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Helitrons are recently discovered eukaryotic transposons that are
predicted to amplify by a rolling-circle mechanism. They are
present in most plant and animal species investigated, but were
previously overlooked partly because they lack terminal repeats
and do not create target site duplications. Helitrons are particularly
abundant in flowering plants, where they frequently acquire, and
sometimes express, 1 or more gene fragments. A structure-based
search protocol was developed to find Helitrons and was used to
analyze several plant and animal genomes, leading to the discov-
ery of hundreds of new Helitrons. Analysis of these Helitrons has
uncovered mechanisms of element evolution, including end cre-
ation and sequence acquisition. Preferential accumulation in gene-
poor regions and target site specificities were also identified.
Overall, these studies provide insights into the transposition and
evolution of Helitrons and their contributions to evolved gene
content and genome structure.
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H elitrons are a new class of transposable elements (TEs) that
were initially discovered by repeat-based computational
analysis of the genome of the model plant Arabidopsis thaliana
(1). Their structural homologies to genes encoding Rep/helicase-
like and replication protein A (RPA)-like proteins suggest that
they transpose by a rolling-circle mechanism, although this
conclusion is not yet supported by experimental evidence.
Because gemini viruses, some plasmids, and some bacterial
transposons are known to replicate by a rolling-circle mechanism
(2, 3), it is possible that Helitrons share a very ancient common
ancestor with these other mobile sequences (4). Several Arabi-
dopsis insertion elements that had been detected before the
discovery and description of Helitrons were eventually found to
be Helitrons, including Aie (5), AthEl (6), Basho (7), and
ATREP (8).

Helitrons are characterized by a 5’ TC terminus and a 3" CTRR
terminus that includes a predicted small hairpin structure near
the 3" CTRR end (Fig 14). They are found to be preferentially
inserted into the dinucleotide AT. Some elements encode Rep/
helicase-like and RPA-like proteins that may be involved in the
transposition process. The elements that encode Rep/helicase
are considered putative autonomous elements.

Since their original discovery in Arabidopsis, Helitrons have
been found in 6 additional flowering plant species, and also in
moss (9), fungi (10, 11), the worm Caenorhabditis elegans (1), sea
urchin (11), fish (11, 12), and bats (13). They have been observed
to often capture gene fragments, sometimes fragments from
multiple genes that normally reside in unlinked chromosomal
locations (14-18). Although the mechanism of gene fragment
acquisition has not been determined, it apparently occurs at the
DNA level because both introns and exons are found within the
acquired DNA. Some of these collections of Helitron-acquired
gene fragments can be found as chimeric transcripts (14, 19). In
a few detected cases, acquired introns are spliced, sometimes
alternatively, and the junctions between fragments can be pro-
cessed as crude de novo introns (14, 20). This process is quite
comparable to the model proposed by Gilbert (21) to explain the
origin of introns. However, Gilbert’s “exon shuffling,” the fusion
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of the first short templates for single peptide domains to create
the potential to synthesize complex proteins out of dissimilar
subunits, was proposed as a mechanism that existed primarily in
the early days of life on earth, more than a billion years ago. In
maize, Morgante et al. (19) calculated that there are more than
4,000 gene fragment acquisitions within Helitrons in a single
maize inbred, suggesting that exon shuffling is a very active
process right now in at least some flowering plant genomes.

In plants, gene fragment acquisition by TEs is not a process
unique to Helitrons. BsI of maize was the first reported retro-
transposon that contained sequences similar to a portion of a
normal host gene, a plasma membrane proton ATPase (22-24),
and many additional cases of similar phenomena have now been
found (25). Novel sequence acquisition is also observed for DNA
elements, especially in the Mutator system (26, 27). In the rice
genome, over 3,000 Mutator elements were reported to contain
fragments derived from more than 1,000 cellular genes and at
least 5% appear to be expressed (27). Hence, some plant species
appear to have a manic rate of genic sequence rearrangement,
with the potential to create a vast array of novel genes and
genetic functions (28).

Results

A Structure-Based Approach for Helitron Identification. The identi-
fication of Helitrons is difficult because of their few and tiny
structural features. The approaches used up to now can be
divided into 5 categories. One approach is to search for Rep/
helicase or RPA-like protein homology (1, 11, 13, 29). The
second approach is to identify Helitrons as de novo insertions (14,
15, 30). Insertions that mutated the sh2 gene and the bal gene
in maize both turned out to be Helitron insertions. Another
spontaneous mutation in morning glory was also caused by
Helitron insertion. The third approach is to search for similarity
to known Helitrons or known Helitron ends (1, 13, 30-33). The
fourth approach involves characterizing identified repeats (1).
There are a few programs that can find repetitive sequences in
a given genome, such as RECON (34) and Spectral Repeat
Finder (35). However, high levels of sequence diversity make it
difficult to precisely define boundaries of Helitron elements
found by such programs. This approach can only detect Helitron
families that have abundances above a certain arbitrarily chosen
copy number. The fifth approach is to search for violations of
microcolinearity between genomes (16, 17, 19, 20). This method
requires well-studied colinear regions from different haplotypes
to define Helitron boundaries precisely and is very time and labor
consuming.

To circumvent the limitations of previous approaches, a
computer program called HelSearch was developed using the
tiny structural features of Helitrons, and a requirement for at
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Fig. 1. (A) Helitron structure: 5’ TC and 3’ CTRR termini (shown in uppercase), a predicted small hairpin structure near the 3’ end, and insertion into the target
dinucleotide AT (shown in lowercase). (B) The end sequences of 8 Helitrons (gray rectangle) from A. thaliana. 5’ start with TC, 3’ end with CTRR, insert between
AT dinucluetide (red rectangles), and flanking sequences are shown. Sequences within the insertion site align very well and sequences outside of the insertion
cannot be aligned because they are insertions at different genomic locations.

least 2 identical 3’ ends between separate elements, to find 7 families in rice, and 2 families in sorghum were found to have
Helitrons in any genomic sequence (see Methods). A. thaliana,  captured gene fragments. Helitrons seem to acquire gene frag-
Medicago truncatula, Oryza sativa, Sorghum bicolor, Caenorhab-  ments of all types, as assessed by GO category analysis (see Table
ditis elegans, and Drosophila melanogaster genomes were  S6 for details). Putative autonomous elements were found in all
screened for Helitrons using this program. In addition, as a  of the above-mentioned 5 genomes. No intact Helitron was found
negative control, the genomic sequence of A. thaliana was pooled  in the D. melanogaster genome. Table 1 provides a summary of
and randomly reconstructed and then searched with the same  these results.
procedure. No Helitron was identified by HelSearch in the A minimum total number of elements was estimated by
random sequence (Table 1). searching for conserved 3’ ends. In Arabidopsis, C. elegans,
In 2 small genomes, those of A. thaliana and C. elegans,  Medicago, rice, and sorghum genomes, there are at least 1,200,
Helitrons have been well characterized (1). A total of 281 intact ~ 600, 1,300, 7,000, and 5,000 Helitrons, respectively.
elements from 10 Helitron families were identified in Arabidopsis Although some elements from different genomes belong to
by HelSearch, including 2 new families, and 281 intact elements  the same family, it does not necessarily mean they are the most
from 4 families were found in the C. elegans genome (no new  related elements, because families are defined by a shared 3’ end
family) (see Tables S1-S5 for details). Families were defined as  sequence. For instance, Medicago Helitrons exhibit only 2 inde-
containing elements that shared the same intact 3’ end, and  pendent gene acquisition events, both quite ancient. Because of
subfamilies as those with the same intact 5’ ends and the same  changes in the 3’ end, they have evolved into what we now call
intact 3’ end. The Helitrons in A. thaliana and C. elegans make  different families.
up 1.3 and 2.3% of their nuclear genomes, respectively, a number Because our approach can only identify elements that have at
consistent with previous calculations (1). Two Helitron families  least 2 copies in the genome, a linear regression analysis was
in Arabidopsis were found to have acquired gene fragments, performed to estimate the number of intact single copy elements
compared to 1 family with gene fragments reported in previous  that are likely to have been missed (Fig. S1). By this approach,
studies (36). single copy families of Helitrons in A. thaliana, O. sativa, M.
Few Helitrons have been reported in Medicago, rice, and  truncatula, and S. bicolor were estimated to number ~19, 162, 9,
sorghum. HelSearch identified 230, 651, and 608 intact elements  and 271, respectively. Hence, HelSearch is predicted to find the
from 10, 23, and 11 families, respectively, in these 3 species. Only ~ great majority of elements in each of these genomes, but to
4 families in Medicago and 3 in rice were previously known. identify less than half of the different element families. It should
Helitrons compose about 1.3, 2.1, and 3.0% of the Medicago, rice,  be noted, however, that these low-copy-number elements have
and sorghum genomes, respectively. Three families in Medicago,  been missed by all previous searches.

Table 1. Summary of Helitron discovery and description in six multicellular eukaryotes

No. of

Genome  No. of Putative families with Genome

screened, intact No. of No. of new autonomous acquired gene Total no. abundance,
Organism Common name Mb elements families families elements fragment(s) of elements %
Random sequence (ATH)  Negative control 115 0 0 0 - 0 - 0
Arabidopsis thaliana Mustard weed 115 281 10 2 + 2 1,242 1.30
Medicago truncatula Barrel medic 243 230 10 6 + 3 1,386 1.29
Oryza sativa spp. japonica Rice 389 651 23 18 + 7 6,947 2.09
Sorgum bicolor Sorghum 748 608 11 1 + 2 4,875 3.00
Caenorhabditis elegans Nematode worm 100 281 4 0 + 0 600 2.30
Drosophila melanogaster  Fruit fly 154 0 0 0 - 0 - 0
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Distribution of Helitrons on 3 chromosomes of A. thaliana (A) and 3 chromosomes of C. elegans (B). x axis indicates chromosome locations while the

y axis shows copy numbers of Helitrons (both intact and fragmented elements) per 100 kb. Narrow lines in A on the x axis indicate the positions of centromeres.

Helitron Distribution Along Plant and Animal Chromosomes. The
identified Helitrons in the Arabidopsis, rice, and C. elegans
genomes were mapped along the sequenced genomes in these
species. The results indicate that Helitrons in Arabidopsis are
enriched in gene-poor pericentromeric regions (Fig. 24, Fig.
S2A4), showing a similar pattern to that previously seen for LTR
retrotransposons and opposite to the DNA transposons that
have been found to be preferentially associated with gene-rich
regions in those genomes (37, 38). Similarly, Helitrons in the C.
elegans genome were found to be most abundant in the gene-
poor terminal regions of each chromosome (Fig. 2B, Fig. S2B).
In C. elegans, DNA transposons are relatively more abundant in
the gene-poor chromosome termini, as now observed for He-
litrons (39-41). Rice, on the other hand (Fig. S2C), exhibited a
less ordered pattern of Helitron distribution, with some pericen-
tromeric regions rich in these elements and others less so.

Helitron Structures and Specificities. The hairpins of Helitrons have
higher predicted melting temperatures than are found in similar
hairpins that are not associated with Helitrons (Fig. 3). For
reasons unknown, the 2 eudicot plants (Arabidopsis and Medi-
cago) and C. elegans demonstrated a much higher and uniform

range of predicted Helitron melting temperatures (Tm) than did
the 2 monocots (rice and sorghum).

Fifty base pairs upstream and downstream of all intact Helitron
insertions were used to screen for insertion specificities beyond
the flanking AT dinucleotide. The results (Fig. S3) indicate that
insertion regions are relatively A/T rich. The region from the
insertion sites to about 12 bp downstream shows an 82% A plus
T abundance. As a control, AT dinucleotide sites were chosen
randomly from each genome, and 50 bp both upstream and
downstream were scored for A/T composition. A x? test com-
paring A/T content to Helitron insertion sites at each position was
performed and the results (Fig. S3) demonstrated that most of
the positions from the insertion site to 12 bp downstream and 3
bp upstream were significantly more A/T rich than would have
been expected by chance.

New End Creation and Sequence Acquisition. Analysis of the com-
plete set of Helitrons in Arabidopsis indicated that these elements
can acquire new sequences by recognizing either a new 3’
termination site or a new 5’ start site. Fig. 44 shows an example
of a Helitron family with a new 3’ end. Because of their lesser
homology to each other [84-90% pairwise identity over all the
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Fig.3. Melting temperature distributions of predicted hairpins in the 5 studied genomes. Blue denotes predicted hairpins across the entire genome, and red
denotes predicted hairpinsin identified Helitrons. The x axis indicates predicted melting temperature (0-100 °C) while the y axis shows the frequency of predicted

hairpins with that predicted Tm.
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Fig. 4. A mechanism for Helitron sequence acquisition and new end cre-
ation. (A) Helitrons in Arabidopsis pick up a new 3’ end. Stars indicate
sequence divergence in the helend. A pink rectangle encloses the 3’ CTRR of
Helitrons, while the blue rectangle shows the predicted Helitron hairpins. (B)
Neighbor joining tree for sequences in A, with 1,000 bootstrap replicates. (C)
Helitrons in Arabidopsis acquire new 5’ termini. The pink rectangle shows the
5’ TC of these Helitrons.

elements (Fig. 44 and data not shown)], Helitrons in sequences
7 to 10 are proposed to have the ancestral structure. Helitrons
represented by sequences 1 to 6 are expected to be recently
derived, as they exhibit 90-98% similarity. This proposition is
supported by neighbor joining tree analysis with 1,000 bootstrap
replicates (Fig. 4B). If one element had a mutation in the hairpin,
noted as the first star from the left, that damaged the rolling-
circle stop signal, then a transpositional replication event might
not stop at the original termination site. However, by chance,
another potential stop site will sometimes be present somewhere
downstream. A Helitron thus acquires another stop and a few
hundred base pairs of sequence to complete the transposition
event, giving rise to the Helitrons in sequences 1 to 6.

In Fig. 4C, sequences 1 through 5 appear to represent Helitrons
that are now recognizing a new 5’ start site without any mutation
to the normal 5’ start sites. That 1-5 are recently derived is
supported by the fact that Helitrons in sequences 1-5 have
96-98% similarity, while the Helitrons represented by sequences
6-11 exhibit 88-96% similarity.

Yang and Bennetzen

Hence, it appears that Helitrons can acquire flanking se-
quences by recognizing a new 5’ start site or a new 3’ termination
site. We observed similar end sequence acquisitions for Helitron
families in other species, including Hup in rice and Hip in
sorghum (data not shown).

Discussion

Efficient Discovery of Helitron Transposable Elements. HelSearch
proved superior to any of the 5 previous methods of identifying
Helitrons. In the A. thaliana genome, where Helitrons are fairly
well studied, new Helitron families were still identified. For
genomes where Helitrons have been identified but are not very
well characterized such as Medicago and rice, the new approach
uncovered a large number of families that were not previously
detected.

The HelSearch approach yielded 3 false positives in the rice
genome, all LTR retrotransposons having the same terminal
structures as Helitrons. Ten previously identified Helitrons were
missed in the Arabidopsis genome, 20 in the C. elegans genome,
and 2 in the rice genome. All of the false negatives from the
Arabidopsis and rice genomes are putative autonomous ele-
ments, and thus are easily detected by a homology-based search
for Helitron-encoded proteins. Those missed from the C. elegans
genome have an unusual Helitron 3’ end structure (namely, no
gap between the predicted hairpin and the conserved 3’ end
sequences). In most of the previous Helitron discovery proce-
dures, many intact elements were missed because they have
low-copy numbers, have accumulated many mutations including
big insertions/deletions, or are unusually large in size (8—20 kb).
It can be difficult to build multiple sequence alignments because
of these Helitron properties. The sensitivity of the structure-
based approach (correctly identified/(correctly identified + false
negatives)) is 93%, and the specificity (correctly identified/
(correctly identified + false positives)) is 99%.

There are several reasons why all other techniques for Helitron
discovery have been less sensitive and/or more error prone. A
Rep/helicase protein-based search yields a large number of false
negatives, because the majority of Helitrons are nonautonomous
elements. A similarity-based search will not identify any new
families and will thus work poorly in newly studied genomes.
Such programs (31, 33) only capture variations within the known
families and are likely to provide incorrect annotation on nested
Helitrons. A repeat-based search requires extensive manual
curation to identify Helitron families, an overwhelming task in
large genomes with substantial DNA repetition such as sorghum
or maize, and misses the great majority of families because they
have a low-copy number.

On the basis of the overall sensitivity and specificity, the
structure-based approach to identify Helitron elements is quite
successful and especially useful to identify Helitron elements in
a newly characterized genome. However, because at least 2
copies are needed to make an alignment, single copy Helitrons
will be missed. Finally, the HelSearch program does not identify
Helitron fragments for families that contain no intact copies. As
with most informatic approaches, a full set of tools are best used
to provide a comprehensive discovery process. HelSearch, ac-
companied by homology searches to Rep/Helicase and known
Helitrons, would be an especially comprehensive strategy.

Distributions of Helitrons Within and Between Genomes. In all 3
genomes where these elements could be comprehensively
mapped, those with both near-complete sequence descriptions
and a large number of Helitrons, it was observed that Helitrons
preferentially accumulate in gene-poor regions. It is not clear
whether this is caused by insertion specificities, possibly slower
rates of DNA removal in gene-poor heterochromatic regions,
and/or selection against Helitron insertions in gene-rich regions.
These questions can best be answered in a genome with highly
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active Helitrons, so that de novo insertions could be analyzed
before the action of natural selection or sequence degradation
and removal.

It is apparent that different eukaryotic genomes can accumu-
late very different numbers of Helitrons. In this study, the
genomes of sorghum (=750 Mb), Medicago (=250 Mb se-
quenced out of ~460 Mb), rice (=400 Mb), Arabidopsis (=120
Mb), Drosophila (=150 Mb), and C. elegans (=100 Mb) were
predicted to contain a respective minimum of 22, 2, §, 2, 0, and
2 Mb of Helitrons. None of these elements appear to be major
contributors to genome size in any species studied. Moreover,
their absolute quantities do not correlate with genome size,
indicating that the host characteristics that allow different levels
and rates of LTR retrotransposon amplification and removal
(42) do not act on Helitrons in an absolutely parallel manner.

Helitron Properties. Although all of the eukaryotic genomes
investigated had a wealth of possible Helitron ends, as indi-
cated by the presence of the short terminal consensus se-
quences and a nearby 3’ hairpin, it was found that Helitrons
tended to have hairpins with a high predicted Tm. In the
rolling-circle transposition model (1), helicase unwinds the
double-stranded DNA and the hairpin serves as a stop signal
to terminate the transposition event. A high melting temper-
ature may allow a Helitron hairpin to serve as a particularly
powerful stop signal for transcription and/or rolling-circle
replication. Roles for the non-Helitron short hairpins deserve
to be investigated, although it should be noted that the
randomly reconstructed Arabidopsis sequence also yielded
many such short hairpins (about one-third as many as seen in
the real Arabidopsis genome). Thus, some may have no func-
tion but may be an unavoidable outcome of other issues of
sequence arrangement. It should be noted, however, that
HelSearch’s requirement for identification of 2 of the same 3’
ends to prove an element was a Helitron will mean that some
single copy intact Helitrons are missed. Hence, it is possible
that all high Tm hairpins of the approximate size found in
Helitrons are actually associated with Helitrons. It is also true,
from the results with rice and sorghum, that some fairly low Tm
hairpins can function in Helitrons, but these may often be newly
created elements ends that have not yet been fully selected for
a high Tm.

All transposable elements exhibit a degree of insertion spec-
ificity, some for specific sequences but more commonly (at least
in eukaryotes) for a specific set of chromatin-associated proteins,
like silencers or RNA polymerase subunits. Because of its
mechanism of rolling-circle transposition, it is possible that the
A/T-rich insertion specificity observed for Helitrons would fa-
cilitate helicase unwinding associated with the next rounds of
transposition. Interestingly, the AT-richness bias is mostly for the
region 3’ to the insertion site. This should give Helitrons a bias
not only for the region of their insertion but also for their
orientation.

Element Evolution and the Acquisition of New Element Sequences.
One of the great mysteries of Helitron function is how they
acquire new internal sequences. When these sequences are parts
of genes, the acquisition has an increased potential for the
creation of a new gene. Studies in maize suggested that gene
fragments are sequentially acquired, perhaps during transposi-
tion, and can occur at both ends (20). The process observed for
both 3" and 5’ end sequence capture in this study suggested the
possibility that Helitrons may skip the original end to thereby
acquire new sequences. Of course, this may not be the only way
for Helitrons to acquire new sequences. For instance, an inte-
grase like that seen in integrons might initiate a site-specific
recombination event that would lead to some gene capture

12836 | www.pnas.org/cgi/doi/10.1073/pnas.0905563106

events (43), although an integrase of this type has not yet been
reported to be encoded within any Helitrons.

The rolling-circle transposition model proposes that the hair-
pin serves as a stop signal during Helitron transposition. With the
presence of other Helitrons in a genome, and other Helitron-end
like sequences, it is likely that an end-like sequence could be
acquired from many genomic locations, including from nearby
Helitrons to create chimeric elements.

Future Prospects. For Helitrons, the issues of transposition
mechanism, gene acquisition processes, and the fates of ac-
quire gene fragments remain unresolved. Future research will
need to approach these issues and can be done best in species
that have a high likelihood of containing active Helitrons. At
this time, maize is a particularly strong candidate for an
optimal species for these studies because of the presence of
recently created mutations (14, 15) and the abundance of
haplotype variation associated with Helitron presence/absence
(19). The use of HelSearch on the maize genome is underway
(L.Y. and J.L.B., unpublished results) and is yielding a great
wealth of new Helitrons for functional, structural, and evolu-
tionary analysis.

Methods

Structure-Based Helitron Identification. A. thaliana genomic sequence build
6 (TAIR6), M. truncatula sequence version 1.0, O. sativa ssp. japonica
cultivar Nipponbare sequence version 4.0, S. bicolor sequence Sbi1 assem-
bly, C. elegans sequence build WS144, and D. melanogaster sequence build
4.1 were downloaded to screen for Helitrons. Arandom sequence assembly
was also generated with the same genome size and GC content as the A.
thaliana genome by randomly rearranging each nucleotide into a full
genome pseudomolecule.

The program ““HelSearch’” was designed to search for CTRRT in genomic
sequence first. To narrow the results, insertion site T was included in this
search. The proposed Helitron end (helend) structure is composed of a mini-
mum of 6 hairpin pairs (2 mismatches allowed) upstream of the CTRR, a 2- to
4-bp loop, and 5-8 bp between the hairpin and CTRR. The program was
developed in PERL to search for these features in a given genome. Identified
candidate helends were grouped together by their hairpin structure. Flanking
sequences were obtained for each helend, and multiple alignments by CLUST-
ALW were performed for those sequences within each group. These align-
ments were inspected manually to define boundaries of Helitron elements.
Two or more sequences with a clear 5’ end at the TC dinucleotide and clear 3’
boundary were defined as Helitron elements (Fig. 1B). BLASTX screening of
the NCBI nonredundant protein database was used to find gene fragments
acquired by Helitrons, with a required expect value of e-10, or e-5 if a
homology was found in a different species (self hits, hypothetical proteins,
and tranposase proteins were ignored).

The HelSearch program can be downloaded at http://Ixyang.myweb.uga.edu/
helsearch1.0.tar.gz and http:/sourceforge.net/projects/helsearch/. All Helitron
sequences described in this article can be downloaded at http:/Ixyang.
myweb.uga.edu/All_Helitrons AT_CE_MT_OS_SB.tar.gz.

Helitron Family and Subfamily Assignment. There is no current knowledge
involving Helitron cis or trans activation, so it is not possible to categorize
Helitrons as nonautonomous or autonomous members that respond to the same
transposition function. So, a family classification was instead assigned as a de-
scription of general ancestry, wherein sequences with the most similar 3’ ends (30
bp with at least 80% identity) were classified as members of the same family and
sequences with the most similar 5 ends (30 bp with at least 80% identity) were
classified as members of the same subfamily. A short word starting with “H" was
assigned as the name for each Helitron family. The same family name, when used
for elements from different species, indicates that the shared name describes
elements with the same 3’ end (80% identity over 30 bp).

Helitron Properties. Predicted melting temperatures of hairpins were calcu-
lated by the melt program in the UNAFold 3.3 software package (44). The
program was run on Windows. Parameters were set as follows: DNA molecule,
sodium concentration 1, magnesium concentration 0. Flanking sequences (50
bp both upstream and downstream) of all intact Helitron insertion sites were
used to calculate base composition, with PICTOGRAM.
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Helitron Abundance. The HelSearch program identifies only intact elements
(i.e., those with both a conserved 3’ end and a conserved 5’ end). To find
the genome contribution of all Helitron elements, both intact and frag-
mented, in a given genome, a BLAST search against an entire genome was
performed using all intact elements. Hits with at least 100 bp of 80%
identity were counted to calculate genome contribution. The total number
of 3’ ends (30 bp with at least 80% identity to 3’ ends of all intact elements)
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was used to estimate the minimum total number of elements in a given
genome.
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