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SUMMARY

Sireviruses are one of the three genera of Copia long terminal repeat (LTR) retrotransposons, exclusive to
and highly abundant in plants, and with a unique, among retrotransposons, genome structure. Yet, perhaps
due to the few references to the Sirevirus origin of some families, compounded by the difficulty in correctly
assigning retrotransposon families into genera, Sireviruses have hardly featured in recent research. As a
result, analysis at this key level of classification and details of their colonization and impact on plant
genomes are currently lacking. Recently, however, it became possible to accurately assign elements from
diverse families to this genus in one step, based on highly conserved sequence motifs. Hence, Sirevirus
dynamics in the relatively obese maize genome can now be comprehensively studied. Overall, we identified
>10 600 intact and approximately 28 000 degenerate Sirevirus elements from a plethora of families, some
brought into the genus for the first time. Sireviruses make up approximately 90% of the Copia population
and it is the only genus that has successfully infiltrated the genome, possibly by experiencing intense
amplification during the last 600 000 years, while being constantly recycled by host mechanisms. They
accumulate in chromosome-distal gene-rich areas, where they insert in between gene islands, mainly in
preferred zones within their own genomes. Sirevirus LTRs are heavily methylated, while there is evidence
for a palindromic consensus target sequence. This work brings Sireviruses in the spotlight, elucidating their
lifestyle and history, and suggesting their crucial role in the current genomic make-up of maize, and possibly
other plant hosts.

Keywords: maize, transposable elements, plant genome evolution, Sirevirus, epigenetics, comparative
genomics.

INTRODUCTION

The maize (Zea mays) B73 inbred line was recently fully
sequenced by the Maize Sequencing Consortium (Schnable
et al., 2009), because of the importance of maize as a staple
food source but also its intricate genomic landscape. With a
nuclear content of 2300 Mb, it is the largest and most com-
plex genome sequenced to date, mostly comprising trans-
posable elements (TEs) (approximately 85%), and in
particular long terminal repeat (LTR) retrotransposons
(>75%) (Baucom et al., 2009a). The intense activity of such
elements has been identified as the main driver for the
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dramatic genome expansion during the last 3 million years
(Myr) (SanMiguel et al., 1998), and, concurrently with the
rapid removal through homologous and illegitimate
recombination (Shirasu et al., 2000; Ma and Bennetzen,
2004; Ma et al., 2004), for the vast differences in the com-
position of intergenic regions between the Mo17 and B73
inbred lines (Brunner et al., 2005), or between maize haplo-
types (Fu and Dooner, 2002; Wang and Dooner, 2006).
Research has shown that this remarkable TE activity has
not been constant throughout evolution. Retrotransposon
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families have undergone amplification bursts in different
time periods within the last 3 Myr in maize (Liu et al., 2007;
Kronmiller and Wise, 2008) and related species (Baucom
et al., 2009b; Choulet et al., 2010). Moreover, intense prolif-
eration further back in evolutionary time has almost cer-
tainly occurred but is difficult to discern, as the half-life of
LTR retrotransposons is only a few million years (SanMiguel
et al., 1998; Ma et al., 2004).

The resulting LTR retrotransposon diversity in maize is
immense, with >400 families described (Baucom et al.,
2009a), generating the typical organization of large grass
genomes with seas of nested elements surrounding gene
islands (Schnable et al., 2009; Choulet et al., 2010). High-
copy number families in maize preferentially accumulate
either in heterochromatin near gene-rich regions (Copia
superfamily) or in large gene-poor heterochromatic blocks
of pericentromeric areas (Gypsy superfamily). On the other
hand, less abundant families and other TEs bias their
integration near or within genes (Liu et al., 2007; Baucom
et al., 2009a).

The LTR retrotransposons impact not only on the host
genome size and organization, but also affect gene function,
regulation and evolution. Like Helitron DNA transposons
(Morgante et al., 2005; Yang and Bennetzen, 2009), they can
capture and mobilize gene fragments (Wang et al., 2006),
with >400 potential cases recently reported in maize (Bau-
com et al., 2009a). Their mobility can trigger large-scale
chromosomal rearrangements with dramatic changes in
gene order and synteny, whilst their integration in the local
environment can interrupt or alter gene expression and
function. Furthermore, LTR retrotransposons harbor numer-
ous cis-regulatory elements, thereby providing a profuse
source of building blocks for the rewiring of host regulatory
networks (Feschotte, 2008). As a consequence of their
tremendous ability to induce change, the vast majority of
TEs are kept quiescent by epigenetic regulation (Slotkin and
Martienssen, 2007), although this state can be suddenly
reversed by means of stress and ‘genomic shock’ (McClin-
tock, 1984).

The International Committee on the Taxonomy of
Viruses (ICTV) has classified Sireviruses (together with
the Pseudo- and Hemiviruses) as one of the three genera of
the Copia superfamily (Boeke et al., 2006). Notably, Sirevi-
ruses are the only LTR retrotransposons that have exclu-
sively proliferated within plant genomes (Peterson-Burch
and Voytas, 2002). Moreover, it is the only Copia genus for
which phylogenetic data strongly suggest a monophyletic
origin (Bousios et al., 2010) (Figure 1a) and whose mem-
bers often contain an envelope gene (Havecker et al., 2005).
Examples include the Opie and Ji families that account for
nearly a fifth of the maize genome (Baucom et al., 2009a),
the abundant Osr8 family in rice (McCarthy et al., 2002) and
the envelope-containing Hopie in maize and Maximus in
barley and wheat (Wicker and Keller, 2007). Sireviruses are

unique among LTR retrotransposons also in terms of their
genome structure (Gao et al., 2003; Bousios et al., 2010).
They contain a plethora of short but highly conserved
motifs within their otherwise extremely diverse genome
(Figure 1b), regardless of the evolutionary distance of their
monocot or eudicot hosts. The motifs are found in key non-
coding regions, critical for the regulation, reverse
transcription and integration of the element, and possibly
for its virulence capacity through the activation of the
envelope gene.

Despite these intriguing characteristics and their abun-
dance among plant TEs (Havecker et al., 2004), there have
been only a few publications on Sireviruses, and scarce
reference to the Sirevirus-like origin of some elements. As
a result, coherent information on the extent of Sirevirus
infiltration in species such as maize, rice, soybean and
other fully sequenced genomes is virtually absent. This is
exemplified in the recently proposed unified classification
system for eukaryotic TEs (Wicker et al, 2007), where
classification at the genus level is missing (as opposed to
the ICTV), possibly due to the difficulty in correctly
assigning TE families into genera. However, looking at
the conserved genome structure of Sireviruses, we recently
showed (Darzentas etal., 2010) that it is possible to
accurately assign members of diverse families to this
genus, and hence uncovered previously obscured informa-
tion for the integrative impact of a whole TE genus on host
genomes.

In the current study, we conducted a systematic and
multilayered analysis of >10 600 intact and approximately
28 000 degenerate maize Sireviruses discovered by the
MASIVE algorithm (Mapping and Analysis of SireVirus
Elements) in the very large genome of their host. The
phylogenetic complexity of the maize Sirevirus lineage was
uncovered, revealing that Sireviruses are in fact the only
Copia genus that has successfully proliferated in maize,
currently making up approximately 90% of the Copia pop-
ulation. Many new copies from all Sirevirus families have
accumulated during the last 600 000 years, while smaller
subfamily-specific amplification explosions have occurred
further back in evolutionary time. We discerned the deletion
rates of Sireviruses by studying fragmented elements and
solo LTRs to discover that Opie and Ji are much more rapidly
removed from the genome than previously suggested. Their
chromosomal distribution differs from the general Copia
preference for pericentromeric areas of plant genomes, by
residing closer to genes than expected by random. Evidence
is provided for a consensus palindromic target sequence
and preferred integration zones within the genomes of TEs,
whereas the Sirevirus LTRs and their flanking domains
appear to be heavily methylated. Our findings describe how
Sireviruses infiltrated the maize genome and provide
insights into the impact of their turbulent life on the
evolution of their plant hosts.
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Figure 1. Phylogenetic and genome structure analyses within the Copia superfamily (Figure adapted from Bousios et al., 2010).

(a) Exemplars from all three Copia genera, i.e. Sirevirus (red star), Hemivirus (pink star), Pseudovirus (orange star) and Tpv2 (grey star) that is of unknown
classification according to the ICTV (Boeke et al., 2006), were used for the construction of the reverse transcriptase (RT) phylogenetic tree. Sireviruses form a
separate branch, which is supported with 100% confidence by the bootstrap analysis - there is no phylogenetic basis for separating the other two genera (herein
referred as ‘classic’ elements following Havecker et al., 2005).

(b, c) Genome organization of Sireviruses and classic elements. The gag-pol polyprotein is shown in green and the envelope gene (if present) as a light blue
diamond. The inverted repeat (IR) arms (yellow) surround the internal domain/3’ long terminal repeat (LTR) junction of all Sireviruses and few classic elements. The
outmost 5" side of the junction is occupied by the terminal polypurine-tract octamer (PPT, in red), which precisely borders the IR left arm. The upstream PPTs cluster
within the proximal 1000 bp to the junction. The palindromic and putative cis-regulatory repeated motifs (RMs) (pink) are located within the first 200-700 bp of the
Sirevirus LTRs upstream of a highly conserved TATA box (blue circle), and at the 5" side of the envelope gene (when present). The RM clusters define the borders of
CpG islands (orange bars). The 5" LTR/internal domain junction harbors the conserved primer binding site (PBS, orange box), while the C-rich integrase signal (light
blue hexagon) is located 20-30 bp upstream of the 3" terminus of the Sirevirus LTRs. The genome size difference between Sireviruses and classic elements is
approximately drawn to scale.

RESULTS information). Its application to the first version of the maize
B73 genome (http://www.maizesequence.org/) yielded
10 619 intact elements (Table 1). To compare this initial
result with existing work, we studied the overlap of their
MASIVE (Darzentas et al., 2010) is based on identifying, in a chromosomal coordinates with all annotated TEs from 601
stepwise manner, some of the highly conserved motifs of families generated by the Maize Transposable Element
the Sirevirus genome, thus eventually building full-length Consortium (MTEC) (Schnable et al., 2009) (see Figure S2
elements with high sensitivity (Figure ST in Supporting and Methods S1). The analysis showed that MASIVE

Remarkable abundance, diversity and familial relationships
of Sireviruses in the maize genome
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Table 1 Properties of the Sirevirus families identified in the maize genome

Avg length
Avg age

Family® FL solo frag FL:solo FL: frag solo: frag (Myr) FL LTR

Opie 5310 2028 9826 2.6 0.5 0.2 0.90 9117 1254
+1780°

Ji 43865 2421 11377 2.0 0.4 0.2 0.94 9519 1271
+772°

Jienv* 175 103 469 1.7 0.4 0.2 0.71 12 123 1534
+175°

Giepum® 143 180 698 0.8 0.2 0.3 0.76 12 666 1469

Hopie® 74 149 478 0.5 0.2 0.3 1.03 11 696 1675
+31P

Dijap® 15 38 28 0.4 0.5 1.4 2.0 10 783 1525
+6°

Other 37 19 59 1.9 0.6 0.3 1.59 10 449 1279

Total 10 619 4938 22 935 2.2 0.5 0.2 0.92 9424 1273

@Family assignment was based on the RT phylogenetic analysis.
PNumber of previously unidentified elements.
°Envelope-containing families.

dDijap is located within the envelope branch of the RT tree (Figure 2); however, it lacks the respective gene, and branches with the non-envelope

families in the INT- and LTR-derived trees (Figures S4 and S6).

LTR, long terminal repeat; FL, full-length; solo, solo LTRs; frag, fragmented elements.

recovered 75% of the MTEC full-length elements that belong
to families that overlapped with at least one MASIVE ele-
ment (5674/7554), but also contributed approximately 50%
new elements to the same pool (3618) (Figure S3). In fact,
nearly 90% of the MTEC elements (of the aforementioned
families) that MASIVE failed to match (1880) were actually
reported as problematic and thus filtered out by the algo-
rithm. These sequences are indeed of Sirevirus origin;
however, they most likely do not represent intact copies.
Such data could now be used to assist in TE annotation of
the maize genome.

Phylogenetic analyses based on the reverse transcriptase
(RT) (Figure 2) and integrase (INT) genes (Figure S4) of the
MASIVE elements, of 154 maize Copia exemplars including
16 for Ji and 17 for Opie (http://maizetedb.org/), and of
known Sireviruses and other (non-Sirevirus) classic Copia
elements (Bousios et al., 2010), showed that the vast major-
ity (>99%) of MASIVE elements congregate within one major
branch together with all known Sireviruses. Based on the
topology of exemplars within this branch, a number of
internal branches were accordingly annotated to reveal a
plethora of families and subfamilies with different popula-
tion and amplification characteristics. The Opie and
Ji families comprise the bulk of Sireviruses with 5310 and
4865 intact elements respectively (Table 1), although both
form several well-defined subfamilies (Figure 2). After
searching for the presence of the envelope gene (see
Methods S1), we discovered that the envelope-containing
elements cluster in a single, less populated branch: within
this, two distinct Giepum families were identified, hereafter
named separately Giepum and Hopie due to the presence of

the Hopie exemplar (Bousios et al., 2010) in the latter, and
one Ji-related family with a single Ji exemplar (hereafter
named Jienv), which was unexpected since Ji elements are
typically devoid of an envelope gene. The different genome
lengths of the Sirevirus families (Table 1) supported their
classification, while these findings were consistent across all
trees (Figure S5). Evidently then, with no specific a priori
knowledge, our approach managed to identify in one step
members of all known Sirevirus families, but also of
previously obscured ones: Giepum, which is now split in
two distinct families — Giepum and Hopie; Jienv, whose
genome characteristics and phylogeny show that it is
unrelated to Ji despite the presence of a Ji exemplar in the
branch; and Dijap, a low copy number family.

Comparing the number of intact elements of the families
our analysis placed in the Sirevirus genus with the respec-
tive figures of the original genome annotation (Table 2 in
Baucom et al., 2009a), 2764 new full-length elements are
now reported, the majority of which belong to the Opie
family (1780, Table 1). Moreover, using the estimation of
Baucom et al. (2009a) for the proportion of the maize
genome that is occupied by each TE family (including intact
and fragmented elements, remnants etc.), then combined,
the three most abundant Copia families (Ji, Opie and
Giepum) are in fact Sireviruses that collectively take up
approximately 21% of the host genome and approximately
90% of the Copia population. Arguably, Sireviruses is the
only genus of the Copia superfamily that has successfully
colonized and proliferated in maize.

Finally, the maize genome harbors another abundant type
of Sirevirus with elements lacking the genes necessary for
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Figure 2. Tree of the full-length Sirevirus population based on the RT gene.
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Ji

Opie
Hopie ®
Jienv ®
Dijap
Giepum ®
Non SV

Opie and Jicomprise the majority of Sireviruses. The Ji subfamily branching with the other envelope-containing elements is now called the Jienv family (light blue).
The Giepum family is split into two different families with distinct genome characteristics (Table 1), now called Giepum (purple) and Hopie (red), due to the presence
of the Hopie exemplar (Bousios et al., 2010) in the latter branch. The width of branches with more than 10 elements was artificially and proportionally increased (see
Experimental procedures). The circle next to the name of some Sirevirus families indicates the presence of the envelope gene. Although Dijap is located within the
envelope-containing branch, it lacks the respective gene (see Table 1). Black stars highlight abundant branches that do not contain any of the Ji or Opie exemplars
from the maize TE database (http:/maizetedb.org/). In contrast, grey stars represent Ji or Opie exemplars located in branches with only few Sireviruses; SV,

Sireviruses.

transposition. We discovered that the three exemplars of the
Ruda family (http://maizetedb.org/) contain the distinctive
Sirevirus genome structure (Figure 1b), but completely lack
a coding domain, resembling the structure of a specific TE
type called ‘large retrotransposon derivatives’ (LARDs) (Kal-
endar et al., 2004). Ruda consists of 568 intact elements
according to Baucom et al. (2009a), and relates to the Opie
family based on our analysis (Figure S6), although, as
evident by its RLX (retrotransposon like unknown) prefix,
the lack of genes had not allowed its classification to either
Copia or Gypsy until now. This highlights the sensitivity of

© 2011 INA/CERTH

the structural-based approach of MASIVE in such cases, and
allows us to speculate that, by retaining the Sirevirus
cis-signals and conserved motifs, these elements managed
to amplify successfully in a non-autonomous way using the
functions of their autonomous counterparts in trans.

Distinctive patterns of birth and death of Sireviruses
shape the maize genome

Sequence divergence between the LTRs of each element and
the application of a published formula for dating retro-
transposon insertions (Ma and Bennetzen, 2004) provided

The Plant Journal © 2011 Blackwell Publishing Ltd, The Plant Journal, (2012), 69, 475-488
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subfamily assignment was derived from the RT phylogenetic analysis.

insights into the lifetime of Sireviruses in the maize genome.
The ancestry of the lineage in maize dates back at least
approximately 11 Myr, around the time when the maize
progenitors diverged from the common ancestor of sor-
ghum, with 95% of transpositions occurring during the last
3 Myr (Figure 3a), hence shaping the genome mainly after
the allotetraploidization event approximately 5 million years
ago (Mya) (Swigonova et al., 2004). The Sirevirus age dis-
tribution is the outcome of two opposing forces, birth
through transposition and death by mutations followed by
deletion from the genome. The constant increase in the
number of elements younger than 3 Myr from all Sirevirus
families (Figure 3b) represents the dynamic balance be-
tween these two mechanisms. The observed accumulation
of many new copies the last 600 000 years (Figure 3b)
especially for most Opie and Ji subfamilies (Figures 3c,d),
possibly corresponds to an intense amplification phase
experienced by Sireviruses. However, as it is difficult to
separately assess the efficiencies of the birth and death
processes, the current age distribution may also be the re-
sult of dysfunctional removal mechanisms during the same
time period, or even the outcome of a relatively constant
birth and death ratio. Nearly 500 new insertions have taken
place in the past 100 000 years (Figure 3a), of which most
belong in the second most abundant Opie subfamily (Fig-
ure 3c). ltis very likely that these elements have been mobile
during the domestication of maize from its wild grass pro-
genitor teosinte, a process that started 10 000 years ago in
Mexico (Doebley et al., 2006). Intriguingly, apart from the in
sync amplification pattern of all families, some smaller Opie
and Jisubfamilies underwent distinct and rapid proliferation

bursts further back in evolutionary time (Figures 3c,d and
S7). One possible explanation for these activity differences
in elements that ultimately belong in the same Sirevirus
family may be a subtle, yet crucial, variation in their
cis-regulatory loci that ultimately respond to diverse
external stimuli.

Sireviruses impose their evolutionary force on the maize
genome not only by their transposition but also by their
disintegration, the combined result of which has directly
affected the current genome size and organization of their
host. In total, 4938 solo LTRs and 22 935 fragmented (with
one LTR) Sireviruses were identified (Table 1), excluding
severely truncated elements and remnants. The results
indicate that solo LTR formation of the Opie and Ji families
is considerably more frequent than earlier calculations
based on smaller sections of the maize genome have
suggested (SanMiguel et al., 1996; Liu et al., 2007; Kronmiller
and Wise, 2008), with a current estimate of approximately
2.2 (compared with approximately 15.0) intact elements for
every solo LTR. Furthermore, Giepum and Hopie have more
solo LTRs than full-length copies. Overall, we uncovered
significant differences in the full-length to solo LTR ratio
across Sirevirus families, and particularly within Opie or
Ji subfamilies, as well as in the ratio of their full-length to
fragmented elements (Tables 1and S1). In general, solo LTR
abundance is concomitant with high numbers of
fragmented copies and vice versa, as reflected by the same
ratio of solo LTRs to fragmented elements across all (sub)
families.

Considering this high intensity of solo LTR formation,
which critically may also delete the intervening genomic
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sequence between two highly similar elements (Bennetzen,
2002), and that Sireviruses (as part of the maize Copia
population) reside in gene-rich areas, it is possible that their
removal has aided the extensive (>50%) elimination of gene
redundancy following the hybridization of the two maize
progenitors approximately 5 Mya (llic et al., 2003; Lai et al.,
2004).

Sireviruses reside and accumulate in gene-rich chromo-
somal areas of maize

It has been previously shown that the Copia distribution in
maize is biased towards euchromatic regions of the chro-
mosome arms, contrasting with the Gypsy abundance in
pericentromeric heterochromatin (Baucom et al., 2009a;
Schnable et al., 2009). The herein observed non-random
preference of Sireviruses for gene-rich areas (Figures 4a-d
and S8, and Methods S1), strongly suggests that the Copia
distribution corresponds well to the distribution of Sirevi-
ruses. It also implies that throughout their life cycle Sirevi-
ruses have been critical players in the current organization,
spacing and make-up of gene islands. In general, LTR ret-
rotransposons are excluded from inserting within or very
close to genes, due to the detrimental effects on host fitness.
This pattern was observed in the distribution of Sireviruses,
which avoid the proximal-to-genes 2 kb region (binomial
test, P-value < 0.001 for intact and fragmented elements,
and 0.021 for solo LTRs) (Figure S9). By contrast, however,
Sireviruses do tend to locate closer to genes than expected
by a random distribution hypothesis (30.7-52.9 kb average
distance to the nearest gene, respectively; randomization
test on the chromosomal location of Sireviruses,
P-value < 0.001), perhaps due to their inability to successfully
penetrate pericentromeres, or their genuine preference for
gene-rich areas. Sporadically, during the transposition
events some Sireviruses have landed in pericentromeric
regions. These elements are significantly older than average
(Pearson correlation coefficient —0.80, P-value < 0.001)
(Figure S10), possibly as a result of the overall slower rate of
TE removal from these gene- and recombination-poor areas
(Ma and Bennetzen, 2006). By contrast, younger elements
are more abundant at the chromosome arms.

The million years of co-evolution of Sireviruses and the
maize genome can be traced along the chromosomes. There
are chromosomal niches that contain different relative
proportions of intact, solo LTRs or fragmented Sireviruses
(Figure 4e). An interesting observation is that an area on the
arm of chromosome 4 appears to concomitantly lack genes
and any Sirevirus feature (black star in Figure 4), suggesting
that the local chromatin structure may not have been a
favorable environment for either. Finally, we managed to
capture the footprints of elements only very recently trans-
posed (i.e. Sireviruses with >98% full-length identity),
thereby uncovering the most recent activity hotspots on
the genome, such as a section of chromosome 2 (Figure 4g).

© 2011 INA/CERTH
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Reconstituted Sirevirus pre-integration sites reveal
a complementary mirror consensus target sequence

Sequence analysis of the narrow genomic neighborhood of
Sireviruses indicated that the vast majority of intact ele-
ments (approximately 90%) generated 5-bp long target site
duplications (TSDs) upon their integration into new chro-
mosomal locations. This information was used to recon-
stitute and study the nucleotide composition of the
Sirevirus pre-integration sites. Although specific nucleotide
motifs were not detected even with advanced pattern dis-
covery algorithms, a complementary mirror compositional
pattern is evident, with the mirror being right in the middle
of the TSD (Figure 5a). This palindromic pattern continues
for a few bases in the flanking domain around the TSD,
resulting in a clearly AT-rich sequence context (Figure 5d).
More specifically, the nucleotide composition within and at
the vicinity of the TSD differs significantly from the com-
position of the surrounding 50 bp of each side (chi-square
tests, P-values for all positions < 0.001). Apart from the
consensus target sequence for all Sirevirus families, Opie
and Ji exhibit distinct nucleotide biases (Figures 5b,c).
Figure 5e directly highlights such differences, the most
apparent of which are, interestingly, located in the flanking
domain outside the TSD: the pre-integration site of Ji is
more AT-rich at the outer positions -3, -2, 2, 3 with GC-
rich internal positions —1 and 1, while the Opie pre-inte-
gration site shows a GC-rich composition at positions -3,
-2,2, 3.

Sireviruses have preferred integration zones within TE
genomes

Maize mostly comprises LTR retrotransposons (>75% of the
whole genome), the abundant families of which primarily
accumulate inside other LTR retrotransposons (Baucom
et al., 2009a). Consequently, Sireviruses are expected to
mainly target other TEs including their own genomes,
although it is not known whether they have any preferred
integration zones. We investigated this by comparing the
upstream and downstream genomic sequences of each
Sirevirus with a combined sequence dataset of our
Sireviruses and the maize TE database. Overall, 6032
elements were found to have inserted within the genomes of
various TEs, the majority of which (approximately 70%)
belong to the four most abundant LTR retrotransposons, i.e.
the Copia Ji and Opie Sireviruses, and the Gypsy Huck and
(to a lesser extent) Cinful zeon families. Although the general
distribution of Gypsy elements is located in pericentromeric
regions, Huck elements partially exhibit an Opie/Ji-like
behavior (Baucom et al., 2009a), which explains why they
are often being targeted by Sireviruses for landing. For
another 4038 intact Sireviruses it was not possible to assign
a specific TE family to their integration site, nevertheless
they all appear to reside in mosaic TE-rich domains.

The Plant Journal © 2011 Blackwell Publishing Ltd, The Plant Journal, (2012), 69, 475-488
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6

Figure 4. The maize B73 reference genome and the distribution, abundance and dynamics of the Sirevirus genus.
Concentric circles show different aspects of the genome related to full-length Sireviruses and their deletion derivatives, using frequency histograms and a2 Mb non-

overlapping window.

(a) Chromosomes (with centromeres shown in red) and maize genes (grey), (b) intact Sireviruses (green), (c) fragmented elements (orange), (d) solo LTRs (blue), (e)
most abundant of the (b-d) data (color-coded) after normalizing the frequencies with the corresponding maximum frequency of each Sirevirus type, and difference
from the second most abundant shown as a histogram, (f) age, (g) recent Sirevirus mobility (grey lines; black lines indicate duplication of larger chromosomal
segments that contain the Sirevirus element) and frequency histogram. The black star on chromosome 4 indicates the domain that appears to concomitantly lack
genes and any Sirevirus feature. Visualized with Circos (Krzywinski et al., 2009) (see Methods S1).

Previous analyses of maize LTR retrotransposons have
shown a fivefold bias towards inserting within LTRs
(Bennetzen, 2000). The results herein indicate that Sire-
viruses insert neither uniformly across the target genomes
nor only within the LTRs, but have various preferred zones
(Figure S11). In particular, they tend to target the internal

genome of Opie elements, the 5 LTR/internal domain
junctions of Ji and Cinful zeon and the 3’ LTR/internal
domain junction of Huck. Also, there is a distinct lack of
Sireviruses inserting within their own 3" LTR and its junction
with the internal genome (chi-square test for uniformly
distributed integration sites in the LTR retrotransposon
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Figure 5. Nucleotide composition of Sirevirus pre-integration sites.

The target site duplication (TSD) pentamer is highlighted in orange and indicated in letters with the midpoint marked with the letter C: (a) 9370 Sirevirus elements, (b)
4641 Opie and (c) 4337 Ji elements, (d) similar to (a) with the flanking domains on each side of the TSD extending for 500 bp, (e) difference in per cent between the

nucleotide composition of the pre-integration sites of Jiand Opie elements with p
axis (bottom) Opie-specific ones; SVs, Sireviruses.

genomes, P-values < 0.001 for Huck, Ji and Opie and 0.007
for Cinful zeon).

Sirevirus LTRs are hotspots of DNA methylation

The histone modifications and DNA methylation profiles of
maize have been the focus of recent investigations (Zhang
et al., 2008; Liu et al., 2009; Li et al., 2010), offering insights
into the spatial and temporal chromosomal landscapes of its
dynamic epigenome. To investigate their interplay with
Sireviruses, we obtained the epigenetic datasets for maize
shoots and roots produced by the Deng lab (Wang et al.,
2009), including three modifications associated with open
chromatin structure (H3K36me3, H3K9ac, H3K4me3) and
two repressive marks (H3K27me3 and DNA methylation).
The results of our coordinate overlap analysis show that the
distributions of the three open chromatin marks on the
Sirevirus genome and flanking sequences differ significantly
compared with that of DNA methylation (Figure 6), whilst no
clear trend was found for the other repressive mark,
H3K27me3. The distribution profiles do not depend on
Sirevirus phylogeny nor behave in a tissue-specific manner.

Generally, it appears that the Sirevirus LTRs and their
immediate flanking sequences are highly methylated (bino-
mial tests, all P-values < 0.001) and hence may retain a
condensed chromatin structure obstructing their transcrip-
tion. Although the long DNA methylation reads (average of
177 bp) do not allow identification of specific LTR domains
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Figure 6. Distribution profile of epigenetic modifications on Sireviruses and
their flanking regions.

The x-axis represents the Sirevirus genome (average length approximately
10 kb) and 10 kb of up- and downstream regions, in 10 1-kb bins. The y-axis
shows the frequencies of the epigenetic marks in relation to their total
number. The vertical dashed lines define the Sirevirus genome and the
borders with the flanking domains; SV, Sirevirus.

(if any) that are preferentially methylated, we hypothesize
that the highly conserved cis-regulatory RMs (Figure 1b),
exactly due to their putative functional role (Bousios et al.,
2010), may be the targets of DNA methylation. In contrast,
the internal genome of Sireviruses remains hypomethylated
compared with the LTRs, and enriched in marks indicative of
activate chromatin. Although one would expect the host to
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exert the control on retrotransposons through their compact
regulatory areas, i.e. their LTRs, which are therefore highly
methylated, it is not clear why their internal gene-containing
section is marked by signals that promote an open chroma-
tin structure.

DISCUSSION

The tree of life of maize Sireviruses: an ancient and
complex history

Analyzing the tens of thousands of Sireviruses in maize has
revealed a plethora of diverse families and subfamilies with
distinct characteristics, some placed inside the genus for the
first time, and which have all been particularly active within
the last 3 Myr, colonizing the distal parts of the chromo-
somes. Of these, Opie and Ji reached extremely high copy
numbers, while the envelope-containing populations (Jienv,
Giepum and Hopie) were not as efficient in infiltrating the
genome. The non-autonomous Ruda proliferated success-
fully despite lacking coding capacity, while the origin of the
Jienvfamily, how/when it acquired the envelope gene, and if
it is indeed related to the Ji family are intriguing questions
that may provide novel insights into the evolutionary history
of retrotransposons in maize. In parallel to their high inser-
tional activity, the disintegration rate of Sireviruses is
intense; in fact, it may be much more intense than our
current ratio estimates of approximately 2.2 intact elements
for every solo LTR, since many cases of partially deleted
LTRs were probably missed. Nevertheless, based only on
these solo LTRs, approximately 50 Mb has been deleted
from the maize genome, albeit this number is probably a
serious underestimate.

Overall, a high-resolution picture of the chromosomal
distribution, mobility and life cycle of Sireviruses in the
maize genome has been obtained. Sireviruses avoid peri-
centromeres and prefer to reside near gene-rich areas,
spacing them into gene islands by inserting continuously
within themselves. To a large extent, Sireviruses keep, or are
kept, a safe distance from genes avoiding physical inter-
actions. Simultaneously, they are also being recycled by
host mechanisms, which have possibly removed flanking
sequences and genes as a by-product.

Sireviruses is an ancient retrotransposon genus that has
co-evolved with its plant hosts at least since the split of
monocots and eudicots (Bousios et al., 2010), although the
extent of the infiltration in each plant lineage is not yet
known. Based on the results presented here, where Sirevi-
ruses comprise the vast majority of Copia elements and a
fifth of the maize genome, and on the Sirevirus origin
(Bousios et al., 2010) of abundant elements in wheat, barley
and rice (McCarthy et al., 2002; Wicker and Keller, 2007), it is
anticipated that Sireviruses have successfully colonized and
amplified within grass genomes in general. To truly appre-
ciate the evolution, diversity and impact of Sireviruses on

their diverse hosts, whole-genome comparative analyses
are needed. Especially within the Zea lineage where Sirevi-
ruses have massively proliferated after the allotetraploidi-
zation event approximately 5 Mya (Swigonova et al., 2004),
analyses of maize haplotypes and the impeding whole
genomes of the Mo17 inbred line and the wild relative
Palomero toluqueno landrace will shed light into some of
the mechanisms that have promoted the ‘a-maize-ing’
genomic variation (Fu and Dooner, 2002; Wang and Dooner,
2006; Mackay, 2009).

Temporal and spatial patterns of Sirevirus colonization
of maize chromosomes

Sireviruses have been actively colonizing the maize genome
for at least the past 3 Myr. The large number of elements
younger than 600 000 years (Figure 3a,b) suggests a period
of intense transposition for all families and/or a decrease in
the rate of Sirevirus removal by host mechanisms, or even a
reasonably steady balance of both. Apart from some smaller
bursts further back in time, this in sync amplification pattern
of all families of the Sirevirus genus differs from previous
analyses that showed multiple activity peaks spanning the
last 3-4 Myr to have led to the accumulation of LTR retro-
transposons in maize (Liu et al., 2007; Kronmiller and Wise,
2008) and other grasses (Wicker and Keller, 2007; Paterson
et al., 2009; Choulet et al., 2010). It will be interesting to
analyze whether the total populations of the highly abun-
dant Gypsy families, especially Huck and Cinful zeon,
exhibited a temporally similar pattern of activity. If so, this
universal accumulation of maize LTR retrotransposons
would suggest that silencing-based control or indeed
retrotransposon removal mechanisms were hampered for
the past 0.6 Myr. Irrespective of this, based on the current
paucity of transpositionally active plant (and maize) LTR
retrotransposons, it appears that the host repressing
mechanisms have been recently restored (Feschotte et al.,
2002). Hence, the second most abundant Opie subfamily
may be among the few that have managed to escape
silencing, as evident by the high frequency of its very young
(<100 000 years old) members.

In contrast to such findings in maize, it was recently
shown that the wheat genome was shaped by LTR retro-
transposons through a plethora of amplification waves for
3 Myr, a burst 1.4 Mya and a mainly pericentromic activity
for the past 0.5 Myr (Choulet et al., 2010). During the same
time Sireviruses in maize have been inserting in gene-rich
regions (Figure 4). Additionally, insertion age estimation of
the Osr8and Osr10Sireviruses in rice placed their expansion
during a long period approximately 0.5-3 Mya with the
center of activity being >1 Mya (Wicker and Keller, 2007).
Therefore, it appears that intensive Sirevirus colonization of
their plant hosts has not been limited to the time period that
corresponds to their proliferation in maize, but has probably
occurred at different times in different hosts.
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Large-scale analyses in the complete genomes of rice (The
International Rice Genome Sequencing Project, 2005), brac-
hypodium (The International Brachypodium Initiative, 2010),
sorghum (Paterson et al., 2009), soybean (Schmutz et al.,
2010) and Arabidopsis (Peterson-Burch et al., 2004), have
shown that LTR retrotransposons of both Gypsy and Copia
superfamilies, and especially their high copy number mem-
bers, typically cluster near pericentromeric regions away
from genes and subtelomeric areas. The opposite prefer-
ence of Sireviruses in maize could point to distinctive
interactions between the Sirevirus integration machinery
and chromatin configurations. Histones form a code made
up of numerous epigenetic modifications (Kouzarides,
2007), combinations of which can generate a plethora of
chromatin states suitable for TE integration specificities, as
has been recently demonstrated for retrotransposons in
Arabidopsis (Mirouze et al., 2009; Tsukahara et al., 2009).
The identification of empty pre-integration Sirevirus sites in
maize could provide excellent case studies for investigating
the spatial and temporal histone decorations before and
after the insertion of a new Sirevirus element. It is not clear
what features of the Sirevirus genome, if any, recognize and/
or physically interact with histone epigenetic marks. Per-
haps, the conserved and unique C-termini of the Sirevirus
INT gene (Peterson-Burch and Voytas, 2002) participates in
the binding process in a similar (and crucial) manner to the
stress-responsive respective domain of the yeast Ty5 ele-
ment that stabilizes INT binding to components of hetero-
chromatin (Dai et al., 2007).

The near-genes distribution of Sireviruses may be a
universal characteristic of the genus across plants. Apart
from Arabidopsis, other fully sequenced species have a
higher ratio of Gypsy to Copia elements (4.9:1 for rice, 3.3:1
for brachypodium, 3.7:1 for sorghum and 2.3:1 for soybean)
than maize (1.6:1) (Paterson et al., 2009). In conjunction with
preliminary data from our lab indicating the presence of only
a few Sireviruses in those small genomes, this might make it
difficult to discern such specificities. On the other hand, in
plants with large genomes composed primarily of LTR
retrotransposons, Sireviruses may have been a major driver
of this expansion and comprise a significant part of the
Copia superfamily, as shown here for maize, and suggested
for barley and wheat with the Sirevirus Maximus lineage
(Wicker and Keller, 2007), for soybean with Sire7 (Laten
et al., 2003), for sugarbeet with Cotzilla (Weber et al., 2010),
for lotus (Holligan et al., 2006) and for other plant species
(Havecker et al., 2004).

It is also possible that the palindromic consensus target
sequence (Figure 5) interacts with the Sirevirus machinery
during integration. We do, however, speculate that it does
not determine the wider chromosomal location, rather it
assists with the successful completion of the insertion
process once the new copy has been navigated to the
favorable chromatin environment via the respective histone
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code. Possibly then, the element is guided to specific
regions within apparently AT-rich environments (Figure 5d)
to bind at the most similar sequence motif to the palin-
drome. Recently, similar palindromic consensus target
sequences have been identified for several DNA transpo-
sons, including Mu and Tourist-like elements in maize (Liu
et al., 2009; Zerjal et al., 2009) and the Harbinger3_DR family
in zebrafish (Kapitonov and Jurka, 2004), suggesting that
such a sequence structure may indeed positively aid TE
binding and integration.

Possible implications for maize genome function

New TE copies can trigger local changes in chromatin status
by inserting in gene-rich areas, or place their own cis-acting
elements in close proximity to the gene regulatory network
(Feschotte, 2008), a likely scenario in maize where Sirevi-
ruses show a near-gene insertion bias. Recent evidence also
showed that several maize TE families, including Opie and
Giepum, still have a considerable transcriptional activity in
some tissues (Vicient, 2010). Although plant LTR retro-
transposons are typically silenced in vivo (Feschotte et al.,
2002), the ‘leaking’ transcription of some Sirevirus elements,
ortheir inherent (retrotransposon) capacity for production of
aberrant RNA transcripts (Faulkner et al., 2009), may be ac-
tively shaping the functional output and effect of the maize
transcriptome. Our data show that the cis-regulatory regions
on the Sirevirus LTRs are heavily methylated (Figure 6),
suggesting that many elements are indeed kept transcrip-
tionally inactive. However, under stress conditions the
dynamic DNA methylation patterns can be suddenly
modified, which would significantly loosen the host control
on Sireviruses. To this end, it was recently shown that many
Opie and Ji subfamilies are up-regulated when the RNA-
directed DNA methylation (RdDM) silencing pathway is
disturbed (Jia et al., 2009), which indicates the potential of
Sireviruses to reactivate given the opportunity. Combined,
these findings emphasize the impact that the intense
Sirevirus lifestyle may have had, and still has, on maize gene
diversification, control and function.

This work brings Sireviruses into the spotlight of the
‘maize genomic map’, revealing in great detail their impact
on the organization, composition and evolution of their host
genome. We hope our insights will pave the way for future
research to deepen our understanding of this interaction and
its effect on maize diversification, and also of the true
evolutionary depth of Sireviruses and their intricacies across
the plant kingdom.

EXPERIMENTAL PROCEDURES

Data

Version 1 of the Zea mays B73 genome sequence (RefGen_V1) was
downloaded from http://www.maizesequence.org/ in June 2010,
along with evidence-based and ab initio predicted maize genes.
Non-Sirevirus retrotransposons and other TEs were either available
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in-house (Bousios et al., 2010) or downloaded from the maize TE
database (http://maizetedb.org/).

Identification and initial analysis of Sireviruses: the
MASIVE pipeline

The MASIVE pipeline was applied as described in Darzentas et al.
(2010) (see Figure S1 and Methods S1 for more information).

Phylogeny

For the estimation of phylogeny, we first created non-redundant
sets of the RT and INT sequences, and of the first 200 bases of the 5
LTR of: (i) Sireviruses, (ii) exemplars from the maize TE database,
and (iii) other LTR retrotransposons used in Bousios et al. (2010),
using CD-HIT-EST from the CD-HIT package (Li and Godzik, 2006)
with a 90% identity threshold (at the default word length of 8). We
required alignments to cover at least 90% of the lengths of each
sequence pair (-aL and -aS both at 0.9), and used the non-default,
slower but more accurate strategy that places sequences in the
most similar cluster and not the first one that meets the thresholds
(-g 1). The final set of sequences resulted from the selection of each
cluster's representative, and the removal of all sequences with more
than five consecutive N characters. The procedure yielded 577 RT,
729 INT and 717 LTR representative sequences. We used the MAFFT
algorithm (Katoh et al., 2005) to calculate pairwise distances with
the Needleman-Wunsch global alignment algorithm (globalpair)
and output the tree (treeout). Finally, we annotated tree leaves with
the number of members behind the cluster representatives (also
indicated by artificially and proportionally increasing the width of
branches with more than 10 members by one leaf for each 10
members) and with the names of the exemplars and known
elements. Trees were visualized with Figtree v.1.3.1 for Mac OS X
(http://tree.bio.ed.ac.uk/software/figtree/).

Solo LTRs and fragmented elements

Efficient annotation of degraded retrotransposons is a troublesome
and imperfect process (Ma et al., 2004; Vitte and Bennetzen, 2006).
We therefore only identified solo LTRs and fragmented Sireviruses
with one intact LTR. We first masked the genomic sequence to avoid
re-detecting the LTRs of full-length elements. Masking was per-
formed by the exact matching of all (including incomplete) MASIVE
elements with Vmatch (http://www.vmatch.de/). BLASTn was used
to detect statistically very significant (E-value 1 x 107°) hits of the
entire LTR population. Strict alignment length and overlap criteria
were employed, since we required that the BLAST alignment began
and ended within 50 bp of the MASIVE LTR with the largest per-
centage identity. To assist with the classification of the hit as solo or
fragmented, we used the existing (from the original MASIVE run)
multiple PPT signatures and also discovered all instances with up to
three mismatches of the PBS signature used in MASIVE. Coordi-
nates-based linking of the BLAST hits and the two signatures pro-
vided adequate information to annotate each BLAST hit as a 3' LTR
of a fragmented Sirevirus if a multiple PPT signature was present
within 50 bp of the beginning of the BLAST hit or as a 5" LTR if the
PBS signature was within 50 bp of the end of the BLAST hit, and as a
solo LTR otherwise. Finally, we transferred the age and phylogeny
of the corresponding MASIVE LTR to the new solo LTR or fragment
as an informative approximation.

Time of integration

Time of integration (Mya), or LTR retrotransposon age (Myr), was
calculated by aligning the LTR pair of each element using MAFFT,
gathering data on mismatches and indels, and subsequently

applying the LTR retrotransposon age formula with a substitution
rate of 1.3 x 1078 mutations per site per year (Ma and Bennetzen,
2004).

Proximity of Sireviruses to maize genes

For the random distribution hypothesis we investigated the distri-
bution of the distances between the 10 619 full-length Sireviruses
and their neighboring genes. We fixed the positions of the genes
and randomized the positions of the MASIVE data assuming that
they are randomly distributed across each chromosome. We did not
allow overlapping between the MASIVE data and genes (including
their 2-kb flanking regions). We performed a simulation experiment
with 1000 iterations to construct the background distribution of the
mean distance of the MASIVE data to the nearest gene. Finally, we
tested for significance comparing the mean distance calculated
from the observed data with the background distribution obtained
from the simulation.

Target site duplication analysis

To study the composition of TSDs, we captured 10 bp on either side
of each element, and through preliminary sequence analysis dis-
covered that Sireviruses generate, almost exclusively, 5-bp TSDs.
Consequently, when the flanking pentamers were identical, then the
sequence was considered informative and kept as a whole after
removing one of the two pentamers and the Sirevirus element (thus
forming a pseudo pre-integration site).

Sirevirus insertion site neighborhoods

To investigate the extent of Sirevirus integration into other TEs,
we extracted 1000-bp long sequences upstream and downstream
of all elements and calculated their similarities, through BLASTn
and an E-value threshold of 1 x 107, to the complete set of Sire-
viruses and TEs from the maize TE database (http:/maizetedb.org/).
Sequences from both sets that contained more than 10 consecu-
tive N characters were removed. We excluded Opie and Ji
elements from our dataset with lengths more or <1 kb of the
average length of the respective family (9117 bp for Opie, 9519 bp
for Ji; see Results). Parsing the BLASTn results, we demanded that
any aligned regions between a 1000mer and a TE were at least
25 bp long with more than 80% identity and within 20 bp of the
insertion site (all thresholds based on preliminary analysis). The
proximity to the insertion site controlled for the complex nested
pattern of TEs that could generate multiple hits of different TEs in
different positions on the 1000mers. Furthermore, before
assigning the best-scoring TE to the insertion site, we demanded
to find the same TE on both sides of the insertion site, reconsti-
tuting a realistic pre-integration site with the two parts of the same
element. Finally, to accommodate insertions that occurred very
close to the beginning or end of a TE, we allowed for a TE to
feature only in the upstream or downstream region if the insertion
occurred within 50 bp of the beginning or end of that TE and the
alignment length was >100 bp.

Overlap to epigenetic modifications

To study the overlap of epigenetic modification marks with our set
of intact Sireviruses, we retrieved the respective datasets from the
Deng lab (Wang et al., 2009). These included four histone modifi-
cations marks (H3K4me3, H3K9ac, H3K27me3 and H3K36me3) and
DNA methylation patterns for maize roots and shoots. Since the
provided coordinates were on a bacterial artificial chromosome
(BAC) collection, we used the appropriate maize B73 genome
assembly file to map those to the B73 RefGen_v1 maize sequence;
this process resulted in almost half of the marks being lost due to
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the set of BACs ultimately used in the genome assembly. To detect
coordinate overlaps we used the Perl programming language. We
analyze in Methods S1 a problem in relation to the structure of LTR
retrotransposons that is raised by the MAQ (Mapping and Assembly
with Quality) application (Li et al., 2008) to map epimodification
sequencing reads.

Statistical analysis

All statistical tests were conducted using the R language (http://
www.r-project.org/).

Availability

Links to data files, a downloadable version of the MASIVE algo-
rithm, the Sirevirus and monocot-specific hidden Markov model
(HMM) of the envelope gene, and other general information, are all
freely available at http://bat.ina.certh.gr/research/TEs/.
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