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Introduction

1. INTRODUCTION

1.1.  Biodiversity and economic significance of the grass family.
Approximately one-fourth of the Earth's land area consists of grasslands. Grasses
comprise the majority (up to 80%) of agricultural land and have been essential to human
life for centuries, providing food for the population, livestock pastures, and raw materials
for producing biofuels and energy from biomass (Boval and Dixon, 2012; Hodkinson et
al., 2015; Jones et al., 2015; Hodkinson, 2018; Odintsova et al., 2020). They are one of
the most abundant plant groups, with around 11 000-12 000 species divided into about
750-770 genera that had branched off from an ancestral progenitor 50-70 million years
ago (Levy and Feldman, 2002; Hodkinson, 2018). Grasses demonstrate a very successful
lineage in the evolution of angiosperms, with a wide range of species, making them the
fifth most abundant family of flowering plants since they are only surpassed in numbers
by the Asteraceae (daisies), Orchidaceae (orchids), Fabaceae (beans), and Rubiaceae
(coffee family) (Hodkinson and Parnell, 2006).

Important cereals grown in temperate climates include wheat (77iticum aestivum
L., Triticum turgidum subsp. durum (Desft.), barley (Hordeum vulgare L.), oats (Avena
sativa L.), rye (Secale cereale L.) and millet (Panicum miliaceum L.). From the tropics,
the most important cereals are rice (Oryza sativa L.), maize (Zea mays L.), sorghum
(Sorghum bicolor (L.) Moench., S. vulgare Pers.) and sugar cane (Saccharum officinarum
L.). Additionally, many grasses are used as fodder species, such as foxtail (4/opecurus),
cocksfoot (Dactylis), fescue (Festuca), ryegrass (Lolium), timothy (Phleum) and meadow
grass (Poa). They are also a valuable raw material for the production of biofuels and
obtaining energy from biomass, including giant cane (4rundo donax L.), miscanthus
(Miscanthus) and sugar cane (Saccharum officinarum L.) (Hodkinson, 2018; Mohapatra
etal., 2019). Furthermore, grasses are used in the construction industry, in paper making,
and in perfumery needs by producing scented oils; moreover, some species are used

medicinally, and others are grown as ornamental lawns (Odintsova et al., 2020).

1.2.  Characteristics of the Brachypodium genus.
Brachypodium is a genus of temperate grasses, which consists of ~20 species distributed
worldwide (Hasterok et al., 2022; Sancho et al., 2022). Its wide geographic range and

small number of species suggest that the genus is characterised by a long evolutionary
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history (Gordon et al., 2020). Brachypodium systematic position has been debated for
many years, as it has been classified into tribes such as Poeae, Bromeae and Triticeae
(Catalan and Olmstead, 2000). Early cytological, physiological and anatomical analyses
led to the creation of a separate tribe Brachypodieae, which was later confirmed by the
intergenic spacer (IGS) and internal transcribed spacer 1 (ITS1) sequence analyses (Shi
et al., 1993; Catalan and Olmstead, 2000), polymorphism of RFLP and RAPD markers
(Catalan et al., 1995) and variation of the 3' ends of the chloroplast ndhF gene (Catalan
and Olmstead, 2000). It was observed that, unlike in species from the Triticeae tribe, there
is no significant variation in the length of the rDNA sequence in the perennial
Brachypodium representatives. In addition, a unique Brachypodium restriction site for the
EcoRI enzyme was demonstrated at the 3' end of the IGS intergenic region. These
findings, combined with the differences in the structure of ribosomal 35S rRNA genes
observed by Shi et al. (1993) and the results of comparative analyses of the chloroplast
ndhF gene (Catalan and Olmstead, 2000), proved that the genus Brachypodium should be
classified in a separate tribe Brachypodeiae and is more closely related to the
agronomically important Triticeae grasses (wheat, barley, rye) than to rice.

Although most of the species in the genus are perennial, there are three
Brachypodium annuals: B. distachyon, B. stacei, and B. hybridum. It was initially thought
that Brachypodium distachyon (L.) P. Beauv was the only annual species in the genus.
The early karyological analysis showed the presence of three different B. distachyon
cytotypes with 2n = 10, 20 and 30 (Robertson, 1981) and, at that time, the cytotypes with
2n =20 and 2n = 30 were suggested to be autotetraploid and autohexaploid ecotypes of
B. distachyon, respectively. Further studies using molecular cytogenetic approaches such
as genomic in situ hybridisation (GISH) (Hasterok et al., 2004) and fluorescence in situ
hybridisation (FISH) with bacterial artificial chromosome (BAC) clones as probes
(Hasterok et al., 2006) revealed that the cytotype with 2n =30 was an allotetraploid, most
likely resulting from the natural cross of two diploid progenitors with 2n = 10 and 2n =
20. The cytotype with 2n = 20 was identified as a separate diploid species that belongs to
the genus Brachypodium. After detailed morphological, phylogenetic and cytogenetic
analyses, the 2n = 20 and 2n = 30 cytotypes were postulated as independent species and
named B. stacei Catalan, Joch. Mull., Mur & Langdon and B. hybridum Catalan, Joch.
Mull., Hasterok & Jenkins, respectively (Catalan et al., 2012). The characteristics of

Brachypodium annuals are shown in Table 1.
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Table 1. Characteristics of B. distachyon, B. stacei and B. hybridum (according to Catalan

etal. (2012).

Taxon

Geographical
distribution

Chromosome

Number

Ploidy

Basic
chromoso

me number

Genome size

B.distachyon

Native to the
Mediterranean
region. Probably
spread in southern
Europe, south-west
Asia and North
Africa.

2n=10

diploid

0.316 pg/1C

B. stacei

Native to the
western
Mediterranean
region. Also cited
from Sardinia,
Sicily, southern
Spain, southern

Italy and Morocco.

2n =20

diploid

0.282 pg/1C

B. hybridum

Native to the
Mediterranean
region. Introduced
in central and
western Europe,
Australia, North
and South America,

and South Africa.

2n =130

allotetraploid

x=5+10

0.633 pg/1C

In 2001, Draper et al. proposed B. distachyon as an amenable model system for

functional genomics in temperate grasses. B. distachyon, with its small and compact

genome with low repetitive content, a short life cycle, and small size of individual plants,

appeared to be a good model when compared with other grass species that possess large

and complex genomes (Draper et al., 2001; Scholthof et al., 2018). Its usefulness in the

functional genomics of grasses has been proven. The annotated B. distachyon reference

genome (IBI, 2010) was used to map and clone many important genes from the large and

complex wheat genome (Consortium et al., 2014; Gatti et al., 2018; Ma et al., 2018). Also,

the B. distachyon reference genome constituted a scaffold for the accurate genome
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assembly of many Triticeae species, including barley (Mayer et al., 2012), hexaploid
wheat (Consortium et al., 2018), Triticum urartu (AA) (Ling et al., 2018), Aegilops
tauschii (DD) (Luo et al., 2017), and Triticum durum (AABB) (Maccaferri et al., 2019).

The creation of pangenomes (i.e., a combination of genomes from different
genotypes of the given species) for the three annual plants, B. distachyon, B. stacei, and
their resulting allotetraploid B. hybridum, has yielded a precious asset for better
understanding the origins and implications of plant polyploidy (Catalan and Vogel, 2020;
Hasterok et al., 2022).

1.3. Ribosomal RNA genes.

1.3.1. Structure and function of rDNA.

It is widely accepted that the current DNA-based world was preceded by an RNA world,
likely due to the ability of RNA to store genetic information and catalyse the chemical
reactions in primitive cells (Gilbert, 1986; Robertson and Joyce, 2012). Even though the
details of the transition from RNA to a DNA-based world are still unknown (Nelson and
Breaker, 2017; Le Vay and Mutschler, 2019), evidence, such as the role of RNA in
translation and its capacity to replicate itself, support this theory. Moreover, ribozymes
(RNA enzymes) remain in modern cells, acting as living fossils. Ribosomal RNA (rRNA)
comprises approximately 80% of the total RNA found in a cell. Eukaryotes have four
types of rRNA genes —the 18S, 5.8S, and 25-28S ribosomal DNA, transcribed as a single
operon called 35-48S pre-rRNA, and the 5S rRNA gene that is usually located outside
this operon (Hori et al., 2023). The rDNAs are typically placed in a head-to-tail array in
the genome, with only a few exceptions (Ironside, 2013), and the number of 35-48S rDNA
units in the array can range from hundreds to tens of thousands, depending on the species.
35-48S rDNA loci, which are transcribed, are called nucleolus organiser regions (NORs).
At the cytological level, during the interphase, transcribed rDNA units are located in the
nucleolus (Ritossa and Spiegelman, 1965). At the level of mitotic chromosomes, the 35-
48S rRNA genes expressed during the previous interphase can be seen as secondary
constrictions (SC).

In eukaryotes, the 18S, 5.8S, and 25-28S rRNA genes are transcribed by RNA
polymerase I (Pol I), while the 5S rRNA genes are transcribed by RNA polymerase 111
(Pol IIT). A 35-45S rDNA transcription unit is commonly found in plants (depending on
the size of ETS), 35S rDNA in yeast, and 48S rDNA in mammals (Borowska-Zuchowska
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et al., 2023). Each 35-48S rDNA unit is composed of: (i) the coding 18S, 5.8S, and 25-
28S rDNAs sequences; (ii) IGS consisting of a non-transcribed spacer (NTS) and external
transcribed spacer (ETS); and (iii) two internal transcribed spacers (ITS1 and ITS2;
Figure 1). The IGS contains essential regulatory elements, including the transcription
initiation site (TIS) and transcription termination site (TTS) (Volkov et al., 2007) (see
Figure 1). The 35S rDNA unit is 8-20 kb long; meanwhile, the 5S rDNA unit is
substantially shorter and comprises a 120-bp conserved genic region and a 100-1000 bp

long spacer region (5S rDNA SR) (Volkov et al., 2007; Garcia et al., 2016).

NOR

Tandemly repeated tDNA units

TIS
-~ TTS ITS1
n ] e 18S tDNA 5.8S rDNA IAGE 25-28S rDNA n

I3‘ETSINTS SETS|

I

IGS

Figure 1. The structure of 5S and 35S rDNA single repeat.

As a non-coding element, the IGS is less conserved than TDNA coding regions,
leading to its significant sequence and size differences between closely related species. It
is also possible for the same genome to contain different length variants of rDNA due to
the IGS length polymorphism (Hemleben et al., 2004). For example, in Arabidopsis
thaliana, a length variant of the IGS was identified among 35S rDNA repeats at NOR2
on chromosome 2. In contrast, NOR4 on chromosome 4 contained three length variants
not interlaced but clustered. This suggests that the concerted evolution of rDNA leads to
the homogenisation of the rDNA variants due to the local propagation of new ones
(Copenhaver and Pikaard, 1996). However, the variations in the IGS length between

closely related species and even individuals of the same population may serve as evidence

9:8183616350
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that these sequences can escape from concerted evolution mechanisms. The variations in
the length of the IGS are primarily due to the amplification of various subrepeats present
within the spacer. Usually, several classes of short subrepeated elements are located
upstream of the TIS, while downstream of the TIS subrepeats are rarely present (Borisjuk
et al., 1997). The amplification/deletion of subrepeats in the IGS is a continuous process
throughout evolution. Such differentiation in the IGS regions makes them useful for
phylogenetic studies (Krawczyk et al., 2017).

The 18S-5.8S-25S rDNA coding regions were shown to belong to one of the most
evolutionary conserved sequences (Hemleben et al., 2004). They show little or no
intragenomic sequence variability due to the homogenisation process that leads to the
concerted evolution of 35S rDNA repeats. It was proposed that unequal crossing-over and
gene conversion drive rDNA homogenisation processes (Dover, 1982). In the 35S rDNA
context, TDNA units within the same locus are more alike than those from different NORs,
suggesting that intralocus homogenisation is more effective than interlocus one (Wang et

al., 2016).

1.3.2. L-type and S-type organisation of rRNA genes.

The 35-48S and 5S rRNA genes are usually arranged in distinct loci in most eukaryotic
organisms. The transcription by two different RNA polymerases, Pol I (DNA-dependent
RNA polymerase I) in the case of 35-48S rDNA and Pol III (DNA-dependent RNA
polymerase III) in the case of 5S rDNA, is likely the reason for the physical separation of
35-48S and 5S rDNA loci. The separated arrangement of the 35-48S rDNA and 5S rDNA
that occupy distinct loci is known as the S-type rDNA organisation. The S-type
arrangement appears as the most common type of rDNA organisation among angiosperms
and gymnosperms (Garcia and Kovaftik, 2013). However, there are some exceptions to
this rule. For instance, 5S rRNA genes are linked with 35S rDNA in some organisms,
e.g., in some mosses (Sone et al., 1999), gymnosperms (Garcia and Kovatik, 2013) and
even angiosperms (Garcia et al., 2012). This suggests that linked rDNA arrangement in
some plants may represent a transitional stage between linked (prokaryotic) and unlinked
(present in most eukaryotes studied so far) arrangements.

The 5S and 35S rRNA gene organisation in plants was investigated by Garcia et
al. (2016) in the representatives of Artemisia (family Asteraceae), where a linked
arrangement of rDNA was discovered for the first time in angiosperms. This L-type

arrangement refers to the 5S rRNA gene located in an inverted orientation within the large
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IGS of the 35S rDNA. This type of rDNA molecular organisation is not common in
angiosperms studied so far; however, it can be found in certain algae, bryophytes, and
ferns (Sone et al., 1999; Garcia et al., 2016). In Artemisia, there are two 5S rDNA units
inserted into the 35S rDNA IGS: (i) the first one is positioned close to the end of the 25S
rRNA gene, and (ii) the second insertion (pseudogenised with a deletion in a promoter
region) located further toward the 3' end of the IGS (Garcia et al., 2016). Such unit
structure suggests that different versions of a unit are being mixed, and none of them has
been established as the standard or most common type (although no separate units were
observed in Artemisia) (Garcia et al., 2016).

Studies conducted on different genera, such as Tragopogon, Centaurea,
Helianthus and Hipochaeris (Cuellar et al., 1996; Weiss-Schneeweiss et al., 2003;
Kovarik et al., 2005; Ruas et al., 2005; Dydak et al., 2009), have revealed S-type of rRNA
genes arrangement, which is different from the one that was found in Artemisia. To
further explore the rDNA structure and organisation in approximately 200 representatives
of the Asteraceae family, additional research was conducted using molecular (PCR,
Southern blot, IGS sequencing, quantitative PCR) and cytogenetic (FISH) approaches
(Garcia et al., 2010). The L-type rDNA arrangement was shown in three major
subsections of the Asteroideae subfamily: (i) the Anthemideae tribe (93% of the studied
species); (i1) the Gnaphalieae tribe (100%); and (ii1) the "Heliantheae alliance" clade
(23% of the studied species). The other five tribes of the Asteroideae in the Asteraceae
family had an S-type arrangement of rDNA (Garcia et al., 2016).

Thus, Asteraceae representatives seem to have two distinct types of rDNA
organisation. The 'L-type genera' are distributed in the phylogeny in a way that suggests
the linked arrangement has arisen independently multiple times in the largest subfamily,
Asteroideae (Garcia et al., 2010; Garcia et al., 2016). This indicates that the L-type
arrangement may be more prevalent than previously thought. Understanding the pattern
of 35S and 5S rDNA loci organisation may shed light on their expression and regulation

features.

1.4. Polyploidy in grasses.
Polyploidy is when more than two haploid chromosome sets are present within a single
nucleus. There are two distinct classes of polyploids: (i) autopolyploids (e.g.,
autotetraploid cytotype of Hordeum bulbosum), (ii) allopolyploids (e.g., Triticum
aestivum) (Levy and Feldman, 2002; Svacina et al., 2020; Levy and Feldman, 2022). An

9
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autopolyploid formation is accompanied by a genome doubling within one species. For
example, a species with the genome composition AA doubles to become an autotetraploid
AAAA. During meiosis in autopolyploids, the chromosomes may form multivalents and
exhibit a multisomic inheritance, usually associated with sterility. This can be why so
many autopolyploids are perennials propagating vegetatively (Levy and Feldman, 2002).
Allopolyploids (or amphiploids) are created when two different species with diverged
genomes hybridise, followed by chromosome doubling. The hybrids are generally sterile,
but WGD can occasionally restore fertility. Forming bivalents, full fertility, and disomic
inheritance define a stable allopolyploid. Many allopolyploid grasses (e.g., T. aestivum)
are annuals, where hybridisation permanently maintains heterozygosity between
homoeoalleles, even in the self-pollinating species. (Levy and Feldman, 2002).

The fact that polyploidy is so common and still occurring today implies that plants
are pre-adapted to handle the challenges of polyploidy. For the new polyploid to survive,
there must be mechanisms to manage the genomic stress of chromosome doubling
(Baduel et al., 2018). In addition to its evolutionary purpose, interspecific hybridisation
followed by whole genome duplication (WGD) has been practically utilised in various
breeding initiatives.

The introduction of genomic approaches has shed more light on the role of
polyploidy in the evolution of angiosperms. It was shown that WGDs occurred before the
divergence of gymnosperms and angiosperms (also known as the { event) (Jiao et al.,
2011). Plants that experienced WGD in the distant past and now have a disomic
inheritance are called paleopolyploids. Their ancestors cannot be identified through
cytological tools or DNA markers, but they can be identified through bioinformatic
analysis (Levy and Feldman, 2002).

An increasing number of research on the evolution of allopolyploids showed that
one of the ancestral genomes might become dominant and the other the under-dominant
one in successive generations. This advantage of one genome over another is called

"genome dominance" (Rapp et al., 2009).

1.4.1. Genome dominance in plants.
The phenomenon of "genome dominance" in allopolyploids (also known as "subgenome
dominance" (Thomas et al., 2006)) has become increasingly evident in the past decades.
The genome dominance may involve (i) global epigenetic alterations; (ii) an increase in

the size of the dominant genome and/or under-dominant genome size decreasing; (iii) the
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elimination of chromosomes from the under-dominant genome; (iv) the elimination or
epigenetic silencing of alleles from the under-dominant genome leading to homoeologous
expression bias and expression level dominance; and (v) preferential activation of mobile
elements (Glombik et al.,, 2020). An example of genome dominance, particularly
chromosome elimination from the under-dominant genome, can be chromosome
elimination in Hordeum vulgare x H. bulbosum hybrids (Thomas and Pickering, 1983).
The hybrids resulting from the cross between H. vulgare and H. bulbosum manifest
chromosomal instability throughout their growth, typically resulting in the loss of
H. bulbosum chromosomes in subsequent generations. Nonetheless, a distinct scenario
arises in an allotetraploid variant featuring the 'Vada' cultivar, where the preservation of
H. bulbosum chromosomes endures across successive sexual cycles, making the
H. bulbosum-originated genome "dominant" (Thomas and Pickering, 1983).

An allopolyploidisation event leads to a "transcriptomic shock" in which the gene
expression patterns are altered (Rapp et al., 2009). This shock can cause unequal parental
contribution and change the expression patterns of the genes (Grover et al., 2012). In the
long term, several evolutionary scenarios are possible for the homoeologous genes in
allopolyploids: (i) genetic or epigenetic alterations can cause the inactivation/repression
of one homoeologue (the process known as non-functionalisation); (ii) one copy develops
a new, usually advantageous purpose, while the other retains the original function (neo-
functionalisation); or (ii1) the two copies can split functions (sub-functionalisation) (Ma
and Gustafson, 2005; Glombik et al., 2020). An illustrative instance of an "evolutionary
transcriptomic shock" can be found in the work of Feldman et al. (1986) conducted on
hexaploid wheat. In this study, a notable case of non-functionalisation emerges, with the
genes coding for high molecular weight glutenin within the A-genome being suppressed
while their counterparts originating from the B- and D-subgenomes maintain their
expression activity (Feldman et al., 1986).

The dominance of one parental genome over the other at the expression level is
known as biased fractionation, bringing instability in the genome maintenance and
causing functional conflicts between interacting genes. It has been found that dominance
is usually established in the first generations after polyploidisation and is transmitted over
the generations (Guo and Han, 2014) or multiple rounds of polyploidy (Woodhouse et al.,
2014). Genome dominance has been shown to affect the expression of various genes, such
as TRNA genes and genes encoding for centromeric proteins. Exemplary, Talbert et al.

(2002) used an antibody raised against the A. thaliana-like CENH3 in A. suecica
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(allotetraploid that came from a cross between A. thaliana and A. arenosa) to test the
presence of A. thaliana centromeric H3 histone (CENH3) in the A. arenosa-like
centromeres. Interestingly, the antibody identified the epitope in both synthetic and
natural allopolyploids derived from the two species, demonstrating the dominant nature
of the 4. thaliana CENH3 gene and its product incorporated into the centromeres of
chromosomes of 4. suecica regardless of their diploid ancestor origin (Talbert et al.,
2002).

The event of genome dominance can usually be displayed by changing the gene
regulation — by either increasing the dominant allele's activity or decreasing the under-
dominant allele's activity (Zhu et al., 2017). Usually, gene expression can be modified by
epigenetic regulation, which can be mediated by TEs and small interfering RNAs
(siRNA) (Wang and Chekanova, 2016; Hirsch and Springer, 2017). Specifically, siRNAs
play a crucial role in guiding methyltransferases to establish DNA methylation at CG,
CHG, and CHH sites (H = A, T, or C). For example, Zhu et al. (2017), in their work on
A. thaliana and A. lyrata interspecific hybrid, demonstrate that the methylation levels at
CHH, CHG and CG sites are frequently altered (either increased or decreased) following
hybridisation events (Zhu et al., 2017).

However, not only DNA methylation plays a role in genome dominance
maintenance. The study on hexaploid wheat and one of its putative progenitors — Aegilops
tauschii — showed that alterations in gene expression patterns caused by changes in their
DNA methylation level concern as little as 11% of genes from chromosome 3DL. A
decrease in gene expression level appears to be more closely linked to a higher level of
chromatin compaction and reduced accessibility of the wheat chromosome arm (Lu et al.,
2020). Therefore, it is thought that the competition between parental genomes in hybrids
for TEs regulation, chromatin condensation and the overall amount of siRNAs are
essential for hybrid vigour and the expression changes of hybrids (Groszmann et al.,
2013). One of the manifestations of genome dominance is another phenomenon called

nucleolar dominance (ND).

1.5. Nucleolar dominance in plants.
Navashin (1934) was the first to discover ND in Crepis hybrids. Later, this phenomenon
was found among the consequences of genome dominance in many plant hybrids,
allopolyploids, and some interspecific animal hybrids (Pikaard, 2000). A common

characteristic of ND is that the 35S rRNA genes from one progenitor (the dominant one)

12



Introduction

are expressed, while those from the other progenitor are transcriptionally silenced
(Pikaard, 2000; Borowska-Zuchowska et al., 2023).

The phenomenon of ND has been documented in interspecific hybrids and
allopolyploids across various plant genera, including Salix (Wilkinson, 1944), Ribes
(Keep, 1962), Solanum (Komarova et al., 2004), Hordeum (Nicoloff et al., 1979),
Triticum (Thomas and Kaltsikes, 1983), Agropyron (Heneen, 1962), Brassica (Chen and
Pikaard, 1997b), Arabidopsis (Earley et al., 2006), Brachypodium (Idziak and Hasterok,
2008) and others (Pikaard, 2000; Borowska-Zuchowska et al., 2023). It was shown that
epigenetic mechanisms are responsible for the repression of the under-dominant rDNA
loci. Since epigenetic silencing is a reversible process, thus ND can be abolished at
different developmental stages. An illustrative example of ND regulation during
development is the progressive repression of rRNA genes originating from 4. thaliana,
occurring during the early stages of postembryonic development in allotetraploid
A. suecica (Pontes et al., 2007). A similar establishment of ND has also been observed in
rapeseed, where both ancestral 35S rDNA sets are transcriptionally active in seedlings
that are 2-3 days old (Hasterok and Maluszynska, 2000), while stable ND towards the
rRNA genes derived from Brassica rapa exists in the leaves of mature plants (Sochorova
etal., 2017).

One possible mechanism of ND maintenance can be the rRNA dosage control,
which is well-studied in diploid organisms. It was shown in two different yeast strains
that a dosage control system regulates the amount of transcriptionally active rDNA. Even
though the two strains have considerable differences in the number of 35S rDNA copies,
the level of rDNA expression is still the same. This dosage control of rRNA genes occurs
due to a higher occupancy of Pol I per single 35S rDNA unit (French et al., 2003). A
dosage control effect was also observed in A4. thaliana mutant created through Cas9-
mediated genome editing at 45S rDNA loci. Despite a significant decrease (up to 90%)
in the number 0f 45S rDNA units, the transcriptional rates and steady-state levels of IRNA
transcripts were similar to those in the wild-type plants (Lopez et al., 2021). However, it
is yet to be determined how ND is established in plant hybrids/allopolyploids, whether a
given parental tDNA is always dominant, or whether other factors, such as the
neighbouring regulatory sequences within the IGSs, chromosomal positioning, and/or
chromatin organisation during interphase, affect this phenomenon (Pikaard, 2000;
Mohannath et al., 2016). Moreover, ND appears to be independent of maternal or paternal

effects (Chen and Pikaard, 1997b).
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1.5.1. The role of chromosomal positioning in ND.
Some studies have suggested that the chromosomal position of 35S rDNA loci may play
a role in the 35S rDNA expression patterns. Until now, the impact of the rDNA
chromosomal positioning on the expression of 35S rDNA was studied in three species:
barley, A. thaliana, and wheat.

The role of chromosome position in the 35S rRNA gene expression patterns was
observed for the first time in a barley translocation line, where both 35S rDNA loci were
located on different arms of a single chromosome (in the wild-type barley, there are two
35S rDNA loci per genome and they are located on two distinct chromosomes; both are
transcriptionally active). Usinga H. vulgare translocation line with NOR region
translocated from SH" to 6H", Nicoloff et al. (1979) showed an example of a chromosomal
position-dependent 35S rRNA gene expression. The 35S rDNA units that had been
translocated were not transcribed (Nicoloff et al., 1979). Later Schubert and Kiinzel
(1990) showed that such suppression was caused neither by the 35S rDNA loss nor the
change in the DNA methylation patterns (Schubert and Kiinzel, 1990).

In A. thaliana, the 45S rRNA genes are located in two distinct loci known as
nucleolus organiser regions (NORs). These NORs, NOR2 on chromosome 2 (under-
dominant) and NOR4 on chromosome 4 (dominant), are positioned at the ends of their
respective chromosomes (Mohannath et al., 2016). In 4. thaliana mutants lacking histone
H3 lysine 27 monomethylase activity, usually silenced rDNA units from NOR2 were
translocated to NOR4. At the new chromosomal location, the NOR2 35S rRNA genes
were expressed. Such a process of activation suggests that the neighbouring
pericentromeric sequences may be involved in silencing the 35S rDNA units in their
original position of NOR2 of 4. thaliana (Mohannath et al., 2016).

Studies on wheat conducted by Handa et al. (2018) suggested the possible impact
of transposons and highly methylated regions surrounding major wheat NORs 1B and 6B
on their activity (Handa et al., 2018). These areas may not only control the expression of
nearby NORs but could also affect minor wheat rDNA sites. The mechanism by which
chromosomal position affects 35S rRNA gene expression is still unknown. This is
probably because the ND phenomenon is complex and involves the interactions of
multiple factors, such as the expression of genes, epigenetic patterns, and other factors
that have not been identified yet. Further research is needed in dicot and monocot

allopolyploid systems to understand how and why chromosomal position affects ND.
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1.5.2. The role of epigenetics in ND.

In plants, ND is driven and maintained through epigenetic mechanisms involving both
DNA methylation and repressive histone modifications. Early experiments using the
inhibitors of cytosine methyltransferases and histone deacetylases (5-azacytidine or 5-
aza-deoxycytidine and trichostatin A, respectively) revealed that the under-dominant 35S
rRNA genes could be reactivated in both monocot and dicot representatives that exhibit
ND (Vieira et al., 1990b; Neves et al., 1995; Amado et al., 1997; Chen and Pikaard,
1997a; Earley et al., 2006). For example, the treatment of seeds of wheat X rye hybrids
and Triticale with 5-azacytidine (5-aza-C) leads to the appearance of a higher number of
nucleoli in interphase nuclei, supporting the role of DNA methylation in ND maintenance
(Vieira et al., 1990b; Carvalho et al., 2013). Moreover, experiments performed on
different triticale cultivars along with several wheat aneuploid lines crossed with rye
demonstrated the reactivation of 1R NOR region after treatment with 5-aza-C, implying
the role of DNA methylation in the suppression of rye 35S rDNA in the wheat background
(Vieira et al., 1990b; Neves et al., 1995; Amado et al., 1997; Castilho et al., 1999). The
same picture was obtained in two dicot species, B. napus and A. suecica, where 5-aza-
deoxycytidine treatment led to the reactivation of the under-dominant 35S rRNA genes
(Chen and Pikaard, 1997a; Chen et al., 1998). Also, a reduction of CG and CHG DNA
methylation likely contributed to the reactivation of 35S rDNA loci of the Tragopogon
porrifolius origin (the under-dominant rDNA locus) in the allotetraploid 7. mirus, where
it was shown that deletion of the 96% of the NOR region does not significantly affect
rDNA expression (Dobesova et al., 2015). Thus, ND appeared to be a fully reversible
epigenetic process.

The RNA-directed DNA methylation pathway (RdDM) is thought to be among
the mechanisms responsible for the transcriptional silencing of under-dominant 35S
rRNA genes via ND (Costa-Nunes et al., 2010; Singh et al., 2019). RdDM is an epigenetic
process that involves the production of small RNA molecules. These molecules guide
DNA methyltransferases to specific DNA sequences, resulting in DNA methylation and
gene silencing (Matzke and Mosher, 2014). RdADM plays a crucial role in regulating gene
expression and maintaining genome stability. This plant-specific pathway is mainly
controlled by 24-nt-long siRNAs that direct the addition of DNA methylation to specific
DNA sequences. Studies on A. suecica revealed that the essential RADM proteins

involved in the preferential silencing of the A. thaliana-inherited rRNA genes are: (i)
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domains rearranged methyltransferase 2 (DRM2), which is responsible for catalysing de
novo DNA methylation; (ii)) RNA-dependent RNA polymerase 2 (RDR2), which
physically associates with Pol IV, to produce dsRNAs; (iii) dicer-like 3 protein (DCL3)
involved in long dsRNAs processing into siRNAs; and (iv) methylcytosine binding
domain protein 6 (MBDG6) that is recruited to chromatin by recognition of CG
methylation, and redundantly repress a subset of genes and transposons without affecting
DNA methylation levels (Preuss et al., 2008; Ichino et al., 2021).

Besides the crucial DRM2, RDR2 and DLC3, several proteins have also been
proven to be involved in ND enforcement. These include the histone deacetylase 6
(HDAG®6), which is involved in the deacetylation of histones and the subsequent repression
of gene transcription, and histone H3K9 methyltransferase (SUVR4) (Pontvianne et al.,
2012), which methylates histones and promotes gene silencing (Earley et al., 2006; Costa-
Nunes et al., 2010). Epigenetic modifications such as the dimethylation of lysine 9 of
histone H3 (H3K9me2) resulted in the repression of the 4. thaliana-derived NORs in
allotetraploid A. suecica (Lawrence et al., 2004). In the synthetic hexaploid wheat, the
under-dominant A-genome 35S rDNA loci were enriched in H3K27me3 and H3K9me?2
histone marks and methylated at CHG and CHH sequence contexts in promoters. These
resulted in their transcriptional silencing and elimination in later generations (Guo and
Han, 2014). In contrast, acetylation of histones H3 and H4, e.g., H4K5ac, H4K16ac and
H3K09ac, appeared to be associated with the active 35S rDNA loci as was shown in
B. hybridum (Borowska-Zuchowska and Hasterok, 2017).

Overall, the studies on ND in dicot and monocot plants have identified several
key proteins, mechanisms and pathways involved in the epigenetic regulation of rRNA
gene expression. These findings broadly expand our understanding of the genetic
mechanisms that underlie complex traits in plants and other organisms. However, the
question of how one ancestral/parental set of 35S rRNA genes is selected to be suppressed

in the allopolyploid/hybrid organisms still needs to be answered.

1.6.  ND studies in monocots.
While ND has been extensively studied in dicots, the Poaceae family has also been
subjected to ND research. Many grasses, including allopolyploids and recombinant inbred
lines, have been analysed in this context. Around 200 species showed the variable
occurrence of ND, ranging from partial to strong dominance of one genome's 35S rRNA

genes over another. The ND has also been observed in some economically important
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cereals, e.g., in bread wheat (7. aestivum), and hexaploid and octoploid triticale
(% Triticosecale Wittmack; a hybrid of wheat and rye) (Shkutina and Khvostova, 1971;
Thomas and Kaltsikes, 1983). The experiments on Triticale and Triticale X rye hybrids
demonstrated the dominance of wheat NORs over the rye ones (Appels et al., 1986;
Capesius and Appels, 1989).

In Hordeum and Secale, dominance patterns were observed in experiments
involving different hybrids. The suppression hierarchy in Hordeum hybrids was
established, with H. parodii and H. procerum showing dominance over other species
(Santos et al., 1984; Cabrera and Martin, 1991). Rye NORs were weakly expressed in
hybrid genomes, and barley NORs showed dominance over rye NORs (Thomas and
Pickering, 1985; Schwarzacher-Robinson et al., 1987; Linde-Laursen and Bothmer, 1989;
Linde-Laursen et al., 1993). Similar dominance patterns were observed in Triticale x
Tritordeum hybrids (Lima-Brito et al., 1998).

The ND investigation in the Triticum genus focused mainly on bread wheat
(genome composition AABBDD) with at least four chromosome pairs that bear 35S
rDNA loci. Chromosomes 1B and 6B were found to carry the major (able to form
nucleoli) rDNA loci, while chromosomes 5D and 1A were characterised by the presence
of minor loci that produced smaller nucleoli or none, respectively (Flavell and O'Dell,
1976, Vieira et al., 1990a). The number of rDNA units varied among these loci (Tulpova
et al., 2022), but there was no correlation between the number of genes per locus and
nucleoli formation. Wheat NORs located on B genome chromosomes also showed
dominance in some hexaploid and tetraploid wheat varieties (Hutchinson and Miller,
1982; Frankel et al., 1987).

Studies on the 35S rDNA locus structure are often challenging due to the repetitive
nature of 35S rDNA. Thus, rDNA arrays that span millions of nucleotides usually heavily
hamper genome investigation by providing gaps in the sequencing assemblies. The
situation is even more complicated if there is more than one 35S rDNA locus per genome
in the allopolyploid species. The allohexaploid bread wheat is among grasses that exhibit
ND; however, the studies on its molecular basis are challenging mainly due to its large
and complex genome of over 16.5 Gbp and numerous 35S rDNA loci. To overcome these
challenges in wheat, Tulpova et al. (2022) used a complex approach that involved (i)
RepeatExplorer pipeline to reconstruct the consensus sequences of the major and minor
wheat loci; (i1) the BioNano optical mapping to reveal the major and minor 35S rDNA

loci structure; (iii) RNA-seq to verify whether 35S rRNA genes expression is locus- and
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tissue-specific; and (iv) bisulphite sequencing to verify the DNA methylation patterns of
these loci. Interestingly, using RNA-seq, Tulpova et al. (2022) discovered that the 1BS
rRNA variants were more abundant than the 6BS variants in all tissues, with a ratio of
approximately 2:1, although this ratio slightly differed across tissues. The coleoptile
exhibited the highest frequency of 6BS-specific variants, whereas the mature leaf had the
highest 1BS-specific variants (Tulpova et al., 2022).

To reveal the structure of wheat rDNA loci, Tulpova et al. (2022) used bread
wheat genome short-read data along with highly accurate HiFi PacBio reads (Sato et al.,
2021) and created in silico pseudomolecules of wheat NOR-bearing chromosome regions
(Tulpova et al., 2022). Further analysis revealed the main limitation of assemblies — the
lack of NORs core regions in 1BS, 6BS, and 5DS pseudomolecules. However, the fine
structure of the degenerated rDNA locus in the 1AS pseudomolecule was preserved.
Simultaneously, the Bionano Genomics platform reinforced bioinformatical results and
created optical maps (OM) of 1AS, 1BS, 6BS, and 5DS chromosome arms (Tulpova et
al., 2022). OM provides a subsequent physical structure of a single DNA molecule based
on a restriction pattern, serving as an excellent tool for studying complex repetitive
regions, including rDNA loci. Using OMs, positions of rDNA units missing in
pseudomolecule assemblies were accurately located. Such discrepancies between OMs
and pseudomolecules were considerably lower in PacBio HiFi assemblies, indicating that
highly accurate long-read sequencing outperformed other technologies in rDNA loci
assemblies; however, it is still unable to provide clear and comprehensive insight into

rDNA loci structure.

1.6.1. Brachypodium hybridum as a model in ND studies.
Brachypodium hybridum (2n = 30; subgenome composition DDSS) is an allotetraploid
grass that arose from a cross between two diploid ancestors, which resembled
B. distachyon (2n = 10; DD) and B. stacei (2n = 20; SS). It was shown that in most of the
studied genotypes of B. hybridum, two chromosomal pairs bear the 35S rDNA loci: (1)
the first one derived from the D-subgenome, in which the 35S rDNA locus is localised
distally on the short arm of chromosome Bd5; and (ii) the second one that originated from
the S-subgenome, in which the 35S rDNA locus is distributed proximally on chromosome
Bs6 (Hasterok et al., 2004; Lusinska et al., 2018; Borowska-Zuchowska et al., 2020;
Gordon et al., 2020). In 2008, Idziak and Hasterok performed sequential silver staining

and fluorescence in sifu hybridisation with 25S rDNA as a probe to verify the
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transcriptional activity of 35S rDNA loci in the root-tip cells of six genotypes of
B. hybridum. They revealed that only two out of four 35S rDNA sites were silver-stained
and thus considered transcriptionally active during the previous interphase. Since the two
active rDNA sites were terminally located on the chromosomes, it was concluded that
they belonged to the D-subgenome. Studies conducted by Borowska-Zuchowska et al.
(2016) showed that the 35S rDNA loci inherited from B. stacei were located at the nuclear
periphery in interphase nuclei and were not associated with the nucleolus. In contrast, the
hybridisation signals corresponding with the 35S rDNA loci inherited from the
B. distachyon were often found within the nucleolus or in the chromocenters located
adjacent to the nucleolus.

Further studies on the ND in B. hybridum were performed to verify: (i) the
structure of both the dominant and under-dominant 35S rDNA loci; (ii) the role of
epigenetic modifications in the selective repression of rDNA loci of B. stacei origin; and
(ii1) the developmental regulation of ND in this allotetraploid. As part of the study of the
structure of dominant and under-dominant 35S rDNA loci, the IGSs from both the
putative ancestors, B. distachyon and B. stacei, and the allotetraploid were sequenced and
analysed, and the putative transcription initiation sites were predicted (Borowska-
Zuchowska et al., 2016). In several B. hybridum genotypes, an apparent reduction of
the B. stacei TDNA loci size, accompanied by their inactive transcriptional status, was
revealed. Moreover, genotype ABR117 showed the elimination of 35S rDNA loci
originating from the S-subgenome, as shown by FISH (Hasterok et al., 2004; Borowska-
Zuchowska et al., 2020). However, the presence of one S-genome 35S rDNA family in
ABR117 was shown by Southern blot hybridisation, suggesting that even in this
genotype, the elimination of B. stacei-inherited rDNA units is still in progress (Borowska-
Zuchowska et al., 2020).

It is well known that ND has an epigenetic origin (Costa-Nunes et al., 2010). Thus,
the immunostaining approach was used to verify the epigenetic state of dominant and the
under-dominant 35S rDNA loci in different B. hybridum genotypes. It was shown that a
high level of DNA methylation characterised the repressed B. stacei-inherited rDNA loci.
However, global hypomethylation induced by 5-azacytidine did not lead to transcriptional
reactivation of these loci, indicating that other factors besides DNA methylation may be
involved in their suppression. These findings suggest that the preferential silencing of
B. stacei-originated rDNA loci may result from structural changes in the sequence rather

than solely from epigenetic silencing (Borowska-Zuchowska and Hasterok, 2017). In
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contrast, the D-subgenome 35S rDNA loci were characterised by significantly lower
DNA methylation levels and were enriched in euchromatic histone modifications, e.g.,
acetylated histones H3 (K9) and H4 (K5 and K16) (Borowska-Zuchowska and Hasterok,
2017).

Additionally, the presence of ND during different stages of development in the
reference B. hybridum genotype ABR113 was investigated by Borowska-Zuchowska et
al. (2019). It was shown that ND is present not only in root meristematic and differentiated
cells but also in: (1) male meiocytes at prophase I; (i1) tetrads of microspores; and (iii)
different tissues of embryos. Silver staining confirmed the inactive state of B. stacei-
originated rDNA loci (Borowska-Zuchowska et al., 2019). ND's developmental
regulation and stability in B. hybridum were further investigated by comparing two
genotypes, ABR113 and 3-7-2 (Borowska-Zuchowska et al., 2021). While in the
ABRI113, the ND was stable in the primary and adventitious roots, leaves, and spikes, in
the 3-7-2 genotype, a strong upregulation of the B. stacei rDNA loci was observed in
adventitious roots. Thus, it was shown that ND in B. hybridum may be a fully reversible
and developmentally regulated process, depending on the genotype.

These studies contribute to a better understanding of ND in B. hybridum and
highlight the complex interplay between genetic and epigenetic factors that regulate this
intriguing phenomenon. As more research is conducted, B. Aybridum, with its wide range
of genetic resources, comprehensive sequencing data, and relatively simple genome to be
analysed, emerges as an up-and-coming model for exploring ND. Notably, this small-
genome grass shares a close relationship with key cereals, further enhancing its potential
as a valuable model organism in ND studies. The regulation of ND in B. hybridum is
influenced by specific genotypes and intricate epigenetic modifications. Considering the
unique characteristics of its rDNA loci (only one locus per each ancestral genome),
B. hybridum becomes an exceptionally appealing candidate for unravelling the

mechanisms underlying ND, particularly in grasses.
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2.

AIMS OF THE THESIS

This work aimed to shed more light on the evolutionary patterns of 35S rDNA in

B. hybridum and verify whether the molecular mechanisms responsible for the ND

establishment and maintenance are the same in B. hybridum as in the much better-studied

dicot allopolyploids. The specific goals were as follows:

Determination of 35S rDNA loci number and chromosomal localisation in
different B. hybridum genotypes by FISH;

Determination of the ancestral 35S rDNA contributions in selected B. hybridum
genotypes by Southern hybridisation and based on the bioinformatic analysis of
raw Illumina reads;

Analysis of the expression patterns of B. hybridum 35S rRNA genes by RT-CAPS
(Reverse Transcription-Cleaved Amplified Polymorphic Sequence) and RT-
gPCR (Reverse Transcription-quantitative Polymerase Chain Reaction);
Identification of B. hybridum genotypes in which ND is developmentally
regulated;

Identification of the maternal parent in different B. hybridum genotypes based on

the chloroplast ##nLF gene barcoding.

The following hypotheses have been verified:

1.

The under-dominant S-subgenome 35S rDNA units undergo gradual elimination
from the B. hybridum genome.

ND is regulated developmentally in B. hybridum.

There is no maternal effect on the S-subgenome 35S rDNA silencing in

B. hybridum.
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3.  MATERIALS AND METHODS

3.1.  Origin of the plant material.
Three species were used in this study: B. hybridum (2n = 30; subgenome composition
DDSS), B. distachyon (2n = 10; genome DD) and B. stacei (2n = 20; genome SS). Seeds
of different genotypes were sourced from the University of Aberystwyth in Great Britain
(ABR genotypes) and the US Department of Agriculture — National Plant Germplasm
System (Bd21). Dr Shira Penner kindly provided the seeds of genotypes from the natural
populations in Israel (Penner et al., 2020). The information on the plant material origin,

including the GPS coordinates of the genotypes collected in Israel, is shown in Table 2.

Table 2. Origin and GPS coordinates of the plant material.

GPS coordinates
No. Genotype name 2n Species Latideflongitude
or
country of origin
1 1.12.1 30 B. hybridum | 33°16'53.36"N/35°44"2.72"E
2 1.24.1 30 B. hybridum | 33°16'53.36"N/35°44"2.72"E
3 222 30 B. hybridum | 33°16'41.59"N/35°46"26.71"E
4 2.6.1 30 B. hybridum | 33°16'41.59"N/35°46"26.71"E
5 342 30 B. hybridum | 33°15'56.32'"N/35°44'31.35"E
6 3.16.1 30 B. hybridum | 33°15'56.32"N/35°44'31.35"E
7 452 30 B. hybridum | 33°15'10.89"N/35°43'4.42"E
8 5.6.5 30 B. hybridum | 33°14'40.74"N/35°41'49.12"E
9 5.83 30 B. hybridum | 33°14'40.74"N/35°41'49.12"E
10 6.5.1 30 B. hybridum | 33°14'11.97"N/35°34'31.35"E
11 7.19.2 30 B. hybridum | 33°5'4.70"N/35°18"26.59"E
12 7.27.1 30 B. hybridum | 33°5'4.70"N/35°1826.59"E
13 8.5.4 30 B. hybridum | 32°59'39.98"N/35°24'57.25"E
14 8.8.2 30 B. hybridum | 32°59'39.98"N/35°24'57.25"E
15 9.13 30 B. hybridum | 32°55'40.06"N/35°18"2.56"E
16 9.7.6 30 B. hybridum | 32°55'40.06"N/35°18'2.56"E
17 10.11.2 30 B. hybridum | 32°44'38.02"N/35° 2'33.75"E
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18 10.19.5 30 B. hybridum | 32°44'38.02"N/35° 2'33.75"E
19 11.17.6 20 B. stacei 32°43'40.29"N/35° 0'52.85"E
20 11.24.1 30 B. hybridum | 32°43'40.29"N/35° 0'52.85"E
21 12.5.3 30 B. hybridum | 32°42'52.05"N/34°58'23.23"E
22 12.23.2 30 B. hybridum | 32°42'52.05"N/34°58'23.23"E
23 13.3.5 30 B. hybridum | 31°53'45.27"N/34°57'30.09"E
24 13.19.2 30 B. hybridum | 31°53'45.27"N/34°57'30.09"E
25 14.2.2 30 B. hybridum | 31°48'46.63"N/35° 6'47.53"E
26 15.3.1 30 B. hybridum | 31°48'43.27"N/35° 0'45.39"E
27 16.2.5 30 B. hybridum | 31°42'58.81'"N/34°58'36.90"E
28 16.18.3 20 B. stacei 31°42'58.81"N/34°58'36.90"E
29 17.10.1 20 B. stacei 31°38'49.23"N/34°55'06"E
30 18.5.2 30 B. hybridum | 31°31'30.30"N/34°53'58.49"E
31 18.6.1 30 B. hybridum | 31°31'30.30"N/34°53'58.49"E
32 19.16.5 30 B. hybridum | 31°23'31.72"N/34°51'42.90"E
33 21.7.2 30 B. hybridum | 30°421.36"N/34°49'41.88"E
34 21.11.1 30 B. hybridum | 30°421.36"N/34°49'41.88"E
35 23.101 n/a B. hybridum | 30°36'39.76"N/34°51'25.29"E
36 24.1 30 B. hybridum | 30°52'2.80"N/34°46'7.18"E
37 243 30 B. hybridum | 30°52'2.80"N/34°46'7.18"E
38 26.12 30 B. hybridum | 31°20'55.49"N/34°5127.91"E
39 26.24 30 B. hybridum | 31°20'55.49"N/34°51'27.91"E
40 28.28 30 B. hybridum | 31°16'1.78"N/34°49'10.70"E
41 28.29 30 B. hybridum | 31°16'1.78"N/34°49'10.70"E
42 29.3 30 B. hybridum | 31°15'41.49"N/35° 1'5.29"E
43 29.5 30 B. hybridum | 31°15'41.49"N/35° 1'5.29"E
44 30.20 20 B. stacei 31°15'42.92"N/35°14'18.86"E
45 31.8 30 B. hybridum | 31°8'42.88"N/34°59'5.04"E
46 ABR 103 30 B. hybridum Nr. Carmel, Israel

47 ABR 113 30 B. hybridum Lisbon, Portugal

48 ABR 114 20 B. stacei Formentera, Spain

49 ABR 116 30 B. hybridum Afghanistan

50 ABR 117 30 B. hybridum Afghanistan
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51 ABR 118 30 B. hybridum Afghanistan

52 ABR 119 30 B. hybridum Afghanistan

53 ABR 121 30 B. hybridum Iran

54 ABR 123 30 B. hybridum Iran

55 ABR 124 30 B. hybridum Israel

56 ABR 127 30 B. hybridum Iran

57 ABR 129 30 B. hybridum Pakistan

58 ABR 130 30 B. hybridum Morocco

59 ABR 132 30 B. hybridum Spain

60 ABR 134 30 B. hybridum Israel

61 ABR 135 30 B. hybridum Uruguay

62 ABR 136 30 B. hybridum Germany

63 ABR 137 30 B. hybridum W. Australia

64 ABR 138 30 B. hybridum | Quinta da Pacheca, Portugal
65 3-7-2 30 B. hybridum | 38°17'40.2"N/27°24'13.9"E
66 ABR101 30 B. hybridum South Africa

67 ABR100 30 B. hybridum Iran

68 ABRI115 30 B. hybridum South Africa

69 Bd21 10 | B. distachyon Iraq

3.2. Material cultivation and preparation.
For cytogenetic analysis, seeds were grown on Petri dishes on a filter paper moistened
with distilled water for 3-4 days in a dark at room temperature. The 1-1.5 cm-long roots
were cut and immersed in ice-cold water for 24 h, fixed in 3:1 v/v methanol:glacial acetic
acid at 4 °C overnight and stored at -20 °C.
The remaining seeds were sown in pots containing soil mixed with vermiculite
(3:1 w/w) and grown at 22 °C, 16 h light/8 h night photoperiod in a greenhouse. The

plants used in the study were not subjected to vernalisation.
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3.3. Cytomolecular analysis.

3.3.1. Root meristem preparations.
Cytogenetic preparations were made from fixed primary and adventitious roots (collected
from 6-week-old plants), as described by Jenkins and Hasterok (2007). Roots were
washed in 0.01 M citrate buffer (pH 4.8) for 15 min, with three buffer changes at room
temperature. After washing, the roots were digested enzymatically for 1-1.5 hat 37 °C in
a mixture of 6% (v/v) pectinase (Sigma-Aldrich, St. Louis, MO, USA) and cellulase: (i)
0.5% w/v cellulase (Sigma-Aldrich); and (ii) 0.5% w/v "Onozuka R-10" cellulase (Serva,
Heidelberg, Germany). After digestion, the meristems were washed in citrate buffer for
10 min on ice. The meristems were dissected from the root tips and squashed in 45%
acetic acid. After freezing on dry ice, the coverslips were removed using a razor blade,
and the slides were air-dried. The quality of the preparations was assessed using a phase-
contrast microscope, and only the slides with a high number of metaphase plates and a

small amount of cytoplasm were taken for further analysis.

3.3.2. Preparation of DNA probes for FISH.

Two types of probes were used in the study:
(1) a 410-bp-long clone pTa794 from Triticum aestivum (Gerlach and Dyer, 1980) was
used to detect the 5S rDNA loci.
(i1) a 2.3 kb fragment of the 25S rRNA gene from A. thaliana (Unfried and Gruendler,
1990) was used to visualise the 35S rDNA loci.

The rDNA sequences were labelled either with tetramethylrhodamine-5-dUTP
(TAMRA-dUTP, Roche, Basel, Switzerland) or digoxigenin-11-dUTP (DIG-dUTP,
Roche) using the Nick Translation Mix labelling kit (Roche). The composition of the

mixture used for the nick-translation reaction is provided in Table 3.
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Table 3. The composition of the nick-translation reaction.

Name of the component Volume
dATP (0.4 mM) 2.5l
dTTP (0.4 mM) 1.67 wl
dCTP (0.4 mM) 2.5 ul
dGTP (0.4 mM) 2.5l
25S rDNA or 5S rDNA (100 ng/ul) 6 ul
Tetramethylrhodamine-5-dUTP or digoxigenin-11-dUTP 0.83 ul
10x reaction buffer and nick-translation enzymes 4 ul
Total volume 20 pl

The nick-translation reaction was conducted in the thermocycler under the
following conditions: 95 min at 15 °C and 10 min at 60 °C to stop the reaction. The probes
were precipitated by adding 2 pl of 3 M ice-cold sodium acetate and 50 pl of chilled 100%
ethanol and incubated at either -80 °C for 1 h or -20 °C overnight. The tubes were then
centrifuged at 14,000 rpm for 30 min at 4 °C, and the supernatant was removed. The pellet
was washed twice with 70% ethanol and centrifuged at 14,000 rpm for 5 min at 4 °C.
After drying, the pellet was dissolved in 10 pl of sterile distilled water. The probes were
stored at -20 °C or used immediately in FISH.

3.3.3. Fluorescence in situ hybridisation.
The slides were incubated with RNase (100 pg/ml) in 2x SSC in a moist chamber for 1 h
at 37 °C. Then, the slides were washed three times with 2x SSC buffer for 5 min each and
fixed in 1% formaldehyde in 1x PBS for 10 min at 37 °C. Then, the slides were washed
three times in 2x SSC, dehydrated in ethanol series (70%, 90%, and 99%), and air-dried.

The hybridisation mixture was prepared by mixing the reagents listed in Table 4.
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Table 4. Composition of the hybridisation mix.

Name of the component Volume
100% deionised formamide 20 ul
50% (w/v) dextran sulphate (heated before adding) 8 ul
20x SSC (sterile) 4 ul
10% (w/v) SDS 2 ul
25S rDNA or 5S rDNA probe (75-200 ng/slide) 1-6 ul
Sterile distilled water 0-5 ul
Total volume 40 pl

The hybridisation mixture was incubated for 10 min at 75 °C and stabilised on ice
for 10 min. Then, 40 ul of the hybridisation mixture was applied to each slide and covered
with plastic coverslips from autoclavable plastic bags. The probe and chromosomes were
denatured for 4.5 min at 75 °C using an in situ Hybaid OmniSlide Thermal Cycler System
(Fischer Thermo Scientific, Waltham, MA, USA). After denaturation, the slides were
placed in a humid chamber and incubated at 37 °C for approximately 16-24 h.

After hybridisation, the coverslips were removed by incubating slides in a staining
jar with 2x SSC at 42 °C. Then, stringent washes were performed. The slides were
incubated twice in 15% formamide in 0.1x SSC at 42 °C for 5 min (corresponding to a
stringency of 82%). The slides were washed three times in 2x SSC at 37 °C, followed by
three washes in 2x SSC at room temperature.

The slides were washed in 4x SSC with 0.2% Tween20 for 5 min at room
temperature. Then, 200 pl of blocking reagent (5% solution of skimmed powder milk in
4x SSC) was applied on each slide and covered with plastic coverslips. After 20 min of
incubation at room temperature, 40 ul of FITC fluorochrome-conjugated anti-DIG
antibody (fluorescein isothiocyanate, Roche) was applied on each slide. The plastic
coverslips were applied, and the slides were incubated in a humid chamber for 1-2 h at
37 °C. Then, the slides were washed in 4x SSC with 0.2% Tween20 for 10 min at 37 °C.
This step was repeated three times. Then, slides were dehydrated in ethanol series (70%,
90%, and 99%) and air-dried. The dried slides were sealed in Vectashield buffer (Vector
Laboratories, Newark, CA, USA) with DAPI (4',6-diamidino-2-phenylindole, Serva) at a

concentration of 2.5 pg/ml and stored in the dark at 4 °C until use.
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3.3.4. Image acquisition and processing.
Photomicrographs were acquired using Axiolmager.Z.2 (Zeiss, Oberkochen, Germany)
wide-field epifluorescence microscope equipped with a monochromatic AxioCam HRm
(Zeiss) camera. All images were processed with Photoshop CS3 (Adobe, San Jose, CA,
USA) and ZEN Lite (Zeiss).

3.4. Molecular analyses.

3.4.1. DNA isolation.

Total genomic DNA (gDNA) from the leaves of 4-week-, 6-week- and 8-week-old plants,
adventitious roots from 6-week-old plants and young spikes containing meiocytes was
extracted with chloroform:isoamyl alcohol (24:1) and precipitated with isopropanol
according to the CTAB method as described by Doyle (1991). 100 mg of tissue was
collected, frozen in liquid nitrogen, and ground into a fine powder with a mortar and
pestle. Then, the fine powder was transferred into a 2 ml sterile tube containing 750 pl of
CTAB buffer, 2 pl of -mercaptoethanol and 3 pl of RNase (100 mg/ml) and mixed well
by vortexing. The tube was incubated for 60 min at 60 °C, occasionally mixed by
inverting the tube. Then, 800 pl of chloroform:isoamyl alcohol (24:1) was added to the
tube, mixed by inverting the tube, and incubated for 3 min at room temperature. The tube
was centrifuged at 14,000 rpm for 10 min at room temperature. The upper aqueous phase
was transferred to a new sterile 1.5 ml tube. 600 pl of ice-cold isopropanol was added to
the tube and gently mixed. The tube was then centrifuged at 14,000 rpm for 15 min at 4
°C. The supernatant was discarded, and the DNA pellet was washed with ice-cold 70%
ethanol. The tube was centrifuged at 14,000 rpm for 10 min at 4 °C. The supernatant was
discarded, and the DNA pellet was dried for 20 min at 37 °C. Subsequently, the DNA
pellet was resuspended in 100-200 pl of sterile DNase/RNase-free water. To remove RNA
contamination, RNase A was added to a final concentration of 0.1 mg/ml, and the tube
was incubated at 37 °C for 60 min. The quality of the isolated DNA was verified by gel
electrophoresis.

The isolated gDNAs from 36 B. hybridum genotypes were sent to the U.S.
Department of Energy (DOE) Joint Genome Institute (JGI) at Lawrence Berkeley
National Laboratory (Berkeley, CA, USA) for [llumina sequencing. The list of genotypes

is presented in Table 5.
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Table 5. List of the B. hybridum genotypes sequenced by Illumina.

Genotype names
9.7.6 16.2.5 ABR 132 3-7-2
222 10.11.2 18.6.1 ABR 134
3-4-2 2.6.1 10.19.5 19.16.5
ABR 135 20-15 3.4.2 12.5.3
24.1 ABR 137 19-6-2 7.19.2
12.23.2 28.28 ABR 138 18-19
7.27.1 13.3.5 ABR 103 ABR101
11-8 9.13 13.19.2 ABR 116
ABRI115 14.2.2 ABR 127 ABRI107

3.4.2. RNA isolation and reverse transcription.
The total RNA was isolated from the leaves of 4-week-, 6-week- or 8-week-old plants,
pulled primary roots, adventitious roots from 6-week-old plants (washed with tap water
from soil residues) and young spikes that contained meiocytes. Isolation was carried out
as described by Muoki et al. (2012) with additional purification. Approximately 50-100
mg of the tissue was ground into a fine powder using a sterile pestle and mortar in liquid
nitrogen. Then, the powder was transferred into a 2 ml tube containing 950 ml of the pre-
heated (65 °C) extraction buffer I (see the Reagent setup). The tube was vortexed briefly
and incubated at 65 °C for 15 min, with occasional shaking. Then, 1 ml of
chloroform:isoamyl alcohol (24:1) was added to the tube, vortexed briefly, and
centrifuged at 14,000 rpm for 10 min at room temperature. The supernatant was
transferred to a fresh tube, and washing with chloroform:isoamyl alcohol (24:1) was
repeated. The supernatant was transferred to a new 2 ml tube, 950 ml of extraction buffer
IT (see the Reagent setup) was added, and the tube was vortexed briefly. Then, 200 pl of
chloroform was added to the tube, vortexed, and incubated for 10 min at room
temperature. After incubation, the tube was centrifuged at 14,000 rpm for 10 min at 4 °C.
The upper aqueous phase was transferred to a fresh sterile 1.5 ml tube without interphase
contamination. 600 pl of chilled isopropanol was added, and the tube was mixed by
inverting. After 10 min of incubation at room temperature, the tube was centrifuged at
14,000 rpm for 10 min at 4 °C. The supernatant was discarded, and the RNA pellet was
washed twice with 1 ml of 70% ice-cold ethanol, followed by centrifugation at 14,000
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rpm for 10 min at 4 °C. The pellet was dried at 37 °C until the complete ethanol
evaporation. Finally, the pellet was resuspended in 87.5 pl of DEPC-treated water, 2.5 pl
of TURBO™DNase I, and 10 pl of RNase-free buffer were added (Ambion, Austin, TX,
USA). After 10 min of incubation at room temperature, the RNA was purified as follows:
10 pl of cold 3 M sodium acetate was added to the RNA sample, followed by 330 ul of
ice-cold 100% ethanol. The tube was mixed by inverting and incubated at -20 °C for 30
min. After incubation, the tube was centrifuged at 14,000 rpm for 15 min at 4 °C. The
supernatant was discarded, and the pellet was washed with 500 pl of ice-cold 70%
ethanol. The tube was then gently mixed by inverting and centrifuged for 5 min at 4 °C
at 14,000 g. The supernatant was carefully discarded (avoiding losing the pellet), and the
pellet was dried at 37 °C until the ethanol evaporated. The RNA pellet was dissolved in
50-200 pul RNA-free water and stored at -80 °C until use.

Before the reverse transcription, the RNA was verified for DNA contamination
by PCR amplification with 18Sfor and 5.8Srev primers (Kovarik et al., 2005). The lack
of a PCR product serves as evidence that no DNA resides. The reverse transcription
mixture (20 pl) contained 1 pg of total RNA, 100 pmol of random hexamer primer, 0.5
mM of dNTP, and 1 pl of Maxima H Minus Enzyme Mix with reverse transcriptase
(Thermo Scientific). Before adding reverse transcriptase and buffer, the mix was
incubated at 65 °C for 5 min. After adding the enzyme and buffer, the reaction was
performed in the following conditions: 10 min at 25 °C followed by 30 min at 65 °C. The
reaction was terminated by heating at 85 °C for 5 min. The obtained cDNA was stored at

-80 °C.

3.4.3. gCAPS and RT-CAPS analysis.
Genomic-Cleaved Amplified Polymorphic Sequence (gCAPS) analysis is based on the
polymorphisms in the ITS1 region in B. hybridum — ITS1 region of B. distachyon has a
single Mlul restriction site, while the ITS1 region of B. stacei is not cut by Mlul enzyme.

The expected pattern of M/ul restriction is presented in Figure 2.
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Figure 2. The Mlul restriction profile of the D-subgenome and S-subgenome ITSI

amplification products (a) and the expected sizes of the bands after digestion (b).

For the gCAPS method, 50 ng of genomic DNA was used as a template in the
PCR reaction to amplify the fragment of the 18 rDNA and the ITS1 region (Figure 2a).
The 18Sfor and 5.8Srev primers designed by Kovarik et al. (2005) were used. PCR
conditions were as follows: 95 °C (180 sec); 35 cycles of: 95 °C (20 sec), 60 °C (20 sec)
and 72 °C (80 sec); followed by a final 72 °C extension (10 min). The 5 pl amplification
mixture was digested with 5 U of Mlul restriction enzyme (2 h at 37 °C) and visualised
on 1% (w/v) agarose gel. B. stacei ABR114 and B. distachyon Bd21 PCR products
subjected for Mlul digestion were used as a reference to control digestion efficiency.

To study the expression pattern of parental 35S rDNA in B. hybridum, the Reverse
Transcription-Cleaved Amplified Polymorphic Sequence (RT-CAPS) method was used
according to Sochorova et al. (2017). ITS1 region was amplified by PCR as in the case
of gCAPS; however, the cDNA was used as a template. gDNA from B. stacei ABR114

and B. distachyon Bd21 was used as a reference to control digestion efficiency.
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3.4.4. RT-qPCR.
The B. stacei-originated and B. distachyon-originated 35S pre-rRNA transcript ratios
were determined using the reverse transcription quantitative PCR (RT-qPCR) on a
LightCycler® 480 Real-Time PCR System (Roche) with the use of LightCycler® 480
SYBR Green I Master Mix (Roche). Three different B. hybridum genotypes were
analysed by RT-qPCR: the reference genotype ABR113, 2.2.2 (Israel) and 3-7-2
(Turkey).

A total RNAs from (i) primary roots; (ii) fresh and greenish leaves from 4-week-
old, 6-week-old and 8-week-old plants; (ii1) adventitious roots from 6-week-old plants;
and (iv) +8-week-old spikes containing meiocytes were isolated. Isolated RNA was used
for reverse transcription. cDNA was diluted 50-fold, and 2 pl of the diluted one was used
in the RT-qPCR reaction with the following conditions: an initial step at 95 °C (5 min),
45 cycles of 95 °C (10 sec), 60 °C (20 sec), and 72 °C (10 sec) with the signal acquisition.
Ubiquitin and S-adenosylmethionine decarboxylase genes were used as the reference
genes. All reactions were performed in two technical replicates and three biological
replicates, except for the 6-week-old leaves of genotype 2.2.2, where ten biological
replicates were performed. The primers were designed to selectively amplify either the
B. distachyon-like TRNA genes or the B. stacei-like ones (Table 6). To ensure the
efficiency of each primer set, a four-fold serial dilution of template cDNA over six points
was performed, and amplification efficiency was calculated based on the results of RT-
gPCR. All primer pairs displayed a reaction efficiency between 90-110% and a linear
correlation coefficient (R?) greater than 0.99, as outlined in the study by Taylor et al.
(2010).
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Table 6. Primers used in RT-qPCR experiment.

Primer name | Sequence
18Sfor | 5'-GCGCTACACTGATGTATTCAACGAG-3"
5.8Srev | 5-CGCAACTTGCGTTCAAAGACTCGA-3"
C | 5-CGAAATCGGTAGACGCTACG-3"
F | 5"-ATTTGAACTGGTGACACGAG-3"
M13F | 5'-GCCAGGGTTTTCCCAGTCACGA-3’
MI3R | 5'-CAGGAAACAGCTATGAC-3’

ITS1 BdF1 | 5'-CGCACGCGTCATCCATCCTG-3’

ITS1 BdR1 | 5-TCTTTTGCCCCATGCACCAG-3’

ITS1 Bs F1 | 5"-CGCACGTGTCATCCATCCCA-3’

ITS1 Bs R2 | 5'-GGGGGCAGCAAGCAGGCGA-3’
BdSamDC F | 5'-TGTGCTAAGGAGATGACAA-3’
BdSamDC R | 5'-GATGGCGTTCATGGAGTAG-3’

UbilOF | 5"-TCCACACTCCACTTGGTGCT-3"
UbilOR | 5'-GAGGGTGGACTCCTTTTGGA-3"

3.4.5. Southern hybridisation.
Southern hybridisation was carried out according to the procedure described by Kovarik
et al. (2005). Approximately 1 pg of gDNA from selected genotypes was subjected to
restriction with Bg/II (a methylation-insensitive enzyme that recognises AGATCT motif)
or Pstl (a methylation-sensitive enzyme that cuts the CTGCAG motif, and the cleavage
is blocked by the C methylation) for 2 h at 37 °C. The Bg/II restriction maps of the 35S
rDNA units of B. distachyon and B. stacei are shown in Figure 3. PstI restriction maps of
the 35S rDNA units of B. distachyon and B. stacei are presented in Figure 4. The gDNA
that underwent restriction was loaded on a 1% (w/v) agarose gel and separated by gel
electrophoresis overnight. The gel was washed in 0.4 M NaOH solution for 30 min and
transferred onto a nylon membrane (Amersham Hybond, GE Healthcare, USA). Constant
pressure was applied to the gel using a 0.4 M NaOH buffer to transfer the DNA onto the
membrane. This solution was drawn upward through the gel by capillary action using
filter paper, which moved the DNA from a high 0.4 M NaOH potential to an area of low

buffer potential. Afterwards, the membrane was washed in 2x SSC and hybridised with
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a fragment of 258 rDNA labelled with *2P as a probe. The probe was labelled by random
priming using the Nicotiana tabacum 25S rDNA as a template. After overnight
hybridisation, the membrane was washed in 2x SSC buffer, dried out, and the signal was
detected using a phosphoimager (Typhoon 9500; GE Healthcare, USA). The intensity of
the 35S rDNA signal was calculated using ImageQuant (GE Healthcare) and Image Lab
(Bio-Rad Laboratories, Hercules, CA, USA) software. All Southern blots were repeated

twice to ensure the experiment's accuracy.

B. distachyon 35S rDNA (D)

BgllI BgllI Bglll
13kb 6.7kb 13 kb

B. stacei 35S rDNA (S)

BgllI BgllI Bglll
13kb 7.9kb 13 kb

Figure 3. Schematic representation of Bg/II restriction map on B. distachyon and B. stacei

35S rDNA units. Red bar — probe.

B. distachyon 35S rDNA (D)

Pstl

: _

8 kb
B. stacei 35S rDNA (S)
Pstl Pstl
53kb 39kb

Figure 4. Schematic representation of PstI restriction map on B. distachyon and B. stacei

35S rDNA units. Red bar — probe.
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3.4.6. Bioinformatic analysis of raw Illumina reads.

Eight B. hybridum genotypes were analysed to estimate the D- and S-subgenome 35S
rDNA homoeologous content: 3-7-2, 2.2.2, 12.23.2, 3.4.2, 10.11.2, 10.19.5, 24.1 and
ABR132. Bioinformatic analysis of raw Illumina reads was used to determine 35S rDNA
copy number by reads count, according to Borowska-Zuchowska et al. (2020). All
bioinformatic analyses were done using CLC GENOMICS WORKBENCH (Qiagen,
Hilden, Germany) software. The Illumina reads from each genotype were subjected to
quality control (QC) and trimmed — the "TRIM" command was used to eliminate reads
that were shorter than 150 bp, contained ambiguous nucleotides or failed to pass a quality
score limit of P = 0.05. 10% of the trimmed Illumina reads from each library were
randomly sampled using the "Subsample Sequence List" command. Local BLAST
libraries from the sampled reads were created.

A short 50-bp-long ITS1 fragment that showed a 10% sequence variation between
the B. distachyon- and B. stacei-like 35S rDNA consensus sequences were selected for
the haplotypic analysis based on Borowska-Zuchowska et al. (2020). The S-subgenome
ITS1 fragment was then BLASTed against the local BLAST libraries of the selected
B. hybridum genotypes. The hit sequences were: (i) trimmed for length (> 50 bp); (ii)
trimmed for quality (no ambiguous nucleotides allowed; quality score limit P = 0.05);
(1i1) sampled at random for approximately 10% of the reads. The sampled reads were
aligned using the "Multiple Alignment" tools with the following parameters: gap open
cost, 10; gap extension cost, 1; end gap cost, as any other; and alignment mode, very
accurate.

Neighbour-joining phylogenetic trees were constructed using the Jukes-Cantor
distance algorithm and a bootstrap of 500 replicates. Finally, the D- and S-subgenome-
specific reads ratio was quantified by dividing the number of specific haplotypes by the
total number of sequences. The circular phylogenetic trees were constructed, and colours
were designated in Geneious Prime software (v2021.01.1, Biomatters Ltd.).

To extract a 35S rDNA unit consensus sequence in selected B. hybridum
genotypes, trimmed [llumina reads were mapped to the B. distachyon-like and B. stacei-
like 35S rDNA consensus sequences that were published previously by Borowska-
Zuchowska et al. (2020). The "Map Reads to Reference" tool was used with the following
parameters: mismatch cost of 2, insertion cost of 3, deletion cost of 3, length fraction of
0.5, and a similarity fraction of 0.8. The resulting mapped reads were used to extract the

initial subgenome consensus sequences D1 and S1 (for B. distachyon-like and B. stacei-
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like rDNA) through the "Extract Consensus" tool. Then, the raw Illumina reads were
remapped to the initial subgenome consensuses D1 and S1 using the same parameters as
before. The resulting reads were then used to extract the consensus D2 and S2 through
the "Extract Consensus" tool. Finally, read coverage maps were created using the "Create

Mapping Graph" tool.

3.4.7. trnLF region analysis.

The fragment of the #nLF gene was sequenced to determine the maternal parent of
different B. hybridum genotypes. The fragment of the #7nLF gene was amplified by PCR
with C forward and F reverse primers (see Table 6) (Lopez-Alvarez et al., 2012). The
gDNAs from all 63 B. hybridum genotypes were used as templates for PCR. The PCR
temperature profile was as follows: 95 °C (180 sec); 35 cycles of 95 °C (20 sec), 60 °C
(20 sec) and 72 °C (80 sec), followed by a 72 °C of final extension (10 min). The PCR
product was assessed for its mass and integrity by running it on an agarose gel and
purified using the NucleoSpin™ Gel and PCR clean-up kit (Macherey-Nagel, Diiren,
Germany). The resulting amplicons were sequenced by Sanger sequencing (Macrogen
Europe, Amsterdam, Netherlands), using either the C or F primer. The chromatograms
were then checked for quality, and the sequences were trimmed and aligned using the
Clustal Omega 1.2.2 algorithm in Geneious Prime software version v2021.01.1
(Biomatters Ltd).

To construct the phylogenetic tree, the #nLF gene from Brachypodium boissieri
(GenBank ID JN187655) was used as the root using Mesquite v3.7 software (Maddison
and Maddison, 2009). The #nLF regions from B. stacei (GenBank ID JX666003) and
B. distachyon (GenBank ID JN187665) were used as references. The phylogenetic tree
was created using the IQ-TREE web server, with an ultrafast bootstrap analysis option,
according to Trifinopoulos et al. (2016). Based on the Bayesian information criterion, the

best-fit model was determined to be F81+F+1.

3.4.8. SNP analysis of the I'TS1 region.
Three B. hybridum genotypes (ABR113, ABR101 and 2.2.2) and B. stacei genotype
(ABR114) were used to analyse the homogeneity of the ITS1 region and fragment of the
18S rRNA gene. The amplified fragment of the 18S rDNA and ITS1 (as described in

section 3.4.3) were separated by gel electrophoresis, isolated from the agarose gel and re-
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amplified by an additional PCR run with conditions described for gCAPS in section 3.4.3.
In brief, the whole PCR product was loaded on the 1% (w/v) agarose gel and ran for mass
checking. The bands were excised from the gel with a sterile scalpel and purified by
NucleoSpin™ Gel and PCR clean-up kit (Macherey-Nagel) with subsequent ligation into
a pGEM-T vector (Promega, Madison, WI, USA). The ligation reaction was performed
as follows: 2.5 ul of reaction buffer, 0.5 pl of vector, 1.5 pl of isolated PCR product and
0.5 pul of T4 DNA ligase were added to a 0.5 ml tube and incubated overnight at 4 °C.

The transformation was done according to Hus et al. (2020). In detail, 2 pul of the
ligation product was added to the competent One Shot TOP10 Chemically Competent
Escherichia coli cells (Thermo Scientific) and incubated on ice for 30 min. The sample
was subjected to heat shock by incubating in a water bath at 42 °C for 30 seconds and
then immediately transferred to ice for 2 min. 250 pl of pre-warmed SOC medium
(Thermo Scientific) was added to the sample and incubated for 1 h at 37 °C with shaking
at 250 rpm. After that, 100 pl of the bacterial culture was plated on solid LB Agar (Sigma-
Aldrich) containing ampicillin (100 pg/ml, Duchefa Biochemie, Haarlem, Netherlands)
on Petri dishes and incubated for 16-17 h at 37 °C. Single colonies (several for each
genotype) were selected using a micropipette with a sterile tip and transferred to new
sterile tubes containing 5 ml of LB liquid medium (Sigma-Aldrich) with ampicillin (100
mg/ml). The liquid culture was then carried out in an incubator for 16-17 h at 37 °C at
250 rpm.

Plasmids were isolated from bacterial cultures using a NucleoSpin® Plasmid kit
from Qiagen. The bacterial cultures were transferred to new 5 ml tubes, centrifuged for 5
min at 8,000 rpm at room temperature, and the supernatant was discarded. The pellet was
dissolved in 250 pl of P1 buffer at 4 °C. Then, 250 ul of P2 lysis buffer was added and
gently mixed by inverting the tube, followed by a 4-minute incubation in the P2 buffer.
After incubation, 350 pul N3 neutralisation buffer was added and gently remixed, followed
by centrifugation at 13,000 rpm for 10 min at room temperature. The resulting supernatant
was transferred to a QIAprep spin column, centrifuged at 10,000 rpm for 30 seconds, and
the filtrate was discarded. 500 pl of PB binding buffer was added to the column and
centrifuged at 10,000 rpm for 30 seconds. The column was then washed with 750 ul PE
wash buffer and centrifuged at 10,000 rpm for 30 seconds. The residual PE buffer was
removed by centrifuging the column at 10,000 rpm for 1 minute. Finally, the column was
transferred to a new 1.5 ml tube, 50 ul of EB elution buffer was added, incubated for 1

minute at room temperature, and then centrifuged at 10,000 rpm for 1 minute. The
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plasmids were sequenced using primers MI3F and MI3R by Sanger sequencing
(Macrogen). Sequence alignment was performed using the Clustal Omega 1.2.2 algorithm

in Geneious Prime software (v2021.01.1, Biomatters Ltd.).

3.5. Reagent setup.
The RNA extraction buffer I:
2% cetyltrimethylammonium bromide (CTAB)
2% polyvinylpolypyrrolidone (PVPP)
100 mM (hydroxymethyl)aminomethane [Tris—HCI (pH 8.0)]
25 mM ethylenediaminetetra acetic acid [EDTA (pH 8.0)]
2 M sodium chloride [NaCl].

Beta-mercaptoethanol was added just before use at a final concentration of 2%

The RNA extraction buffer II (prepared immediately before use):
Phenol saturated with Tris buffer to a pH of 6.7 £ 0.2

Sodium dodecyl sulfate [SDS; 0.1% (w/v)]

Sodium acetate [NaOAc; 0.32 M (w/v)]

EDTA (0.01 M final concentration, pH 8.0)

Enzymatic mixture for root treatment

6% pectinase (Sigma-Aldrich, St. Louis, MO, USA) 0.6 ml

0.5% Onozuka R-10 cellulase (Serva, Heidelberg, Germany) 0.05 g
0.5% w/v cellulase (Sigma-Aldrich) 0.05 g

Ampicillin (100 mg/ml)

100 mg of ampicillin

dH>O -up to 1 ml

Sterilised through a 0.45 pum filter

CTAB buffer

2% hexadecyltrimethylammonium bromide (CTAB)
20 mM EDTA

100 mM Tris-HCI, pH 8

1.4 M NaCl
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LB Agar medium with ampicillin, X-Gal and IPTG

8.75 g of LB Agar

dH>0 to 250 ml

Sterilised in an autoclave. After sterilisation, ampicillin (100 mg/ml) was added to the

cooled medium at a ratio of 1 pl of antibiotic per 1 ml of LB medium.

LB Broth medium with ampicillin

5 g of LB Broth

dH20 to 250 ml

Sterilised in an autoclave. After sterilisation, ampicillin (100 mg/ml) was added to the
cooled medium at a ratio of 1 ul of antibiotic per 1 ml of LB medium. 30 ml of the medium
was poured into each dish and left to solidify. Approximately an hour before introducing
the bacteria, 40 ul of 2% X-Gal (Sigma-Aldrich) and 7 pl of 20% IPTG (Sigma-Aldrich)
were added to the solid medium. The mixtures were cautiously spread over the medium
using a sterile spreader, and the dishes were then placed in an incubator at 37 °C for 30

min.

RNase (10mg/ml)

10 mg RNase A

1 ml of a solution of 10 mM Tris-HCI + 15 mM NaCl

The RNase solution was stored in 15 pl aliquots at -20 °C. For the FISH reaction, 2x SSC
buffer was diluted 1:99 (1485 ul of 2x SSC buffer was added).

1% formaldehyde in 1x PBS
6 ml formaldehyde (37%)

20 ml 10x PBS, pH 7.0

174 ml of dH20

10x PBS, pH 7.0

Solution (A): 0.1 M NaoHPO4 + 1.4 M NaCl

Solution (B): 0.1 M NaH;PO4 + 1.4 M NacCl

Solution A was supplemented with solution B until pH 7.0 was reached and sterilised in

an autoclave.
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20x SSC, pH 7.0

175.3 g 3 M NaCl

88.3g 0.3 M sodium citrate C¢HsNaz;O7x2H20

DH>O was added to the volume of 1 litre, and pH was adjusted with 1N HCl and sterilised

in an autoclave.
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4. RESULTS

4.1. The number and chromosomal localisation of 35S and 5S rDNA loci in
different B. hybridum genotypes.
FISH was used to determine the number and chromosomal distribution of the 35S and 5S
rDNA loci in 50 B. hybridum genotypes. The results are shown in Figures 5-24.

In the case of all studied genotypes (except for genotypes 7.27.1, 8.5.4, and
ABR123, in which only the number of 5S rDNA was assessed based on FISH on
interphase nuclei, and genotypes 13.19.2, 19.16.5, and ABR138 in the case of which the
FISH with 5S rDNA as a probe was not performed), four FISH signals corresponding to
5S rDNA were observed: (i) two, proximally located ones on the chromosomal pair
inherited from B. distachyon; and (ii) two signals located on the chromosomal pair
originated from B. stacei in subterminal part of their short arms (Figures 5-14 and 16-22).

In the case of 35S rDNA loci, in 49 out of the 50 B. hybridum genotypes analysed,
four hybridisation signals corresponding to the 25S rDNA were found (Figures 5-22): (i)
two, terminally located ones on the chromosomal pair inherited from B. distachyon; and
(i1) two, proximally located ones on the chromosomal pair inherited from B. stacei
(Figures 5-13B, C and 16-22).

However, differences in FISH signal intensity corresponding to the 25S rDNA
probe were observed between the D- and S-subgenome 35S rDNA loci. In general, the
25S rDNA FISH signals on the chromosomes from the S-subgenome were significantly
smaller than on the D-subgenome ones. Based on the intensity of the FISH signals
corresponding to 25S rDNA, the studied genotypes were classified into four groups

(Table 7):

(1) Group 1 — contains the majority of investigated genotypes (30 out of 50) and
is characterised by D-subgenome chromosomes having moderately stronger
25S rDNA hybridisation signals than B. stacei-like ones (Figures 5-15);

(i)  Group 2 — encompasses 12 out of 50 B. hybridum genotypes, in which the 25S
rDNA FISH signals in the B. stacei-inherited chromosome pair are
significantly smaller than in the Group 1 genotypes (Figures 16-19);

(iii))  Group 3 — consists of B. hybridum genotypes (7 out of 50) showing very
intense 25S rDNA hybridisation signals on S-subgenome chromosomes

(Figures 20-22);
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(iv)  Group 4 — contains one B. hybridum genotype, in which only one

chromosome pair belonging to the D-subgenome bears 35S rDNA loci. The

FISH signals corresponding to 25S rDNA are also characterised by the

substantial rDNA knobs at the chromosome termini in this genotype (Figure

23, A1-A4).

Table 7. Classification of B. hybridum genotypes.

Genotype

Number of 35S
rDNA loci

Number of 5S
rDNA loci

Group

1.12.1

4

4

1.24.1

222

2.6.1

3.4.2

3.16.1

5.6.5

5.83

6.5.1

7.27.1

854

8.8.2

9.13

9.7.6

10.11.2

10.19.5

11.24.1

12.5.3

12.23.2

13.3.5

R N N S I Y S s S T A O N N R N SR N B N B - B 0 B S B SN R SN 2N

13.19.2

n/d

14.2.2

15.3.1

B I I S O S R N R N e e B N I S N R - B N B S B N R I I S T T L
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16.2.5

18.5.2

18.6.1

19.16.5

n/d

21.7.2

21.11.1

24.1

24.3

26.12

26.24

28.28

28.29

29.3

NN

29.5

ABR 103

—

ABR 118

ABR 121

W[ W

ABR 123

ABR 124

ABR 127

ABR 129

ABR 130

ABR 132

ABR 134

ABR 135

ABR 136

B N N L I L R s 0 s 0 R T > A N IR N I N B SN B N R SN B SN R SN B SN e N S

ABR 138

N N N N B N = T S T S T R N O S e S e e B R S - B N B S L L S I S S S B B S (R SN

n/d

*n/d — not determined
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Figure 5

FISH with 25S rDNA and SS rDNA probes on the mitotic metaphase chromosomes of
B. hybridum genotypes 1.12.1, 2.2.2 and 4.5.2.

Al-A4 genotype 1.12.1

B1-B4 genotype 2.2.2

Cl1-C4 genotype 4.5.2

Al,BI,Cl1 Mitotic metaphase chromosomes
(blue fluorescence, DAPT)

A2,B2,C2 FISH signals corresponding to the 25S rDNA probe
(red fluorescence, TAMRA)

A3,B3,C3 FISH signals corresponding to the 5S rDNA probe

(green fluorescence, FITC)

A4 Superimposed channels A1 - A3
B4 Superimposed channels B1 - B3
C4 Superimposed channels C1 - C3

Bd', Bd" — B. distachyon-inherited chromosomes that bear 35S rDNA loci.

Bs', Bs" — B. stacei-inherited chromosomes that bear 35S rDNA loci.

Scale bars: 5 pm
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Figure 6

FISH with 25S rDNA and SS rDNA probes on the mitotic metaphase chromosomes of
B. hybridum genotypes 5.6.5, 5.8.3 and 8.8.2.

Al-A4 genotype 5.6.5

B1-B4 genotype 5.8.3

Cl1-C4 genotype 8.8.2

Al,BI,Cl1 Mitotic metaphase chromosomes
(blue fluorescence, DAPT)

A2,B2,C2 FISH signals corresponding to the 25S rDNA probe
(red fluorescence, TAMRA)

A3,B3,C3 FISH signals corresponding to the 5S rDNA probe

(green fluorescence, FITC)

A4 Superimposed channels A1 - A3
B4 Superimposed channels B1 - B3
C4 Superimposed channels C1 - C3

Bd', Bd" — B. distachyon-inherited chromosomes that bear 35S rDNA loci.

Bs', Bs" — B. stacei-inherited chromosomes that bear 35S rDNA loci.

Scale bars: 5 pm
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Figure 7

FISH with 25S rDNA and SS rDNA probes on the mitotic metaphase chromosomes of
B. hybridum genotypes 12.5.3, 13.3.5 and 14.2.2.

Al-A4 genotype 12.5.3

B1-B4 genotype 13.3.5

Cl1-C4 genotype 14.2.2

Al,BI,Cl1 Mitotic metaphase chromosomes
(blue fluorescence, DAPT)

A2,B2,C2 FISH signals corresponding to the 25S rDNA probe
(red fluorescence, TAMRA)

A3,B3,C3 FISH signals corresponding to the 5S rDNA probe

(green fluorescence, FITC)

A4 Superimposed channels A1 - A3
B4 Superimposed channels B1 - B3
C4 Superimposed channels C1 - C3

Bd', Bd" — B. distachyon-inherited chromosomes that bear 35S rDNA loci.

Bs', Bs" — B. stacei-inherited chromosomes that bear 35S rDNA loci.

Scale bars: 5 pm
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Figure 8

FISH with 25S rDNA and SS rDNA probes on the mitotic metaphase chromosomes of
B. hybridum genotypes 18.5.2 and 18.6.1.

Al-A4 genotype 18.5.2

B1-B4 genotype 18.6.1

Al, B1 Mitotic metaphase chromosomes
(blue fluorescence, DAPT)

A2, B2 FISH signals corresponding to the 25S rDNA probe
(red fluorescence, TAMRA)

A3, B3 FISH signals corresponding to the 5S rDNA probe

(green fluorescence, FITC)

A4 Superimposed channels A1 - A3

B4 Superimposed channels B1 - B3

Bd', Bd" — B. distachyon-inherited chromosomes that bear 35S rDNA loci.

Bs', Bs" — B. stacei-inherited chromosomes that bear 35S rDNA loci.

Scale bars: 5 pm
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Figure 9

FISH with 25S rDNA and SS rDNA probes on the mitotic metaphase chromosomes of
B. hybridum genotypes 24.1, 24.3 and 26.24.

Al-A4 genotype 24.1

B1-B4 genotype 24.3

Cl1-C4 genotype 26.24

Al,BI,Cl1 Mitotic metaphase chromosomes
(blue fluorescence, DAPT)

A2,B2,C2 FISH signals corresponding to the 25S rDNA probe
(red fluorescence, TAMRA)

A3,B3,C3 FISH signals corresponding to the 5S rDNA probe

(green fluorescence, FITC)

A4 Superimposed channels A1 - A3
B4 Superimposed channels B1 - B3
C4 Superimposed channels C1 - C3

Bd', Bd" — B. distachyon-inherited chromosomes that bear 35S rDNA loci.

Bs', Bs" — B. stacei-inherited chromosomes that bear 35S rDNA loci.

Scale bars: 5 pm
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Figure 10

FISH with 25S rDNA and SS rDNA probes on the mitotic metaphase chromosomes of
B. hybridum genotypes 26.12, 28.28 and 29.5.

Al-A4 genotype 26.12

B1-B4 genotype 28.28

Cl1-C4 genotype 29.5

Al,BI,Cl1 Mitotic metaphase chromosomes
(blue fluorescence, DAPT)

A2,B2,C2 FISH signals corresponding to the 25S rDNA probe
(red fluorescence, TAMRA)

A3,B3,C3 FISH signals corresponding to the 5S rDNA probe

(green fluorescence, FITC)

A4 Superimposed channels A1 - A3
B4 Superimposed channels B1 - B3
C4 Superimposed channels C1 - C3

Bd', Bd" — B. distachyon-inherited chromosomes that bear 35S rDNA loci.
Bs', Bs" — B. stacei-inherited chromosomes that bear 35S rDNA loci.
Red dashed line — distended secondary constrictions in the chromosomes from the D-

subgenome.

Scale bars: 5 pm






Figure 11



Figure 11

FISH with 25S rDNA and SS rDNA probes on the mitotic metaphase chromosomes of
B. hybridum genotypes ABR103, ABR124 and ABR129.

Al-A4 genotype ABR103

B1-B4 genotype ABR124

Cl1-C4 genotype ABR129

Al,BI,Cl1 Mitotic metaphase chromosomes
(blue fluorescence, DAPT)

A2,B2,C2 FISH signals corresponding to the 25S rDNA probe
(red fluorescence, TAMRA)

A3,B3,C3 FISH signals corresponding to the 5S rDNA probe

(green fluorescence, FITC)

A4 Superimposed channels A1 - A3
B4 Superimposed channels B1 - B3
C4 Superimposed channels C1 - C3

Bd', Bd" — B. distachyon-inherited chromosomes that bear 35S rDNA loci.

Bs', Bs" — B. stacei-inherited chromosomes that bear 35S rDNA loci.

Scale bars: 5 pm
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Figure 12

FISH with 25S rDNA and 5SS rDNA as probes on the mitotic metaphase chromosomes
of B. hybridum genotypes ABR134, ABR135 and ABR136.

Al-A4 genotype ABR134

B1-B4 genotype ABR135

Cl1-C4 genotype ABR136

Al,BI,Cl1 Mitotic metaphase chromosomes
(blue fluorescence, DAPT)

A2,B2,C2 FISH signals corresponding to the 25S rDNA probe
(red fluorescence, TAMRA)

A3,B3,C3 FISH signals corresponding to the 5S rDNA probe

(green fluorescence, FITC)

A4 Superimposed channels A1 - A3
B4 Superimposed channels B1 - B3
C4 Superimposed channels C1 - C3

Bd', Bd" — B. distachyon-inherited chromosomes that bear 35S rDNA loci.
Bs', Bs" — B. stacei-inherited chromosomes that bear 35S rDNA loci.

Scale bars: 5 pm
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Figure 13

FISH with 25S rDNA and SS rDNA probes on the mitotic metaphase chromosomes of
B. hybridum genotypes 2.6.1, ABR138 and ABR127.

Al-A3 genotype 2.6.1

B1-B4 genotype ABR138

Cl1-C4 genotype ABR127

Al,BI,Cl1 Mitotic metaphase chromosomes
(blue fluorescence, DAPT)

A2,B2,C2 FISH signals corresponding to the 25S rDNA probe
(red fluorescence, TAMRA)

B3, C3 FISH signals corresponding to the 5S rDNA probe

(green fluorescence, FITC)

A3 Superimposed channels A1 - A2
B4 Superimposed channels B1 - B3
C4 Superimposed channels C1 - C3

Bd', Bd" — B. distachyon-inherited chromosomes that bear 35S rDNA loci.
Bs', Bs" — B. stacei-inherited chromosomes that bear 35S rDNA loci.

Scale bars: 5 pm
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Figure 14

FISH with 25S rDNA and 5SS rDNA as probes on the interphase nuclei of B. hybridum
genotypes 7.27.1, 8.5.4 and ABR123.

Al-A4 genotype 7.27.1

B1-B4 genotype 8.5.4

Cl1-C4 genotype ABR123

Al,BI,Cl1 Interphase nuclei
(blue fluorescence, DAPT)

A2,B2,C2 FISH signals corresponding to the 25S rDNA probe
(red fluorescence, TAMRA)

A3,B3,C3 FISH signals corresponding to the 5S rDNA probe

(green fluorescence, FITC)

A4 Superimposed channels A1 - A3
B4 Superimposed channels B1 - B3
C4 Superimposed channels C1 - C3

Bd', Bd" — the signal presumably originating from D-subgenome 35S rDNA loci.
Bs', Bs" — the signal presumably originating from S-subgenome 35S rDNA loci.

Scale bars: 5 pm
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Figure 15

FISH with 25S rDNA probe on the mitotic metaphase chromosomes of B. hybridum
genotypes 13.19.2 and 19.16.5.

Al-A3 genotype 13.19.2
B1-B3 genotype 19.16.5
Al, Bl Mitotic metaphase chromosomes
(blue fluorescence, DAPT)
A2,B2 FISH signals corresponding to the 25S rDNA probe

(red fluorescence, TAMRA)

A3 Superimposed channels A1 — A2
B3 Superimposed channels B1 — B2

Bd', Bd" — B. distachyon-inherited chromosomes that bear 35S rDNA loci.
Bs', Bs" — B. stacei-inherited chromosomes that bear 35S rDNA loci.

Scale bars: 5 pm
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Figure 16

FISH with 25S rDNA and SS rDNA probes on the mitotic metaphase chromosomes of
B. hybridum genotypes 1.24.1, 6.5.1 and 10.19.5.

Al-A4 genotype 1.24.1

B1-B4 genotype 6.5.1

Cl1-C4 genotype 10.19.5

Al,BI,Cl1 Mitotic metaphase chromosomes
(blue fluorescence, DAPT)

A2,B2,C2 FISH signals corresponding to the 25S rDNA probe
(red fluorescence, TAMRA)

A3,B3,C3 FISH signals corresponding to the 5S rDNA probe

(green fluorescence, FITC)

A4 Superimposed channels A1 - A3
B4 Superimposed channels B1 - B3
C4 Superimposed channels C1 - C3

Bd', Bd" — B. distachyon-inherited chromosomes that bear 35S rDNA loci.

Bs', Bs" — B. stacei-inherited chromosomes that bear 35S rDNA loci.

Scale bars: 5 pm
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Figure 17

FISH with 25S rDNA and SS rDNA probes on the mitotic metaphase chromosomes of
B. hybridum genotypes 9.7.6, 3.16.1 and 21.11.1.

Al-A4 genotype 9.7.6

B1-B4 genotype 3.16.1

Cl1-C4 genotype 21.11.1

Al,BI,Cl1 Mitotic metaphase chromosomes
(blue fluorescence, DAPT)

A2,B2,C2 FISH signals corresponding to the 25S rDNA probe
(red fluorescence, TAMRA)

A3,B3,C3 FISH signals corresponding to the 5S rDNA probe

(green fluorescence, FITC)

A4 Superimposed channels A1 - A3
B4 Superimposed channels B1 - B3
C4 Superimposed channels C1 - C3

Bd', Bd" — B. distachyon-inherited chromosomes that bear 35S rDNA loci.

Bs', Bs" — B. stacei-inherited chromosomes that bear 35S rDNA loci.

Scale bars: 5 pm
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Figure 18

FISH with 25S rDNA and SS rDNA probes on the mitotic metaphase chromosomes of
B. hybridum genotypes 16.2.5, 28.29 and 29.3.

Al-A4 genotype 16.2.5

B1-B4 genotype 28.29

Cl1-C4 genotype 29.3

Al,BI,Cl1 Mitotic metaphase chromosomes
(blue fluorescence, DAPT)

A2,B2,C2 FISH signals corresponding to the 25S rDNA probe
(red fluorescence, TAMRA)

A3,B3,C3 FISH signals corresponding to the 5S rDNA probe

(green fluorescence, FITC)

A4 Superimposed channels A1 - A3
B4 Superimposed channels B1 - B3
C4 Superimposed channels C1 - C3

Bd', Bd" — B. distachyon-inherited chromosomes that bear 35S rDNA loci.

Bs', Bs" — B. stacei-inherited chromosomes that bear 35S rDNA loci.

Scale bars: 5 pm
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Figure 19

FISH with 25S rDNA and SS rDNA probes on the mitotic metaphase chromosomes of
B. hybridum genotypes 21.7.2, 15.3.1 and 11.24.1.

Al-A4 genotype 21.7.2

B1-B4 genotype 15.3.1

Cl1-C4 genotype 11.24.1

Al,BI, Cl1 Mitotic metaphase chromosomes
(blue fluorescence, DAPI)

A2,B2,C2 FISH signals corresponding to the 25S rDNA probe
(red fluorescence, TAMRA)

A3,B3,C3 FISH signals corresponding to the 5S rDNA probe

(green fluorescence, FITC)

A4 Superimposed channels Al - A3
B4 Superimposed channels B1 - B3
C4 Superimposed channels C1 - C3

Bd', Bd" — B. distachyon-inherited chromosomes that bear 35S rDNA loci.

Bs', Bs" — B. stacei-inherited chromosomes that bear 35S rDNA loci.

Scale bars: 5 pm
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Figure 20

FISH with 25S rDNA and SS rDNA probes on the mitotic metaphase chromosomes of
B. hybridum genotypes 3.4.2,9.1.3 and 10.11.2.

Al-A4 genotype 3.4.2

B1-B4 genotype 9.1.3

Cl1-C4 genotype 10.11.2

Al,BI,Cl1 Mitotic metaphase chromosomes
(blue fluorescence, DAPT)

A2,B2,C2 FISH signals corresponding to the 25S rDNA probe
(red fluorescence, TAMRA)

A3,B3,C3 FISH signals corresponding to the 5S rDNA probe

(green fluorescence, FITC)

A4 Superimposed channels A1 - A3
B4 Superimposed channels B1 - B3
C4 Superimposed channels C1 - C3

Bd', Bd" — B. distachyon-inherited chromosomes that bear 35S rDNA loci.

Bs', Bs" — B. stacei-inherited chromosomes that bear 35S rDNA loci.

Scale bars: 5 pm
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Figure 21

FISH with 25S rDNA and SS rDNA probes on the mitotic metaphase chromosomes of
B. hybridum genotypes ABR118, ABR121 and ABR130.

Al-A4 genotype ABR118

B1-B4 genotype ABR121

Cl1-C4 genotype ABR130

Al,BI,Cl1 Mitotic metaphase chromosomes
(blue fluorescence, DAPT)

A2,B2,C2 FISH signals corresponding to the 25S rDNA probe
(red fluorescence, TAMRA)

A3,B3,C3 FISH signals corresponding to the 5S rDNA probe

(green fluorescence, FITC)

A4 Superimposed channels A1 - A3
B4 Superimposed channels B1 - B3
C4 Superimposed channels C1 - C3

Bd', Bd" — B. distachyon-inherited chromosomes that bear 35S rDNA loci.

Bs', Bs" — B. stacei-inherited chromosomes that bear 35S rDNA loci.

Scale bars: 5 pm
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Figure 22

FISH with 25S rDNA and SS rDNA probes on the mitotic metaphase chromosomes of
B. hybridum genotype ABR132.

Al-A4 genotype ABR132

Al Mitotic metaphase chromosomes
(blue fluorescence, DAPI)

A2 FISH signals corresponding to the 25S rDNA probe
(red fluorescence, TAMRA)

A3 FISH signals corresponding to the 5S rDNA probe

(green fluorescence, FITC)

A4 Superimposed channels Al - A3

Bd', Bd" — B. distachyon-inherited chromosomes that bear 35S rDNA loci.
Bs', Bs" — B. stacei-inherited chromosomes that bear 35S rDNA loci.

Scale bars: 5 pm
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Figure 23

FISH with 25S rDNA and SS rDNA probes on the mitotic metaphase chromosomes of
B. hybridum genotype 12.23.2.

Al-A4 genotype 12.23.2

Al Mitotic metaphase chromosomes
(blue fluorescence, DAPI)

A2 FISH signals corresponding to the 25S rDNA probe
(red fluorescence, TAMRA)

A3 FISH signals corresponding to the 5S rDNA probe

(green fluorescence, FITC)

A4 Superimposed channels Al - A3

Bd', Bd" — B. distachyon-inherited chromosomes that bear 35S rDNA loci.
Bs', Bs" — B. stacei-inherited chromosomes that bear 35S rDNA loci.

Scale bars: 5 pm
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Figure 24

FISH with 25S rDNA and 5S rDNA probes on the mitotic metaphase chromosomes
of B. hybridum genotype 2.2.2.

Al-A4 genotype 2.2.2

Al Mitotic metaphase chromosomes
(blue fluorescence, DAPI)

A2 FISH signals corresponding to the 25S rDNA probe
(red fluorescence, TAMRA)

A3 FISH signals corresponding to the 5S rDNA probe

(green fluorescence, FITC)

A4 Superimposed channels Al - A3

Bd', Bd" — B. distachyon-inherited chromosomes that bear 35S rDNA loci.

Bs', Bs" — B. stacei-inherited chromosomes that bear 35S rDNA loci.

Scale bars: 5 pm
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4.2. Determination of the 35S rDNA homoeologue ratios among the
B. hybridum genotypes.

The gCAPS method was employed to verify the presence of both ancestral 35S rDNA
homoeologues in 58 B. hybridum genotypes (Figure 25). Due to the divergence in the
ITS1 region between the D- and S-subgenome homoeologues, only the D-subgenome
PCR product was cut by Mlul, giving two bands on the agarose gel. In contrast, the
B. stacei-like PCR product remained uncut due to a lack of the Mlul recognition site (see
Figure 2). The intensity of the uncut, S-subgenome band differed between the studied
B. hybridum genotypes. For example, genotypes 3.4.2 and 10.11.2, characterised by
strong bands corresponding to S-subgenome fragments (Figure 25), also demonstrated
strong S-subgenome hybridisation signals after FISH (Figure 20, A1-A4 and C1-C4). In
contrast, genotypes 1.24.1 and 21.11.1 were characterised by the presence of S-
subgenome 25S rDNA FISH signals of very low intensity (Figure 16, A1-A4 and Figure
17, C1-C4, respectively) after gCAPS showed weak bands corresponding to S-
subgenome PCR products (Figure 25). Genotype 12.23.2 showed an almost undetectable
B. stacei-like band after gCAPS (Figure 25) and no 25S rDNA FISH signal on S-

subgenome chromosomes (Figure 23, A1-A4).
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Figure 25



Figure 25

The Mlul gel restriction profiles of the '18S rDNA fragment-ITS1' PCR products
obtained from the leaf gDNA from 58 B. hybridum genotypes.

Bs — the uncut S-subgenome PCR product with a molecular mass of 678 base pairs.

Bd — D-subgenome bands with a molecular mass of 370 and 308 base pairs.
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Results

4.2.1. 35S rDNA homoeologue ratios among the B. hybridum genotypes
determined by Southern blot.

Southern blot hybridisation with a fragment of 25S rDNA as a probe was performed on
gDNAs from nine B. hybridum genotypes to determine the ancestral 35S rDNA ratios
(Figure 26). Two B. stacei genotypes (ABR114 and Bsta5) and one B. distachyon
genotype (Bd21) were analysed as references. To determine the contribution of the
B. distachyon- and B. stacei-inherited tDNA loci, the radioactivity of the bands was
quantified using a phosphorimager. It was shown that the D-subgenome 35S rDNA units
were more abundant than the S-subgenome units for all but one (genotype 3.4.2) of the
studied genotypes (Table 8, Figure 26B). B. hybridum genotype 12.23.2 has rDNA
homeologs from the D-subgenome, but an additional rDNA family with a molecular
weight similar (but not the same) to the rDNA from the S-subgenome was identified on
the membrane (Figure 26A, Table 8). Interestingly, in B. stacei genotype Bsta5, the
presence of two 35S rDNA families was found — the units of one 35S rDNA family
cleaved twice by the Bg/Il enzyme; however, the units from the other 35S rDNA family
were cleaved only once, which is most likely due to mutations in one of the restriction

sites. In B. stacei genotype ABR114, only one 35S rDNA family is present.

Table 8. The D- and S-subgenome rDNA content of selected B. hybridum genotypes
quantified based on Southern blot results. The homoeologue gene number is denoted as a
proportion of the Bd-like 35S rDNA or Bs-like 35S rDNA to the total rDNA and shown

as percentages.

Genotype | Bd-like 35S rDNA (%)  Bs-like 35S rDNA (%)
ABRI113 71.2 28.8
3-7-2 61.7 38.3
222 72.7 27.3
12.23.2 78.0 22.0
3.4.2 46.7 533
10.11.2 68.8 31.2
10.19.5 73.5 26.5
24.1 64.8 35.2
ABRI132 68.0 32.0
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Figure 26



Figure 26

The structure of the 35S rDNA loci in nine genotypes of B. hybridum.

A. Southern blot hybridisation of the gDNA from B. distachyon, B. stacei and nine
B. hybridum genotypes subjected to Bg/II restriction. The blot was hybridised with
the 25S rDNA probe.

B. The quantification of D- and S-subgenome 35S rDNA homoeologous ratio.

S — S-subgenome 35SrDNA after Bg/Il treatment.
D — D-subgenome 35S rDNA after Bg/Il treatment.
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Results

4.2.2. The D- and S-subgenome 35S rDNA ancestral contributions in
selected B. hybridum genotypes based on bioinformatic analysis.

As the Material and Methods section outlined, the bioinformatic analysis was conducted
to estimate the approximate D- and S-subgenome 35S rDNA ratio in selected B. hybridum
genotypes. Raw reads from B. hybridum genotypes 3-7-2,2.2.2, 12.23.2,3.4.2, 10.11.2,
10.19.5, 24.1, and ABR132 were used to determine D- and S-subgenome rDNA
contributions. A 50-bp sequence, originating from the ITS1 that shows approximately
10% divergence between the D- and S-subgenome rDNA consensus sequences, was
chosen. The ITS1 fragment from the S-subgenome was subjected to BLAST analysis
against the B. hybridum raw Illumina reads local libraries of each genotype. The identified
sequences were extracted, trimmed, sampled, and aligned, following the procedures
outlined in the Material and Methods. Subsequently, an alignment comprising 500 reads
was used to construct a neighbour-joining phylogenetic tree (Figure 27).

In genotype ABR113, the ancestral 35S rDNA ratio was presented in Borowska-
Zuchowska et al. (2020) and showed that the D-genome-like rDNA constitutes 74% of
the total 35S rDNA, while the S-genome one accounted for 26%. The ancestral 35S rDNA
contributions of the rest of the genotypes are shown in Table 9. B. hybridum genotypes
12.23.2 and 10.19.5 demonstrate the low amount of Bs-like 35S rDNA according to the
Illumina reads count, which is congruent with data from FISH and Southern blot
techniques.

The bioinformatic analysis was conducted to determine 35S rDNA read coverage
in selected B. hybridum genotypes. The 35S rDNA consensus sequences of different
B. hybridum genotypes, including 3-7-2,2.2.2, 12.23.2,3.4.2,10.11.2, 10.19.5, 24.1 and
ABR132, were extracted as outlined in the Material and Methods section. Genotypes
12.23.2 and 10.19.5 showed low reads coverage (Figure 28) to S-subgenome S2
consensus, which, in congruence with FISH and Southern blot data, can also serve as

indirect proof of low copy number S-subgenome 35S rDNA units in these genotypes.
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Table 9. The D- and S-subgenome rDNA contributions of selected B. hybridum genotypes

quantified by raw Illumina reads.

Genotype

ABR113
3-7-2
222

12.23.2
342
10.11.2
10.19.5
24.1
ABR132
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Figure 27



Figure 27

Circular phylogenetic trees of selected B. hybridum genotypes for ratio estimation of

35S rDNA homoeologues content.

Blue colour — S-subgenome clade
Red colour — D-subgenome clade
Scale — tree scale

Numbers — bootstrap values

* 500 reads were used for each tree
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Figure 28



Figure 28

Read coverage of 35S rDNA unit in selected B. hybridum genotypes.

Raw Illumina reads mapped to Bd- and Bs-specific 35S rDNA consensus sequences of

B. hybridum (Consensus D2 and S2).

Red triangles indicate IGS regions of D-subgenome (~2.3 kb) and S-subgenome (~3.5
kb) 35S rDNA.

* —number of reads
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Results

4.3. 18S rDNA and ITS1 homogeneity in selected B. hybridum genotypes.

In order to investigate the homogeneity of the whole ITS1 region and a part of the 18S
rDNA, the cloned 18S rDNA-ITS1 sequences of B. stacei genotype ABR114 (15 clones),
B. hybridum genotype ABR113 (30 clones) and B. hybridum genotypes ABR101 and
2.2.2 (15 clones) were analysed. B. stacei genotype ABR114 showed a high level of
homogeneity in both 18S rDNA and ITS1 (Figure 29). In the case of B. hybridum
genotype 2.2.2, four clones belonging to the D-subgenome demonstrated a high level of
homogeneity, while, among S-clade clones, one (indicated in red in Figure 29) was
probably a pseudogene having 11 SNPs in the coding region. Genotype ABRI113
demonstrated high homogeneity among all clones analysed except one clone from the S-
subgenome having 10 SNPs in the ITS1 region. Genotype ABR101 had only two clones
from the D-subgenome, and both clones showed a low number of SNPs.

Overall, the ITS1 sequence was more homogeneous in B. stacei than B. stacei-
derived ITS1 in B. hybridum. 18S rDNA sequence is more homogeneous than the ITS1

sequence in both studied species.
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Figure 29



Figure 29

B. hybridum and B. stacei 18S rDNA and I'TS1 sequences aligned to the reference D-

and S-subgenome 18S rDNA and ITS1 sequences for homogeneity level assessment.

Red rectangle — possible pseudogene sequence.
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Results

4.4. Chloroplast haplotype analysis of selected B. hybridum genotypes.
In order to determine the maternal lineage of the chloroplast DNA (cpDNA) among the
studied B. hybridum genotypes, a fragment of the chloroplast t7rnLLF gene was amplified,
sequenced and aligned. The linkage between chloroplast origin and the presence of the S-
subgenome rRNA gene expression can provide evidence for the impact of the maternal
effect on ND. The 1.12.1, 1.24.1, 2.2.2, 2.6.1, 3.4.2, 3.16.1, 4.5.2, 5.6.5, 5.8.3, 6.5.1,
7.19.2,7.27.1,8.5.4,8.8.2,9.1.3,9.7.6,10.11.2, 10.19.5, 11.24.1, 12.5.3, 12.23.2, 13.3.5,
13.19.2, 14.2.2, 15.3.1, 16.2.5, 18.5.2, 18.6.1, 19.16.5, 21.7.2, 21.11.1, 23.101, 24.1,
26.12, 26.24, 28.28, 28.29, 29.3, 29.5, 31.8, ABR103, ABR113, ABR116, ABR118,
ABR119, ABRI121, ABRI123, ABR124, ABR127, ABR129, ABR130, ABRI132,
ABR134, ABR135, ABR136, ABR137, ABR138 and 3-7-2 B. hybridum genotypes were
used for haplotype analysis. The S-subgenome cpDNA origin was found in all 58
B. hybridum genotypes with a confidence level of 90 through sequencing, alignment, and
phylogenetic analyses (Figure 30). Interestingly, the genotypes that exhibited strong S-
subgenome 35S rRNA gene activation in their adventitious roots and leaves were found
to possess cpDNA inherited from B. stacei, implying the lack of correlation between the

maternal origin and ND.
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Figure 30



Figure 30

A phylogenetic tree based on the trnLF chloroplast gene fragment in 58 B. hybridum
genotypes.

The bootstrap value is highlighted in a red circle.
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Results

4.5. The expression patterns of B. hybridum 35S rDNA homoeologues.

4.5.1. Ancestral 35S rDNA expression status in B. hybridum using RT-
CAPS technique.

In order to assess the ancestral 35S rDNA expression patterns in B. hybridum, the RT-
CAPS approach (Sochorova et al., 2017) was performed taking advantage of the ITS1
sequence polymorphism. As shown in Figure 2, the upper band represents the uncut
B. stacei ITS1 region, and the lower bands represent the cut D-subgenome ITS1 region.
Total RNA from the leaf tissue of 61 B. hybridum genotypes was isolated and converted
to cDNA with the subsequent RT-CAPS analysis. The results of the RT-CAPS approach
are presented in Figure 31A. The D-subgenome ITS1 bands were present in all analysed
tissues if all genotypes, showing their presence in 35S pre-rRNA transcripts.
Interestingly, none of the genotypes showed the presence of a B. stacei-originated ITS1,
indicating a strong ND in the leaves of the studied genotypes. The next generation of
plants was analysed using the same approach, and two genotypes (2.2.2 and 3.4.2) showed
the presence of the S-subgenome band, indicating the ND abolishment (Figure 31B).

The 35S rRNA gene expression patterns were also analysed in adventitious roots
of 60 B. hybridum genotypes. As in the case of leaves, the D-subgenome 35S rRNA genes
were transcribed in all analysed genotypes (Figure 32). Interestingly, almost half of the
studied genotypes showed the presence of the S-subgenome band, indicating the
expression of the S-subgenome 35S rRNA genes (Figure 32). Moreover, the intensity of
S-subgenome bands varied among genotypes, demonstrating differences in the expression
level of 35S rRNA genes.

During the RT-CAPS experiment on adventitious roots, B. hybridum genotypes
13.19.2, 24.1, ABR103, ABR123, ABR129 and ABR138 showed differences in 35S
rRNA gene expression between generations. To investigate the generation-specific 35S
rRNA gene expression, the pre-rRNA transcripts from adventitious roots of B. hybridum
genotypes 13.19.2, 24.1, ABR103, ABR123, ABR129 and ABR138 were analysed. All
genotypes, apart from genotypes ABR138 and ABRI123, were analysed in two
generations of plants and genotypes 13.19.2 and ABR129 showed a difference in S-
subgenome rRNA gene expression in T2 and T3 generations (see Figure 33).
Interestingly, genotypes 13.19.2, ABR123, ABR129 and ABR 138 showed differences in
35S rRNA homoeologues expression between individual plants belonging to the same

generation.
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4.5.2. Ancestral 35S rDNA units expression in B. hybridum using RT-
qPCR.

Three B. hybridum genotypes (ABR113, 3-7-2 and 2.2.2) were analysed by RT-qPCR in
order to shed more light on the changes in the ancestral 35S rRNA gene expression during
the plant development. The genotypes used in the experiment were chosen based on their
differential expression of 35S rDNA homoeologues, as shown by the RT-CAPS
approach. Primers specific to either the D- or S-subgenome ITS1 were used in each
reaction to assess their presence among the pre-rRNA transcripts. Total RNA was isolated
from primary roots, adventitious roots, leaves from 4-, 6-, and 8-week-old plants, and
spikes that contain meiocytes. The obtained cDNAs were used as templates in RT-qPCR
reactions.

The D-subgenome 35S pre-rRNA transcripts were present in all analysed tissues
and genotypes (Figures 31-34). The expression patterns of the S-subgenome rRNA genes
were more variable. In the case of the reference genotype ABR113, a strong ND towards
the D-subgenome 35S rDNA was observed. No S-subgenome PCR products were
detected in all but one studied tissue (Figure 34A). The adventitious roots were the only
tissue where S-subgenome pre-rRNA transcripts were found. However, the expression
level of the S-subgenome 35S rRNA genes was 60-140 times lower than the D-
subgenome ones, reaching only up to 1.5% of total pre-rRNA transcripts that were
detected (Figure 34A). It should be noted that the RT-qPCR cycle threshold was detected
at the 24th cycle, indicating the first discovery of expression of B. stacei-specific IRNA
genes in the ABR113 genotype of B. hybridum.

In genotype 3-7-2, the S-subgenome 35S rRNA genes were expressed in the
leaves from the 6-week-old plants, adventitious roots and primary roots (Figure 34A).
Primary roots showed expression of S-subgenome rRNA genes in the range of 17-20%
of total pre-rRNA gene transcripts; at the same time, adventitious roots demonstrated this
expression at 50-65%. Surprisingly, among all the leaf tissues analysed, only leaves from
6-week-old plants showed some traces of S-subgenome 35S pre-rRNA transcripts,
amounting to 1-2% of total pre-rRNA.

Interestingly, genotype 2.2.2 demonstrated the prevailing expression of S-
subgenome rRNA genes in primary and adventitious roots, amounting to 81% and 93%
of total pre-rRNA transcripts, respectively. The expression of the S-subgenome rRNA
genes in the leaves of 4-, 6-, and 8-week-old plants showed a variation, with a general

trend of decreasing the expression level as the plants aged (see Figure 34A). To shed more
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light on the variability in S-subgenome rRNA gene expression in leaf tissue, the leaves
from 6-week-old plants of 10 individuals were studied by RT-qPCR and RT-CAPS
techniques. The ancestral pre-rRNA ratio, in this case, was dependent on the specific plant
and not on the genotype itself. Spike tissue demonstrated slight S-subgenome rRNA gene
expression in the range of 1-3% of the total 35S pre-rRNA transcripts. The standard

deviation calculation based on three biological replicates is presented in Figure 34B.
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Figure 31



Figure 31

Expression analysis of the 35S rRNA genes in the leaf tissue of 61 B. hybridum
genotypes using the RT-CAPS method.

A. The gel restriction profiles of the ITS1 PCR products were obtained from the leaf
cDNA of 61 B. hybridum genotypes.

B. The gel restriction profiles of the ITS1 PCR products were obtained from the leaf

cDNA of the first and the second generation of B. hybridum genotypes 2.2.2 and
3.4.2.

S — S-subgenome RT-CAPS fragment after M/ul treatment.
D — D-subgenome RT-CAPS fragment after M/ul treatment.
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Figure 32



Figure 32

Analysis of the 35S rRNA gene expression in the adventitious root tissue of 60

B. hybridum genotypes using the RT-CAPS method.

The gel restriction profiles of the ITS1 PCR products were obtained from the adventitious
root cDNA of 60 B. hybridum genotypes.

S — S-subgenome RT-CAPS fragment after M/ul treatment.
D — D-subgenome RT-CAPS fragment after M/ul treatment.



W |s
-1 -—t=t-1-1 1T 1-1-% 31 1 =1

U Rl

w|s

——— 1 R T R by

-
e

-*

- Py YT ™S
=T~ ~ 111~ 1211 - [~ 1-t=t=t=t—t=t 1=tV

4 )

Ve

bomd ] ol B

|

|
| W

145:1511584853



Figure 33



Figure 33

Analysis of the 35S rRNA gene expression in adventitious roots of six B. hybridum

genotypes using the RT-CAPS method.

The gel restriction profiles of the ITS1 PCR products were obtained from adventitious

roots cDNA of 6 B. hybridum genotypes in the T2 and T3 generations.

S — S-subgenome RT-CAPS fragment after M/ul treatment.
D — D-subgenome RT-CAPS fragment after M/ul treatment.
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Figure 34



Figure 34

S- and D-subgenome 35S rRNA gene expression ratio in B. hybridum genotypes
ABR113, 3-7-2 and 2.2.2 at different developmental stages.

A. Quantification of D- and S-subgenome 35S pre-rRNA transcripts in different
tissues of genotypes ABRI113, 3-7-2, and 2.2.2 using primers specific to
B. distachyon and B. stacei ITS1 region.

B. Standard deviation calculation based on three biological replicates. No significant
differences were observed between the values indicated by the same letter. Due to
the high standard deviation in the leaves of the 2.2.2 line (marked with *), these

values were excluded from the statistical analysis.

Orange colour — Bs-like rRNA gene expression.
Grey colour — Bd-like rRNA gene expression.

d — days

w — weeks

Adv. roots — adventitious roots
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Results

4.6. DNA methylation analysis of the 35S rDNA in selected B. hybridum
genotypes using Southern blot hybridisation.

In order to establish the DNA methylation status of ancestral 35S rDNA units in different
B. hybridum genotypes, the Southern blot hybridisation with 25S rDNA as a probe on the
gDNAs subjected to restriction with methylation-sensitive enzyme Pstl was applied.
Overall, one B. distachyon genotype Bd21, two B. stacei genotypes Bsta5 and ABR114
and eight B. hybridum genotypes: ABR113, 3-7-2,2.2.2,12.23.2,3.4.2,10.11.2, 10.19.5,
28.29, 24.1 and ABR132 were analysed. The B. distachyon and B. stacei genotypes were
used as controls. PstI restriction maps of the 35S rDNA units of B. distachyon and
B. stacei are presented in Figure 4 in the Materials and Methods section. Only
B. hybridum genotypes 2.2.2 and 3.4.2 showed the presence of the S-subgenome
unmethylated 35S rDNA units. No S-subgenome bands corresponding to the
unmethylated 35S rDNA units were observed in the other analysed genotypes (Figure
35A).

To verify whether DNA methylation affects the rRNA gene expression, total
gDNA was also isolated from the plants in which the expression of 35S rRNA genes at
various stages of ontogenesis was analysed (genotypes ABR113, 2.2.2, and 3-7-2) and
subjected to Pstl digestion. As shown in Figure 35A, genotype ABR113 lacks the S-
subgenome unmethylated 35S rDNA in all studied tissues, confirming that methylation
of 35S rDNA units is correlated with the absence of their expression. In contrast, in the
case of all studied tissues of genotype 2.2.2, the S-subgenome unmethylated rDNA units
were observed. Among genotype 3-7-2 and ABR113, only gDNA isolated from
adventitious roots of genotype 3-7-2 showed the presence of the S-subgenome
unmethylated rDNA units (Figure 35B). In all tissues and genotypes, the presence or
absence of DNA methylation correlated with the expression of 35S rRNA genes.

The analysis of methylation in the gDNA of leaves isolated from eight individuals
of the B. hybridum genotype 2.2.2 revealed the presence of an unmethylated fragment

resembling B. stacei in all of the individuals examined (as shown in Figure 35C).

53



Figure 35



Figure 35

DNA methylation analysis of the 35S rDNA homoeologues in eight B. hybridum
genotypes.

A. Southern blot hybridisation of the gDNAs from B. distachyon (Bd21), B. stacei
(Bsta5, ABR114) and the eight B. hybridum genotypes (ABR113, 12.23.2,3.4.2,
10.11.2, 10.19.5, 28.29, 24.1 and ABR132) digested with PsI.

B. Southern blot hybridisation of the gDNAs from B. hybridum genotypes ABR113,
3-7-3, 2.2.2 digested with Pstl. The gDNAs subjected to restriction were isolated
at different stages of B. hybridum development: 6-week-old adventitious roots, 4-
week-old leaves, 6-week-old leaves and 8-week-old leaves.

C. Southern blot hybridisation of the gDNAs from B. hybridum genotype 2.2.2
digested with Psfl. The gDNAs were isolated from eight individuals (eight

biological replicates) from the greenish leaves of 6-week-old plants.

S — S-subgenome unmethylated component after Ps¢I treatment.
D — D-subgenome unmethylated component after PstI treatment.
AR — adventitious root

L —leaf

w — week

[-VIII — individual plants



6w 8w 6w 4w 6w 8w 6w 4w 6w 8w

6w 4w

B

AR L L L ARL L L AR L L L

155:6252947687



Results

4.7.  Geographical localisation of the selected B. hybridum genotypes across
the annual average rainfall in Israel.

In order to discover a possible correlation between aridity level and S-subgenome rRNA
gene expression, the GPS coordinates of selected B. hybridum genotype locations were
set on the Israel map (see Figure 36). Overall, 41 collected B. hybridum genotypes were
placed on the aridity map — 1.12.1, 1.24.1, 2.2.2, 2.6.1, 3.4.2, 3.16.1, 4.5.2, 5.6.5, 5.8.3,
6.5.1,7.19.2,7.27.1, 8.5.4,8.8.2,9.1.3,9.7.6, 10.11.2, 10.19.5, 11.24.1, 12.5.3, 12.23.2,
13.3.5, 13.19.2, 14.2.2, 15.3.1, 16.2.5, 18.5.2, 18.6.1, 19.16.5, 21.7.2, 21.11.1, 23.101,
24.1,24.3,26.12,26.24, 28.28, 28.29, 29.3, 29.5, 31.8. The genotypes that were analysed
encompassed all of the primary aridity zones in Israel. B. hybridum genotypes with S-
subgenome rDNA expression exceeding 10% in adventitious roots were located in
different aridity zones, implying that aridity level does not seem to affect the nucleolar

dominance in B. hybridum.
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Figure 36



Figure 36

Geographical localisation of selected B. hybridum genotypes along aridity gradient

in Israel.

Rainfall data represent mean (mm) for the 1981-2010 years.

Blue stars — B. hybridum genotypes with S-subgenome rDNA expression exceeding 10%

in adventitious roots.

The population number on the map corresponds to the first number in the genotype name;
e.g., 1 on the map of Israel corresponds to the collection site of genotypes 1.12.1 and

1.24.1.
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Discussion

5.  DISCUSSION

5.1. The evolution of the ancestral 35S rDNA homoeologues in different B.
hybridum genotypes.

The evolutionary history of the 35S rDNA homoeologues in allopolyploids can be
accompanied by various scenarios (Volkov et al., 2007), including (i) the maintenance of
both rDNA homoeologues without changes (Volkov et al., 2003); (i1) the elimination or
conversion of the rDNA units of one ancestral species resulting in the uniparental
inheritance (Wendel et al., 1995; Kotseruba et al., 2003); and (iii) the uniparental
inheritance followed by structural changes that give rise to new rDNA families (Kovarik
et al., 2008; Borowska-Zuchowska et al., 2020). To better understand the 35S rDNA
evolutionary pathways in B. hybridum, the number, chromosomal localisation, and
ancestral contributions of these rRNA gene loci were determined in the genotypes
originating from different geographical locations, including the natural habitats in Israel.

In most analysed genotypes (49 out of 50), FISH with 25S rDNA as a probe
showed the presence of two chromosomal pairs bearing the 35S rDNA loci. The diploid
species that resemble the ancestors of B. hybridum — B. distachyon and B. stacei — possess
one 35S rDNA locus and one 5S rDNA locus per genome (Hasterok et al., 2004; Lusinska
et al., 2018). Thus, most of the B. hybridum genotypes studied in this work had the sum
of the rDNA loci expected from the numbers present in the putative ancestors. These
results were further supported by the Southern blot hybridisation and gCAPS screening,
in which both the D- and S-subgenome 35S rDNA homoeologues were detected in all but
one of the studied B. hybridum genotypes.

An example of the first scenario of the 35 rDNA homoeologues evolution in
allopolyploids — the maintenance of both rDNA homoeologues without detectable
changes — can be demonstrated by seven B. hybridum genotypes, which showed very
intense 25S rDNA FISH signal corresponding to the B. stacei-like rtDNA and includes
two ABR genotypes and five genotypes originated from Israel. This scenario is also
supported by the observation that genotypes ABR132 and 3.4.2 have comparable
proportions of D- and S-subgenome 35S rDNA, as was shown by bioinformatic analysis,
gCAPS and Southern hybridisation. These suggest no gradual elimination of the S-
subgenome 35S rDNA in these genotypes.

The second scenario describing the elimination or conversion of the rDNA units

of one ancestral species resulting in uniparental inheritance was observed in most of the
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investigated genotypes (42 out of 50) and was characterised by D-subgenome
chromosomes having more intense 25S rDNA hybridisation signals than S-subgenome
ones. Interestingly, the hybridisation signals corresponding to S-subgenome 35S rDNA
were barely visible in some studied accessions. This observation was further supported
by the Southern blot hybridisation with the 25S rDNA as a probe, in which the S-
subgenome 35S rDNA contribution accounted for less than half of the total rDNA in the
genotypes representing this evolutionary scenario. Previous studies on different
B. hybridum genotypes, including the reference line ABR113, also revealed the presence
of substantially smaller FISH signals corresponding to 35S rDNA loci of the S-
subgenome (Borowska-Zuchowska et al., 2016; Borowska-Zuchowska et al., 2020),
suggesting a reduction in the copy number of the under-dominant B. stacei-inherited
rRNA genes. The quantification of 35S rDNA homoeologues in different B. hybridum
genotypes also showed that the contribution of the S-subgenome 35S rDNA units varied
from 7% in genotype ABR100 to 39% in genotype ABR101 (Borowska-Zuchowska et
al., 2020). Moreover, the fact that genotype 10.19.5 has almost all of the IGS reads from
the D-subgenome could indicate that the 35S rDNA in this genotype is predominantly
derived from the D-subgenome.

The removal of S-subgenome rDNA units may still be in progress in some
B. hybridum genotypes, and the variability in 35S rDNA signal intensity among
genotypes can be explained by the differences in the number of S-subgenome units
presented in the B. hybridum genome (Borowska-Zuchowska et al., 2020). The gradual
elimination of the under-dominant rDNA units is most likely related to the diploidisation
of allotetraploid B. hybridum (Baduel et al., 2018). Such a difference in the ratio of D-
and S-subgenome rDNA units may be explained by the polyphyletic origin of
B. hybridum. It is assumed that B. hybridum arose at least two times as a result of crosses
between two ancestral species that resemble modern B. distachyon and B. stacei that took
place between ~1.4 and ~0.14 million years ago (Lopez-Alvarez et al., 2012; Diaz-Pérez
et al., 2018; Gordon et al., 2020). The reduction of the under-dominant 35S rDNA loci
was also shown in different allopolyploid species that belong to genera such as Nicotiana
(Dadejova et al., 2007; Volkov et al., 2007; Kovarik et al., 2008), Tragopogon (Dobesova
et al., 2015; Huska et al., 2016) and Brassica (Ksigzczyk et al., 2011; Sochorova et al.,
2017).

In one studied genotype (12.23.2 from Israel), the 25S rDNA FISH signal was

observed in one pair of chromosomes from the D-subgenome, while the Bs6 chromosome
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inherited from B. stacei did not exhibit any signal. Therefore, the FISH image of this
genotype displayed a unique pattern, wherein only one pair of chromosomes carried the
35S rDNA loci. Distinct rDNA knobs were positioned at the ends of the D-subgenome
secondary constrictions. gCAPS showed the presence of the S-subgenome rDNA
remnants in this accession. Bioinformatic analysis of the Illumina raw reads allowed to
estimate the approximate 35S rDNA homoeologue ratio in this B. hybridum genotype.
According to the reads count, S-subgenome 35S rDNA comprised as little as 1.6 % of the
total 35S rDNA reads. This result is in congruence with data provided by FISH and
gCAPS experiments. At least one more B. hybridum genotype, ABR117, also showed a
lack of S-subgenome rDNA FISH signal, as shown by Hasterok et al. (2004) and
Borowska-Zuchowska et al. (2016). Further studies on ABR117 revealed the presence of
some S-subgenome 35S rDNA units (one S-subgenome 35S rDNA family out of two that
were present in other B. hybridum accessions) that accounted for as little as 8% of the
total rDNA, which was probably below the resolution of the FISH method (Borowska-
Zuchowska et al., 2020). Analysis of gCAPS data obtained from B. hybridum genotype
ABR117 showed the presence of an S-subgenome ITS1, and Southern blot also
demonstrated a signal corresponding to S-subgenome rDNA homoeologue (Borowska-
Zuchowska et al., 2020).

Also, in the case of genotype 12.23.2, the Southern blot hybridisation
demonstrated one rDNA family, meaning a single cut with Bg/II within the repeated unit.
The contribution of this rDNA component accounted for 22% of the total rDNA, which
did not corroborate the results obtained by FISH, gCAPS and bioinformatic analysis for
the S-subgenome 35S rDNA. This can be explained through an intergenomic transfer of
S-subgenome rDNA to the B. distachyon-derived 35S rDNA loci and structural
alterations leading to the emergence of a new rDNA family. An analogous process was
described by Kovarik et al. (2008) and Clarkson et al. (2005) in evolutionary old
Nicotiana allopolyploids. Interestingly, the length of the new rDNA family revealed by
Southern blot was comparable but not the same as the S-subgenome rDNA.. It was further
supported by the bioinformatic analysis of the Illumina reads, which showed low reads
coverage in the S-subgenome IGS region in 12.23.2. It can be speculated that this new
rDNA family is now located in this heterochromatic knob on chromosomes from the D-
subgenome.

However, further experiments are required to investigate the structure of the 35S

rDNA loci in genotype 12.23.2. For example, it may be necessary to design primers
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specific to the NTS of the S-subgenome 35S rDNA to create a B. stacei-specific probe.
Subsequent FISH experiments using this probe would then allow to detect the S-
subgenome 35S rDNA signal located on chromosomes resembling those of B. distachyon.
Such signal distribution may indicate the intergenomic transfer of rDNA loci between
chromosomes belonging to different ancestors. To explore the structure of 35S rDNA loci
in genotype 12.23.2, an alternative approach would be to perform PacBio long-read
sequencing of the complete 35S rDNA units derived from both ancestral species.

Interestingly, the diploid B. stacei genotypes Bsta5 and ABR114 exhibited
different restriction patterns. The observed variation in restriction patterns after Bg/Il
digestion between both genotypes can be attributed to distinct rDNA families. Since
differences in the DNA sequence at the recognition sequence can lead to specific cleavage
patterns, differences in restriction patterns between ABR114 and Bsta5 may suggest
different evolution of 35S rDNA loci in these genotypes.

Overall, these findings demonstrate the utility of FISH, Southern blot, gCAPS and
Illumina sequencing data in investigating the structure of rDNA units in B. hybridum and
providing insights into the origin and evolution of 35S rDNA in this species. However,
further studies, including long-read sequencing capable of covering the whole rDNA unit,
are needed to fully understand the mechanisms underlying the observed differences in

rDNA unit structure and elucidate their functional implications.

5.1.1. Homogeneity of ITS1 and 18S rDNA in B. stacei and B. hybridum.
The homogeneity analysis of ITS1 and 18S rDNA regions overall showed a higher level
of similarity in the ITS1 region of B. stacei compared to the B. stacei-derived ITS1 in
B. hybridum. In B. hybridum (at least in the genotypes analysed in this study), S-
subgenome 35S rDNA was suppressed in most analysed tissues. However, in the diploid
like B. stacei, the TRNA genes cannot be suppressed since they are housekeeping genes.
Thus, the lower homogeneity level in the B. stacei-derived 35S rDNA in B. hybridum
may be connected with the accumulation of mutations in the rDNA units that are not
transcribed. Therefore, the ITS1 in B. stacei is somewhat more homogeneous. The 18S
rDNA sequence was found to be more homogeneous in both species. Such distribution
pattern of SNPs in the rDNA units, where the 18S rDNA region is significantly more
conserved than the non-coding ITS1 sequence, has been observed in various plants,

including 4. thaliana (Rabanal et al., 2017) and Nicotiana species (Lunerova et al., 2017).
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The presence of 11 SNPs in the coding region of 18S rDNA in one of the B. stacei-
like clones of B. hybridum genotype 2.2.2 suggested that this rDNA unit accumulated
mutations and became a pseudogene. Escape from concerted evolution was also observed
in tDNA sequences of Cycas revoluta and transmembrane gene CEACAM32 in cattle
(Bos taurus) (Wang et al., 2016; Hanske et al., 2020).

It is essential to highlight that the distribution of SNPs was not consistent across
the coding and non-coding subregions (Subramanian and Kumar, 2003). Specifically, the
ITS1 sequence displayed a significantly higher number of SNPs, which is expected
because this sequence evolves faster than coding regions. Interestingly, this finding
contradicts the results of rDNA studies conducted on C. revoluta, where mutations
impacting the numerous pseudogenes were observed at similar frequencies in both the
coding and non-coding regions (Wang et al., 2016). However, the authors specify that the
case of C. revoluta rDNA pseudogenisation is rather an exception among studied species.
The pseudogene clone found in B. hybridum genotype 2.2.2 may represent an example of
an tDNA pseudogene in plants, and further investigation is needed to determine its
evolutionary origin and implications for the homogenisation of rDNA in this genotype.
The low levels of SNPs observed in the 18S region of both species suggest that this region
is highly conserved.

ITSI and 18S region analysis provides insights into the homogeneity of rDNA
regions in closely related plant species and highlights the need for further investigation
into the evolutionary mechanisms underlying rDNA variability. The results have
implications for using rDNA regions as molecular markers and provide a foundation for
future studies investigating the evolution and diversity of these regions in related species

(Delorme-Hinoux et al., 2023).

5.2. Developmental regulation of ND in B. hybridum
ND is a tissue-specific phenomenon likely to rely on the current tissue demands in
ribosomal synthesis (Brombin et al., 2015). The expression of 35S rRNA genes is
significantly higher in root and callus than in mature leaves in Nicotiana (Koukalova et
al., 2005). The same expression imbalance was observed in Tragopogon: callus, root and
flower bud showed higher levels of 35S rRNA expression than old and young leaves
(Dobesova et al., 2015). Fluctuations in ND stability were observed in different organs of

B. napus (AACC, where C genome derived from B. oleracea and A genome from
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B. rapa), where usually absent B. oleracea-derived rRNA transcripts were detected in
floral buds, sepals, petals, anthers and siliques (Chen and Pikaard, 1997b) and lack of ND
in roots from 3-day-old seedlings (Hasterok and Maluszynska, 2000). Variations in the
stability of ND were also noticed in Solanum allopolyploids with activation of under-
dominant rDNA in anthers and calli (Komarova et al., 2004). Well-studied model dicot
allopolyploid Arabidopsis suecica demonstrates that the ND is absent during
embryogenesis but becomes well noticeable during early postembryonic development in
shoot and root apical meristems (Pontes et al., 2007). However, the establishment of ND
in monocotyledonous allopolyploids appears to follow a distinct developmental
regulation of ND. In wheat x rye F1 hybrids, the 35S rRNA genes derived from rye
undergo transcriptional repression between the fourth and fifth days after fertilisation, as
observed in the study conducted by Castilho et al. (1995). Such establishment of ND takes
place considerably earlier than in the case of the dicot 4. suecica. Overall, due to the
complexity of genomes harbouring numerous rDNA loci, ND investigation in monocots
is incomplete and mainly limited to several works done on wheat (Guo and Han, 2014;
Mirzaghaderi et al., 2017; Tulpova et al., 2022).

In B. hybridum reference genotype ABR113, the ND was detected in primary
roots, leaves, the prophase I meiocytes, microspores, and at different stages of embryo
development (Idziak and Hasterok, 2008; Borowska-Zuchowska et al., 2019; Borowska-
Zuchowska et al., 2020). In genotype 3-7-2 from Turkey, the developmental regulation
of ND was shown for the first time in this species — the transcriptional activity of the S-
subgenome 35S rDNA loci occurred in the primary and adventitious roots. In this work,
ND abolishment in the adventitious roots was also shown in about half of the genotypes
analysed. It is worth noting that S-subgenome 35S rRNA gene activation appears to be
independent of the S-subgenome rDNA contribution to the total tDNA. In a study
conducted by Borowska-Zuchowska et al. (2020), genotypes ABR113 and ABR137
exhibited an equal amount of S-subgenome 35S rDNA homoeologues in the B. hybridum
genome as shown by Southern blot hybridisation. RT-CAPS analysis of the leaves
showed the presence of ND in both genotypes. However, this study has broadened this
analysis and demonstrates a notable difference: the ABR113 genotype lacks observable
(by RT-CAPS) B. stacei-derived 35S pre-rRNA transcripts, while ABR137 exhibits a
prominent expression of S-subgenome 35S rRNA genes. Thus, the ND in this
allotetraploid may be independent of the ancestral 35S rDNA contributions.
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Although RT-CAPS analysis on the reference line ABR113 did not detect the S-
subgenome 35S rDNA activity in the adventitious roots, research conducted on the same
tissue using RT-qPCR revealed a detectable level of S-subgenome 35S rRNA gene
expression, accounting for approximately 1.5% of the total pre-rRNA. It seems that RT-
CAPS cannot detect such a low level of expression due to the sensitivity limitation of the
technique. In contrast, the remaining tissues from genotype ABR113 demonstrated the
absence of S-subgenome pre-rRNA transcripts even if the RT-qPCR was used, showing
a strong ND in this genotype.

Interestingly, the RT-qPCR analysis of adventitious roots in genotypes 2.2.2 and
3-7-2 revealed a higher S-subgenome pre-rRNA level than all other tissues examined.
Similar observations were made in the Urochloa H1863 hybrid, where the expression of
the dominant U. brizantha 45S rRNA gene was detected in the leaves. However, the 45S
rRNA genes from U. brizantha and U. ruziziensis were expressed in the roots, indicating
a codominant expression pattern from both parental genomes (Santos et al., 2020).
B. hybridum genotype 3-7-2 exhibited expression of B. stacei-derived 35S rRNA in both
primary and adventitious roots. This finding aligns with the experimental data presented
by Borowska-Zuchowska et al. (2021). However, in this study, the RT-CAPS technique
failed to detect S-subgenome expression in leaf tissue. Nonetheless, RT-qPCR revealed
minimal expression, constituting up to 2% of the total pre-rRNA transcripts, exclusively
in the leaves from 6-week-old plants. The rest of the leaf and spike tissues showed the
presence of strong ND in genotype 3-7-2.

A more interesting picture was observed in genotype 2.2.2, where the primary and
adventitious roots demonstrated the prevalence of S-subgenome rRNA gene expression
over D-subgenome ones. The leaf analysis showed a different picture of B. stacei-derived
35S rRNA gene expression in each individual analysed. These results show an interesting
case of individual- and tissue-specific ancestral rRNA gene expression patterns. A similar
difference in leaf expression patterns was also observed in the experiment conducted by
Sochorova et al. (2017), where among 13 cultivars of Brassica napus, only in the leaf
tissue of cultivar 'Norin 9' ND was abolished, and both B. rapa- and B. oleracea-derived
rRNA genes were active.

35S rRNA genes can be silenced through repressive epigenetic modifications or
irreversibly inactivated through the accumulation of mutations, which leads to
pseudogenisation. A good illustration of this process can serve a gymnosperm C. revoluta

where inactive rDNA units (~80% from all rRNA genes) were pseudogenised and
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uniformly accumulated mutations in both non-coding and coding regions (Wang et al.,
2016). Borowska-Zuchowska et al. (2020) investigated the potential occurrence of under-
dominant S-subgenome 35S rDNA pseudogenisation in the B. hybridum genotype
ABR113. Their findings revealed no evidence of pseudogenisation within this specific
genotype. However, SNPs were distributed non-uniformly in the non-coding ITSI
sequence and coding part of 18S rDNA of both B. hybridum and B. stacei. It is common
for plant rDNA that non-coding sequences are under weaker selection pressure and could
accumulate a higher number of SNPs (Rosato et al., 2016). Wet-lab haplotypic analysis
demonstrated that B. stacei-derived 18S rRNA genes are highly conserved and
homogenous in the ABR113 genotype of B. hybridum but still capable of transcriptional
activation only in adventitious roots and at a very low level. This data implies that
pseudogenisation is probably not a mechanism of ND in B. Aybridum. To confirm this
conclusion, additional studies are required. For example, long-read sequencing of the
entire 35S rDNA unit variants in different accessions of B. hybridum would allow

verifying if the under-dominant S-subgenome rRNA genes are pseudogenised or not.

5.3. DNA methylation analysis of rDNA units in B. hybridum genotypes.
Previous studies indicated that DNA methylation has a significant function in the
epigenetic mechanism that controls the rRNA gene dosage and ND (Lawrence et al.,
2004; Pontes et al., 2007). Distinct DNA methylation patterns in the 35S rDNA
homoeologues of B. hybridum were identified using a PstI restriction enzyme capable of
identifying methylated cytosine in the CHG context. All B. hybridum genotypes analysed
demonstrated an observable band on the membrane representing the unmethylated
fraction of rRNA genes from the D-subgenome. The presence of the band from the D-
subgenome does not imply that all genes are in a demethylated state — only a fraction of
35S rRNA genes from the rDNA locus are expressed (Lawrence et al., 2004). In contrast,
in most of the tested genotypes, the band from the S-subgenome was not visible, which
proves that the B. stacei-inherited units were strongly methylated. The presence of
demethylated S-subgenome 35S rDNA loci was positively correlated with their
transcription, e.g., genotype 3.4.2 showed the presence of S-subgenome unmethylated
35S rDNA in leaves and genotype 3-7-3 in adventitious roots. The most interesting
B. hybridum genotype 2.2.2 demonstrated a lack of S-subgenome 35S rDNA methylation

in all tissues analysed. All methylation data is congruent with expression data obtained
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by RT-CAPS and RT-qPCR techniques and showed that DNA methylation plays a vital
role in ND regulation in B. hybridum. These findings align with previous studies on
various plant hybrids and allopolyploids, which have demonstrated that the presence of
DNA methylation often leads to the 35S rRNA gene repression (Vieira et al., 1990b;
Komarova et al., 2004; Costa-Nunes et al., 2010; Guo and Han, 2014; Dobesova et al.,
2015).

Using molecular cytogenetic methods, Borowska-Zuchowska and Hasterok
(2017) showed DNA methylation patterns of the 35S rDNA loci in several B. hybridum
genotypes, including reference ABR113. Intriguingly, it was also observed that the S-
subgenome rDNA units did not undergo reactivation even after global hypomethylation
induced by 5-azacytidine (Borowska-Zuchowska and Hasterok, 2017). This indicates that
DNA hypomethylation is insufficient for ND abolishment in genotype ABRI113.
Differences between the DNA methylation patterns between the D- and S-subgenome
35S rDNA were also observed in this work. The repressed S-subgenome units exhibited
significantly higher levels of DNA methylation than the D-subgenome ones. The same
picture was observed in several different B. hybridum genotypes by Borowska-
Zuchowska et al. (2020). A similar situation was reported by Lawrence et al. (2004) in
A. thaliana, where coordinated alterations in the density of cytosine methylation within
promoters and distinct modifications of histones play an essential role in the regulation
of the 45S rRNA gene expression and, thus, ND establishment and maintenance.

The S-subgenome rRNA gene expression data in ten B. hybridum individuals
belonging to genotype 2.2.2 showed a 10-fold variation in expression intensity. However,
Southern blot results with methylation-sensitive enzymes on the same eight individuals
showed S-subgenome bands corresponding to unmethylated units that were similar in size
in all analysed plants. This implies that the S-subgenome rRNA gene expression level is
probably not fully correlated with the methylation rate in this genotype; however, it still
proves that methylation plays a vital role in ND in B. hybridum.

5.4. NDin B. hybridum is independent of the maternal effect.
Most angiosperm inheritance patterns of chloroplast genomes are non-Mendelian, with
maternal inheritance being predominant (Park et al., 2021). Concerning ND research, ND
seems independent of maternal effect as it was shown for many polyploids, e.g., B. napus,

where Chen and Pikaard (1997b) investigated two lines derived from reciprocal crosses
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and proved the lack of the maternal effect on ND. Similarly, in the B. hybridum
chloroplast #7nLF gene region, sequencing of different genotypes showed a B. stacei-
derived chloroplast DNA in all genotypes analysed. This data implies a lack of maternal
effect on ND in B. hybridum since, despite the same direction of the cross between
ancestral species, the differential expression of 35S rDNA was shown in the analysed
genotypes. The lack of maternal or paternal effect on ND in plants was already described
in pioneer Navashin's work on Crepis hybrids (Navashin, 1934). In monocots, the lack of
maternal or parental effects was also described in wheat % Aegilops hybrids (Mirzaghaderi
et al., 2017). Chen and Pikaard revealed that ND is independent of maternal effect and
genome dosage in Brassica species (Chen and Pikaard, 1997b). The lack of maternal
effect in ND is also a feature of animal species. For example, ND establishment was
independent of maternal effect in Drosophila and whiptail lizards Cnemidophorus
(Reeder and Roan, 1984; Ward and Cole, 1986; Eickbush et al., 2008). However, one
example of the influence of the maternal effect on ND establishment is described in the
literature since Jupe and Zimmer (1993) findings provided molecular proof of ND in the
maize hybrid B73 x Mol7. When inbred line B73 was employed as the maternal
contributor in hybrid creation, roughly 80% of the pre-rRNA transcripts belonged to B73.
However, when Mo17 was utilised as the maternal contributor, around 85% of the pre-
rRNA transcripts exhibited similarity to Mo17 hybridisation probes. These findings prove
that the ND in maize hybrids can be attributed to the maternal effect.

The findings of this study support the accepted view that the ND phenomenon is
independent of the maternal or paternal effect; even though the process of rRNA gene
expression in the newly formed hybrid cell takes place in environments exceptionally
enriched with maternal proteins, rRNA and associated small RNAs (Michalak et al.,

2015).
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6. CONCLUSIONS

1.

8.
9.

B. hybridum is a good model for ND studies because of its allopolyploid nature
and the presence of single chromosomal pairs harbouring 35S rDNA from
each ancestor in the majority of its genotypes.

ITS1 sequence demonstrates a higher level of homogeneity in B. stacei than
the S-subgenome ITS1 in B. hybridum. 18S rDNA is more homogeneous than
the ITS1 sequence in B. hybridum and B. stacei.

In most B. hybridum genotypes, the under-dominant S-subgenome 35S rDNA
loci are gradually eliminated during evolution.

In genotype 12.23.2, the S-subgenome 35S rDNA is almost eliminated and
most probably a new 35S rDNA family arose.

ND is a tissue-specific phenomenon in B. hybridum.

ND is more stable in leaves than in the roots of studied B. hybridum genotypes.
Additionally, the S-subgenome rRNA gene expression level is higher in
adventitious than in the primary roots.

In some B. hybridum genotypes, ND can be a generation- and even individual-
specific phenomenon.

DNA methylation plays a vital role in ND regulation in B. hybridum.

ND in B. hybridum is not a maternal-dependent phenomenon.

10. Aridity level does not affect the ND in B. hybridum.
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7. SUMMARY

Nucleolar dominance (ND) describes an epigenetic uniparental silencing of 35S rRNA
genes in plant hybrids and allopolyploids. Despite many years of research on ND, the
mechanisms of this phenomenon are still poorly understood. Thus, this study primarily
focuses on the molecular mechanisms underlying the selection of 35S rRNA genes set for
repression in Brachypodium hybridum. This allotetraploid grass with a genome
composition DDSS (D-subgenome from B. distachyon; S-subgenome from B. stacei)
presents a valuable model for ND studies due to its compact genome and low content of
repetitive sequences. The research aimed at population-level analysis of 35S rDNA loci
in different B. hybridum accessions.

By employing the FISH technique, it was shown that most of the studied
B. hybridum genotypes possess the sum of 35S rDNA loci as expected based on their
number in its putative progenitors. Using Southern hybridisation and bioinformatic
analysis, the contributions of rDNA homoeologues across different B. hybridum
genotypes were evaluated, and the gradual elimination of the S-subgenome rDNA loci
was shown in most studied genotypes. The expression patterns of 35S rDNA
homoeologues at different developmental stages were examined through RT-qPCR with
genome-specific primers and RT-CAPS. Expression data demonstrated that ND is a
genotype-, generation-, tissue- and individual-specific phenomenon. Furthermore, the
methylation status of rRNA genes was assessed in selected B. hybridum genotypes using
Southern hybridisation on gDNA subjected to restriction with methylation-sensitive
enzyme, showing an essential role of DNA methylation in ND maintenance.

The findings underline that ND in B. hybridum is developmentally regulated in
some but not all genotypes. Moreover, it was shown that ND is independent of maternal
effect. In corroboration with previous ND studies on B. hybridum, this study expands our
knowledge of ND mechanisms and advances our understanding of the intricate
interactions among gene expression, epigenetics, and population diversity. It also
demonstrates the significance of B. hybridum as a model for deciphering the enigmatic

phenomenon of ND.
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8. STRESZCZENIE

Dominacja jaderkowa (ang. nucleolar dominance; ND) jest zjawiskiem o podtozu
epigenetycznym, wystepujacym u  wielu mieszancéw migdzygatunkowych i
allopoliploidéw i polegajacym na selektywnym wyciszeniu transkrypcyjnym gendéw 35S
rRNA wywodzacych si¢ od jednego z gatunkow ancestralnych. Pomimo wielu lat badan
nad ND, mechanizmy stojace za tym zjawiskiem sg wcigz stabo poznane. Dlatego tez
zasadniczym celem niniejszej pracy bylo zbadanie mechanizméw molekularnych
lezacych u podstaw preferencyjnego wyciszenia genow 35S rRNA na drodze ND u
allotetraploidalnej trawy, Brachypodium hybridum. Gatunek ten charakteryzuje si¢
sktadem genomowym DDSS (subgenom D z B. distachyon; subgenom S z B. stacei) i z
racji matego genomu o niskiej zawartosci sekwencji powtarzalnych stanowi cenny model
do badan nad ND. Analizom poddano loci 35S rDNA u r6znych genotypow B. hybridum,
a badania prowadzono na poziomie populacyjnym.

Stosujac technike¢ FISH wykazano, ze wigkszo$¢ badanych genotypow
B. hybridum posiada liczbe loci 35S rDNA odpowiadajacg sumie loci wystepujacych w
genomach domniemanych przodkéw. Stosujac hybrydyzacj¢ Southerna i analizy
bioinformatyczne okreslono udziat homeologéw 35S rDNA u roéznych genotypow
B. hybridum. Wykazano, ze u wigkszosci badanych genotypow loci 35S rDNA z
subgenomu S byty stopniowo eliminowane w toku ewolucji. Ekspresje homeologow 35S
rDNA badano na réznych etapach ontogenezy B. hybridum z wykorzystaniem metody
RT-qPCR ze starterami genomowo-specyficznymi i RT-CAPS. Wykazano, ze ND jest
zjawiskiem zaleznym od genotypu, pokolenia, tkanki, jak réwniez osobnika. Ponadto
badano metylacje DNA w loci 35S rDNA u wybranych genotypow B. hybridum z
wykorzystaniem hybrydyzacji Southerna na gDNA poddanym restrykcji enzymem
wrazliwym na metylacj¢ DNA. Wykazano wazna rol¢ metylacji DNA w ksztaltowaniu
ND u B. hybridum.

ND u B. hybridum okazala si¢ by¢ zalezna od konkretnego etapu rozwoju rosliny
jedynie w odniesieniu do niektorych genotypow. Ponadto wykazano, ze ND wystepuje
niezaleznie od kierunku krzyzowki. Wyniki badan przedstawione w niniejszej pracy
poszerzaja wiedz¢ na temat podstaw molekularnych ND oraz skomplikowanych
interakcji miedzy ekspresja gendw a mechanizmami epigenetycznymi na poziomie
populacyjnym. Pokazujg réwniez, ze B. hybridum moze stanowi¢ cenny model w

zaawansowanych badaniach nad ND.
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