading frame

PCR Polymerase chain reaction

RTE Non-LTR retrotransposon-like element
SINE Short interspersed nuclear element

TE Transposable element

Introduction

As evidenced by the genomes recently sequenced, eu-
karyote genomes contain huge amounts of transposable
elements (TEs): 15 % of the Drosophila melanogaster
genome (Vieira et al. 1999), 45 % of the human genome
(Lander et al. 2001) and up to 80 % in some plant
genomes (Charles et al. 2008; Tenaillon et al. 2011).
TEs are usually classified as class I (retrotransposons),
with an RNA intermediate, and class II (transposons)
(Wicker et al. 2007). On the basis of the presence or
absence of long terminal repeats (LTRs),
retrotransposons are classified into LTR and non-LTR
elements, respectively. The latter include short inter-
spersed nuclear elements (SINEs) and long interspersed
nuclear elements (L/NEs) which are the most wide-
spread TEs in eukaryotes (Vitte and Bennetzen 2000).
Retrotransposon-like element (R7TE) is a non-LTR
retrotransposon that is very abundant in most eukary-
otes. It is a kind of LINE showing an integration mech-
anism through target-primed reverse transcription which
frequently generates 5’ truncated copies due to the inte-
gration of prematurely terminated reverse transcripts
(Malik and Eickbush 1998). This implies the simulta-
neous reverse transcription and joining of the 5’ end of
the first-strand complementary DNA (cDNA) with the
genome thus starting integration (Zingler et al. 2005).
Since reverse transcription and integration occur simul-
taneously, the logical consequence of reverse transcrip-
tion interruption is the integration of 5’ truncated copies.
It is known that non-LTR retrotransposons, including
LINE-1 in humans, perform reverse transcription in the
nucleus, but the ultimate cause for 5’ truncation remains
mostly unknown (Zingler et al. 2005).

The intragenomic distribution of TEs could illumi-
nate some obscure aspects of their behaviour. For this
purpose, we assay here a combination of the microdis-
section of each chromosome in a single cell and subse-
quent polymerase chain reaction (PCR) amplification of
part of the RTE sequence, with sequence comparisons
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between elements residing in different chromosomes.
Chromosome microdissection was developed by
Scalenghe et al. (1981) in polytene chromosomes of
Drosophila, and shortly after, it was applied to human
chromosomes (Bates et al. 1986). From then on, many
different applications have emerged (Cannizzaro 1996;
Zhou and Hu 2007). One of the main current uses of
chromosome microdissection is for chromosome paint-
ing (Guan et al. 1994; Houben et al. 2001; Marchal et al.
2004; Teruel et al. 2009), but it has rarely been used for
the analysis of specific DNA sequences from specific
chromosomes (Cheng and Lin 2003; Lamb et al. 2005;
Teruel et al. 2010), even though this latter approach may
be very useful for a broad range of genomic studies. For
instance, clinical genetics has taken particular advantage
of microdissection, facilitating genetic disease analysis
such as the identification of the affected genes in Prader-
Willi syndrome (Buiting et al. 1990) or characterization
of marker chromosomes in prenatal diagnosis
(Mahjoubi et al. 2005).

Here, we perform the microdissection of all chromo-
somes in a single cell and amplify in them, by PCR, a
fragment of the RTE retrotransposon, in order to analyse
the intragenomic distribution of these elements in the
grasshopper Eyprepocnemis plorans, a species with a
gigantic genome (Ruiz-Ruano et al. 2011) that is rich in
mobile elements such as Gypsy and RTE
retrotransposons and Mariner transposons (Montiel
etal. 2012). They are widely represented in euchromatic
regions of all standard (A) chromosomes and, in a lesser
extent, on B chromosomes (a kind of dispensable
heterocromatic chromosomes) (Camacho 2005). We al-
so performed 454 pyrosequencing of genomic DNA to
test the reliability of the DNA sequences obtained
through microdissection and PCR amplification. The
coding nature of RTE provided us with useful tools to
test the action of purifying selection during the evolu-
tionary dynamics of these elements.

Materials and methods
Microdissection and PCR-cloning experiment

We microdissected all chromosomes (11 autosomal bi-
valents and X and B univalents) out of a previously
photographed single spermatocyte at first meiotic meta-
phase (Fig. S1), from a B-carrying male captured in
Torrox (Malaga, Spain). Chromosomes were stored into
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separate 0.2-ml Eppendorf tubes with 1X Buffer Taq
polymerase (MBL) and 2 mg/ml proteinase K (Sigma),
to be subsequently denatured at 50 °C for 1 h and at
99 °C for 4 min. Chromosomes were named in order of
decreasing area, excepting X and B univalents which
were easily identified because of their differential
heteropycnosis, size and univalency. Chromosome area
was measured (in arbitrary units) using the ImageJ pro-
gram, version 1.44p (http://imagej.nih.gov/ij). Measures
were repeated three times to corroborate the results.
PCR reactions were performed on each chromosome,
to amplify the YLG motive of region 7 of the reverse
transcriptase gene of the RTE element (see Xiong and
Eickbush 1990), with the primers gPCR_RTEf (5'-AGA
TTG GGA AAC GAG GCA CTG-3') and RTE IntR
(5'-CAT CCA TAC AAG GCA ACA CTC-3"), which
yielded a 218-bp fragment coding to the thumb region of
the reverse transcriptase enzyme (Xiong and Eickbush
1990; Montiel et al. 2012). The reaction mix was com-
posed of 2 mM MgCI2, 0.16 mM deoxynucleoside
triphosphate (ANTP), 4 % DMSO, 0.4 uM of each
primer and 1 U Taq polymerase (MBL). The reaction
conditions consisted in an initial denaturation step at
95 °C for 5 min followed by 30 cycles of 20 s at
94 °C, 30 s at 55 °C and 45 s at 72 °C, and a final
extension for 8 min at 72 °C. PCR products were visu-
alized in a 1 % agarose gel, and the fragment obtained
from each chromosome was extracted from the gel with
the GenElute Kit (Sigma), cloned into TOPO TA vector
(Invitrogen) and transformed into One Shot TOP10 cell
(Invitrogen). The insert of 17-28 clones per chromo-
some was sequenced in both directions (Macrogen)
using the standard M13 primers. DNA sequences
(GenBank: JX244482-JX244770) were aligned with
the program BioEdit (Hall 1999) using ClustalW
(Thompson et al. 1994). Saturation tests, performed
following the procedure described in (Xia et al. 2003),
indicated the absence of saturation for RTE sequences.
We built a phylogenetic tree by the maximum likelihood
method with the online version of PHYML (Dereeper
et al. 2008), using a GTR evolutionary model,
employing the «-LTR method (Anisimova and
Gascuel 2006) to calculate branch support, and using
the SplitsTree4 program (Huson and Bryant 2006) to
process the obtained tree. Arlequin 3.0 software
(Excoffier et al. 2005) was used to test the genomic
structure of these sequences using the analysis of mo-
lecular variance (AMOVA) test. For comparison, we
performed this same analysis to the data by Kejnovsky

et al. (2007) (accession numbers: DQ683758-969 and
DQ922567-629).

Whole genome shotgun experiment

We performed a sampling of repetitive DNA sequences
in the E. plorans genome by means of 454 Roche
pyrosequencing of total genomic DNA from a male
carrying two B chromosomes, captured at Torrox (Ma-
laga, Spain) (1/8 plate). We deposited the raw reads in
the NCBI’s SRA database (accession number
SRR1200829). After performing a quality trimming
with Roche’s 454 GS Assembler, and excluding those
reads with a size lower than 200 nt, we cut the remaining
reads into as many 200-nt-long fragments as possible.
We applied the RepeatExplorer pipeline (Novak et al.
2013) in order to perform a clustering of the resulting
fragments according to their identity, and performed a
de novo assembly in each individual cluster to get a
consensus sequence of the most frequent families of
RTE elements present in the E. plorans genome. For
each of the two clusters found by RepeatExplorer, we
selected the largest contig. To identify the 5" and 3’ ends
and determine the depth along all the element sequence,
we mapped all the reads to the selected contigs of each
subfamily with the Roche’s 454 GS Mapper, with de-
faults options, i.e. with a minimum overlap length of
40 bp and 90 % identity, and bearing in mind the
dramatic decline in coverage at both ends, coinciding
with the end of the microsatellite region in the 3’ end.
The coding region with the longest open reading frame
(ORF) was considered representative for each R7E sub-
family (GenBank: KF881086 and KF881087). To ana-
lyse sequence conservation at protein level, we aligned
the putative amino acid sequence of the RTE
retroelements with that reported for Bombyx mori (ac-
cession number ADF18552).

We then extracted the reads, assigned them to one of
the two clusters, and aligned them against the ORF
region of the representative nucleotide sequence for
each cluster with the RepeatMasker software (Smit
et al. 2010). Using a custom Python script (https://
github.com/fjruizruano/rmasker-processing), we
processed the output to classify the reads as (i)
completely aligned; (ii) partly aligned in the 5’ or 3’
regions, thus including the beginning or the end of
RTE and (iii) partly aligned due to the presence of
insertions or deletions. The aligned region of the reads
belonging to the first two groups was analysed in the
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appropriate reading frame and only those lacking indels
and stop codons were considered as putatively function-
al (non-defective). The third type of reads was consid-
ered as defective.

Calculations of the number of RTE elements in the
E. plorans genome were done at nucleotide level and
then converted to elements considering element length.
The proportion of the genome represented by RTE ele-
ments was calculated by dividing the RTE nucleotides
between total nucleotides in the trimmed library. The
number of RTE elements in the library was calculated by
dividing the total number of RTE nucleotides between
OREF length. The number of RTE elements in the 2B
male was calculated by multiplying the number of ele-
ments in the library by the total number of base pairs in a
2B male (calculated as explained below) and dividing
by the total number of nucleotides in the 454 library.
The number of base pairs in a male genome from Torrox
carrying two B chromosomes was estimated bearing in
mind (i) that the E. plorans C value, the DNA content of
the X chromosome and that of the B chromosome in this
population are 1.78, 0.219 and 0.108 times the C value
in Locusta migratoria (Ruiz-Ruano et al. 2011), (ii) that
grasshopper males are X0, and (iii) that full genome
sequence in L. migratoria is 6.3 Gb (Wang et al.
2014). Consequently, the number of base pairs in a 2B
male is 2C—X+Bx2=22.4 Gb. Divergence was calcu-
lated by RepeatMasker as the percentage of differences
between each sequence read and the consensus se-
quence in the matched region. The divergence of each
cluster was calculated as the mean divergence of read
matched regions weighted for their length in base pairs.

Comparative analysis between microdissection
and whole genome shotgun results

To validate the microdissection results, we repeated the
same analyses previously applied to the 139 clones
obtained through microdissection and PCR amplifica-
tion but, in this case, with the same 178 nt DNA se-
quences obtained through 454 pyrosequencing. To ana-
lyse the similarity of the RTE sequences in these 139
clones and those obtained through 454 pyrosequencing,
we aligned them, along with the primers used for PCR
(see above), using the Geneious v4.8 software
(Drummond et al. 2009). For this purpose, we extracted
this 178 nt sequence for each RTE subfamily and used it
as reference to map and select the 454 reads carrying the
full 178-nt region for the RTE-!_EP or the RTE-2 EP
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subfamilies, using RepeatMasker and processing its
output with the above mentioned Python script. We then
performed an analysis of nucleotide polymorphism with
DnaSP v.5 (Librado and Rozas 2009), for the following
parameters: number of segregating sites (S), number of
haplotypes (H), nucleotide diversity (7r) and heterozy-
gosity per site (© Watterson’s estimator) (Watterson
1975). In addition, we tested for neutrality, positive
and purifying selection, based on the comparison of
the number of synonymous and non-synonymous sub-
stitutions per site by the codon-based tests of neutrality
using the Nei-Gojobori method (Nei and Gojobori
1986) in MEGA 4.0 (Tamura et al. 2007). All positions
containing gaps and missing data were eliminated from
the dataset. Statistical analyses were performed with the
software STATISTICA 6.0.

Results
Intragenomic distribution of R7TE elements

We obtained RTE amplification from 11 out of the 13
microdissected chromosomes, the exceptions being the
smallest autosome (S;;) and the B chromosome. The
PCR amplification product from each chromosome was
cloned and sequenced in both directions. After
discarding primer regions, a total of 178 bp from the
reverse transcriptase domain of the RTE element were
obtained in 139 clones (Table 1), 79.1 % of which
lacked indels and stop codons, suggesting that they were
non-defective, and thus they could be putatively active.
Defective sequences (i.e. those showing indels or stop
codons) showed more than twice nucleotide diversity
(7r) as non-defective ones, and their heterozygosity per
site (©) was about 50 % higher (Table 1).

We also compared synonymous and non-
synonymous substitutions in non-defective R7E se-
quences to test whether selection was operating on them
using codon-based tests of neutrality. It showed that the
purifying selection was acting on these retroelements in
most chromosomes except chromosome 2 where neu-
trality could not be rejected (Table 2), but this was
probably due to the low number of sequences obtained
from this chromosome (see Table 1).

Considering that our collection of RTE elements
came from specific locations in the E. plorans genome
(i.e. each of 10 chromosomes of the standard karyo-
type), we analysed the genetic structure of these 10
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Table 1 Genetic variation found in the RTE sequences obtained
through microdissection and PCR amplification

Chromosome N H s S U G}

1 13 12 177 62 0.087 0.113
2 4 4 174 79 0260 0.248
3 13 13 178 59 0.079 0.107
4 7 6 176 56  0.105 0.130
5 9 9 172 67  0.108 0.143
6 11 11 178 48 0.067  0.092
7 19 18 173 87 0.109 0.144
8 22 17 174 83 0.099  0.131
9 12 1 178 68 0.100 0.127
10 14 11 176 54 0.078 0.096
X 14 8 178 54 0.088 0.095
Non-defective 110 93 178 154 0.078 0.164
Defective 29 27 149 130 0.183 0.222
All 139 116 149 144 0.099 0.175

N number of sequences, H number of haplotypes, s number of
sites, S number of segregating sites, 7t nucleotide diversity (per
site) and © heterozygosity (per site) from number of mutations.
Values have been calculated after exclusion of sites with gaps

population samples of DNA sequences by means of an
AMOVA with all the 116 haplotypes obtained (includ-
ing defective and non-defective elements and excluding

gaps). The results indicated that most genetic variation
was found within chromosomes (95.4 %), although
there was also a significant variation among chromo-
somes (4.6 %) thus resulting in an Fgy value (0.046)
being significantly higher than zero (Table 3).

With all RTE sequences, defective and non-de-
fective, we built a tree (Fig. 1) which showed
most branches composed of RTE elements coming
from several different chromosomes. However,
there were 13 branches containing 2—4 sequences
from the same chromosome showing very high
similarity. Only three of these branches involved
defective elements whereas the remaining 10 in-
volved non-defective elements. The chromosomes
most frequently showing this pattern were the X
chromosome (four branches, one of them with one
defective and one non-defective elements); chro-
mosome 10 (three branches, one of them involving
defective elements); chromosome 8 (with two
branches) and chromosomes 1, 4, 7 and 9 (with
one branch each, the elements in chromosome 7
being defective). This pattern suggests a tendency
of RTE to reinsert into the same chromosome from
where it was transcribed. This could be achieved if
transcribed RTE elements were retrotranscribed
and reinserted immediately after transcription.
One possible symptom of this behaviour could be
5" truncations.

Table 2 Nei-Gojobori codon-based test of neutrality, positive selection and purifying selection performed to every group of sequences

obtained from each microdissected chromosome

Chrom dN (SE) dS (SE) dN/dS Neutrality Positive selection Purifying selection

(dN =dS) (dN>dS) (dN <dS)

VA P Z P VA P
1 0.059 (0.011) 0.262 (0.067) 0.225 —4.138 <0.001 —3.899 1 4.053 <0.001
2 0.114 (0.035) 0.211 (0.087) 0.540 -1.162 0.248 —1.181 1 1.13 0.13
3 0.053 (0.01) 0.18 (0.045) 0.294 -3.377 0.001 —3.434 1 3.566 <0.001
4 0.021 (0.008) 0.108 (0.045) 0.194 -2.112 0.037 -2.17 1 2.05 0.021
5 0.041 (0.011) 0.148 (0.047) 0.277 —2.686 0.008 —2.71 1 2.781 0.003
6 0.038 (0.008) 0.131 (0.034) 0.290 -3.222 0.002 -3.252 1 3.296 0.001
7 0.085 (0.013) 0.262 (0.052) 0.324 -3.96 <0.001 —4.285 1 4.074 <0.001
8 0.033 (0.008) 0.105 (0.036) 0314 —2.178 0.031 —2.195 1 2.243 0.013
9 0.068 (0.013) 0.255 (0.063) 0.267 —3.487 0.001 -3.69 1 3.63 <0.001
10 0.062 (0.013) 0.174 (0.055) 0.356 —2.402 0.018 —2.226 1 2.532 0.006
X 0.05 (0.012) 0.553 (0.159) 0.090 =5.067 <0.001 =5.079 1 5.265 <0.001

Chrom Chromosome, dN Number of non-synonymous substitutions per site, &S Number of synonymous substitutions per site, SE Standard

error, Z Z statistics, P P value
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Table 3 AMOVA with the 116 haplotypes found among the RTE sequences obtained through microdissection and PCR

Source of variation df Sum of squares Variance components Percentage of variation
Among chromosomes 10 142.97 0.41 4.20

Within chromosomes 128 1184.87 9.25 95.80

Total 138 1327.26 9.66

FST:0~O42

Significance tests (1023 permutations)
Vamong and Fsr: P (rand. value > obs. value) <0.00001
P value <0.00001+0.00001

5’ truncations in RTE elements

The 454 sequencing experiment performed on genomic
DNA from a 2B male yielded 128,572 reads summing
up to 80,996,774 nt (N50=733 nt) after quality trim-
ming and 117,694 reads summing up to 79,842,732 nt
(N50=735 nt) after length trimming. Since the
E. plorans genome consists of 11.21 Gb in the Torrox
population (Ruiz-Ruano et al. 2011) (see “Materials and
methods” section), the reads obtained implied a 0.0071x%
coverage per nucleotide. Although this is insignificant
for single-copy genes, it resulted as very informative for
repetitive DNA analysis where coverage is multiplied
by the number of paralogous copies in the genome.
Among the repetitive sequences assembled by
RepeatExplorer, we found two subfamilies annotated
as RTE with 62.1 % pairwise identity. One of them
(RTE-1_EP) represented 3.74 % of the sequenced nu-
cleotides, and the other (RTE-2_EP), constituted 1.18 %
of them. As a whole, the RTF retrotransposon was the
most abundant repetitive element, representing 4.92 %
of all sequenced nucleotides. In close resemblance to the
RTE elements in other insect orders (Tay et al. 2010), we
found RTE-1_EP and RTE-2 EP elements in E. plorans
being 3315 and 3360 pb long, respectively. In both
subfamilies we found a 5-UTR with 315 (RTE-1_EP)
and 344 (RTE-2_EP) nt, a single ORF of 2961 and
2970 bp (987 and 990 amino acids), respectively, with
a TGA stop codon, and a 3’-UTR of 39 and 46 nt,
respectively, with (CCA);; and (A),, terminal microsat-
ellite regions in RTE-1 EP and RTE-2_EP, respectively.
The alignment with the amino acidic sequence in
B. mori indicated the presence of the apurinic endonu-
clease domain (pfam03372) followed by the reverse
transcriptase domain (pfam00078). We found no target
site duplications because read size was smaller than
element size and reads aligned in the ends of the
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elements could come from insertions in different sites.
The existence of these conserved regions in the RTE
sequence genome and the high abundance of this ele-
ment in the E. plorans genome suggest a recent or
current functionality of both RTE subfamilies.

The analysis of the coded amino acid sequence indi-
cated that at least 92.76 % of the RTE-/_EP and 89.88 %
of the RTE-2 EP RTE reads showed stop codons thus
being defective (Table 4). In both subfamilies, defective
elements showed higher divergence in respect to the
consensus sequence used as reference (Novak et al.
2013), and RTE-1_EP elements showed higher diver-
gence than RTE-2 EP ones (Table 4 and Fig. 2).

In non-LTR retrotransposons, the existence of 5’
truncated copies is indicative of the integration of pre-
maturely terminated reverse transcripts initiating at the
3’ end of the RNA (Luan et al. 1993). If this behaviour
were frequent for RTE elements in the E. plorans ge-
nome, we would expect lower coverage in 5' regions,
compared to 3" ones. To test this hypothesis, we mapped
the 454 reads from the genomic library on the assembled
RTE-1 EPand RTE-2 EP elements in order to estimate
coverage per nucleotide position (Fig. 3). In both cases,
we observed lower coverage in the 5" end in respect to
that in the 3’ end (sixfold bias for RTE-1_EP and three-
fold bias for RTE-2 EP). This result is consistent with
the existence of 5' truncated copies for RTE elements in
the E. plorans genome.

We finally searched for insertion of other elements
within RTFE elements, as evidenced by the presence of
two consecutive RTE segments, within a same read,

Fig. 1 Phylogenetic tree of RTE element fragments amplified p>
from every chromosome in E. plorans. Chromosomes are differ-
entiated by colour as indicated in the figure. Defective copies are
marked with a cross mark. Note the clustering of very similar RTE
elements coming from the same chromosome (arrows)
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Table4 1Number of defective and non-defective R7E elements found in the E. plorans genome, estimated from the 454 reads, for the RTE-

1_EP and RTE-2 EP subfamilies

RTE Item Non-defective Defective Total
RTE-1 EP Total RTE nucleotides 216,041 2,766,699 2,982,740
% 7.24 92.76 100
% of the genome 0.27 3.47 3.74
No. RTE elements in the library 73 934 1007
No. RTE elements in the 2B male 20,470 262,142 282,611
Divergence 42 6.9 6.7
RTE-2 EP Total RTE nucleotides 95,238 845,965 941,203
% 10.12 89.88 100
% of the genome 0.12 1.06 1.18
No. RTE elements in the library 32 285 317
No. RTE elements in the 2B male 8996 79,911 88,908
Divergence 3.2 45 44

interrupted by a short non-R7E sequence. We found a
total of 195 RTE-1_EP interrupted elements and 46
RTE-2_EP interrupted elements. Annotation of the se-
quences inserted into RTE elements showed that most of
them were SINEs (Table 5).

Comparison of PCR-cloning and 454 sequencing results
The alignment of the 139 sequences obtained from

microdissected chromosomes with the RTE-/ EP and
RTE-2 EP consensus sequences indicated that all of

them showed higher identity with the RTE-1 EP sub-
family. In fact, RTE-2 EP elements could not have been
amplified with the employed primers because of se-
quence differences (Fig. S2).

A comparison of the proportion of defective and non-
defective elements inferred from the 178-bp fragments
amplified by PCR from individual chromosomes, with
the same figures inferred from this same region in the
RTE-1_EP elements obtained from the 454 reads re-
vealed some differences. Logically, this shorter window
yielded lower amounts of non-functional elements than

Fig. 2 Graph layouts of the two clusters of RTE elements (subfamilies) obtained, after 454 sequencing, yielded by the RepeatMasker

software. Note the higher variation in the RTE-/ EP subfamily

@ Springer
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Fig. 3 Coverage per nucleotidic position for RTE-1_EP (upper
panel) and RTE-2 _EP (lower panel) elements. Diagrams show a
representation of RTE-1 _EP and RTE-2 EP elements indicating
the position of 5UTR and 3'UTR (dark grey boxes), apurinic

the analysis across the full RTE sequence shown in
Table 4. However, the proportion of non-defective ele-
ments (40.73 %, see counts in Table S1) was still lower
than the 79 % observed in the PCR-amplified fragments.
This difference could be due to PCR bias towards non-

endonuclease domain (green box) and reverse transcriptase do-
main (red box), as well as the primer-binding position (arrows)
and the region amplified by PCR (striped area)

defective sequences, since many of the defective ones
could carry sequence changes impeding primer
anchoring.

The analysis of nucleotide diversity for the 178-bp
fragment (Table S2), performed in the 454 reads showed
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Table 5 Annotation of DNA sequences interrupting R7E ele-
ments found in the 454 reads

Item RTE-1 EP RTE-2 EP
SINE - HASE1 0
SINE - HASELI - Afrosinelb 4 0
SINE - MIRc 16 3
DNA - Chompy-7 Croc 45 0
SINE - 2bl - SGRP1 6 3
SINE - LM1 62 17
No match 58 19

remarkably similar values to those observed in the PCR-
cloning experiment, especially for non-defective ele-
ments (0.081 versus 0.078) (compare Tables 1 and
S2). However, in defective elements, nucleotide diver-
sity deduced from 454 pyrosequencing (0.28) was
higher than that observed in the PCR-cloning experi-
ment (0.18), presumably due to the PCR bias.

Finally, the Nei-Gojobori codon-based test showed
that the 178 bp in the two types of RTE elements (i.c.
RTE-1_EPand RTE-2 EP) found in the 454 reads, were
subjected to purifying selection (Table S3), in consis-
tency with the observations in the PCR-cloning experi-
ment. Remarkably, this was apparent in both defective
and non-defective RTE clements, although the dN/dS
ratio was higher in defective elements in both RTE-
1 EP and RTE-2 EP subfamilies (see Table S3).

Discussion

Our analysis of part of the reverse transcriptase gene
from RTE elements in the grasshopper E. plorans, by
means of microdissection of individual chromosomes,
PCR amplification, cloning and sequencing, has provid-
ed valuable information on their intragenomic structure.
Most of the analysed DNA sequences (79 %) lacked
stop codons or indels, and we considered them as non-
defective. But the 178 bp analysed only represent 5.3 %
of total DNA sequence in full-length elements and they
were analysed through PCR, which clearly yielded a
bias towards non-defective elements. In fact, our 454
pyrosequencing analysis of genomic DNA showed less
than 10 % of non-defective elements. Therefore, most
RTE elements in the E. plorans genome appear to be
defective thus forming a part of the presumable huge
amounts of repetitive DNA in the gigantic genome of
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E. plorans, containing more than 10'® bp (Ruiz-Ruano
et al. 2011).

Although the diversity of retro- and transposon fam-
ilies has been widely analysed (Bartolomé et al. 2002;
Gomulski et al. 2004; Hollister and Gaut 2007), only a
few studies have connected diversity with chromosome
location. Good examples of this kind of work are found
in (Hood et al. 2005), where they analyse the genetic
structure of Copia and Helitron families in electropho-
retically separated chromosomes from Microbotryum
violaceum. Likewise, Kejnovsky et al. (2007) analysed
diversity for Retand, a Gyspy-like retrotransposon, in
microdissected sex chromosomes and autosomes in
Silene latifolia. Our present study, however, is the first
trying to ascertain the intragenomic distribution of RTE
retroelements including all standard chromosomes and
also B chromosomes.

The degree of nucleotide diversity in the RTE ele-
ments found in E. plorans (about 0.08 in non-defective
elements and 0.28 for defective elements) is larger than
that observed for other DNA sequences in E. plorans,
such as, for instance, the ITS-1 region in the ribosomal
DNA (11=0.014) (Teruel et al. 2014), a fact being ex-
pected for elements using an RNA molecule as transpo-
sition intermediate and not submitted to concerted evo-
lution. These diversity values are one order of magni-
tude larger than those reported for active copies of LTR
and non-LTR elements in D. melanogaster (Sanchez-
Gracia et al. 2005), and also higher than those reported
for TOPI elements in Anopheles gambiae (1=0.051)
(Subramanian et al. 2008).

Such high nucleotide diversity would appear to be
difficult to reconcile with the action of purifying selec-
tion for a functional reverse transcriptase sequence of
RTE elements. However, the separate analysis of defec-
tive and non-defective elements (see Table S3) indicates
that selection has relaxed in defective elements since
their dN/dS ratio was higher than that in non-defective
ones. It has been shown that both LTR and non-LTR
retrotransposons can show two different evolutionary
patterns: a pseudogene-like mode through neutral evo-
Iution after insertion and nonfunctionalization, and a
gene-like mode being characterized by the action of
purifying selection to maintain element functionality
(Bergman and Bensasson 2007). Retrotransposons fol-
lowing a pseudogene-like evolutionary pattern thus be-
come genomic relics evolving under the absence of
selective constraints. We have not found this
pseudogene-like pattern in RTE, at least with the limited
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information provided by the 178-bp sequence analysed,
since the codon-based tests showed evidence for puri-
fying selection in both non-defective and defective ele-
ments. Interestingly, defective RTE elements appear to
conserve the bias for synonymous substitutions promot-
ed by purifying selection, a signal which could not be
erased even after long periods of neutral evolution.

The observed intragenomic structure of RTE ele-
ments in the E. plorans genome, and their tendency to
show a certain degree of intrachomosomal similarity,
could be the result of R7E tendency to reinsert into the
same chromosome from where it was transcribed, which
could be more likely if the time between transcription
and reverse transcription is short and the transcript
scarcely moves before reinsertion (i.e., space and time
are both small and short, respectively). This is feasible
since chromosomes tend to occupy certain territories in
the interphase nucleus (Cremer and Cremer 2001), and
is consistent with the fact that, in non-LTR
retrotransposons, including LINE-1 in humans (Zingler
et al. 2005), reverse transcription occurs in the nucleus,
and the integration of prematurely terminated reverse
transcripts generates 5’ truncated copies in the R2
retrotransposon (Luan et al. 1993). We have consistently
found evidence for 5 truncated copies for RTE elements
in E. plorans. It is thus conceivable that these features of
RTE behaviour can facilitate preferential
intrachromosome retrotransposition, the net result being
the existence of some genomic structure for RTE chro-
mosome location. Interestingly, it has recently been
shown that CoT-1 RNA including 5 truncated LINE-1
elements, is abundant and stably associated with the
chromosome from which it was transcribed, with the
likely role of promoting open chromatin packaging
(Hall et al. 2014). Our present results suggest that some
of these LINE transcripts can be retrotranscribed and
reinserted into the same chromosome while they are in
its territory.

Alternatively, the intrachromosomal similarity ob-
served for RTE elements in the E. plorans genome
could be the result of homogenizing gene conver-
sion. Kejnovsky et al. (2007) found
intrachromosomal similarity for the Retand LTR
retrotransposon in the plant S. latifolia, with ele-
ments residing in the X and Y chromosomes show-
ing higher intrachromosomal similarity. We per-
formed the AMOVA test to these authors’ data
which revealed very significant molecular structure
for these retrotransposons, with 30 % of molecular

variance among chromosomes (Table S4). These
authors ruled out the possibility of preferential
intrachromosome retrotransposition because, in
LTR retroelements, reverse transcription occurs in
the cytoplasm thus making it unlikely reinserting
into the same chromosome. Alternatively, they ex-
plained this case by active gene conversion homog-
enizing intrachromosomal copies. We believe that
this explanation is not applicable to RTE in
E. plorans since, in sexually reproducing organisms,
the homogenization processes are accelerated by
meiotic recombination, and the gene conversion hy-
pothesis would not be consistent with the fact that
the X chromosome shows meiotic recombination
only in females (males are X0) but that it showed
the highest number of cases of intrachromosomal
similarity.

A second alternative explanation for these results is
random resampling of a single element from the same
chromosome. This would be expected to occur more
likely in small chromosomes. However, the fact that the
chromosome where most cases of very similar RTE
elements were found was the X chromosome, which is
one of the largest chromosomes in the E. plorans ge-
nome, runs against this possibility.

The results of the 454 pyrosequencing showed that
the RTE elements amplified on microdissected chromo-
somes belong to the most abundant RTE subfamily
(RTE-1_EP) in the E. plorans genome. Perhaps the fact
that RTE is one of the most abundant repetitive elements
in the genome of E. plorans (Ruiz-Ruano et al., unpub-
lished) facilitated very much the success of our present
microdissection experiments. In any case, it should be
worth trying in other species.

Finally, the apparent absence of RTE elements in
B chromosomes is not consistent with the prediction
that B chromosomes are havens for mobile elements
(Camacho et al. 2000). This could be due to the fact
that RTE elements are preferentially located at eu-
chromatic regions in E. plorans (Montiel et al. 2012)
and B chromosomes in this species are mostly het-
erochromatic. In spite of this, a small amount of
RTE elements are still apparent in the B chromo-
somes of this species (Montiel et al. 2012). This
could also be due to the PCR bias if most RTE
elements in the B chromosome are defective. An-
other conceivable explanation for the absence of
RTE elements in the B chromosomes comes from
the fact that Bs probably derived from the smallest
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autosome (S;;) and, as our present results have
shown, RTE elements appear to be scarce in the
latter chromosome. This would be consistent with
our recent finding that the ITS regions of the ribo-
somal DNA contained in the B chromosome are
more similar to those in the S;; than to those in
other A chromosomes (Teruel et al. 2014).

Conclusions

The analysis of intragenomic distribution of RTE ele-
ments, by means of PCR amplification on DNA obtain-
ed from individually microdissected chromosomes, in-
dicated a tendency of RTE elements to reinsert into the
same chromosome from which they were transcribed.
The analysis of 454 pyrosequenced genomic DNA sup-
ported these results and provided evidence for abun-
dance of 5’ truncations in the RTE elements occurring
through premature termination of reverse transcription.
All these results, together, suggest that, in some cases,
RTE reinsertion takes place immediately after transcrip-
tion, while the transcript is yet located in the territory of
the same chromosome.
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Supporting Tables

Table S1 Number (N) of defective and non-defective
RTE elements inferred from the same 178 bp region
analyzed in the PCR-cloning experiment but, in this
case, analyzed through 454 sequencing of genomic
DNA

Non-defective Defective
ltem N % N %
RTE-1_EP 433 40.73 630 59.27

RTE-2_EP 152 51.53 143 48.47




Table S2 Genetic variation found in the 178 bp region in the 454 reads

Item Type N H s S m O]

RTE-1_EP Non-defective 433 359 180 175 0.081 0.148
Defective 630 591 398 268 0.282 0.262

RTE-2_EP Non-defective 152 133 178 159 0.063 0.160
Defective 143 137 228 202 0.191 0.245

N: number of sequences, H: number of haplotypes, s: number of sites, S: number of
segregating sites, 1: nucleotide diversity (per site) and ©: heterozygosity (per site) from number
of mutations



Table S3 Nei-Gojobori codon-based test of neutrality, positive selection and purifying, applied to the
178 bp region of the RTE elements in the reads obtained by 454 sequencing of genomic DNA

Positive Purifying

Neutrality selection selection

(dn=ds) (dn>ds) (dn<ds)

Subfamily dN (SE) dS (SE) dN/dS Z P z P z P
<0.00 <0.00

RTE-1_EP_ndef 0.050 (0.005) 0.205(0.033) 0.244 -3.63 1 -3.72 1 3.68 1
RTE-1_EP_def 0.094(0.008) 0.195(0.034) 0.482 -2954 0.004 -3.04 1 2.89 0.002
<0.00

RTE-2_EP_ndef 0.046 (0.006) 0.127 (0.024) 0.362 -3.45 0.001 -3.31 1 3.74 1
RTE-2_EP_def 0.078 (0.007) 0.165(0.019) 0.473 -4.02 <0.00 415 1 4.01 <0.00

1

dN: Number of non-synonymous substitutions per site, dS= Number of synonymous

substitutions per site, SE: Standard error, Z: Z-test, P: P-value, ndef: non-defective, def:

defective.



Table S4 AMOVA with the data published by Kejnovsky et al. (2007) for the Retand
LTR retrotransposon in the plant Silene latifolia. Groups are autosomes, X

chromosome and Y chromosome

Sum of Variance Percentage of
Source of variation df squares components variation
Among groups 2 3705.35 20.09 29.98
Within groups 272 12758.23 46.91 70.02
Total 274  16463.58 66.99
Fst=0.300

Significance tests (1023 permutations)

Va and Fsr : P(rand. value > obs. value) < 0.00001

P(rand. value = obs. value) < 0.00001

P-value < 0.00001+0.00001
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