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The genome of cultivated rye, Secale cereale L., is considered one of the largest among species of the tribe Triticeae and
thus it tops the average angiosperm genome and the genomes of its closest evolutionary neighbors, such as species of
barley, Hordeum (by approximately 30-35%), and diploid wheat species, Triticum (approximately 25%).The review
provides an analysis of the structural organization of subtelomeric heterochromatic regions of rye chromosomes with a
description of the molecular mechanisms contributing to their size increase during evolution and the classes of DNA
sequences involved in these processes.
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| 1. Tandem Repeats

In the three most widespread, well-studied and commercially valuable Triticeae species (wheat, rye and barley), rye is
deemed to be the most promising for the analysis of and then for discussing the concept of genetic redundancy and
considering the presence of selfish DNA in the genomes. The haploid genome of cultivated rye, Secale cereale L., (2n =
2x = 14) is about 8.0 Gbp/1C in size [1], being larger than the genome of an average angiosperm (5.6 Gbp) [&. For
comparison, the genomes of rye’s closest relatives, barley and wheat, the haploid chromosome number in them being the
same as in any Triticeae species, 7, are 5.1-5.3 Gbp and 5.8-6.1 Gbp in size, respectively. Available whole genome
assemblies with annotated genes of diploid species (Triticum urartu and Aegilops tauschii, ancestors of the cultivated
wheat, Triticum aestivum), barley, Hordeum vulgare, and rye showed very close coding gene counts, about 40,000 BI4lE]
[BII7], within the genus Secale, there is about a 15-percent variation in total genome size between the cultivated rye S.
cereale (the largest) and the most ancient wild rye S. silvestre (the smallest) 1. The differences in size between their
respective genomes correlate with the differences in the sizes of the heterochromatic regions at the chromosome ends (&,
The facts as listed above obviously suggest that the cultivated rye’'s superiority in genome size amongst its closest
relatives is due to a higher abundance of various classes of repeated DNA sequences. This assumption is supported by
the results of the first cereal DNA reassociation kinetic experiments, which showed that more than 90% of the rye genome
consists of repetitive DNA £,

Large heterochromatic blocks in subtelomeric regions represent a chromosomal feature of rye that its most closely related
genera, wheat and barley, do not possess. As recently as at the end of the past century, these regions were analyzed for
DNA composition. Some tandemly organized families were found to have extremely high monomer copy numbers as was
indicated by strong in situ hybridization signals. All together, these families make up 8-12% of the entire rye genome 0
14 The molecular structure, copy number and monomer lengths were furthermore determined for the three most
abundant of them, pSc119.2, pSc200 and pSc250 14Ul They are made up of monomeric units 118 and 379, and are
571 bp in length, respectively, with pSc200 contributing to ~2.5% of the genome and pSc250 and pScl119.2 each
contributing to ~1%. Fluorescence in situ hybridization (FISH) experiments suggest that the pSc200 and pSc250 blocks
coincide close to the telomere, while some pSc119.2 copies are confined to interstitial sites. The pSc119.2 sequence is
also present in some other cereals, but pSc200 and pSc250 are largely rye-specific.

As far as shorter tandem repeats (minisatellites) are concerned, the most probable mechanism promoting the emergence
of two or a few successive DNA monomers is the duplication event that followed replication slippage 4. It is possible that
the same mechanism applies to longer monomers, with sizes close to those of tandem families in the rye genome. By
sequencing an extended DNA region with BAC119C15 in it 23], researchers revealed a consistent pattern of the alteration
of pSc200 monomers having an average of 93% homology, suggesting an initial duplication, the divergence of the primary
sequences of the monomers within the dimer and the subsequent amplification of the dimers. It is likely that virtually any
DNA sequence can serve as the initial monomer; several cases of tandem DNAs emerging from pieces of transposable
elements have been described L8IIL71E] pimer amplification and the preservation of tandem repeat arrays can take place
in the course of replication or mitotic/meiotic recombination by means of multiple recombination events, such as unequal



crossing over between sister chromatids, sequence conversion, translocations that exchange material between non-
homologous chromosomes and transpositions 12924 FISH on meiotic chromosomes shows that each of the families,
pSc200 and pSc250, is present on the arms of each chromosome as a separate domain, the size and varying stain
intensity of which implies the presence of more than one array within each domain. This assumption is supported by blot-
hybridized patterns after pulsed-field gel electrophoresis (PFGE) of DNA in BAC clones 12, The maximum size of the
pPSc200 and pSc250 arrays is 550—-600 kb [22: however, the majority of the arrays in each rye chromosome are rather
short, not longer than 80—100 kb.

The chromosomal domains consisting of pSc200 and pSc250 arrays are normally separated by non-tandem DNA
sequences. Restriction analysis of DNA of the BAC clones in the BAC library of the short arm of rye chromosome 1 (1RS)
followed by blot-hybridization showed that the pSc200 and pSc250 arrays, as with human alpha satellite DNA, develop
HORs (higher order repeats), each consisting of two to eight monomers. A single HOR is longer than 3 kb (379 bp x 8) in
pSc200 and is nearly 3.5 kb (571 bp x 6) in pSc250. The order of HORs and the ratio of different HORs are specific for
each array within a single arm 2. This implies that multiple recombination events had been taking place independently in
different arrays of the same chromosome arm, leading to the emergence of HORs.

The tandem families pSc200 and pSc250 have different evolutionary histories. Some pSc200 copies have been found in
hexaploid wheat, other Triticeae species 231241 and more distantly related cereals, such as rice and oats. It gives grounds
to assume that this family emerged about 45 MYA, when the rice and oat lineages split 22, The pSc250 family is younger;
its copies, very low in number, are found only in the Triticeae species [24], suggesting that its age is about 15 Myr.
However, when scrutinizing the evolutionary history of the pSc200 and pSc250 families, one should remember that the
amplification (expansion) of these families was not observed before the radiation of the genus Secale (1.7 MYA) and was
running especially high in the cultivated rye (S. cereale) 8. Thus, pSc200 and pSc250 did not take as long to expand as,
for example, human alpha satellite DNA did, which is confirmed by high (not less than 90%) homology between the
monomers within each of these families 2. The evolutionary histories of these two families are strikingly different from
that of the third high copy number family of tandem repeats, pSc119.2. This family is much more common across the tribe
Triticeae than pSc200 and pSc250 are. Not only rye, but also various Triticum and Aegilops species, as well as most wild
barley species 28 including Hordeum bulbosum, which is closely related to the cultivated barley, contain this family in a
high copy number. A large number of variant monomers with different lengths and highly heterogeneous primary
structures are an indication that sequence homogenization has never taken place in pSc119.2 28 By far the most
surprising pSc119.2-related observation is that both H. vulgare ssp. spontaneum, which is an immediate ancestor of the
cultivated barley (H. vulgare), and the cultivated barley itself are devoid of this family 24, Thus, the beginning of the barley
domestication process caused the mass deletion of thousands copies of pSc119.2 genome-wide in the predecessor
species.

| 2. Transposable Elements

Transposable elements (TEs) are the predominant component of such large genomes as the cereal ones 28129, For this
reason, researchers were not surprised to see that the sequencing of the DNA around the arrays of the pSc200 and
pSc250 family tandems in BAC clones revealed various classes of these elements, basically LTR-containing
retrotransposons. Are these two main classes of repeats in heterochromatic regions related in some way? Is the
composition of the DNA surrounding the arrays of the tandem repeats specific to them—or is it unrelated to them? To
answer these questions, researchers used 454 reads, which served as a basis for the rye genomic library B9, The benefit
of this approach is that no contigs are needed, which, if they were, would represent a major problem in duly profiling
repeats, as the genome crawds with them. Nevertheless, the average length of the 454 reads is sufficient for spotting
junction regions between tandem monomers and the DNA that surrounds them. Three sets of 454 sequencing-based
reads were produced (Figure 1): two consisted of reads, which were essentially DNA in the “non-tandem DNA—pSc200
(or pSc250) tandem” junction regions, and the third sample consisted of reads with DNA residing in the rest of the genome
(151, Researchers' interest was to find out whether there was a correspondence between the copy number of separate TE
families in the “non-tandem DNA-tandem DNA” junction regions and their copy number throughout the entire rye genome.
The comparison was carried out using a database of eukaryotic repetitive elements, Repbase and the Triticeae Repeat
Sequence Database (TREP). Researchers' analysis of the genome composition for rye showed that 73% of all TEs
identified belonged to the gypsy-like superfamily of LTR-containing retrotransposons. Of all the TE families identified, the
most abundant was the gypsy-like family Sabrina (Figure 2), which makes up about 15.5% of the total number of TEs
identified genome-wide, which greatly exceeds the abundance of the next two top TE families, the CACTA superfamily
and the gypsy-like family, WHAM. At the same time, the abundance of Sabrina dropped abruptly when this family was
flanked by arrays of tandem repeats. Some TE families, common in the rye genome, virtually do not occur flanked by



arrays of tandem repeats. For the example, neither CACTA nor Cereba nor Derami nor Sumana were flanked by pSc250,
and Fatimawas never flanked by pSc200.

pSc200 TE pSc250

Figure 1. Three sets of 454 reads used for profiling TE families: (1) in “non-tandem DNA-pSc200 tandem” junction
regions, (2) in the “non-tandem DNA—pSc250 tandem” junction regions and (3) in the rest of the rye genome. By way of
illustration, Rectangles 1 and 2 display different possible variants of the reads.
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Figure 2. Presence of the most well-represented TE families in the rye genome (Sabrina, Angela, CACTA, yellow bars)
and in the reads containing regions of junctions between non-tandem DNA and the monomers of pSc200 tandem repeats
(Olivia, Daniela, Xalas, Xalax, red bars) and pSc250 tandem repeats (Laura, Xalas, Xalax, Gypsy-13_TA-I, blue bars).

Thus, a surprising feature revealed by comparing the abundance of the DNA sequences in the entire rye genome and
when these sequences were flanked by the arrays of the tandem monomers pSc200 and pSc250 was a nearly reciprocal
replacement of TE families. In terms of genome-wide abundance, Sabrina, CACTA and WHAM vyield precedence to
Daniela and Olivia flanked by pSc200 and Laura and Gypsy-13_TA-I flanked by pSc250, but the abundance of solo-LTRs
designated as Xalas or Xalax is just rocketing, especially when these are flanked by pSc250. As the ectopic exchange
model suggests B, this should be indicative of very frequent ectopic exchanges in the immediate neighborhood of the
tandem arrays pSc200 and pSc250 while these arrays were in the making. The main sources of solo-LTRs are probably
unequal cross-overs and the within-chromosome ectopic recombination between the LTRs of the same or different
elements, provided that they share quite extended homologous regions, such as those shared by Xalas and Xalax, and
Daniela and Olivia. Vicient et al. 82 distinguish four forms of retrotransposon recombination. One of these forms is the
LTR-LTR recombination, which results in solo-LTRs or tandem arrays consisting of LTRs and internal domains. According
to this mechanism, if an LTR borders with any other DNA sequence, for example, pSc200 or pSc250 monomers, then the
LTR-LTR recombination will generate a tandem array of these monomers next to the LTR.



While the mechanisms of recombination processes occurring within the arrays of tandem monomers and leading to the
formation and genome-wide distribution of higher-order repeat units, varying in length and internal organization, have
been known for decades, little is known about a potential impact that the immediate DNA neighborhood of the tandem
monomer arrays might have on these processes. Researchers' analysis of the junction regions between TEs and the
monomers of the tandem arrays pSc200 and pSc250 revealed that most TE transpositions occurred either directly to the
monomers of the tandem array or next to them following ligation, which added a very short spacer, DNA 1-10 bp in length
—a situation typical of non-homologous end joining (NHEJ). About 90% of these junction regions put together pSc250 and
two groups, Laura and Xalas, the most abundant when surrounded by TEs: about 70% for pSc200 and Daniela, and 58%
for pSc200 and Olivia.

In many organisms, recombination events occur at certain sites, the so-called “hot spots”, which have a particular
nucleotide context B3, In the nucleotide context of DNA of the transposable elements bordering the tandem arrays
pSc200 and pSc250, motifs that could participate in recombination other than HR (homologous recombination) or NHEJ
(non-homologous end-joining) and promote the propagation of the arrays of tandem monomers were revealed to occur
with a probability much higher than could have been expected by random chance 2. The lengths of these motifs are 8-12
bp, which are sufficient for recombinases to start aligning a single-strand DNA with a homologous duplex elsewhere in the
genome, which can promote recombination. Thus, the LTRs containing microhomologous DNA within this TE inserted next
to the pSc200 or pSc250 monomers could, together with captured monomers, recombine these sites with other copies of
the same TE occurring elsewhere in the genome and thus promote the distribution of the tandem monomer arrays.

3. Rye Genomic Libraries Detailed the Organization of Subtelomeric
Heterochromatin

The rye genomic libraries generated in recent years using modern DNA sequencing techniques and contig assemblies [
[ allow for large genomic regions to be analyzed. As is known, the heterochromatic chromosome regions and, first of all,
long arrays of tandemly organized monomers are especially difficult to read. Nevertheless, the contigs in the genome
libraries mentioned are long enough to shed light on the structural organization of the subtelomeric heterochromatic
regions of the rye chromosomes, including both classes of repeats: monomer tandems and copies of TE families. Some
contigs begin from the chromosome ends, as the presence of the contig region containing telomeric monomers
(TTTAGGG)n suggests. The telomere monomers are immediately followed by the array of the pSc119.2 monomers on
one arm of chromosome 3R ! and the pSc200 array on the other (€. However, the arrays of telomeric and subtelomeric
repeats are not immediate neighbors in all chromosomes. In the rye line ‘Weining’, the chromosome 7R telomere and the
array of pSc250 monomers are separated by four pieces of the transposable elements Xalax and Gypsy13_TA-I, and the
pSc250 array itself is interspersed with pieces of various transposable elements. The arrangement of the arrays of all of
these tandem repeat families, pSc200, pSc250 and pSc119.2, being relative to each other may be extremely varying; they
may (1) lie very close to each other, (2) be separated by variously sized tracks consisting mostly of pieces of diverse TE
families or (3) occur in different combinations.

The schematic in Figure 3 shows one of the longest scaffolds, s291 (line ‘Lo7’), as an example to illustrate the structural
organization of a chromosome region and to list all of the above-described main characteristics of subtelomeric
heterochromatin. The pSc200 cluster in it is 258.3 kb in size and consists of several long monomer arrays interrupted by
three regions. One of these regions, which is about 17 kb in length and located at the beginning of the scaffold, is
populated by several rearranged copies of the copia-like family WIS-2, while the other two, being rather short, contain
some of the WIS-2 sequences and some of the gypsy-like family Olivia. From position 80 kb, the array of pSc200
monomers forms an 1897-bp-long region consisting of 13 HORs (purple in the schematic), each consisting of five
monomers.
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Figure 3. Schematic of the molecular organization of heterochromatin in rye subtelomeres (line ‘Lo7’), with the scaffold
s291 as an example. pSc200 monomers (yellow finger-post arrows) and transposable elements (brown finger-post
arrows) alternate with pSc200 monomers. Thirteen HOR units, each consisting of five pSc200 monomers, are pointed to
by purple arrows. Truncated pSc200 monomers (red rectangles) are scattered along the scaffold with increased
concentration near the 5’-ends of the HORs and the truncated copy of WIS-2. The numbers at the top show distances in
kilobases.

It is possible that more improved sequencing techniques and the assembly of genomic libraries will allow researchers to
reveal genes within the subtelomeric heterochromatin of the rye chromosomes. Some genes have been found and
described within small regions of constitutive heterochromatin in Drosophila melanogaster 4l; however, these regions do
not have powerful arrays of tandem repeats in them, where as such regions in rye chromosomes do. The chicken pan-
genome constructed from 20 de novo assembled genomes with high sequencing depth B3l brings hope that functional
genes within the subtelomeric heterochromatic regions of rye chromosomes will eventually be found. As a result, the
authors found 1335 previously unannotated protein-coding genes, the majority of which were located in subtelomeric
chromosome and minichromosome regions and were surrounded by huge arrays of tandem repeats that made
sequencing impossible. Looking over the amount of knowledge that researchers currently have about the structural
organization of subtelomeric heterochromatin in rye chromosomes, researchers must confess that it is difficult to make
assumptions about and understand how the long arrays of tandem DNA repeats that are prevalent in it and occur
genome-wide in thousands of copies, in which ever-running recombination processes affect the neighboring TEs, most of
which appear in the form of relatively short pieces such as solo-LTRs, could participate in encoding, regulation or any
other molecular process related to survival, reproduction or behavior, or any other process that is beneficial to the
metabolism and well-being of living organisms. It is therefore logical and reasonable to assume that what DNA in such
chromosome regions does is only ensure its survival, which is consistent with the criteria of “selfish DNA” and the concept
of genetic redundancy in eukaryotic genomes.
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