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Abstract: Transposable elements (TEs) are major components of plant genomes with the ability to
change their position in the genome or to create new copies of themselves in other positions in the
genome. These can cause gene disruption and large-scale genomic alterations, including inversions,
deletions, and duplications. Host organisms have evolved a set of mechanisms to suppress TE activity
and counter the threat that they pose to genome integrity. These includes the epigenetic silencing of
TEs mediated by a process of RNA-directed DNA methylation (RADM). In most cases, the silencing
machinery is very efficient for the vast majority of TEs. However, there are specific circumstances in
which TEs can evade such silencing mechanisms, for example, a variety of biotic and abiotic stresses
or in vitro culture. Hybridization is also proposed as an inductor of TE proliferation. In fact, the
discoverer of the transposons, Barbara McClintock, first hypothesized that interspecific hybridization
provides a “genomic shock” that inhibits the TE control mechanisms leading to the mobilization of
TEs. However, the studies carried out on this topic have yielded diverse results, showing in some
cases a total absence of mobilization or being limited to only some TE families. Here, we review the
current knowledge about the impact of interspecific hybridization on TEs in plants and the possible
implications of changes in the epigenetic mechanisms.

Keywords: transposable element; retrotransposon; MITE; hybridization; genomic shock; epigenetics;
DNA methylation; siRNA; stress

1. Transposable Elements

Transposable elements (TEs) are DNA sequences with the ability to change their
position in the genome or to create copies of themselves in other positions in the genome [1].
TEs are major components of many plant genomes. For example, TEs comprise more
than 90% of the wheat genome [2]. There is a high correlation between TE content and
overall nuclear genome size across the angiosperms [3]. Dramatic changes in genome
sizes between closely related species have been described due to the TE expansions and
contractions [4,5].

Numerous studies support the importance of TEs in the structure and functionality of
the genome and their influence on the evolution of plants as an important source of genetic
variability [6,7]. There are several examples of mutations and other genetic variations
determined by the activity of TEs, for example, their insertion near or within promoters,
intronic regions, or enhancer regions, some of them having important consequences in the
domestication of plants [8].

TEs can be classified into two major classes. Class I elements transpose via an RNA
intermediate and through the “copy-and-paste” mechanism and can be further classified
in LTR (long terminal repeat) and non-LTR [9], which include Long Interspersed Nuclear
Elements (LINEs) and Short Interspersed Nuclear Elements (SINEs). Class II elements or
DNA transposons employ the “cut-and-paste” transposition mechanism [10] and can be
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subdivided into TIR (terminal inverted repeats) and rolling circle Helitrons [9,11]. Another
interesting type of DNA transposons highly abundant in the plant genomes are the Minia-
ture Inverted-Repeat Transposable Elements (MITEs), which are non-autonomous deletion
derivatives of full-length DNA transposons [1]. Another less studied repetitive element,
also present in plant genomes, is the endogenous viruses which are sequences derived from
viruses that have integrated into the nuclear chromosomes [12].

2. Epigenetic Control of Transposable Elements

TEs have the potential to make copies of themselves at new sites in the genome which
can generate mutations and chromosomal rearrangements. Although the progressive accu-
mulation of random deleterious mutations (replication-based errors and point mutations)
and the illegitimate or ectopic recombination between copies of the same TE family lead to
the inactivation or removal of some TEs, this can take thousands of years, especially if an
active TE family has accumulated a high copy number [5,13]. For this reason, cells have
developed an array of defense mechanisms that, although they do not destroy TEs per-
manently, do inactivate them using epigenetic mechanisms [14]. Although the epigenetic
inactivation is potentially reversible, leading to a dynamic balance between TE suppression
and reactivation, in plants, the epigenetic repression is usually trans-generational and
results in subsequent generations of TE repression [15].

2.1. Epigenetic Silencing of TEs: Initiation

The initiation of TE silencing in plants involves triggering the RNA-directed DNA
methylation (RADM) pathway [13,16]. An active family can generate multiple copies as
long as it does not happen that one of its copies acquires the property of inducing the
RdDM pathway, causing inhibition of the entire family. There are different reasons because
a copy could become a poison element. For example, it could be inserted downstream of a
gene promoter in an antisense position generating double-stranded RNAs, as in the case of
the maize Mu killer element [17]. In other cases, single elements can trigger silencing by
transposing into other copies of the same family or if they contain aberrant structures such
as inverted duplications that, when transcribed, produce double-stranded RNAs (dsRNAs)
that trigger the production of small interfering RNAs [18,19]. These triggering TEs act as
targets that can be recognized by Pol IV and transcribed into short single-stranded RNAs of
30-40 nucleotides (nt) that RNA DEPENDENT RNA POLYMERASE 2 (RDR2) will copy into
dsRNAs that will then be processed into 24 nt small interfering RNAs (siRNAs) by DICER-
LIKE 3 (DCL3) [20] and can then be incorporated into ARGONAUTE 4 (AGO4) or 6 (AGO®6)
to target the scaffold transcripts generated from Pol V, leading to de novo recruitment of
DNA methyltransferase REORGANIZED DOMAINS METHYLTRANSFERASE 2 (DRM2)
to the original or homologous sequences to trigger methylation in all three cytosine contexts
(CG, CHG, and CHH) [21]. The only condition is that the triggering copy has enough
sequence complementarity with the rest of the TE family members to keep them repressed.
The canonical RADM pathway mainly affects TEs located in places where chromatin is
more accessible (short TEs and ends of long TEs close to genes) and would serve to
prevent the spread of euchromatin from genes to neighboring TEs [22]. For TEs located
in sites where heterochromatin is profoundly inaccessible, methylation is catalyzed by
METITRANSFERASE 1 (MET1) for CG, CHROMOMETHYLASE 3 (CMT3) for CHG, and
CHROMOMETHYLASE 2 (CMT2) for CHH, and generally depends on DECREASE OF
DNA METHYLATION 1 (DDM1) [22].

Another proposed mechanism to initiate TE silencing is based on the existence of
copies in which the coding regions have non-optimal codon usage. This would cause their
mRNAs to suffer frequent stalling in the ribosomes, which would induce numerous RNA
truncations. These truncated RNAs would be more prone to be attacked by RNA DEPEN-
DENT RNA POLYMERASE 6 (RDR6) [23]. RDR6 seems to be involved in a non-canonical
RdADM mechanism [24]. TE RNA polymerase II (Pol II) transcripts can be processed by
RDR6 and DICER-LIKE 2 (DCL2) or 4 (DCL4) into 21 or 22-nt siRNAs and then loaded into
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AGO6 via a Pol V scaffold transcript to activate the initial methylation of the TE family and
then canonical RADM takes over the full methylation.

2.2. Epigenetic Silencing of TEs: Maintenance

Once the initial methylation of the TE is established, DNA methylation is main-
tained by multiple pathways and methyltransferases at CG, CHG, and CHH sequence
contexts [25]: MET1 to maintain CG cytosine methylation, CMT3 to maintain CHG methy-
lation and CHH methylation is maintained by persistent de novo methylation of DRM2 via
the RADM pathway (in regions of relatively open chromatin) or by CMT2 in conjunction
with H3K9me?2 (in deep heterochromatic regions). TE silencing is subject to canonical
RdDM to reinforce its silencing [16] and the silenced state of TEs is hereditarily transmitted
over generations if nothing alters it.

2.3. Epigenetic Silencing of TEs: Loss

There are genetic and environmental situations in which TE families that have been
silenced for generations can escape silencing and transpose again [26]: biotic and abiotic
stresses [27-30], tissue culture [31], inbreeding [32] or interspecific hybridization [33,34].
Little is known about why and how silencing mechanisms are not functional for a subset of
species and TE families while remaining active for other TEs in the genome. In general,
reactivated TEs are re-silenced again after a period of activity, generating bursts of TE
amplification [35], but the time in which re-silencing occurs may depend on multiple factors.

TEs located in relatively open chromatin regions, such as those close to genes, are more
susceptible to transcriptional activation while those located in condensed heterochromatic
regions with the lowest recombination rates, which are usually the most abundant in the
genome, are heavily methylated and modified with repressive histones, meaning that they
are deeply silenced and the maintenance of silencing of these TEs is very stable, even in
the presence of stress [21,36,37]. In this way, TEs that are inserted in regions close to genes
(such as MITEs) have an advantage that makes them more prone to reactivation.

Through a mechanism called DNA acquisition, some viruses can incorporate host DNA
sequences that can add new functions to the virus, such as resistance to silencing [38,39].
In the same way, as in viruses, some TEs seem to have developed systems to avoid being
silenced. For example, an anti-silencing function has been demonstrated for the VANC
protein encoded by the Arabidopsis transposon VANDAL [40], the TnpA protein encoded
by the maize En/Spm transposon [41], and the HDP1 and HDP2 proteins of the Harbinger
transposon in Arabidopsis [42]. Although similar mechanisms have not yet been described
in plant retrotransposons, it is known that many of them contain conserved ORFs of
unknown function [43], in some cases showing high levels of transcription [44], which
could encode proteins with anti-silencing functions. In a similar way, TEs can also ac-
quire DNA sequences that act as enhancers to promote the expression of the TE during
specific conditions.

3. Changes in the Epigenetic Silencing of the TEs in Plant Interspecific Hybrids

Interspecific hybridization is a very common process in plants [45] and has great
relevance in their evolution since it can have important consequences on the phenotype
and can even give rise to new species [46]. Interspecific hybridization has its application in
breeding as hybridization with wild relatives is frequently used to expand the variability of
cultivated species [47]. Hybridization can increase mutation rates, increase chromosomal
rearrangements, and induce epigenetic changes, including changes in DNA methylation
and small RNA populations [48,49]. These alterations may result in changes in genome
size (up or down) [50] and in the activation and mobilization of some families of TEs
(burst amplification) [51] and can be so extensive that they have sometimes been called
genomic shock [52]. However, an increasing number of cases have been reported in which
the interspecific crosses do not have consequences, or no such great consequences. Next,
we will compile the reported cases of the effect of interspecific hybridization over the
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TEs in plants (Table 1). We have also included the cases of allopolyploidization, a type
of hybridization between two species in which the hybrids acquire the complete diploid
chromosome complements of the two parents.

3.1. Zea

Based on her work in maize, Barbara McClintock predicted in the 80s that hybridiza-
tion in plants might activate quiescent transposons and result in genome restructuring [53].
However, Anderson et al. (2019) [54] analyzed maize TE expression and found that most
expressed TE families do not show differential expression in hybrids and there are more
families that are expressed much lower in the hybrid than in both parents that are expressed
higher. Guo et al. (2013) [55] found differences in the accumulation of some TE-encoded
proteins in the hybrid Zong3/87-1 with respect to their parents. Barber et al. (2012) [56]
analyzed how siRNA populations vary between two maize inbred lines (B73 and Mo17)
and their hybrid in the shoot apex and the developing ear (high percentages of these
siRNAs derive from retrotransposons) and found that the small RNA levels are altered in
the hybrids. In the same hybrid, Liu et al. (2023) [57] found that there are regions where
methylation decreases after hybridization despite the production of small RNAs.

3.2. Helianthus

Baack et al. (2005) [50] estimated the nuclear DNA content in three homoploid hy-
brid Helianthus species (H. anomalus, H. deserticola, and H. paradoxus) and the parental
species (H. annuus and H. petiolaris) and the hybrid-derived species have 50% more nuclear
DNA than the parental species. These increases are due basically to the accumulation
of certain families of Ty3/gypsy retrotransposons in the hybrid [58-60] although some
Ty1/copia retrotransposon families also contributed to a lesser extent [61]. Interestingly;,
the retrotransposon families that proliferated in the hybrids are the ones that show a higher
transcriptional activity not only in the hybrid but also in the parents [62]. However, syn-
thetic hybrids between H. annuus and H. petiolaris showed no increase in genome size,
retrotransposon copy numbers, or transcription [50,62-64].

3.3. Capsella

Agren et al. (2016) [65] examined the TE content in the allotetraploid Capsella bursa-
pastoris, comparing it with the two parental diploid species, C. grandiflora and C. orientalis.
They found no significant differences in the total numbers of TEs, but when centromeric
regions are excluded (they constitute most of the TE content of these genomes), they
found evidence of a significantly higher abundance of retrotransposons in C. bursa-pastoris
compared with C. grandiflora and C. orientalis. However, in a similar more recent work using
massive sequencing, no signs of large-scale TE-reactivation in synthetic diploid hybrids,
autotetraploids, or allotetraploids were found [66].

3.4. Aegilops

Senerchia et al. (2015) [67] used reciprocal F1 hybrids between three Aegilops species
and observed copy number increase in the hybrids of some retrotransposon families and
significantly higher DNA methylation in the retrotransposons that authors suggest is an
immediate response to support hybrid viability. In another study, Senerchia et al. (2016) [68]
analyzed retrotransposon behavior in hybrid populations of A. geniculata and A. triuncialis
and observed that some TE families are activated in the hybrid, especially those that have
been recently active in one of the parents, and that activation is different according to the
species acting as male or female. Active TEs have also proliferated in the A. markgrafii
genome, a species derived from hybrid speciation [69] and in artificial intraspecific hybrids
of A. speltoides [70].
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3.5. Arabidopsis

In the synthetic allopolyploid Arabidopsis suecica (A. thaliana x A. arenosa), Madlung
etal. (2005) [71] found an enhanced, but limited, transcriptional and transpositional activity
of both DNA and RNA TEs compared to the parental lines. The retrotransposon Athila is
expressed in the hybrids, but only paternal (and not maternal) copies are expressed [33].
The En-Spm-like transposon Sunfish displayed an enhanced transcriptional activity in the
hybrid and this transcription was correlated with a reduction in cytosine methylation of the
element [71]. The mobility of the sunfish transposon was detected in A. suecica synthetic
allotetraploids [72]. Ha et al. (2009) [73] studied the presence of small RNAs in natural
and re-synthesized allotetraploid A. suecica and their results showed that the TE-associated
siRNA population underwent rapid changes in F1, becoming stable in the next generations.

In a synthetic allopolyploid (A. thaliana x A. lyrata), changes in the degree of DNA methy-
lation were observed, but no evidence of increased mobility of TEs was obtained [34,74,75].

A. thaliana accessions Columbia and Landsberg erecta, with their reciprocal hybrids,
were used to analyze the DNA methylation and small RNA profiles. The small RNAs that
overlap TEs are highly represented in the F1 but different studies found that they do not
differ from the parents [76-78], although Groszmann et al. (2011) [79] found a reduction
in the siRNAs in the hybrids. With respect to DNA methylation, both hybrids displayed
increased DNA methylation across their entire genomes, especially in TEs [80].

Rigal et al. (2016) [81] studied the effects of TEs on crossing a mutant defective in
the maintenance of DNA methylation (met1) with Col-0 wild-type individuals. The metl
mutants show over 2000 re-activated TEs. The F1 hybrid plants showed a substantial
increase in DNA methylation in TEs, especially those located in pericentromeric regions,
but transcriptional re-silencing was not complete in the F1 hybrids which show an increased
TE transcriptional activity with respect to the wild-type parent.

3.6. Arachis

Tang et al. (2022) [82] detected the mobilization of AKMITE1 induced by hybridization
of Arachis duranensis with A. ipaensis.

3.7. Brassica

No evidence of TE mobility in response to allopolyploidization was found in Brassica
natural species [83,84]. Accordingly, the Botl CACTA element, originally from B. oleracea,
is C genome-specific in the allopolyploid [84]. Biased patterns of siRNA density and
expression among subgenomes were observed in allopolyploid B. napus and significant
differences in overall TE composition and densities near genes were shown to exist in each
of the subgenomes [85].

The situation is more complex in the synthetic allopolyploids. No evidence of TE
mobility in response to allopolyploidization was found in synthetic allopolyploids by
Lukens et al. (2006) [86]. However, active TEs were found in a re-synthesized B. napus,
including LTR retrotransposons, DNA transposons, and non-autonomous TEs [87,88].
Activation seems to be higher in LTR retrotransposons and in the first two generations after
hybridization [89]. These activations are accompanied by higher transcription levels in
some of the TE families [90]. Important changes in DNA methylation were observed in the
synthetic allopolyploids including TEs [86,91], in which hypermethylation is more frequent
than hypomethylation [92]. Shen et al. (2017) [93] found in the F1 an increase in the levels
of TE-associated siRNA and the levels of DNA methylation.

Zhang et al. (2023) [94] studied the effects of allotetraploidization between B. rapa and
B. oleracea during eight generations using mRNA-seq and bisulfite-seq. They found that
the differences in TE load and/or DNA methylation levels near genes were not negatively
associated with subgenome dominance.

These apparently contradictory results may be a consequence of the use of different
hybridization events but also of the use of different analytical techniques.
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3.8. Camellia

Zhang et al. (2018) [95] detected an increase in the transcription of several TEs in the
F1 hybrid Camellia azalea x C. amplexicaulis. They also detected changes in gene expression
in genes related to RNA-directed DNA methylation and histone methylation.

3.9. Dactylorhiza

Eriksson et al. (2022) [96] studied the TE content in five naturally produced allote-
traploids derived from Dactylorhiza fuchsii and D. incarnata. Interestingly, D. incarnata has a
much larger genome than D. fuchsii due to a major content of TEs. In the allopolyploids,
the genome size is additive in the younger ones but appears enlarged in the older allopoly-
ploids. These genome expansions are mainly due to sequences derived from MITEs. They
deduce that, apart from the MITE-like element, no significant “genomic shock” follows the
formation of the allopolyploids.

3.10. Gossypium

Zhao et al. (2018) [97] examined the profile of IncRNAs in Gossypium arboreum and
G. raimondi and their F1 hybrid. They found that the non-coding transcriptome under-
goes tremendous variation after hybridization and many of the activated IncRNAs are
transcribed from de-methylated TE regions, especially from LINEs.

3.11. Lotus

Fukai et al. (2022) [98] investigated the transposition of LTR retrotransposons in
recombinant inbred lines (RILs) of Lotus japonicus and detected that six LTR retrotransposon
families were activated and transposed in 78% of the investigated RILs. They also detected
an epigenetic de-repression of LOREla LTR retrotransposon in the F1 and also across
generations, indicating long-term effects of hybridization in the TE activity.

3.12. Nicotiana

In Nicotiana sylvestris x N. tomentosiformis hybrid (synthetic N. tabacum allotetraploid),
a significant increase of Tntl LTR retrotransposon copy number was observed derived
from maternal elements [99]. In a similar study, but using three synthetic allotetraploids
(N. arentsii, N. rustica, and N. tabacum) Mhiri et al. (2019) [100] compared the dynamics of
six TEs in these allopolyploids, their diploid progenitors and in corresponding synthetic
hybrids, and found that in young Nicotiana allopolyploids, TE activation occurred during
the first generations of the allopolyploids.

3.13. Oryza

Hybrids between Oryza sativa and Zizania latifolia show an increase in the copy number
of some LTR retrotransposon families [101] and MITEs [102]. Interestingly, transcriptional
activation of TEs and extensive DNA methylation changes (including in TEs) have been
reported in this hybrid [103,104]. On the other hand, in Oryza sativa x Oenothera biennis
hybrids, the mobilization of mPing and three LTR retrotransposons have been detected
correlated to changes in DNA methylation [105].

3.14. Poa

Benson et al. (2023) [106] studied the LTR retrotransposon content of the allotetraploid
Poa annua and compared it with the parents Poa infirma and P. supina. They observed
a bias in transposon movement from one subgenome to the other. They hypothesize
that it is at least partially driven by differences in the subgenome’s ability to repress TEs
post-transcriptionally due to differences in the heterochromatin, euchromatin distribution,
or DNA methylation. They also found the existence of important differences between
individuals in the TE presence.
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3.15. Populus

Usai et al. (2020) [107] examined the TE mobilization in Populus canadensis, the inter-
specific hybrid of P. deltoides and P. nigra. The poplar hybrid showed differences in the
abundance of certain LTR-retrotransposon families compared to the parents. They also
detected a relatively high number of hemizygous LTR-retrotransposon copies (present in a
locus in one chromosome, but absent in the same locus in the homologous chromosome).
At least, a part of these hemizygous elements is a consequence of the production of new
copies of LTR-retrotransposons subsequently to the interspecific hybridization indicating
that LTR-retrotransposon mobilization occurred during the first clonal generations of the
interspecific cross. These hemizygous elements are only restricted to certain lineages as the
TAR/Tork elements. The TAR/Tork elements are the most recently active LTR retrotrans-
posons in P. trichocarpa [108]. Transcriptomic data showed a generally low expression level
of LTR retrotransposons in the hybrid and the parents, but some specific families showed a
higher transcription in the hybrid.

3.16. Solanum

Raza et al. (2017) [109] performed a comparative analysis of the DNA methylation
patterns in Solanum lycopersicum, S. pimpinellifolium, and their reciprocal hybrids and found
that the reciprocal hybrids had lower levels of DNA methylation in LTR retrotransposons
than their parents. Gantuz et al. (2021) [110] evaluated the proliferation of LTR retrotrans-
posons in a diploid hybrid between S. tuberosum and S. kurtzianum and allotetraploid lines
derived from this hybrid. They found that some LTR retrotransposon families are activated
principally in the hybrid. Previously, Marfil et al. (2006) [111] showed an alteration in
the methylation status of the hybrid with respect to the parents, although they did not
determine which type of DNA sequences were mainly affected. Paz et al. (2015) [112]
studied the effects of the hybridization between S. kurtzianum and S. microdontum in the
activity and DNA methylation of Tntl and Ttol retrotransposons. They observed moderate
mobility and a demethylation of both LTR retrotransposons in the hybrid compared with
the parents. In general, in the Solanum species hybridization seems to activate certain TEs
accompanied by a reduction in DNA methylation.

3.17. Triticum

Alterations in the DNA methylation status in F1 hybrids and allopolyploid species
from the wheat (Aegilops and Triticum) group were found in both repetitive DNA sequences,
such as LTR retrotransposons, and in low-copy DNAs [113] (Shaked et al., 2001).

Higher transcriptional activity of the Wis2-1A LTR retrotransposon have been observed
in synthetic allotetraploid wheat compared with its diploid parental lines (A. sharonensis x
T. monococcum) [114] affecting the expression of adjacent genes due to the production of
readout transcripts [115]. Banouh et al. (2023) [116] also found increased transcription in
TE families in the hybrid, although the differences were only observed in three families
and were not high.

Kraitshtein et al. (2010) [117] analyzed the behavior of the Veju elements (TRIM) in
the first generations of a newly formed allohexaploid (T. turgidum x A. tauschii). They
found that while DNA hypomethylation was significantly predominant in the first three
generations, DNA hypermethylation became predominant in the subsequent generations.
On the other hand, many Veju elements were deleted in the first generation but, in subse-
quent generations, their numbers increased with most new Veju insertions produced in
the second generation. In contrast to Veju, the analysis of three DNA transposon elements,
Balduin (CACTA), Apollo (MuDR), and Thalos (MITE), in the same samples showed that
they underwent massive DNA hypermethylation in the first four generations [118].

Kenan-Fichler et al. (2011) [119] studied the presence of small RNAs after A. tauschii
x T. turgidum hybridization and allopolyploidization, in special, small RNAs corresponding
to TEs. They found that the percentage of siRNAs corresponding to TEs strongly decreased
upon allopolyploidization, but not upon hybridization. Moreover, Kirov et al. (2020) [120]
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found that some LTR retrotransposon-related transcripts originated from autonomous LTR
retrotransposons are accumulated during the early stages (10 days post anthesis) of seed
development, most of them encoding for GAG proteins. Experiments conducted with
similar samples showed that siRNA densities at TE-associated regions vary between each
of the three subgenomes being higher in the D genome which may account for biased
repression of the D-TEs (A. tauschii) [121].

Finally, Bento et al. (2008) [122] detected genomic DNA sequence rearrangements
associated with LTR retrotransposons in the triticale genome (T. aestivum x Secale cereale)
but no transposition bursts were reported.

3.18. Vitis

Cadle-Davidson and Owens (2008) [123] studied the copy numbers of the Ty3-gypsy-
type retrotransposon Gret1 in different species of the Vitis genus as well as in hybrids. They
found that the highest Gretl copy numbers are observed in hybrids.

3.19. Yucca

Heyduk et al. (2021) [124] studied the effects of hybridization in Yucca gloriosa, a ho-
moploid hybrid resulting from a cross between Y. aloifolia and Y. filamentosa. TE abundance
in the hybrid was intermediate to the parental species except for one LTR retrotransposon
family whose abundance was higher relative to both parents. They did not detect significant
changes in TE transcription.

3.20. Cajanus

Junaid et al. (2018) [125] studied the consequences of the cross between two pigeon
pea lines differing in male fertility. Overall, they observed a higher DNA methylation level
in the hybrid, including TEs, concluding that there is no genomic shock. However, they
found several differentially methylated regions (DMRs), many of them located in TEs, and
several of them negatively associated with gene expression in the hybrid.

3.21. Hieracium

Zagorski et al. (2020) [126] studied the diploid F1 synthetic and the natural triploid
hybrids of Hieracium intybaceum and H. prenanthoides. No TE bursts were detected, but the
hybrid displayed an overabundance of endogenous pararetrovirus clusters not observed in
synthetic hybrids.

3.22. Mimulus

Edger et al. (2017) [127] examined TE methylation in a natural allopolyploid (Mimulus
peregrinus), a resynthesized interspecies triploid hybrid (M. robertsii), a resynthesized
allopolyploid (M. peregrinus), and progenitor species (M. guttatus and M. luteus). They
found significant decreases in the TE CHH methylation levels in the F1 hybrid and a
re-establishment of CHH methylation levels in subsequent generations returning to near
parental levels. However, the return was not equal in the subgenomes, and found that the
recessive subgenome had returned to near parental CHH methylation levels, while the
dominant subgenome retained CHH methylation below parental values. These differences
are correlated with a dominant subgenome expressed genes.

3.23. Prunus

De Tomas et al. (2022) [128] analyzed the F1 hybrid between Prunus persica and P. dulcis
and found that it did not result in important changes in the regulation of TEs. The levels
of TE transcription are not increased in the hybrid and the expression of genes potentially
involved in the regulation of the TE activity and DNA methylation dynamics is not altered
except for a reduced expression in the hybrid in two genes encoding for an RNA-dependent
RNA polymerases similar to the RDR1 protein from Arabidopsis. There are no major
differences in the TE methylation levels but they found some DMRs that overlap with
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certain families of LTR retrotransposons that are demethylated in the hybrid compared
to peach only in the CHG context but without an associated transcriptional reactivation.
Using different parents of the same species, D’Amico-Willman et al. (2022) [129] observed
that the overall levels of methylation did not differ in the hybrid, although they identified
DMRs in each methylation context, some of them associated with TEs. However, these
DMRs vary in different individuals of the F1. Overall, no genomic shock was observed in
the crosses between Prunus species, although in some cases, there are punctual differences
in DNA methylation associated with TEs.

3.24. Spartina

A limited transpositional TE activation has been found in allopolyploids and hybrids
of Spartina, but without extensive transposition bursts [130]. A more recent study found
higher levels of transcriptome repatterning following neopolyploidy [131]. Low levels of
mobilization and changes in the TE methylation status have been found in allopolyploids
and hybrids of Spartina, but without extensive transposition bursts [130-132]. In addition,
Cavé-Radet et al. (2019) [133] found a differential expression of TE-related small RNAs
following recent speciation in polyploid Spartina. These results reinforce the view that
Spartina allopolyploids and hybrids suffer a limited activation of TEs that seems to be
epigenetically silenced quickly.

3.25. Sorghum

Sorghum halepense is an allopolyploid species formed by hybridization between diploid
S. bicolor and S. propinquum. Kuo et al. (2021) [134] compared the repeat profiles of S.
bicolora and S. halepense and they did not detect large-scale amplification or reduction of
repeat sequences in the allotetraploid with respect to S. bicolor.

Table 1. Studies carried out on the effect of hybridization on the activity of transposable elements.

Species

Hybrid Type

DNA
Methylation ! Description References
Alterations

Genomic Transcription
Shock Alterations

Capsella
bursa-pastoris
(C. grandiflora
x C. orientalis)

Higher number of TEs
only in gene-rich

Allotetraploid Yes - - chromosome arms [65,66]

with no important
global differences.

Helianthus spp.

Ancient hybrids have
more DNA than
parents due to the

Hybrid
Natural &
synthetic

Yes

Yes

expansion of certain
TE families that are
transcriptionally active.
Synthetic hybrids do not
show increases in
genome size.

[8,50,59-64]

Zea mays

Hybrid

Yes

Alterations in siRNAs and
DNA methylation.

[56,57]

Hybrid

Yes

Differences in TE
protein accumulation.

[55]

Hybrid

Yes

Both

Most TE families do not
show transcriptional
differences in the hybrid,
but some yes.

[54]

Aegilops spp.

Hybrid

Limited

Higher

Increase in copy number
of some families and
increase in DNA
methylation in the hybrid.

[67]
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Table 1. Cont.
Genomic Transcription DNA
. . . 1 . .
Species Hybrid Type Shock Alterations Methyla‘tlon Description References
Alterations
Aegilops o
geniculata x Hybrid Limited - - Activation of some [68]
s retrotransposon families.
A. triuncialis
Aegilops markgrafii Allotetraploid Limited - - Activation of some [69]
SHop $ P TE families.
Aegilops Transcriptional
sharonensis X Allohexaploid Limited Yes - activation of some [114,115]
Triticum monococcum retrotransposon families.
. . . . Activation of some
Aegilops speltoides Hybrid Limited - - TE families. [70]
Limited higher
Arabidopsis suecica Allotetraploid transpositional activity
(A.thaliana Natural & Limited Yes - of TEs in the hybrid. [33,71-73]
x A. arenosa) synthetic Changes in
siRNA population.
Arachis duranensis X\ eiraploid Limited ; ; Mobilization of ARMITEL. 182]
A. ipaensis
Activation of some
families is associated
Allotetraploid with changes in DNA
Brassica napus P Limited Yes Higher methylation and siRNA [86-94]
synthetic .
contents in some cases
and no activation
in others.
Camellia uz‘aleu x Hybrid Limited Higher ) Increas.e in TE [95]
C. amplexicaulis transcription.
Increase in genome size
Dactylorhiza Allotetraploids Limited - - due to the activity of an [96]
MITE family.
. Many IncRNAs are
Gossyp zum‘urbore‘um Hybrid UnFleter- - - activated in the hybrid [97]
x G. raimondi mined .
corresponding to LINEs.
Mobilization of some
retrotransposons
RIL o associated with
Lotus population Limited ) Lower demethylation, but does 98]
not seem to affect all
TE families.
Nicotiana arentsii, Increase in copy
N. rustica, Allotetraploid Limited - - number of some [99,100]
N. tabacum retrotransposon families.
Orvza sativa x Mobilization of some TEs
o ryth bienni Hybrid Limited - Altered and changes in [105]
enothera brennis DNA methylation.
Increase in some TEs
Oryza sativa X copy numbers
TYza satioa > Hybrid Limited Yes Altered and transcription. [101-104]
Zizania latifolia .
Changes in
DNA methylation.
Differences in TE content
Poa annua and distribution between
(P. infirma Allotetraploid Limited - - [106]
; subgenomes and
x P. supina)

between individuals.
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Table 1. Cont.
Genomic Transcription DNA
. . . 1 . .
Species Hybrid Type Shock Alterations Methyla‘tlon Description References
Alterations
Differences in the
presence of new copies
Populus canadiensis and the transcription of
(P. deltoides Allotetraploid Limited Higher - certain retrotransposon [107]
x P. nigra) families, but not a
generalized activation
of the TEs.
Tntl and Ttol
Solanum retrotransposons have
kurtzianum x Hybrid Limited - Lower moderate mobility and [112]
S. microdontum demethylation in
the hybrid.
Solanum . .. .
tuberosum x Hybrid . Limited - - Activation (.)f. certain [110]
. Allotetraploid TE families.
S. kurtzianum
Triticum aestivum X DNA sequence
Allohexaploid Limited - - rearrangements [122]
Secale cereale . .
associated with TEs.
Changes in transcriptional
Triticum turgidum x Hybrid o activity and DNA =
Aegilops tauschii Allohexaploid Limited Yes Altered methylation in some [116-121]
TE families.
Increase in Gretl
Vitis Hybrids Limited - - LTR-retrotransposon copy [123]
number in hybrids.
No significant changes in
TE abundance or
g transcription.
Yucea aloifolia x Hybrid Limited Similar - Only one LTR [124]
Yucca filamentosa .
retrotransposon family
has more abundance
in the hybrid.
Arabidopsis thaliana . No increases in )
x Arabidopsis lyrata Allotetraploid No B Yes TE mobility. [34,74,75]
Arabidopsis thaliana . . No differences in
Col-0 x Ler Hybrid No - Higher small RNAs. [76-80]
Arabidopsis thaliana Lower transcription and
Col-0 x met-1 Hybrid No Lower Higher higher DNA methylation [81]
mutant compared to mutl.
Brassica napus Allotetraploid No - - No differences. [83-85]
natural
Cajanus cajan Hybrid No - Higher DMRs. [125]
No increase in the TE copy
Hieracium . number. Overabundance
. Hybrid
intybaceum x Triploi . No - - of endogenous [126]
. riploid hybrid o
H. prenanthoides pararetrovirus in
triploid hybrids.
Lower DNA methylation
in the F1 hybrid returns to
Mimulus guttatus x Allopolyploid B the parental levels in
Mimulus luteus Triploid hybrid No Lower few generations, but [127]

shows differences
between subgenomes.
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Table 1. Cont.
Genomic Transcription DNA
. . . 1 . .
Species Hybrid Type Shock Alterations Methyla‘tlon Description References
Alterations
Prunus persica x Hybrid No Similar Similar DMRs. [128,129,135]
P. dulcis
Few new insertions were
detected, a limited TE
Hvbrid transcriptional increase,
Spartina spp Y . No Some Some and limited DNA [130-133]
Allotetraploid .
methylation changes.
Differential expression of
TE-related small RNAs.
Solanum Lo
lycopersicum x Hybrid No - Lower bNA I?‘ethyla“orT S [109]
R, lower in the hybrid.
S. pimpinellifolium
Sorghum halepense . .
(S. bicolor x S. Allotetraploid No ; ; No differences in [134]

ropinquum)

TE content.

1 DNA methylation in the hybrid respect the parents.

4. Conclusions: Genomic Shock?

The merging of two genomes in a hybrid has been proposed to trigger a “genomic
shock”, that is, a genome-wide misregulation of the transcriptome and epigenome, dis-
rupting gene regulation and inducing chromosomal rearrangements and the mobilization
of TEs [136]. However, according to the results compiled here regarding TEs (Table 1),
the existence of genomic shock does not seem to be generalized, being restricted to a few
species (8% of the analyzed), while in the vast majority, the activation of TEs in the hybrid
is restricted to one or a few families (61%), and, in other cases, to none (31%). Furthermore,
we cannot rule out the existence of a certain publication bias, that is, the existence of studies
that have not been published because they found no differences between hybrids and
parents. If this is true, the percentage of cases in which there is no genomic shock would be
even higher.

It should be noted that our study has some limitations. First, the estimations of TE
activity are based on multiple techniques with different coverage and addressing different
aspects like transcriptome, DNA methylation, or detection of new insertions. Second, the
studies used different types of hybrids including natural and artificial F1 hybrids and
allopolyploids, and examined at different times after the hybridization event. Third, the
studies use hybrids having very variable parental phylogenetic divergences. Despite this,
we believe that some common patterns can be perceived, and the conclusions are based on
sufficiently consistent deductions.

So, the phenomenon of genomic shock resulting from hybridization is not universal.
How can we explain these differences? Different reasons have been proposed to explain
the behavioral variability of TEs in hybrids. One of the proposed reasons is the level of
phylogenetic divergence between the parents [100]. According to this hypothesis, the
more phylogenetically separated the parents are, the greater the activation of TEs will
be. Although this reason cannot be completely ruled out, there are cases in which when
crossing varieties of the same species activation of TEs is detected [53] while in others, it is
not (Arabidopsis) [34]. In consequence, phylogenetic distance cannot be the only reason.

Another hypothesis that, in our opinion, seems more consistent with the results, is
that the response depends on the differences in the content of TEs, especially in potentially
active TEs [136]. The differences in TE content between the parents will depend on the time
elapsed since the divergence of the species. This differentiation is expected to be greater the
longer the separation time, but not necessarily. There are processes that can produce impor-
tant differences in the potentially active TEs from one plant to another in relatively short
time periods. For example, an environmental stress period just after the species differentia-
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tion can activate some TE families producing a rapid differentiation in the mobilome [137],
horizontal transfer from a different species, human selection, natural mutations, genomic
rearrangements, changes in epigenetic controls, etc. Thus, processes can explain why, for
example, there are many differences in the content of active elements between varieties in
corn [138] and very few between two different species of Arabidopsis [138] or Prunus [139].

In general, the activation of TEs in hybrids is accompanied by a reduction in DNA
methylation in the F1 hybrid which can be general or TE-specific. The DNA demethy-
lation can activate the TE transposition [140]. The methylation status of TEs returns to
near parental levels in a relatively short time (a few generations), and siRNAs play an
important role in this process [57]. If the active TE content of both genomes is different,
the small RNA sequences derived from one parent differ from the other, resulting in an
enhanced TE activity depending on which parent contains more active TEs. If the active TE
comes through the maternal line, the siRNAs are in the cytoplasm and will inhibit it more
effectively. The same if the TEs are present in both subgenomes [33]. However, if the TEs
come through the paternal line there will not be as many siRNAs and they will be activated
in the F1 to a greater degree.

In conclusion, the main point in determining the existence or not of genomic shock
seems to be the presence of active TE families in at least one of the parental species, but not
the unique ones. For example, in sunflowers, natural hybrids show genome shock while
recent hybrids do not, both involving the same parents. It is possible that in the natural
hybrids, the hybridization process was accompanied by some type of stress that activated
the TEs, while in the artificial ones, this stress was not present [64]. This shows that the
activation of genomic shock is a complex process, that involves various factors, and in
which the epigenetic regulation of TEs plays a primary role (Figure 1).

Active TE Genomic
content shock
Similar » No

More active ~ Noor
TEsin @ * limited
Different — Stress
More active ‘ Yes or
e T . !
TEsin & limited

Figure 1. Activation of genomic shock depending on active TE differential contents of males and
females and on the presence of stress conditions.
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