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Abstract

Background: While transposable elements (TEs) comprise the bulk of plant genomic DNA, how they contribute to
genome structure and organization is still poorly understood. Especially in large genomes where TEsnag@etyh
of genomic DNA, it is still unclear whether TEs target specific chromosomal regions or whether thegcimmpilate
where they are best tolerated.

Results:Here, we present an analysis of the repetitive fraction of the 5100 Mb barley genome, the largestramgiosp
genome to have a near-complete sequence assembly. Genes make only about 2% of the genome, whilei®ver 80%
derived from TEs. The TE fraction is composed of at leatitf@&ht families. However, 50% of the genome is comprised
of only 15 high-copy TE families, while all other TE faméiggesent in moderate or losopy numbers. We found that
the barley genome is highly compartmentalized witffedent types of TEs occupyidifferent chromosoméhiches,
such as distal, interstitial, or proximal regions of chromesoms. Furthermore, gene spaepresents its own distinct
genomic compartment that is enriched in small non-autonamDNA transposons, suggesting that these TEs specifically
target promoters and downstream regions. Furthermore, their presence ip@eneters is associated with decreased
methylation levels.

Conclusions:Our data show that TEs are major determinants obfw#romosome structure. We hypothesize that many
of the the various chromosomal distribution patterns are the result of TE families targeting specific niches, rét&er than t
accumulating where they havké least deleterious effects.

\ J

Background be viewed as genomic parasites. Autonomousnéster
The genomes of higher plants vary dramatically in size,copy’) TEs encode the genes that enable them to replicate
ranging from the 63.6 Mb ofGenlisea auredl] to the al- and move around in the genome (e,geverse transcript-
most 500-fold larger genomes dfritillaria species [2, 3]. ase, integrase, or transposase). In addition, they often give
Among the angiosperms that have been examined, theise to large populations of deletion derivatives (non-au-
mean monoploid genome size is 4723 Mb (Additional file 1: tonomous TESs) that lack some or all coding capacity [5].
Figure S1), closely matching the 5100 Mb barley genoméd-or non-autonomous elements to be replicated or trans-
in size [4]. However, all diploid plant genomes sequencedbosed, they usually must have conserved sequence moatifs
so far contain approximately 20,000 to 35,000 genes. Th¢hat can be recognized by the mobilizing protein(s)
differences per monoploid genome size are due to varyingencoded by the autonomous elements to allow their
amounts of sequence derived from transposable elementtransposition.
(TEs). TEs are generally divided into retrotransposons The TE landscapes of all plant genomes sequenced so
(Class 1) and DNA transposons (Class I, [5], which arefar are dominated by a small number of high-copy fam-
further subdivided into orders and superfamilies. TEs canilies [6-9]. In all cases, the TE fractions are composed
primarily of long terminal repeat (LTR) retrotransposons
* Correspondencavicker@botinst.uzh.ch [5]. The LTR retrotransposons described so far in plants
*Department of Plant and Microbial Biology, University of Zurich, belong either to theGypsyor the Copia superfamily, two
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genes for reverse transcriptase and integrase [5], Fig. linverted-repeat transposable elements, or MITEs [15,
In plants with large genomes such as wheat, barley 0116] are preferably located near genes, suggesting an in-
maize, LTR retrotransposons are known to contribute at fluence on the evolution of genes [£29].
least 50% of the total TE content {8]. Especially the  The extreme abundance and complexity of the TE
retrotransposon fraction of the 2300 Mb maize genome fraction in large genomes has often resulted in highly
has been analyzed in great detail [10, 11]. Baucom et afragmented genome assemblies that have hampered de-
[10] identified over 400 families of retrotransposons in tailed analyses of their TE landscapes. The production of
the maize genome. GenerallyGypsy elements were a high quality, nearly complete barley genome sequence
found to be enriched in pericentromeric regions, while [4] provided the opportunity to analyze in detail the
Copia elements accumulated in distal chromosomal re- abundance, distribution and target site preference of TE
gions. Interestingly, high-copy families tend to cluster in groups and individual TE families. As the barley genome
gene-poor regions while low-copy elements were foundis so far the largest plant genome sequenced and assem-
often near genes, which was interpreted as a mechanisrbled to this level, we were particularly interested in
to increase the chances of less abundant elements to bexploring what role TEs have played in shaping it.
activated and replicated [10]. Furthermore, different
types of retrotransposons were found enriched in differ- Results
ent chromosomal regions. For example, thi8ireviruse$ Overall, 80% of the barley genome was classified as de-
[12], a large clade ofopia elements were found to be rived from TEs [4], but the actual percentage is probably
enriched in distal chromosomal regions [11]. higher because of families with highly diverse members,
DNA transposons typically contribute less to the total which may have escaped detection by homology searches
genomic DNA, but they show an extreme diversity. The against known TEs. We observed that the barley genome
largest fraction of DNA transposons is usually contrib- is dominated by only a few TE families, as previous stud-
uted by CACTA transposons, due to their large size andies have suggested [6, 8]: teBypsy,three Copia, and
high copy numbers [4, 9, 13, 14]. Additionally, all grasstwo CACTA families together comprise over 50% of the
genomes described so far are populated by tens of thouwhole genome (Fig. 1). We estimated copy numbers of
sands of small non-autonomous DNA transposons.TE families by dividing the total number of annotated
These small TEs (often referred to as miniature base pairs by the length of the reference (consensus)

-

RLC_BARET1 | 13.99%
RLG_Sabrina | |9.14%

RLG_BAGY2 | |5.41%

RLG_WHAM | | 3.75%

RLG_Surya | | 3.67%

RLC_Maximus | 2.49%

RLG_BAGY1 | 2.31% Gypsy (RLG) [OTR >-| gag RTINT H LTR:)
OTC Saiguim | 1.52% Copia (RLC) [BR —{GagRTINTHIR)
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Fig. 1 Contribution to total genome sequence of the top 15 TE families in the barley genome. Note that 10 of the top 15 TE families bejong to
the Gypsyuperfamily (preftSRLG”"). TheCopiasuperfamily is represented with 3 families (pf&LC"). The only Class 2 superfamily represented
in the top 15 areCACTRlements (prefi*DTC”). The inset shows the schematic sequence organization of these three superfamilies
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sequence for the respective TEspecially with large ele- Table 1 Copy number estimates of the most abundant Class 1
ments such as retrotransposons, this is problematic, sinc&nd Class 2 element families in the barley genome

many copies are fragmented by deletions or reduced tore family Superfamily  Totafkb Lengt?  Copy numbet
solo-LTRs through intra-element recombination. Further- rRLC_BARE1 Copia 623,043 8630 72,195
more, individual families are sometimes comprised of dif- ) 5 saprina~ Gypsy 407,047 8030 50.691

ferent subfamilies of varying size (see below). Cop;geLG BAGY?2

number estimates based on consensus sequences there- Gypsy’ 240,798 8630 21,902
fore have to be taken with caution. Using this approach,RFC-WHAM — Gypsy 167138 9430 17,687
we estimate that the top 10 TE families by abundanceRLGC_Surya Gypsy ~ 163,300 14,470 11,285
together represent approximately 230,000 individual cop-RLC_Maximus  Copia 110,928 14,400 7703
ies (Table 1). As previously describedH8, 20], theCopia RLG_BAGY1 Gypsy 102,843 14,400 7142

family RLC_BARE1s the most abundant in terms of copY prc Baiduin CACTA 70,688 11740 6021
numbers (>76,000) as well as absolute contribution to the_, ., .

: .. RLG_Haight G 57,185 13,080 4372
genome (>14%, Fig. 1, Table 1). The rest of the repetitive  ~ 49 ypsy

landscape is comprised of at least 350 TE families with”TC-Caspar  CACTA 54,465 11568 4708
moderate or low copy numbers. Total 1,997,435 209,707
In addition to the largeGypsy Copia, and CACTA ele- DTT_Thalos Mariner 2865 163 17,574
ments, which can range in size from roughly 2 kb to pTT_Pan Mariner 716 123 5822
over 30 kb (deposited in TREP, see methods), the barle)g,TT_AthOS Mariner 394 81 4868

genome also contains approximately 54,000 small DNADTT lcarus

. . . Mariner 555 117 4747
transposons of theMariner and Harbinger superfamily d _
(Table 1). However, due to their small size, their contri- T 1-Hades Mariner 392 108 3627
bution to genome size is negligible. DTT_SAF Maniner 177 85 2087
DTT_Eos Mariner 506 326 1552
The barley genome contains large populations of DTT_Oleus Mariner 231 150 1540
non-autonomous retrotransposon.s - DTT_Pluto Mariner 328 274 1197
To study gene content and coding c_ap_ac_:lty of TEs, _v_\/eDTT_StOIos Mariner 205 274 749
constructed consensus sequences of individual TE families |
using at least 3, but sometimes up to 100 copies. Although'°*® 6369 43,763
many individual TE copies might be degenerated, con-DTH_Thorne  Harbinger 716 273 2624
struction of consensus sequences usually leads to th@TH_Kerberos  Harbinger 594 285 2086
emergence of intact ORFs which were used for predictionbTH_xumet Harbinger 591 376 1571
qf hypot_hetlcal proteins. Because |nd|v_|(_jual families somepry Rong Harbinger 1218 1227 993
times diverged into different subfam!llgs, we also“con-?TT_NIalrimorn Harbinger 2024 2129 951
structed consensus sequences for individual subfamilies. | o o
a consensus sequence contained no intact ORFs, thBTH-OrPheus  Harbinger 183 272 674
respective TE family (or subfamily) was considered non-PTH_Xenon Harbinger 203 312 650
autonomous. DTH_Xian Harbinger 650 1161 560
Interestingly, three of the top five TE families seem to bTH_Kong Harbinger 489 2119 231
be non-autonomous RLG_Sabringa RLG_WHAM and  pry Tipone Harbinger 187 1037 180
RLG_Surya because they have none or only fragmentsDTH_Zong Harbinger 278 2396 116
of the genes that are typically found in autonomous ele-
Total 7133 10,634

ments (Fig. 2). The second most abundant family even
diverged into 2 SUbfami"eS_ te_rmed Aand B (Fig' 2)' FOrZIgzag;tibo?Tﬁgt?etfeec:eisc;eizetﬁia\;emj;n Lig;esdpfec::rifz:nnotation

RLG_Surya we suspect it is cross-mobilized by the ccopy number estimate based on total kb occupied by the TE family and
much less abundantRLG_Sukkulafamily because of a length of its consensus sequence

strong sequence homology in their LTRs, which contain

regulatory regions, and the region immediately down- mobilization has been described previously for barley
stream of the 5 LTR, which contains the binding site for BAREZ2elements [6].

the tRNA primer (PBS) that initiates reverse transcription. For RLG_Sabrinaand RLG_WHAM (and the less
Furthermore, RLG_Sukkulaand RLG_Suryahave similar abundantRLG_Deramj, we could not identify any puta-
chromosomal distributions, which one would expect if tive autonomous elements, but sequence similarity of
RLG_Suryaelements are integrated into the genome by their predicted, partial proteins suggests that their au-
integrase proteins encoded BRLG_SukkulaSuch cross- tonomous master elements are homologs of tihila
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Fig. 2 Sequence organization of non-autonomous LTR retrotransposon families and their putative autonomous partners. Sequence conservation
between putative autonomous and non-autonomous partners is indicated with shaded areass BeQNA homology are shown in blue, regiong
where predicted proteins show homology are shown in pink. PBS: Primer Binding Site

retrotransposon from ArabidopsisAthila clade, Fig. 3). indicate that non-autonomous retrotransposons mobilized
Possibly they are cross-mobilized I3L.G_BAGY2which by a relatively small number of autonomous elements con-
is the closest barley homolog dhthila. While sequence tribute substantially to barley genome size.
homology at the DNA level betweeBAGY2and the non- Non-autonomous derivatives are particularly numer-
autonomousRLG_SabrinagRLG_WHAMand RLG_Derami ous among Class Il elements. Most dominant is the
is limted to the 3 termini of the LTR and the primer bind- Mariner superfamily which is represented by at least 36
ing site (PBS), predicted GAG proteins show strong hom-families. The top 10Mariner families are all small non-
ology (Fig. 2). Overall structure and sequence homologyautonomous elements ranging in size from 81 bp
between RLG_Sabrina RLG_WHAM and RLG_Derami (DTT_Athog to 274 bp OTT_Stolosand DTT_Pluto,
suggests that they all are descendants of a non-autonomousable 1) Such smallMariner elements are also referred
derivative of aBRLG_BARGY-2ike ancestor. to as StowawayMITEs [16]. The most abundantMariner
Also, the Copia family RLC_Gisellelikely depends on family, DTT_Thalos is present in more than 17,000 cop-
closely related autonomouLC_Ingafamily elements for ies. Interestingly, we identified only about 150 potentially
transposition sinceRLC_Giselleoes not have reverse tran- functional, autonomousMariner elements. Thus, a vast
scriptase and integrase genes (Fig. 2). Interestingly, in alumber of non-autonomous DNA transposons is appar-
cases sequence conservation between autonomous elemergstly relying on a very small number of functional master
and their proposed non-autonomous partners is highest inelements for their potential mobilization. The situation is
the region of the PBS. We therefore speculate that use oimilar for Harbinger transposons, but these elements are
the same tDNA primer (to initiate reverse transcription) is a about four time less abundant (Table 1).
crucial factor for the functionality of non-autonomous ele-
ments. Additionally, the identified non-autonomous ele- Individual TE lineages occupy distinct chromosomal
ments show different leels of degeneratiorRLG_WHAM  “niches’
RLG_Sabrina_Aand RLC_Gisellaall contain potentially in- Gypsy and Copia LTR retrotransposons are distributed
tact gaggenes and could therefore contribute at least in partthroughout the chromosomes, as reflected in an even
to their own replication, whileRLG_Deramihas still a re- coverage of reverse transcriptase and integrase domains
gion homologous togagbut its ORF is interrupted by stop identified by PFAM (Additional file 1: Figure S2). However,
codons. FinallyRLG_Suriaand RLG_Sabrina_Bhave com- at the individual family level, distributions vary strongly
pletely lost all coding capacity (Fig. 2). These data indicatéFig. 3). For example, th€opia element RLC_BAREis
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enriched in distal regions of chromosome arms, as is the(here, we arbitrarily defined as‘intergenic regions
closely related but far less abundarRLC_HORPIA2 stretches of at least 200 kb that do not contain genes,
(Fig. 3b). In contrast,RLC_Lara and RLC_Maximus Fig. 4b and c). As mentioned previously, close to genes,
are preferably found in proximal (peri-centromeric) we find mostly small, non-autonomous DNA transpo-
chromosomal regions (Fig. 3b). Retrotransposon fam-sons. More than a third (36%) diMariner and 25.7% of
ilies of the Gyspysuperfamily occupy complementary Harbingertransposons are found within 5 kb of genes, a
genomic niches: the interstitial regions of chromo- highly significant enrichment. Within 10 kb, this enrich-
some arms are dominated by families from th&thila  ment increases to almost 50% dfariner and over 40%
clade RLG_Sabrina, RLG_WHAMand RLG_Deramj of Harbinger elements (Fig. 4b). As previously described
Fig. 3a), whereaRLG_Suryaand RLG_Sukkulaare [4], LTR retrotransposons are strongly under-represented
enriched in the proximal and distal regions. Generally,in the 1-2 kb upstream and downstream of genes. In the
closely related families tend to have similar distribution following, we present separate analyses of how Class |
patterns. An interesting exception is thBRLG Abiba fam-  (retrotransposons) and Class Il (DNA) transposons
ily which is highly enriched in peri-centromeric regions, contribute to the genomic environment of genes.
while its closest relativeRLG Romina shows a virtually
inversed chromosomal distribution. The retrotransposon neighbors of genes

Among Class Il elements, the proximal regions are oc-In addition to being enriched in specific niches on a
cupied by the high-copyCACTA family DTC_Balduin, chromosome-wide scale, retrotransposons also show dis-
while families of theCasparclade are strongly enriched tinct patterns of distribution in the vicinity of genes
in distal regions. Over 75% dDTC_Casparelements are (Fig. 5). In the 10 kb upstream of the TSS of 28,316
located in the terminal 20% of chromosome arms (seehigh-confidence genes, we identified 179,137 retrotran-
below), the strongest niche enrichment we found for any sposons, 97.6% (174,995) of which are LTR retrotranspo-
TE group (Additional file 1: Figure S3). For less abun-sons, while only 470 are SINEs (0.26%) and 3672 are
dant Class Il superfamilies, such &éutator, Mariner, or  LINEs (2.05%, Additional file 1: Table S1). The situation
Harbinger we observed a familiar pattern of enrichment is similar downstream of genes, where we identified a
in distal regions [9, 21, 22] (example in Additional file 1: total of 170,123 retrotransposons insertions within 10 kb
Figure S4). However, here we have only considered longf the transcription end site (TES). Here, SINEs and
and putatively autonomous elements which contain atLINEs contribute slightly (but not significantly) more to
least large parts of a transposase gene. The vast numbetke retrotransposon population (591 or 0.35% and 4108
of short non-autonomous elements (MITEs) tend to or 2.4%, respectively).
cluster near genes [9, 15, 16, 21, 22] (see below), making Of particular interest are retrotransposon insertions
their overall distribution largely congruent with that of that are very near genes. Here, we focused on retrotran-
genes. In general, individual TE families show nearly thesposons that are inserted within 500 bp of the TSS and
same distribution patterns across all chromosomes (ex-TES (Additional file 1: Table S2). Interestingly, retro-
amples in Additional file 1: Figs. S5-S8), with only fewtransposon composition changes drastically near genes:
exceptions where distribution patterns differ between starting approximately 3 kb upstream of the TSS and

chromosomes (see below). 5 kb downstream of the TES, LINEs, and SINEs are
found more frequently, while the frequency of LTR ret-

The space surrounding genes is a distinct genomic rotransposons (i.e.Gypsy and Copia elements) drops

compartment sharply (Fig. 5a). SINEs are found approximately four

In addition to large-scale TE niches, gene space repretimes more frequently immediately up- and downstream
sents a unique genomic compartment with its own TE of genes than at distance of 10 kb (Fig. 5a). Also LINEs
“environment, largely independent of the gene location are more frequent near genes. Additionally, LINEs show
along the chromosomes. Genes tend to be enriched inran asymmetric distribution with a higher frequency
distal chromosomal regions in barley, with gene densitydownstream of genes (Fig. 5a). These data suggest that
forming an exponential gradient from centromeres to both SINEs and LINEs may have a preference to insert
telomeres [4]. In addition to this gradient along chromo- near genes.

somes, genes are distributed non-randomly. They are The previous study based on the barley genome sequence
found mostly in clusters of two to seven genes, (we deseported a genome-wide average ratio of 1.3 ®fpsyvs.
fined genes that are separated by less than 20 kb as bé&opia retrotransposons [4]. Toward genes, th&ypsy
longing to the same cluster). Individual clusters are Copia ratio steadily decreases (Fig. 5b). At a distance of
separated bysea’ of repetitive DNA (Fig. 4, Additional 10 kb from genes, th&Sypsy Copiaratio is approximately
file 1: Figure S9). Additionally, the TE landscape close tol.1, close to the genome-wide average of 1.3. This ratio
genes differs strongly from that of intergenic regions reaches a minimum of 0.82 at approximately 800 bp
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Fig. 4 (See legend on next page.)
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(See figure on previous page.)
Fig. 4 Characteristics of gene spac€ractions of genes found in clusters of different sizes. Alimost 60% of the barley genes are found in|clusters
of 2 or more genes, in contrast to results of a simulation where genes are randomly distributed across the genome. In that case, only about 30%
of the genes are found in clustebsDistances of Mariner and Harbinger transposons to the nearest gene in the barley genome. The datasets for
chromosome 1 show that Mariner elements prefer most to insert 1-2 kb away from genes. Here, we measured the distance from the middle of
the annotated TE to middle of the nearest annotated gene. Note that for this analysis, we used only high-confidence genes of the HC level [4].
Thus the actual number of TEs near genes is likely to be higeemparison of TE composition of gene islands with that of large (> 200 kh)
intergenic regions

upstream of the TSS. Similarly, th@ypsy Copiaratio has a downstream regions in a sliding window of 100 bp,
minimum of 0.77 approximagly 2000 bp downstream of Additional file 1: Figure S10). These data suggest that
genes. Curiously, th&ypsy Copiaratio spikes sharply after there is selection for transcriptional orientation of some
the TSS and TES inside genes to near the genome-wideetrotransposon superfamilies relative to genes. However,
average (Fig. 5b), suggesting thaypsyelements are dele- the signals are relatively weak and we remain cautious as
terious in up- and downstream regions of genes. to the conclusion that can be drawn from these data.

Of the TEs that are inserted within 500 bp upstream of
genes, LINE elements were significantly enriched in for-Barley gene space is characterized by distinct DNA
ward orientation relative to their nearby genes (Additional methylation patterns.
file 1: Table S2), while they were enriched for reverseSmall non-autonomous DNA transposons of thilariner,
orientation downstream of genes, except within 100 bp ofHarbingerand Helitron superfamilies are preferably inserted
the gene, where the trend reversed (as shown by scanningnmediately upstream of the predicted transcription start

Fig. 5 Frequencies of retrotransposons in the vicinity of genes. The plots are anchored around transcription start sites (TSS) and end sites (TES) of
28,316 high-confidence genesOverall frequencies of LTR retrotransposépssiand Copiaelements), LINEs and SINEs. Note that valueggsy
and Copiaelements are divided by a factor of 20 to fit into the pioRatio ofGypsys.Copiaretrotransposons near genes
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site (TSS, Fig. 6a). As TEs are known to be targets of epieontent (and thus potential methylation sites) which is
genetic silencing [23], espetliain grasses [24], we focused typical for genes in grasses [25]. CG methylation levels in-
on genes with TEs between 18(p upstream of the TSS to crease much more strongly again after the TSS (Additional
500 bp downstream of it (we reasoned that TE insertions infile 1: Figure S11). In contrast, CHH sites, which are more
this region are likely to affect regulatory elements of genes)frequent in the genome than CG and CHG sites, are
We hereafter refer to this region as thigromoter’. We ex- generally less methylated and show only a slight increase
plored how TE insertions could potentially affect nearby upstream of the TSS (Additional file 1: Figure S11). This
genes by analyzing local methylation levels revealed bin agreement with previous findings in maize [26]. How-
bisulphite sequencing of seedling leaf DNA. Analyzingever, methylation levels differ between genes with and
high-confidence genes from chromosome 1H, 2H, and 3H,without DNA transposons in their promoters (see below).
we identified 1763 genes that containddariner elements,
759 genes withHarbinger elements, and 506 genes with Class Il transposon insertions are associated with altered
Helitrons in this region. There are an additional 14,114 methylation levels
genes that do not contain any of these elements in the pro-To study whether the presence of specific TE types is as-
moter region (the analysis was restricted to chromosomessociated with differences in methylation levels, we separ-
1H, 2H, and 3H due to computational limitations)VVe ex- ately analyzed genes which contain no TEs and those
amined methylation levels per kb for the region encom- with Mariner, Harbinger or Helitron elements in the
passing 10 kb upstream of the TSS and ending 2 khkregion 10 kb upstream to 2 kb downstream of the TSS
downstream of the TSS inside the genes (Additional file 1:.0f genes (Additional file 1: Figure S11). We divided the
Figure S11). 12 kb regions into bins of 1000 bp and calculated aver-
In general, methylation levels in CG and CHG sitesage methylation levels for each bin. We then calculated
decrease sharply near genes, reaching a minimum at théor each bin the ratio of methylation levels of genes
TSS. Downstream of the TSS, CHG methylation levelswithout transposons in their promoters with methylation
increase only slightly, despite a sharp increase in GQevels of genes with transposons in their promoters.

Fig. 6 Methylation levels in upstream regions of germeSrequency oMarinerHarbingeand Helitronelements in the region 10 kb upstream
and 2 kb downstream of the predicted transcription start site (7 88)ative methylation levels surrounding the TSS calculated in bins of 1000 pp.
We compared average methylation levels of 1763 genes that corltéanitzeielement in the upstream region with those of genes that do not haye
such elements in their upstream regiorsame as irbj with 759 genes witlHarbingeelementsd Same as irbj with 506 genes wittielitronsRelative
methylation levels in CG and CHG sites levels drop sharply while Elldriehigher in the bins surraling the TSS for genes that contaitarineand
Harbingeelements. This effect cannot be observedelitrons
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Interestingly, methylation levels of CG and CHG sites in Target site preference of TEs
promoters that containMariner or Harbinger transpo- We analyzed the insertion sites of several high-copy
sons are on average approximately 50% lower than thos€&Es, includingRLC_BAREZX&Nnd RLG_Sabrinaas well as
of promoters without such elements. This effect can bemultiple families of Mariner, Harbinger and Helitron el-
seen in the sequence bins nearest the TSS, while furtheements. Here, we only used TE copies where both ends
upstream of the genes, methylation levels are very simiwere intact to assure that we indeed only analyze the se-
lar between genes with and without transposons in theirquences precisely flanking the individual insertions.
promoters (Fig. 6b and c). Two possible explanations forinterestingly, we observed pronounced differences in tar-
these findings are: first, insertions dflariner or Harbinger  get site preference (Fig. 7). Class Il elements target very
transposons suppress subsequent DNA methylation; alterspecific motifs:Mariner elements prefer A/T-rich targets
natively, Mariner and Harbinger elements simply target with the consensus [T/A][T/AInnT-Ann[T/A][T/A],
open chromatin (i.e. genes with high expression levelswhere the dash represents the insertion site (Fig. 7a),
usually correlated with low methylation levels). whereas Harbinger transposons prefer a short TAA
The situation is different for CHH sites, where methyla- motif (Fig. 7b). InterestinglyHelitrons have a preference
tion levels are higher, especially for the 1 kb regions immedi-for an asymmetric target, as their insertion sites are
ately upstream of the TSS, ariner or Harbingerelements highly associated with an AAA triplet starting 8 bp
are present in the promoter (Fig. 6b and c, Additional file 1: downstream of an A-T insertion site (Fig. 7¢). In con-
Figure S11b and S11c). This is consistent with previous findtrast, we could not detect clear target site preferences
ings in maize, where the presence of small DNA transpo-for Class | elements: the high-copy LTR retrotransposon
sons was also found to be associated with elevate®RLC_BAREas only a weak preference for G/C 7-8 bp
methylation levels in CHH sites [26]. However, associationaway from the insertion site, whildRLG_Sabrinahas a
of Mariner or Harbinger elements with decreased CG and slight preference for GGG motif 3-4 bp upstream of the in-
CHG levels have, to our knowledge, not been reportedsertion site and a CC motif 4 bp downstream (Additional
RNA-directed methylation silences transposable elements irfile 1: Figure S15).
plants [27]. Thus, on one hand, promoters containing Interestingly, some TE families also show varying dis-
Mariner and Harbinger elements tend to have lower CG tribution patterns between chromosomes (Fig. 8). For
and CHG methylation levels and, on the other hand, theyexample, theCACTA family DTC_Casparis generally
are associated with higher levels of CHH methylation. At highly enriched in distal chromosomal regions. However,
this point, we do not have enough data to determine theit is nearly absent from the telomeric region of the short
effect of this dichotomy on gene functions. We are there-arm of chromosome 4H (Fig. 8a). Also the tandem re-
fore also hesitant to make cause-and-effect conclusions. Ipeat family XXX_AAD (for which we do not know how
is possible that, in some cases, changes in methylatioit is replicated) is highly enriched in telomeric regions of
occurred independently before or after the TE insertions. several chromosomes, but virtually absent from others
In contrast to Mariner and Harbingerelements, methy- (Fig. 8b). Finally, theRLG_Abibafamily shows strong dif-
lation levels of genes that contaiRlelitrons in their pro-  ference in abundance between different chromosomes as it
moters differ only very little from those genes without is 4-5 times more abundant on chromosomes 4H through
such elements (Fig. 6d, Additional file 1: Figure S11d).7H than on chromosomes 1H through 3H (Fig. 8c). At this
Moreover, CG, CHG and CHH methylation levels all show point we have no explanation as to what might cause this
a very similar pattern of a slight (approximately 50%) differential distributions.
increase near the TSS. Since TEs are known to influence
expression of nearby genes [28], we wanted to tesDiscussion
whether the observed differences in methylation levels carThe repetitive landscape of the barley genome is com-
be associated with expression levels of genes. Thus, waetely dominated by a handful of LTR retrotransposons
studied barley gene expression data from embryonic, leafvith extremely high copy numbers. Despite the large dif-
and root tissue. Additionally, we examined expression dataference in size between the barley genome and smaller
from roots in 17 and 28-day-old plants. We found that the plant genomes, TE diversity is similar: The relatively
number of genes that show no transcription at all in the small Brachypodiumgenome (275 Mbp) went through a
four transcriptome datasets is significantly higher in genesvery detailed repeat annotation, leading to the identifica-
that contain Helitrons in their promoters than in genes tion of over 170 different TE families [9]. By comparison,
without TEs in their promoters (Additional file 1: Figure we identified less than twice as many TE families in
S12). Other than that, we found no significant differencesbarley, although the barley genomes is almost 20 times
in expression levels of genes with or withowlariner, larger than theBrachypodiumgenome. Thus, the factor
Harbinger or Helitron transposons in their upstream that determines genome size is the copy numbers of the
region (Additional file 1: Figures S13 and S14). most abundant families.
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Fig. 7 Target site preferences of high-copy Class 2 transposons fresn Barl the plots, the 30 bp flanking complete elements (i.e., not tedhcat
both sides were collected. Then the different nucleotides &t pasition were counted across across all insertion sites of a gitgpeT Ehe x-asiis

the bp position relative to the TE insertion site, while theg/sixdws the relative nucleotide composition for each posgidfarineelements have a
strong preference for A/T dinucleotides 2 &bp away from the insertion site, whitg Harbingeelements almost invariable prefer 3 bp A/T -rich maifs.
¢ InterestinglyHelitronsiave a preference for an asymmetric target, strongfgmireg an AAA motif 8 bp dovatream of the insertion site

The roughly 350 TE families identified by us cover We assume that these un-annotated portions of these
80.8% of the assembled sequence [4]. Considering thajenomes contain additional, yet uncharacterized, TE
gene space contributes only 2-3% to the genomefamilies. These could be highly degenerated TEs, or
approximately ~16% remained un-annotated. This pro- exotic TE types that have very low copy numbers and
portion of un-annotated sequence is comparable tothus escape detection. Indeed, in-depth analysis of retro-
other genomes. In maize, approximately 12% remainedransposon diversity in maize showed that many families
un-annotated [7], while inBrachypodium un-annotated of the >400 retrotransposon familes are present in only
sequences make approximately 25% of the genome [9h handful copies [10]. Thus, if the complexity of the
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Fig. 8 Examples for TE families with varying distributions between chromosomes. Chromosomal ds@iteusioown at the right in bins of 30 My
(depending on the copy number) as heat maps and bar plots to indicate absolute numbers. The y-axisthedtotaésumber of kb that is occupied
by the TE family in each bin (Note that scales differ between faraillé®CACTamilyDTC_Caspar depleted on chromosome 4H, especially on its
short armb The tandem repeat famijXX_AAI3 highly enriched in the majority of telomeric regions, but practically absent from telomeres of 2HL,

5HL and 7H$.TheGypsyamilyRLG_Abikia generally enriched in cetromeric and pericentromeric regions, but its overall abundance differs strpngly
between chromosomes

repetitive fraction of the barley genome is similar to that they are besttolerated [30]. Combination of these factors
of the maize genome, one has to expect that hundredscan lead to very distinct distribution patterns, especially in
of low-copy TE families still remain to be discovered in repeat-rich large plant genomes such as the one of maize
barley. [10, 11]. However, the level of diversity in distribution pat-
Interestingly, small non-autonomous TEs such asterns of different TE families in barley still came as a sur-
MITEs are present in similar copy numbers as in smaller prise to us. Indeed, we find that the genomic localization
genomes. Both rice and Brachypodium contain roughlyof TEs is strongly associated with both their phylogeny
25,000 MITEs, while we identified approximately 54,000and their target site preference (see below). This suggests
such elements. We assume that this has to do with thethat the distribution of individual TE families is to a large
fact that MITEs are enriched near genes [259] and degree the result of their genetic composition which
gene numbers are very similar in all plant genomes. allows them to target preferred genomic compartments.
However, one could still argue that TE insertions are
TEs divide the barley genome into distinct compartments  in principle random but that family-specifc distribution
The key finding of our current analysis was that the barley patterns emerge because they are removed from the gen-
genome is highly compartmentalized with respect to the ome at different rates in different chromosomal regions.
localization of different types of TEs. It is a well-described For LTR-retrotransposons, we consider this hypothesis
phenomenon that differences in TE insertion mechanismsunlikely because these elements all have similar sizes
can lead to compartmentalization of genomes by TEs [29].and sequence compositions. Nevertheless, retention bias
Previous studies also indicated that the distribution of TEscould play a role in the case o€ACTA elements be-
is also the result of retention bias, i.e. selective pressureause these elements usually contain large regions of
that restricts their accumulation in genomic regions where low-complexity DNA, tandem repeat arrays and widely
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ranging G/C contents [13]. Such sequences can be hot Despite the lack of obvious target sequence specific-
spots of double-strand breaks and subsequent rearrangeities, different LTR retrotransposon families show very
ments or deletions (reviewed by [31]). Additionally, it is distinct chromosomal distributions. This suggests that
likely that retention bias plays a role for TEs that their integrase enzymes target epigenetic patterns, such
inserted near genes. For example, LINEs could be mora@s histone modifications, rather than DNA sequence
abundant downstream of genes than upstream simplymotifs. Previous studies reported thatRLG_Cereba
because insertions in gene promoters are more likely toretrotransposons are particularly enriched in peri-
be deleterious than insertions in the downstream region. centromeric regionss [33], as are its homologs (the CRM
elements) in maize, rice, anBrachypodium[7, 9]. How-
ever, for barley we could not confirm such enrichment
(Fig. 3a). Instead, we found that thAbiba family has

. e . taken over the proximal (peri-centromeri€) niche’ in

Niche specificity could arise from sequence-dependen . :

! . arley. We speculate that its unique preference for
target site preferences of the respective transposase or : .
. . entromeric regions may be due to the product encoded
integrase enzymes. Indeed, we found that especially sm . .

. . y an ORF that is not found in any other retrotrans-

non-autonomous elements of thdlariner and Harbinger

superfamilies have a strong preference for A/T-rich tar- poson famlly (Fig. 3a)..Th|s protein might h ave novel
gets. The fact thatMariner elements almost invariably properties that enabléAbiba elements to specifically tar-

prefer a TA target site while harbinger elements preferget centromeric regions, potentially similar to previously

TAA targets has been described before [15, 16]. Howeverd escribed targeting domains of integrases. For example,

our data indicate that the motif which is actually recog- thromodomains in integrase proteins of CRM elements

nized by theMariner transposase is an A/T rich 10 bp ::;a;[s“[kgﬂ{ sé?rittr;ﬁgtrggirseﬁgveglggewS;ﬁgjvnmtgd::\/aé a
motif with the TA target at its center (Fig. 7a). Such motifs : P

(e.g. TATA boxes) occur frequently in promoters. This tar- wide range of targetl_ng mechar_usms. For example_, the
. . . yeast Tyl integrase interacts with the AC40 subunit of
get preference could, in part, explain their preference for . . .
. . NA polymerase Il (Pol Ill) which leads to insertions
promoter sequences. Alternatively, these elements migh . -
. o L .~ ‘upstream of Pol lll-transcribed genes [35]. Similarly, Ty5
simply target open chromatin (i.e., transcriptionally active) . .
. : " . Copia retrotransposons from yeast encodes an integrase
regions during transposition and establish themselves . . . . )
with a domain that targets the silent information regula-

close to genes because their small size does not disruqt . . .
. or 4 Sirdp, a heterochromatic protein at chromosome
promoter function.

Particularly interesting is the preference dfielitrons ends [36, 37]. An interesting variation are the telomere-
y : g Isthep . . specific LINE retrotransposon$ AHRE TART, andHeT-A
for an asymmetric target with an AAA triplet starting . .
: . . . in Drosophila melanogasterThese retrotransposons ap-
8 bp downstream of an A-T insertion site. Previous stud- arently taraet the 3 OH of the DNA at chromosome
ies reported the preference dflelitrons for a 5-AT-3 P y_arg

. . ) ) ends [37] and have taken over telomerase function in
insertion site [5] and for generally A/T rich sequences [32]. . L . o

. Drosophila Considering these previous findings, we
However, preference for an asymmetric target has, to our

knowledge, not been reported for any type of TE. Thespeculate that the observed niche specificity of many of

asymmetric sequence composition of the target site sug the barley TE families is driven by affinity of integrase pro-

. . ) ; teins to specific histones or their modifications. This
gests that the helicase/recombinase protein bielitrons miaht also be the case for transposase proteinCiCTA
binds the target DNA at the insertion site as well as one ro- g P P

tational period away in the DNAdouble-helix (i.e. 10 bp). elements where different families alsp sh.ow different niche
preferences. However, further studies involving wet lab
experiments will be necessary to precisely identify the
Niche specificity my be encoded by the TEs themselves molecular mechanisms of how TEs target their preferred
In contrast to DNA transposons, we found no distinct genomic niches in barley.
sequence-based target site preference for LTR retrotran-
sposons. However, our analysis was limited to two high-Conclusions
copy families where we could extract a sufficiently highBarley provided unique insights into the structure and
number of full-length copies. Indeed, previous studiesorganization of a plant genome near to the average size
have reported a preference for short palindromic se-of those of the angiosperms. Previous analyses of TE
guences in Sireviruses [11]. This specific clade@dpia content and composition in such genomes have been
elements is represented in barley by less abundant THimited to general abundances, largely due to the absent,
families (Fig. 3b) for which we could not identify enough or poorly assembled, intergenic sequences. The near
full-length copies to perform a quantitative analysis of complete chromosome assemblies of barley allowed for
target sites. a detailed analysis of abundance and chromosomal

Insertion preference could be driven by target
sequence motifs
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distribution of individual TE families. Our findings phylogenetic trees ofopia and Gypsyelements, the re-
emphasize the importance of TEs as active contributorsverse transcriptase and integrase region was used, while

to the evolution of genomes. for CACTA elements, the predicted transposase protein
was used. Protein sequences were aligned with Clustalw

Methods and the phylogenetic tree was constructed with MrBayes

TE annotation and copy number estimates (mrbayes.sourceforge.net) using standard parameters with

Basis for all analyses was the TE annotation produced 0,000 generations.
the framework of the international barley sequencing For TE content analysis in up- and downstream
consortium (IBSC) [4]. For this study, we used an add-regions of genes, the 10 kb immediately flanking the
itional approach to precisely identify the boundaries of predicted coding sequences (CDS) of 28,316 HC1 high-
full-length elements (i.e. ends that are not truncated) for confidence genes were extracted from the genome as-
the characterization of populations of high-copy TE sembly (for definition on high-confidence genes, refer to
families. This annotation approach was complementaryMascher et al. [4]). The genomic segments were then
to that used by Mascher et al. [4] (which should still be used in blastn searches against the TREP database. After
used as the reference TE annotation). In our approachan initial annotation, previously unclassified or poorly
chromosomes were split into short segments of 180 bp,characterized TE families were re-analyzed and new con-
which were used in blastn searches against the TREBensus sequences were constructed. For construction of
database (www.botinst.uzh.ch/en/research/genetics/tho-consensus sequences, we used up to 100 (as many as
masWicker/trep-db.html). This was done to allow pre- possible, but at least 3) full-length copies for individual
cise annotation of the short segments, especially theTE families. These were aligned with Clustalw. The con-
identification of TE boundaries. In a second step, the an-sensus sequence was then generated from the multiple
notations of the individual segments were combined. alignment. If subfamilies were present, we constructed
Since TEs often contain divergent regions that do notconsensus sequences for individual subfamilies if a suffi-
align well with the reference TE, gaps of less thancient number of full-length copies could be identified.
100 bp between blastn alignments were bridged, if the Analysis of up- and downstream regions was then re-
same TE family in the same orientation was found on peated with the updated TREP database. Based on blast
both sides of the gaps. Additionally, TEs often containoutputs, it was determined, for every 20th base position
problematic motifs that cause gaps in the sequenceof the 10 kb segments, which TE family produced the
Thus, if a gap was found within 80 bp of an annotated longest blastn hit at that respective position. This re-
TE, the stretch between TE and gap was annotated asulted in 500 data points for each up- and downstream
belonging to the same TE. region of the 28,316 genes. The resulting matrix was
For TE classification and nomenclature, we appliedused as basis for the plots shown in Figs. 5a and 6a. This
the classification system by Wicker et al. [5]. Here, TEapproach was used in a previous study [19] and was
family names are preceded by a three-letter code thataken because it allows a rapid assessment of TE con-
represents the TE superfamily (e.g., RIX for LINEs, RSXents of up and downstream regions independent of
for SINEs, RLX for LTR retrotransposons, RLG f@ypsy existing TE annotation.
LTR retrotransposons, and RLC fdCopia LTR retrotran- For TE vs. gene orientation (Additional file 1: Tables S1
sposons). Genome size data for angiosperm plants werand S2, Figure S11), the annotations, CDS orientations
obtained from the Angiosperm DNA C-values databaseand start and end points, and TE annotation and start and

(data.kew.org/cvalues). stop points were taken from Mascher et al. [4]. TE orien-
tation vs. number was then plotted for a sliding window of
Phylogenetic analysis 100 bp moved in 1 bp increments. Significance of enrich-

In this study, we used the definition of family proposed by ment of TE in up- and downstream regions of, as well as
Wicker et al. [5].TEs belong to the same family if their bias in transcriptional orientation was tested with a Chi-
DNA sequences are over 80% identical and can be aligne8quare test.

over >80% of their length. However, we complemented

this definition with phylogenetic analyses. PhylogeneticMethylome library preparation and sequencing

analysis ofGypsy Copia and CACTA elements was per- DNA was isolated from barley seedling leaves using the
formed on predicted protein sequences deposited at theCTAB method [38], and 2 g DNA was used to prepare the
TREP database (botinst.uzh.ch/en/research/genetics/thosequencing library. Briefly, DNA was sheared to 200-300 bp
masWicker/trep-db). Protein domains in predicted ORFs fragments, followed by end repair, A-tailing, adapter
were identified with PFAM (pfam.xfam.org), SignalP ligation, and dual-SPRI size selection (250 bp50 bp) ac-
(cbs.dtu.dk/services/SignalP), and COILS (embnet.vitalcording to the manufactures instructions (KAPA library
it.ch/software/COILS_form.html). For the construction of preparation kit, KK8234). The library was then treated with
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bisulfite to convert unmethylated cytosine to uracil using Abbreviations
Zymo EZ DNA methylation Iighning kit (D5031). The con- C€DSCoding sequence; IBSC: International barley sequencing consortium;

I . . INT: Integrase; LINE: Long interspersed nuclear element; LTR: Long terminal
verted DNA was then amp"f'ed using KAPA HiFiHotStart repeat; MITE: Miniature inverted-repeat transposable element; PBS: Primer

Uracil + (KK2801) with the following program: 95C for binding site; RT: Reverse stranscriptase; SINE: Short interspersed nuclear

2 min, 7 times of 98C/3OS, 60C/3OS, 72Cl4 min, a final ex_element; TE: Transposable element; TES: Transcription end site;

. . [TREP: Transposable element platform; TSS: Transcription start site
tension at 72C for 10 min. The PCR products were cleaned P P P
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