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1. Introduction

1.1. B chromosomes

B chromosomes (Bs) are accessory chromosomes to the standard number of normal
chromosomes (As). The main criteria which distinguish B chromosomes from normal
chromosomes are: (i) they are dispensable and can be present or absent from individuals
within a population; (ii) they do not pair or recombine with any members of the standard
diploid (or polyploid) set of A chromosomes at meiosis; (iii) their inheritance is non-

Mendelian and irregular (Jones and Houben, 2003).

1.2. Distribution of B chromosomes

B chromosomes are characterized in at least 1372 flowering plants (10-15% of studied plant
species), 12 representing conifers the remaining 1360 left — angiosperms (Jones, 1982; Jones,
1995). A more recent investigation of 23,652 angiosperm species (which consist
approximately 9% of total estimated 260,000 species) revealed 979 species as carriers of B
chromosomes: 8% being represented by monocots and 3% by dicots (Levin et al., 2005).

To date the best characterized families regarding absence or presence of Bs are: Compositae
from dicotyledons with 270 characterized species, Gramineae and Liliaceae from
monocotyledons with 266 and 189 species, respectively.

In the animal kingdom, Bs were characterized in at least 263 species, mostly representing
insects (Jones, 1982). Best characterized are in the group of arthropods, class Insecta,
Orthoptera representing 92 species, Diptera — 42 and Coleoptera - 40 species. In mammals 55
out of 4629 species analyzed are carriers of B chromosomes, most representing rodents
(Vujosevic and Blagojevic, 2004).

Pulse field gel electrophoresis, a method which allows karyotyping of chromosomes smaller
than detectable by the means of light microscopy, permitted the characterization of
chromosomes of fungi, which turned out to be also carriers of B chromosomes (reviewed in

(Kistler and Miao, 1992; Covert, 1998)).

Within the same species from population to population the number of B chromosomes is
different. In some species they vary even between the organs, for example in Sorghum
stipoideum they are absent in stems and leaves but present in variable number in
microsporocytes and tapetal cells (Wu, 1992). Absence of Bs from roots were determined in

Erianthus munja and E. ravennae (Sreenivasan, 1981), Aegilops speltoides (Mendelson and
10



Zohary, 1972). In Poa alpina the Bs are present in primary roots and absent in adventory ones
(Muntzing and Nygren, 1955). More examples are listed in (Jones, 1982) and

http://www.bchromosomes.org/bdb/ (Jones and Diez, 2004). Due to their property to occur

only in some individuals of a population it is possible that in some species Bs are not detected

yet.

The distribution of Bs between sexes also differs from species to species. Mostly Bs occur in
both sexes, however in some species the occurrence of Bs are higher in one of sexes. For
example in Astyanax scabripinnis and in Gastrotheca espeletia Bs are more frequent in
females than in males (Vicente et al., 1996; Schmid et al., 2002). In some species the Bs are
present either in males only (eg. Moenkhausia sanctaefilomenae (Portela-Castro et al., 2000))
or females only (eg. Astyanax scabripinnis paranae (Maistro et al., 1992; Mizoguchi and
Martins-Santos, 1997)).

Several factors were found to be associated with the distribution of Bs across species, namely:
ploidy, genome size, breeding system, and in some mammals the A chromosome morphology
(Palestis et al., 2004b; Palestis et al., 2004a; Trivers et al., 2004; Levin et al., 2005). The
aforementioned factors contribute independently to the Bs occurrence. Increase of genome
size correlates positively with occurrence of Bs, as reported for British flowering plant species

(Palestis et al., 2004a; Trivers et al., 2004).

The analysis of 226 flowering plant species showed that Bs are predominantly present in
outbreeding than in inbreeding species (Burt and Trivers, 1998). Inbreeding of Secale cereale,
which is a outbreeder, leads to decrease in Bs’ frequency (Muntzing, 1954). A similar
behavior revealed the Bs in S. vavilovii, where they were introduced by hybridizing S. cereale
possessing Bs with S. vavilovii which naturally lack Bs and backcrossing to S. vavilovii for six
successive generations (Puertas et al., 1987).

The estimation of frequency of polyploidy among plants with Bs did not show a significant
difference in comparison to the estimation among flowering plants (Jones, 1982; Jones, 1995;

Trivers et al., 2004).
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In mammals it was observed that Bs occur predominantly in species with mainly acrocentric
A chromosomes (Palestis et al., 2004b). Study intensity in different species can influence the
accuracy of association of Bs with all above mentioned factors (Palestis et al., 2004a).

Wild maize cultivars growing at higher altitudes exhibit a higher number of Bs (Lia et al.,
2007). Rosato and colleagues (1998) also observed a positive correlation between the mean
number of Bs per plant and altitude. In Astyanax scabripinnis fish, located at different
altitudes along the same river, B chromosomes were found in high altitude populations and

were absent in low altitude populations (Neo et al., 2000).

1.3. Size of B chromosomes

The size of B chromosomes differs from species to species. Generally Bs are smaller than A
chromosomes, however B chromosomes bigger than As were detected in some species, e.g.
the cyprinid fish Alburnus alburnus (Ziegler et al., 2003) and in neotropical fish Astyanax
scabripinnis paranae (Maistro, 1992). In some species exist even different types of B
chromosomes, for example in B. dichromosomatica large Bs and micro Bs can be observed
(Carter and Smith-White, 1972). The marsupial frog Gastrotheca espeletia possesses three
types of B chromosomes which differ among themselves in size and morphology (Schmid et
al., 2002). Size variations of Bs were found as well in the grasshopper Eyprepocnemis plorans
(Lopezleon et al., 1993).

1.4. DNA composition of B chromosomes

Earlier investigations on DNA composition of Bs were based on gradient density
centrifugation and renaturation kinetics. In rye, the outcome of these experiments showed that
the ratio and heterogeneity of repeats in DNA of B chromosomes do not differ from As.
However, a slight increase in cytosine and guanine content was observed for DNA of B carrier
plants (Rimpau and Flavell, 1975; Timmis et al., 1975). Boyant densities of DNA from plants
with and without Bs in maize were found to be similar (Chilton and Mccarthy, 1973). Same
results were reported in Pseudococcus obscurus (Klein and Eckhardt, 1976) and the
grasshopper Myrmeleotettix maculatus (Gibson and Hewitt, 1970).

Later on, Amos and Dover (1981) introduced the restriction endonuclease digestion of
genomic satellite DNA to characterize B chromosomes. To localize the distribution of the

repeats on As and Bs they used in situ hybridization.
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Molecular studies showed that in many species the B chromosomes contain sequences that
originated from one or different A chromosomes (Page et al., 2001; Cheng and Lin, 2003;
Bugrov et al., 2007). Mostly these are non-coding repetitive sequences or mobile elements
like in Crepis capillaris (Jamilena et al., 1994; Jamilena et al., 1995), Prochilodus lineatus (de
Jesus et al., 2003), Nectria haematococca (Enkerli et al., 1997), and Drosophila subsilvestris
(Gutknecht et al., 1995). In maize, the sequence analysis revealed many highly repetitive
sequences, including transposons, present on both A and B chromosomes, but enriched on Bs
(Alfenito and Birchler, 1993; Stark et al., 1996; Theuri et al., 2005; Lamb et al., 2007b). Only
a few sequences are considered B-specific though they are also present on As in minor traces.
For example: Bd49 tandem repeat in B. dichromosomatica (Franks et al., 1996), E3900 and
D1100 in S. cereale (Sandery et al., 1990; Blunden et al., 1993; Houben et al., 1996; Langdon
et al., 2000), or the B-specific retroelement in Alburnus alburnus (Schmid et al., 2006). More
data on characterization of DNA composition of Bs are given in (Jones, 1982; Camacho,

2005)

1.5. Chromatin structure analysis of B chromosomes based on Giemsa-

banding and posttranscriptional histone modification patterns

In earlier publications B chromosomes in 50% of plant species were characterized as
heterochromatic (Jones, 1975). In animal species Bs are described as mainly heterochromatic
(Jones, 1982). The level of chromatin compactisation was analyzed mostly based on Giemsa-
banding patterns.

The heterochromatic state is not a specific feature of Bs. The majority of B chromosomes are
composed of both heterochromatin and euchromatin. In some species like Apodemus
flavicollis (Tanic et al., 2005), Helix pomatia L. (Evans, 1960), Scilla vvedensky (Greilhuber
and Speta, 1976), Allium flavum (Vosa, 1973) the Bs are even predominantly euchromatic.

At interphase, Bs of some species (eg. Scilla autumnalis (Ruizrejon et al., 1980),
Anthoxanthum aristatum (Ostergren, 1947), Picea glauca (Teoh and Rees, 1977), Clematis
orientalis and C. hatherliensis (Shambulingappa, 1965), Rosa rugosa (Price et al., 1981),
Tainia laxiflora (Barlow and Vosa, 1969; Tanaka and Matsuda, 1972), Puschkinia libanotica
(Barlow and Vosa, 1969)) display after Giemsa- or Feulgen staining so called heterochomatic

chromocenters.
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In eukaryotes, DNA is organized into chromatin by wrapping around the octamer complex
formed by four core histones: H2A, H2B, H3 and H4, each being represented by two
molecules. The size of DNA wrapped around the histone complex is 145-147 base pairs. The
histone complex together with DNA forms the nucleosome, which represent the structural unit
of the chromatin. The chromatin fibers that form chromosomes undergo several levels of
folding, resulting in a more compact structure (Hansen, 2002). The core histones generally are
globular, except their N-terminal ends which are less structured (Luger et al., 1997; Kornberg

and Lorch, 1999).

The histones, especially the N-terminal tails are subjected to several types of post-translational
modifications such as acetylation, methylation, phosphorylation, ubiquitination, glycosylation,
ADP-ribosylation, carbonylation, sumoylation, deimination and proline isomerisation (van
Holde, 1988). These modifications, together with DNA methylation, control the folding of the
nucleosomal array into higher order structures (Strahl and Allis, 2000; Jenuwein and Allis,

2001).

The tail of histone H3 is the most subjected to posttranslational modifications (Felsenfeld and
Groudine, 2003). The folding of chromatin regulates expression and maintenance (DNA
replication, repair, recombination, chromosome segregation) of genetic information in a
dynamic manner (Fuchs et al., 2006; Kouzarides, 2007). Most of the histone modifications are
evolutionary conserved histone marks, although recently it was shown that the distribution of
certain modifications (acetylation, methylation and phosphorylation) can differ among groups

of eukaryotes (Fuchs et al., 2006).

The transcriptional activity of chromatin correlates with its degree of condensation. Generally,
euchromatin represents the relaxed form, which contains the coding part of the genome while
heterochromatin is the condensed form (Heitz, 1928). This chromatin fraction, which is
considered as non-active is composed mostly of pseudogenes, tandem repeats and mobile
elements. Heterochromatin can be divided in constitutive (permanent) or facultative
(developmentally regulated) heterochromatin. More recent advances in chromatin
characterization, in terms of epigenetic marks, showed the involvement of DNA methylation
and post-translational histone modifications in chromatin assembly and maintenance

(Richards and Elgin, 2002; Craig, 2005; Kouzarides, 2007).
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Acetylation of histones is mainly linked with transcriptional activation, DNA recombination
and repair (Grunstein, 1997; Struhl, 1998; Ikura et al., 2000; Bird et al., 2002).
Phosphorylation correlates with transcription activation, apoptosis, DNA repair, chromosome
condensation, sister chromatid cohesion/segregation and gametogenesis (Kaszas and Cande,
2000; Prigent and Dimitrov, 2003; Ahn et al., 2005; Krishnamoorthy et al., 2006; Houben et
al., 2007). The most characterized histone modification to date is methylation. This
modification occurs only on lysine (K) and arginine (R) residues of histone H3 and H4 and is
performed by histone methyltransferases (HMTs) (Martin and Zhang, 2005). Each arginine
can be mono- or dimethylated and each lysine can be either mono-, di-, or trimethylated
(Zhang and Reinberg, 2001). There are six sites of lysine methylation (K4, K9, K27, K36 and
K79) of histone H3. Histone H4 undergoes methylation on K20 (Martin and Zhang, 2005).
Methylation of lysine can signal either activation or repression, depending on the position of
lysine and on the number of methyl groups added. Generally it is considered that methylation
of H3K4, H3K36 and H3K79 are implicated in activation of transcription and methylation of
H3K9, H3K27 and H4K20 in repression of transcription (Bannister and Kouzarides, 2005). In
high eukaryotes, H3K4me2,3 are marks of transcriptionally active chromatin while H3K4mel
marks the silent chromatin (Bernstein et al., 2002; Santos-Rosa et al., 2002; Schneider et al.,
2004; Schubeler et al., 2004; Bernstein et al., 2005). High resolution profiling of histone
methylations in human genome associate H3K27mel, H3K9mel, H3K79mel and H4K20
with gene activation, whereas H3K27me3, H3K9me3 and H3K79me3 are correlated with
repression (Barski et al., 2007).

In plants, methylation of H3K4mel,2,3 and H3K36mel,2,3 is correlated with euchromatin.
The heterochromatin-specific modifications of H3K9, H3K27 and H4K20 are variable
between plant species. In difference, methylation of H3K4 and H3K36 is more conserved
(Fuchs et al., 2006). H3K9me3, H3K27me3 and H4K20me2,3 were found to mark the
euchromatic regions in Arabidopsis (Soppe et al., 2002; Jackson et al., 2004; Naumann et al.,
2005; Fuchs et al., 2006). Whole genome analysis revealed association of H3K27me3 in
Arabidopsis with transcribed regions of single genes located in heterochromatic regions
(Zhang et al.,, 2007). H3K9mel,2 and H3K27mel,2 and H4K20me are enriched on
chromocenter regions (Soppe et al., 2002; Jasencakova et al., 2003; Lindroth et al., 2004).
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In Hordeum vulgare, Vicia faba and Arabidopsis mono- di- and three-methylation of H3K4
are specific for euchromatin. The chromosomal distribution of the marks H3K9mel,2,3
H3K27mel,2,3 and H4K20mel,2,3 are variable in plants.

In H. vulgare H3K9me3 and H3K27me3 label the euchromatin in interphase and the gene rich
regions on metaphase chromosomes. Similar pattern display H3K27me2, which in
Arabidopsis is characteristic for heterochromatic chromocenter regions. H3K9mel, 2,
H3K27me and H4K20me are uniformly distributed in the interphase nucleus and along the
metaphase chromosomes.

In V. faba H3K9mel,2 , H3K27mel,2,3 and H4K20mel show uniform distribution across the
entire chromatin. Such labeling is typical for heterochromatin specific modifications in plants
with large genomes. H3K9mel and H3K27me2,3 are specific for certain heterochromatic
regions (Fuchs et al., 2006). Distribution of H3K9me2 was found to depend on genome size.
In species with small genome the labeling colocalized with heterochromatic chromocenters,
while in species with large genomes the signals were dispersed in the nucleus (Houben et al.,
2003; Fuchs et al., 2006).

In maize, the chromosomal histone methylation pattern showed association of H3K9mel and
H3K27mel,2 with heterochromatic regions, only H3K27me2 showing enrichment.
H3K27me3, H3K9me2 and H2K4me?2 labeled the euchromatin. Cytologically H4K20me2, 3
are undetectable in maize; the presence of H4K20mel was demonstrated by Western analysis

(Shi and Dawe, 2006).

The histones in centromeres and pericentromeric regions are marked by different
modifications which are only partly conserved, mostly showing variability among both plant
and animal species. In mammals, the pericentromeric heterochromatin is enriched in
H3K9me3, H3K27mel and H4K20me3 modifications (Peters et al., 2003; Schotta et al.,
2004). In Drosophila melanogaster, H3K9mel,2, H3K27mel,2,3 and H4K20me3 are
predominant marks of pericentric heterochromatin (Ebert et al., 2006). Arabidopsis
pericentromeres are marked by H3K9mel,2, H3K27mel,2 and H4K20mel (Lindroth et al.,
2004; Mathieu et al., 2005; Naumann et al., 2005). In maize, H3K9mel and H3K27mel,2 are

characteristic for pericetromeric regions (Shi and Dawe, 2006).
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There are only a few species where the post-translational histone modifications of B
chromosomes were characterized. Histone acetylation of B chromosomes was investigated
only in B. dichromosomatica untill now. Therefore comparative immunostaining of A and B
chromosomes was performed with antibodies against H4KS5Ac, H4K8Ac, H4KI12Ac,
H4K16Ac which are modifications specific for transcriptionally active chromatin in plants
(Probst et al., 2004; Tian et al., 2005). Chromosomes A were strongly labeled, while Bs were
weakly marked by H4KS5Ac, H4K8Ac. The distribution of H4K12Ac and H4KI16Ac
modifications didn’t show a such big difference between As and Bs (Houben et al., 1997).
Less acetylated histones indicate very weak transcriptional activity of Bs in B.

dichromosomatica, if any.

Histone methylation was studied in several species with B chromosomes. H3K4me2 show
similar distribution on A and B chromosomes of C. capillaries, B. dichromosomatica (except
micro B which are less marked by this modification) and S. cereale (Houben et al., 2003).
More detailed analysis in B. dichromosomatica revealed strongly reduced level of
H3K4me2,3, H3K9me3 and H3K27me3 on standard Bs and even less on micro Bs in
comparison with brightly stained As. The distribution of heterochromatin specific histone
modification marks H3K9mel,2 and H3K27mel showed similar pattern on both A and B

chromosomes (Marschner et al., 2007a).

1.6. DNA methylation and B chromosomes

Not only histones but also cytosine, which is one of the four essential base units of DNA can
be extensively methylated. In both animals and plants, cytosine is primarily methylated at CG
dinucleotide position. However in plants the methylation is not restricted to CG sequence:
CNG and less abundant CNN sequence context are also possible (Gruenbaum et al., 1981).
DNA methylation is involved in silencing of transposable elements and genes (Gehring and
Henikoff, 2007). The DNA repeats and mobile elements on B chromosomes are also
methylated, as reported for Bd49 tandem repeat in B. dichromosomatica (Leach et al., 1995)
and E3900 repeat in S. cereale (Langdon et al., 2000). However, a higher DNA methylation
level of B chromosomes has not been reported for any species (Houben, pers.

communication).
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1.7. DNA replication of B chromosomes

Replication of B chromosomes is delayed comparative to As replication, as reported in black
rat Rattus rattus by (Raman and Sharma, 1974), in fox Vulpes fulvus by (Switonski et al.,
1987), in fish Astyanax scabripinnis (Maistro et al., 1992) and in amphibia Gastrotheca
espeletia (Schmid et al., 2002) though it is not a rule. In maize, the Bs euchromatic regions
replicate simultaneously with A chromosomes, while the heterochromatin regions of As and
Bs show delay in replication, the knob heterochromatin being replicated last (Pryor et al.,
1980). In B. dichromosomatica the replication of large Bs occurs late in S phase (Houben et
al., 1997), the replication of micro Bs, which are heterochromatic, occur during the entire S

phase (Marschner et al., 2007a).

1.8. Inheritance of B chromosomes

1.8.1. Mitotic behavior of B chromosomes

In plants, only one third of investigated species display mitotic stability of B chromosomes
(Jones, 1982). Stability in this context means the constancy of Bs within and between the roots
of a plant and between the roots and aerial parts. Absence of Bs from roots were determined in
Erianthus munja and E. ravennae (Sreenivasan, 1981), Aegilops speltoides (Mendelson and
Zohary, 1972). In Poa alpina, the Bs are present in primary roots and absent in adventory ones
(Muntzing and Nygren, 1955).

In some species the instability of the Bs is partial and strictly defined. For examples in
Sorghum stipoideum, mosaicism of B chromosomes is found in microsporocytes and tapetal
cells, while they are totally eliminated from stems and leaves (Wu, 1992). In some animals the
presence of B chromosomes also exhibit irregularities. For example in Locusta migratoria,
they show inter- and intrafollicular numerical variation (Kayano, 1971), in Acris crepitans the
number of Bs differ between cells of the testis (Nur and Nevo, 1969). Among grasses Bs are
generally stable, in Alliums Bs are mostly unstable (Bougourd and Parker, 1979). In B.
dichromosomatica the large B is mitotically stable and the micro B is numerically variable
from cell to cell (Carter and Smith-White, 1972).
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1.8.2. Meiotic behavior of B chromosomes

One of the main characteristics of Bs is that they do not pair or recombine with any members
of the standard diploid (or polyploid) set of A chromosomes at meiosis, except a few cases
describing A-B translocations in rye (Pohler and Schlegel, 1990) and in maize (Beckett, 1978,
1991; Birchler, 1991; Carlson and Roseman, 1992; Auger and Birchler, 2002). Generally they
do may pair among themselves, however in some species they behave as univalents even if
more than one B chromosome are present in the dividing cell. There are at least 22 species
where Bs are described as being non-pairing at metaphase I, however this irregularity does not
lead to their elimination (Frost, 1956, 1959; Grun, 1959; Jones, 1995). Gillies (1983) first
tried to characterize the pairing of Bs using electron micrograph analysis of meiotic prophase
chromosomes. His result confirmed the observations obtained previously by light microscopy.
Later on, pairing of Bs in other species were characterized by electron microscopy, for
example in Crepis capillaris (Jones et al., 1989; Jones et al., 1991) and S. cereale (Jones,
1993). During meiosis in many species, Bs show drive as in Lillium callosum where the
segregation distortion through the female side occurs when females are 1B carriers leading to
accumulation of Bs in the progeny up to 80 % (Kimura and Kayano, 1961). In many cases

transmission is non-Mendelian.

1.9. Drive of B chromosomes

The accumulation of Bs was characterised in about 70 plant species, from which only 60%
showed an accumulation mechanism. The 40% left either show no accumulation, or Bs were
lost in the progeny (Jones, 1995). As plants which show no accumulation of Bs can be
mentioned Guizotia scaraba (Hiremath and Murthy, 1986), Poa alpina (Muntzing and
Nygren, 1955), Poa trivalis (Bosemark, 1957a), Centaurea scabiosa (Frost, 1958), Allium
schoenoprasum (Bougourd and Parker, 1979). In animals, no accumulation mechanism was
detected in Metagagrella tenuipes (Gorlov and Tsurusaki, 2000).

If accumulation of Bs occurs, they have a non-Mendelian inheritance and their occurrence in
offspring is much higher than expected. There are several mechanisms of Bs accumulation,
which in its turn can occur during several stages of life cycle: mitosis (pre- or post-meiotic)
and meiosis (Jones and Flavell, 1982; Jones, 1991). In different species drive occurs in

different ways.
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Drive of B chromosomes can be classified as: premeiotic drive, when the accumulation of Bs
is a result of mitotic nondisjunction. Such mechanism was observed in grasshoppers
Calliptamus palaestinensis (Nur, 1963), Camnula pellucida (Nur, 1969), Neopodismopsis
abdominalis (Rothfels, 1950) and Locusta migratoria (Kayano, 1971). From plants can be
mentioned C. capillaris (Parker et al., 1989) and B. dichromosomatica (Carter and Smith-
White, 1972).

Meiotic drive was first found in Lilium callosum (Kayano, 1957; Kimura and Kayano, 1961).
It was observed that the number of B chromosomes in progenies depends on which parent was
carrier of Bs. For 0BQ x 1B crosses the ratio of 0B : 1B plants was 45:54. In the reciprocal
cross 1BQ x 0BJ the ratio was 16:83. In case of 1B female, accumulation of Bs occurs in
offsprings. The mechanism of accumulation is via drive of the univalent B chromosome
toward a cell that becomes an egg (Kimura and Kayano, 1961). In animals, a similar
phenomenon was observed in the grasshopper Myrmeleotetix maculatus (Hewitt, 1973;
Hewitt, 1976). The meiotic spindle is asymmetrical and the Bs tend to localize mostly on the
side of the egg than polar body. The degree of asymmetry correlates with the degree of B
drive in females. Pseudococcus affinis can serve as another example. The B chromosome of
this insect is heterochromatic during the cell cycle except late prophase I, when it becomes
euchromatic. Bs join the maternal haploid set and in this way they are transmitted to the

progeny in unreduced form (Nur, 1962). Nondisjunction is not involved in meiotic drive.

Postmeiotic drive is more frequent in plant species (Jones and Flavell, 1982; Jones, 1991). It
occurs predominantly at first pollen grain mitosis via nondisjunction process and preferential
migration of B chromatids to the generative nucleus, as for example in S. cerale. Maize is the
only species where B nondisjunction occurs at second pollen grain mitosis. Differently from
rye where the nonseparation of sister chromatids occur at both pollen grain and egg cell
mitosis in maize this takes place only through the male side. In this species drive is
characterized by three effects: a) the aforementioned nondisjunction of B chromatids, b)
preferential fertilization (70% of cases) of the egg by B positive sperm, while 0B sperm
fertilize the polar nuclei, and c) suppression of meiotic loss of B univalents (Roman, 1947,
1948b, a; Carlson, 1969, 1978, 1986; Carlson and Roseman, 1992; Gonzalez-Sanchez et al.,
2003).
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An unusual mode of drive was observed in wasps Nasonia vitripennis and Trichogramma
kaykai (Werren and Stouthamer, 2003). The B-like paternal sex ratio (PSR) chromosome in
these species is transmitted through sperm but after entering the egg it causes condensation
and loss of the paternal chromosomes. In this way the PSR chromosome transforms a diploid

(female) zygote to a haploid male carrying the B chromosome.

Elements controlling drive were determined only in a few species by indirect observations. In
rye was described that the heterochromatic block on the ends of long arm of B chromosomes
includes a trans-acting element which controls the nondisjunction of chromatids during first
pollen grain and egg mitosis. Sister chromatids of deleted B chromosomes which lack this
region separate normally. B chromosomes introduced by hybridization and backcrossing in
wheat display the same nondisjunction properties, which confirm that the controlling element
is not dependent on background genotype (Muntzing, 1970; Endo, 2008). In maize such
element was described as the heterochromatic knob on the distal end of long arm of Bs

(Roman, 1947; Carlson, 1978).

1.10. Effects associated with B chromosomes

The effects of B chromosomes are usually cumulative, depending upon their number and not
their presence or absence (Jones, 1982; Green, 1990). At low number the B chromosomes do
not have any influence on phenotype. Different phenotypic effects were correlated with
presence of high number of Bs. In general, Bs influence negatively the fitness and fertility of
the plants (Ostergren, 1947; Bosemark, 1957b; Gonzalez-Sanchez et al., 2004). In
Haplopappus gracilis, individuals carrying Bs showed increase in pigment production in
achene’s walls (Jackson and Newmark, 1960). In maize, leaf stripping was correlated with the
presence of Bs (Staub, 1987). In Plantago coronopus the presence of Bs caused the male
sterility (Paliwal and Hyde, 1959), though this effect was not observed by Raghuvanshi and
Kumar (1983). In grasshopper Myrmeleotettix maculatus, they were correlated with
retardation in animal development (Harvey and Hewitt, 1979) and sperm dysfunction (Hewitt
et al., 1987). In N. vitripennis, the effect of B-like PSR chromosome consists in changing the
males into females by destroying the paternal chromosome during early embryogenesis
(Werren, 1991).

Not only negative effects are associated with B chromosomes. They can act as diploidizing

agents in allopolyploids (Jenkins, 1986). In rice, Cheng et al. (2000) could observe a slight
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positive effect of Bs on plant height, weight of grain, length of panicle, length and weight of
grain and negative effect on number of tillers and width of grain. In some species, individuals
with Bs show better survival rate under certain stress conditions. For example in A.
schoenoprasum and A. porrum Bs carrier seeds show better germination ability under drought
conditions (Gray and Thomas, 1985; Holmes and Bougourd, 1989; Plowman and Bougourd,
1994). In A. schoenoprasum (Holmes and Bougourd, 1991) B positive plants showed better
fitness than no carrier ones while grown under high sowing density. In Apodemus flavicollis
was observed a positive correlation between the mean number of B chromosomes and body
mass, but only in males (Zima et al., 2003). In the same species they affect mandible
phenotype and the level of morphological integration was higher in animals with Bs (Jojic et
al., 2007).

In Lindstrém wheat, the additional rye B chromosome lead to enhancement of plant vigor and
straw weight and the negative effect on fertility which could be the cause of this positive
effect (Muntzing, 1973).

In hybrids, Bs prevent or suppress the homoeologous pairing of A chromosomes. This effect
was observed in hybrids between Aegilops mutica and A. speltiodes with Triticum aestivum
(Dover and Riley, 1972) and in a tetraploid hybrid between Lolium temulentum x L. perenne
(Evans and Davies, 1985; Jenkins and Jones, 2004).

Bs influence also the recombination frequency of As — mostly increasing, however in some
cases decreasing the number of chiasmata frequency depending on species (Burt and Trivers,
2006). In maize Bs influence the recombination of As by increasing the chiasmata frequency,

especially when B is univalent (Carlson, 1994).

1.11. Origin and evolution of B chromosomes

There is no definitive elucidation of provenance of B chromosomes. To date there are several
hypothesis which explain the way B chromosomes originated (Jones, 1995; Camacho et al.,
2000; Berdnikov et al., 2003; Jones and Houben, 2003). It is possible that in different
organisms the Bs have different origin.

1.11.1. B chromosome originated from A chromosomes

In many species the repetitive sequences isolated from B chromosomes show high similarity
with those of As, for example in: C. capilaris (Jamilena et al., 1994; Jamilena et al., 1995), Z.
mays (Alfenito and Birchler, 1993; Cheng and Lin, 2003), B. dichromosomatica (Leach et al.,
1995; Houben et al., 2001), S. cereale (Sandery et al., 1990; Blunden et al., 1993; Cuadrado
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and Jouve, 1994; Houben et al., 1996), D. subsilvestris (Gutknecht et al., 1995). In S. cereale
by GISH was found that the whole B chromosome, except the subtelomeric region hybridized
with genomic DNA from 0B plants, which is another proof that Bs in rye originated from As
(Tsujimoto and Niwa, 1992b; Wilkes et al., 1995).

In some species, rapid amplification of rDNA played a role in formation and evolution of Bs
as shown in Rattus rattus (Stitou et al., 2000), Trichogramma kaykai (van Vugt et al., 2005),
E. plorans (Lopez-Leon et al., 1994). The most convincing example was described for
Plantago lagopus where analysis of several generations and in situ localization with rDNA
probes demonstrated that B originated as result of massive amplification of 5S rDNA (Dhar et

al., 2002).

1.11.2. B chromosome originated after interspecific hybridization of closely related
species

This mode of origin was first proposed by Battaglia (1964) and latter confirmed by other
scientists (Battaglia, 1964; McVean, 1995; Camacho et al., 2000). In hybrids generated after
interspecific crosses between Coix aquaticus (2n=10) and Coix gigantea (2n=20, ancuploids:
2n=18 - nullisomic, 2n=24 - hexasomic) there were obtained a spectrum of individuals with
following composition of C. gigantea (G) and C. aquaticus (A): 2n =14 (9G + 5A), 2n =15
(10G + 5A), 2n=16 (11G + 5A). The hybrid plants were grown together with the parents
resulting after open pollination in plants with 2n = 10 up to 2 n = 21 with different number of
chromosomes coming from C. gigantean and C. aquaticus. The plants with 2n=11 were
analyzed and found to contain 2n = 11 (10A + 1G) or 2n = 11 (9A + 2G). The C. gigantea
chromosomes integrated in C. aquaticus genome showed B chromosome-like behavior during

meiosis (Sapre and Deshpande, 1987).

In the gynogenetic fish Poecilia formosa, initiation of embryogenesis requires sperm of males
from the related bisexual species P. mexicana or P. latipinna. The paternal genome is
afterwards eliminated early in development. The progeny results in a spotted pigmentation
phenotype. Cytological analysis revealed supernumerary microchromosomes in P. formosa
offsprings which appeared as result of incomplete elimination of paternal genome. They are
inherited and different numbers of supernumeraries (B chromosomes) result in variable
pigmentation variations which represent consequences of activity of paternal gene located on

them (B chromosome) (Schartl et al., 1995).
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Another example is the B-like PSR chromosome of wasp N. vitripennis. The phylogenetic
analysis of DNA sequences of a NATE retrotransposon showed high similarity to sequences
of a species in the genus Trichomalopsis (McAllister and Werren, 1997). B chromosomes
were detected also in hybrids between two cultivated lines of some genotypes of Pennisetum

glaucum (Le Thi et al., 1994).

1.11.3. B chromosomes derived from sex chromosomes

The similarity of meiotic behavior, morphology, and heteropycnocity between Bs and sex
chromosomes in some species suggested the origin of Bs from sex chromosomes (Amos and
Dover, 1981; Jones, 1982; Green, 1990). The similarity in composition and localization of two
DNA probes (180 bp tandem repeat and ribosomal DNA) of B,s, which are mostly composed
of these two sequences, with those on X chromosome suggest that the B,s in grasshoppers E.
plorans probably originated from X chromosomes (Lopez-Leon et al., 1994). Another
example can serve the B chromosomes of Leiopelma hochstetteri which at DNA level showed
similarity to the W sex chromosome (Sharbel et al., 1998). Also morphological similarities
between Bs and univalent W chromosome were observed (Green et al., 1993). In Glossina
species was reported about the homology between B and sex chromosomes, suggesting the
formation of B via Y chromosome duplication and further evolution by accumulation of

repetitive DNA (Amos and Dover, 1981).

1.12. Molecular techniques for investigation of transcription

There is a large spectrum of methods available for the analysis of global transcriptional
activity.

The mostly wide used methods for comparative transcription analysis are: micro- and
macroarray hybridisation, differential display, cDNA-AFLP (Affinity Fragment Length
Polymorphism), and SSH (Suppression Substractive Hybridization). Each method has its
advantages and disadvantages. Depending on the aim, available sequence information,

financial possibilities one can choose the most suitable method.

Arrays (micro and macro) are used to survey the expression of thousands of genes in a single

experiment. The output of an array experiment is called a “gene expression profile”. All array
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experiments rely on the core principle that transcript abundance can be deduced by measuring
the amount of hybridization of labeled RNA to a complementary probe. In case of macroarray,
the detection system is identical to those of Southern/Northern hybridization; in case of
microarray the detection is done by measuring the fluorescence intensity. The usage of macro-
or microarrays is determined by the start material available. For model organisms (e.g.
Arabidopsis thaliana, rice), the array filters are commercially available. This method is not

suitable for organisms with low sequence information.

Differential display was invented by Pardee and Liang (1992) to allow rapid, accurate, and
sensitive detection of altered gene expression. The method is based on synthesis of cDNA
from mRNA, PCR using single stranded cDNA as template and oligo dT and random one as
primers, amplifying the 3’ends of transcripts. PCR products are then resolved in denaturing
polyacrylamyde gels. Visualization can be performed by radioactive, fluorescence or silver
staining detection. The band of interest can be excised, reamplified, and sequenced. The
advantage of this method is that no preliminary sequence information is required, whereas

disadvantages are: high background, low reproducibility and high frequency of false positives.

cDNA-AFLP is an improvement of traditional differential display techniques developed by
Bachem and colleagues (1998). It is a PCR-based method which starts with the cDNA
synthesis from total or mRNA using random hexamers or oligo dT as primers. The obtained
fragments are digested with two restriction enzymes - normally a 4-cutter and a 6-cutter, and
adapters are ligated to the ends of the fragments. In the first amplification step, only those
fragments are amplified that were digested by both restriction enzymes and thus have different
adapters at the end. In the following amplification steps, the complex starting mixture of
cDNA is fractionated into smaller subsets by selective PCR amplification using primers on the
adapters that contain one or more extra nucleotides. By increasing the stringency of PCR
amplification (adding more additional nucleotides to the primers), the sensitivity of the
analysis can be increased. In this way, genes with a low expression level can also be detected.
The fragments that are amplified are roughly 100 to 800 bp long. These fragments are
separated on high-resolution gels. The differences in the intensity of the bands that can be
observed provide a good measure of the relative differences in the levels of gene expression.
Further characterization of interesting transcripts often requires the identification of the

corresponding full-length cDNA. The advantages of this method include a small amount of
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starting material requirement, high sensitivity, simple principle, and no need of sequence
information while disadvantages are: high number of false positives which can be diminished

by running several control PCRs and sensitivity to SNPs (single nucleotide polymorphisms).

Suppressive Substractive Hybridization (SSH) were developed by Diachenko and colleagues
(1996). SSH combines the selectivity of subtractive hybridization with the sensitivity of PCR.
One of its main advantages is that it allows the detection of low-abundance differentially

expressed transcripts. However, it doesn’t detect small sequence differences.

1.13. Investigation of transcriptional activity of B chromosomes

Being dispensable for normal growth of individuals Bs were considered nonfunctional and not
carrying any essential genes, therefore for many decades they were characterized as
transcriptionally inactive. However, the transcriptional activity of Bs is of interest since they
were discovered (Wilson, 1907). The approaches to study gene transcription were evolving in

time according to the available techniques.

Fox and colleagues (1974) first attempted to study the transcription behavior of Bs in the
grasshoppers species Myrmeleotettix maculatus and Chorthippus parallelus by monitoring
the formation of RNA transcripts during diplotene using as detection the autoradiographic
determination of incorporated [H’] uridine. The labeling intensity of Bs was very low
indicating little or no transcription. Comparable experiments performed by Ishak and

colleagues (1991) in Apodemus penisulae resulted in a similar finding.

Indirect evidence of transcription of Bs was based on observation of meiotic Bs forming
lampbrush structures in the frog Leiopelma hochstetteri (Green, 1988) and the fly Simulium
juxtacrenobium (Brockhouse et al., 1989). Lampbrush is a special type of chromosome
structure characteristic of the diplotene stage of meiosis in oocytes of a number of animal
species. It consists of axial condensates of chromatin (chromomeres) and distinguishable
lateral loops which are active in RNA synthesis. The RNA molecules associate with
heterogeneous nonhistone proteins, forming periodic condensates of 20-30 nm
ribonucleoprotein (RNP) particles. Loops are maintained by transcription and if transcription
is stopped, there is no formation of a lampbrush structure (Chaumeil et al., 2006). Since

transcribed coding and non-coding sequences (including highly repetitive sequences (Solovei
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et al., 1996)) are organized as loops, it is likely that the lampbrush structure of frog and fly Bs

is caused by active coding and/or noncoding sequences.

Other indications about transcriptional activity of B chromosomes result from biochemical
analysis by comparative esterase isozyme activity of plants with and without Bs in Scilla
autumnalis (Ruizrejon et al., 1980) and rye (Bang, 1990). In B-positive plants, an additional
band was determined by protein electrophoresis. However, in both cases it is unclear whether
additional band was caused by an isozyme gene which is located on Bs or Bs influenced the

transcription behavior of A-located isozyme genes.

The B chromosome of pathogenic fungus Nectria haematococca was found to encode a
family of cytochrome P-450 genes responsible for the detoxification of phytoalexin pisatin, an
antimicrobial compound produced by the garden pea (Pisum sativum L.) (Miao et al., 1991;
Han et al., 2001). This is the best example where a link can be traced between transcription of
B-located genes and a defined function. B-located elements controlling the host pathogenicity
were also found in other fungi, e.g. Alternaria alternata (Hatta et al., 2002). More examples
are listed in Covert et al. (1998).

In many species B chromosomes contain nucleolar organizer regions (NORs) which contain
ribosomal RNA (rRNA) genes (Green, 1990; Jones, 1995). The most common indirect
technique to visualize active NORs is silver staining (Hizume et al., 1980). In situ
hybridization has been widely used to visualize the presence or absence of B-located rDNA
sequences (Maluszynska and Schweizer, 1989; Donald et al., 1995). However, not all rRNA
loci are active. For example, based on RT-PCR experiments, the 45S rRNA genes of the large
B chromosome in B. dichromosomatica were found to be inactive in leaf tissue (Donald et al.,
1995). Indirect evidence of rDNA activity could serve its association with nucleolus during
interphase. Micro Bs in B. dichromosomatica showed 70% of non-association with the
nucleolus, suggesting inactivity of micro B-located 45S rDNA (Marschner et al., 2007b). The
first molecular evidence of ribosomal gene activity on B chromosomes in plants was found in
C. capillaris in which one of two B-specific members of rRNA gene families were weakly
transcribed (Leach et al., 2005). In animals, activity of rDNA was demonstrated for the B-like

PSR chromosome of the parasitoid wasp Trichogramma kaykai (van Vugt et al., 2005).

27



In red fox (Vulpes vulpes) and two subspecies of raccoon dog (Nyctereutes procyonoides) a
proto-oncogene C-KIT gene was identified and localized on Bs by in situ hybridization
(Graphodatsky et al., 2005). However its transcriptional activity was not yet demonstrated. In
0B and +B yellow-necked mice (Apodemus flavicollis) differential expression of the genes:
chaperonin containing TCP-1, subunit 6b (zeta) (CCT6B), fragile histidine triad gene (FHIT)
and hypothetical gene XP transcript, were identified by differential display (Tanic et al.,
2005). However, B chromosome-localization of these genes was not demonstrated. Therefore
it doesn’t exclude the possibility that these genes are A-localized and its transcription behavior

is influenced by the presence of Bs.

B chromosomes of many species are composed mainly of degenerated mobile elements,
tandem repeats, and other nonfunctional DNA which are considered as transcriptionally silent
(Alfenito and Birchler, 1993). However, recently in maize it was shown that parts of StarkB, a
B-specific transposable element, are transcribed (Lamb et al., 2007a). The transcripts coming
from transposable elements are claimed to be involved in regulatory processes as chromatin
compactisation; they can switch on genes by read-through, either switch off or insertion into

the gene during transposition.

1.14. Rye B chromosomes
First in rye (2n = 2x = 14) Bs were mentioned by Gotoh (1924). Their number varies between
0-8 Bs per plant. The size of Bs is half of the A chromosomes (Fig.

T h 1). In the genus Secale, out of five representing species, Secale

;._, ‘ cereale showed the highest predisposition of carrying Bs (Jones,

N v T ) 1993). However in S. segetale, Bs are present as well (Niwa and

B N }:\ Sakamoto, 1995, 1996). The crosses between 2B plants of S. cereale
w® ol

and 2B plants of S. segetale resulted in progeny of 4B individuals.
f:ﬁ Vlv‘itfize?sa(;’ﬁ‘;‘iiiﬁffrye Cytological investigations showed that the Bs of both species do pair

at diakinesis in pollen mother cells. This demonstrates that in both species the Bs are

homologous, and probably have a monophyletic origin (Niwa and Sakamoto, 1995).

The geographical distribution of rye Bs is all around the world: first found in Japan and later

on reported in almost all wild and semi-wild studied populations from Asia, Europe and

Northern America. The frequencies of plants with Bs vary from population to population: the

highest are found in populations from Far East in Korea and Japan (Jones, 1993). No B
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chromosomes were found in breeding cultivars as they negatively influence the fertility and

for this reason during selection they are eliminated.

Rye Bs are stable at mitosis with a constant number in all somatic cells. The meiotic behavior
of Bs in rye is marked by the fact that during metaphase I (MI) they do not pair with As,
except A/B translocations (Pohler and Schlegel, 1990). One B in the cell behaves as univalent
at meiosis: often it is lost during division. Two Bs usually pair forming a bivalent at MI,
though not always. When more than 2 Bs are present in the cell they can pair as multivalents.
The frequency of such pairing is variable depending on the strain. For example in Swedish
varieties formation of bivalents are predominant to the multivalents (Hakansson, 1957), while
in JNK strain the formation of radial multivalents are frequent (Kishikawa 1968). The pairing
frequency among Bs is often determined by the genotype environment, which was classified
as lines possessing high transmission rate (which tend to accumulate the Bs) or low (which
tend to lose the Bs). The A- complement genotypes controls the B-transmission frequency

(Romera et al., 1991).

As in many other species rye Bs have a non-Mendelian inheritance. Crosses between 0B % 1B
plants result in 80% OB and 20% 2B plants, with a few carrying only 1B (Puertas and
Lacadena, 1974). Neither of 0B x 2B crosses result in 1B progeny; most of the plants are
carrying 2Bs. Crosses between 0B x 2B, 2B x OB and 2B x 2B show high numeric variation
of Bs between different varieties and within them (Jones, 1993). In some 0B % 2B and 2B x
OB crosses more 0B offsprings are obtained while in other crosses 2Bs and more are
predominant. The 2B x 2B crosses also result in offsprings with variable number of Bs which
differ from the expected one. The transmission rate of B chromosomes is also influenced by
maternal effect (Puertas et al., 1990). The crosses between 0B x 2B, 2B % OB and 2B x 2B
showed a large variation of Bs in the progeny. The 2B plants whose maternal parent had 2Bs
showed high transmission of Bs. 0B plants coming from 2B maternal parent showed increased
rate of acceptance of pollen from B carrier plants. Respectively the progeny of 2B males and
0B females coming from 0B maternal parent displayed lower frequency of B transmission. In
2B x 0B crosses, variations were also observed, although not correlated with the influence of
the maternal parent. In 2B x 2B crosses, the pollen coming from a 2B maternal parent
fertilizing the 2B mother plant resulted in increase of B chromosome frequency in the progeny

(Puertas et al., 1990).
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The accumulation of B chromosomes in rye occurs due to nondisjunction of sister chromatids
at first pollen grain as well as first egg cell mitosis (Fig. 2)

(Miintzing, 1946; Hakansson, 1948; Muntzing, 1963). The

element which controls the nonseparation of sister cromatids is

m‘ located on the distal end of the long arm of Bs. The chromatids of

1s0-B chromosomes, which lack the terminal end of the long arm,

ey

:{
wm‘“ separate normally at first mitosis after meiosis (Muntzing and

Lima-de-Faria, 1952). However, if an additional standard B or its
Eir%; lz,'oﬁzlf ;";ﬂ‘;ﬁ‘t‘;ﬁ‘;’“ at distal end of long arm is present, a deleted B also undergoes
nondisjunction (Lima-De-Faria, 1962; Endo, 2007; Endo, 2008). Endo (Endo, 2008) generated
a series of rearranged Bs and wheat + rye Bs translocations via a gametocidal (Gc) system. In
both cases: either an additional standard B present or the terminal region of long arm of Bs the
chromatids of the deleted B do not separate at first mitosis after meiosis. In wheat the
nonseparation occurs like in rye which means that the background genotype doesn’t encode
any major controlling element. Only the pericentromeric region and the trans-acting element
located on the distal end of long arm of Bs are in charge for the nondisjunction in rye (Endo,
2008). A dosage effect depending on the ratio of deleted B per standard B was observed.
The effects of rye Bs are rather negative. Their presence in the plant lead to decrease in
viability and fertility (Miintzing, 1943, 1963). The negative effect on fertility can be
explained by the univalent formation at meiosis (Jones and Rees, 1967) and spindle
abnormalities at pollen mitosis (Hakansson, 1957). The Bs in rye do not influence the sister
chromatids exchange of A chromosomes (Friebe, 1980). The influence of Bs was found to be
variable in different genotypes. For example in Korean rye, the negative effects of Bs are less
severe (Miintzing, 1967). To study the influence of Bs excluding the variability due to
genotype Puertas and colleagues (1985) compared the viability and fertility of Bs in S. cereale
and S. vavilovii. In S. vavilovii which naturally contain no Bs, they were introduced by
backcrossing with JNK rye carrier of Bs. The results lead to the conclusion that the Bs
influence the fitness independently of the genotype. The Bs were found to influence mainly
the fertility (grain/plant, grain/flower) and to have no influence at all on viability (spike/plant,
spike/flower) (Puertas et al., 1985). Same results were obtained after introgression of Bs

coming from JNK strain in other twelve rye isogenic lines (Jimenez et al., 1994). The dosage
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of A chromosomes does not influence the behavior of Bs. This is because in tetraploid rye, Bs

behaves in the same way like in diploid rye (Miintzing, 1963).

The rye B is mainly composed of DNA sequences in common with those of the A
chromosomes (As) (Rimpau and Flavell, 1975; Timmis et al., 1975) with the exception of the
terminal part of the long arm (Tsujimoto and Niwa, 1992a; Wilkes et al., 1995; Houben et al.,
1996). Two B-specific families of high copy repetitive DNA, D1100 (Sandery et al., 1990)
and E3900 (Blunden et al., 1993) have been isolated and mapped to this terminal domain.
Both families are organized in a complex manner and neither represents a simple monotonous
array of tandem repeats (Langdon et al., 2000). In situ hybridization shows that at metaphase
the D1100 display two adjacent clusters with a small gap between them, with the more
homogeneous E3900 positioned towards the telomere (Wilkes et al., 1995; Langdon et al.,
2000). This B specific domain is characterized as the B heterochromatic block, which
replicates late in S phase and also corresponds to the most prominent and conserved Giemsa-
banding positive band discriminated by DAPI staining at metaphase (Jones, 1993; Houben et
al., 1996; Langdon et al., 2000). The rye Bs carries no ribosomal DNA (Niwa and Tsujimoto,
1992; Cuadrado and Jouve, 1994).
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2. Aims of the thesis

The questions addressed in this work are focused on the analysis of transcriptional activity of

rye B chromosomes. To answer these questions following approaches were employed:

1. Investigation of the histone H3 and H4 methylation properties of rye Bs.

It is known that histone modifications cause the change of the chromatin structure leading to
formation of euchromatin (transcriptionally active) or heterochromatin (transcriptionally
inactive). To determine the chromatin structure which is in direct correlation with
transcriptional activity, the histone methylation pattern of B chromosomes versus the
transcriptionally active A chromosomes of rye was compared by immunostaining with

antibodies against histone H3K4mel,2,3, H3K9mel,2,3, H3K27mel,2,3 and H4K20mel,2,3.

2. Investigation of transcriptional activity of previously isolated rye high copy B specific
sequences and characterization of their transcripts.

The transcriptional activity of repeats D1100 and E3900 (Blunden et al., 1993) which are
located in the subtelomeric region of the long B chromosome arms was investigated by
Northern hybridization and RT-PCR.

To characterize D1100 and E3900 transcripts, their polyadenylation status and small RNA

formation capability was investigated.

3. ldentification and characterization of the general transcriptional activity of B
chromosomes.

To characterize the global transcriptional activity and to identify new B specific transcripts,
comparative cDNA-AFLP was performed. Plants with and without Bs from three inbred lines
were used for screening to reduce the false positives due to the polymorphism. It is not
excluded that B chromosomes influence the transcription behaviour of A chromosomes.
Therefore, the additional bands in OB material were also determined by cDNA-AFLP
profiling.

4. Elucidation of the origin of rye B chromosomes.

The sequence analysis of newly identified B-transcripts could provide new information about

the origin of B chromosomes.
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3. Material and methods

3.1. Plant material and plant cultivation

Three different inbred lines of rye (Secale cereale L.): 7415, P 12, and 2677 (Jimenez et al.,
1994; Ortiz et al., 1996) were selected for cDNA-AFLP experiments. For generation of these
inbred lines, four backcrossings of the new generation with pollen collected from plants with
+2B chromosomes were performed by the authors. Therefore, the B chromosomes in each line
should be of the same origin (Jimenez et al., 1994).

After vernalization, the plants were grown in the same temperature, humidity, and light
conditions (16 hours light, temperature 22°C day and 16 °C night). As the presence of Bs do
not show any phenotypic effects, each plant was checked by chromosome counting, Southern
hybridization using a B-specific probe and PCR using 3900 forward 5 and 3900 reverse 5

primers (Table 5) specific for B chromosome sequences.

Rye-wheat chromosome addition lines carrying chromosome 6B and a small wheat
chromosome fragment translocated to one of the rye chromosomes were kindly provided by
R. Schlegel (Gatersleben). The addition lines were generated by crossing rye (cultivar ‘Pluto’)
with wheat (cultivar ‘Falon’) and several backcrosses of the hybrids with the same rye parent

line (Fig. 3).

rye + wheat 6B rye + wheat 6B+fragment

Fig. 3. Genomic in situ hybridisation (GISH) of two rye-wheat addition lines carrying the
wheat chromosome 6B (in yellow, arrowed) and a translocated small wheat chromosome
fragment (in yellow, indicated by an arrowhead). Pictures were obtained from A. Houben
(IPK, Gatersleben).
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3.2. Chromosome counting

Caryopses were germinated on moist filter paper at 22-24°C in dark during 3-4 days. To
accumulate metaphase cells, 2-3 cm long roots tips were treated in ice cold water for 16 hours.
Afterwards, roots were fixed in ethanol : glacial acetic acid (3:1) solution for 2-3 days at room
temperature (RT). To prepare chromosomes, roots were stained in 1% acetocarmine dissolved
in 45% acetic acid and squashed between slide and cover slips. A phase contrast microscope

was used for chromosome counting.

3.3. Extraction of genomic DNA

DNA was extracted from 100 mg grinded leaves in 1.5 ml prewarmed at 65°C isolation buffer
(0.1 M Tris, 0.7 M NaCl, 0.05 M EDTA, pH 8.0) for 15 minutes. After adding 0.65 ml
isoamylalcohol : chloroform (1:24) the mix was centrifuged at 14,000 rpm, RT. The
supernatant was transferred into a new tube, the DNA precipitated with 700 pl isopropanol,
the pellet washed with 1 ml 70% ethanol, then dried and resuspended in 100 pl double
distilled H>O (Souza, 2006).

3.4. Extraction of plant RNA

Total RNA was isolated from roots, leaves, and anthers by using the Trizol method
(Chomczynski and Sacchi, 1987). Contaminating genomic DNA was digested with DNase
(Roche). Afterwards, DNase was inactivated by heat-treatment for 10 minutes at 70°C and
removed by phenol : chlorophorme (1:1) treatment. RNA was recovered by isopropanol
precipitation. The absence of genomic DNA contamination was tested by PCR using E3900-
specific primers (E3900 forward 5 and 3900 reverse 5 (Table 5)) on DNAse treated RNA
without reverse transcription reaction. The RNA quality was monitored by denaturing MOPS-
formaldehyde gel electrophoresis (Sambrook J, 2001). The concentration was determined

spectrophotometrically.

3.5. cDNA-AFLP analyses

The cDNA-amplified fragment length polymorphism (AFLP) method was performed
according to Bachem (Bachem et al., 1996; Bachem et al., 1998). The cDNA was synthesized
using Super SMART cDNA synthesis kit (Clonthech). 1 pg of total RNA from leaves served
for synthesis of the first cDNA strand. The double-stranded cDNA was subsequently purified
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with NucleoSpin columns (MACHEREY NAGEL), quantified spectrophotometrically, and

the quality was checked by agarose gel electrophoresis.

3.5.1. AFLP analysis

300 ng double-stranded cDNA was restricted with 5.0 U Pstl (rare cutter) and 2.5 U Msel
(often cutter) (New England Biolabs) at 37°C for 3 hours. To the restricted cDNA fragments
were ligated 2 pmol Pstl adapters and 20 pmol Msel adapters complementary to the restriction
sites (Table 1). The ligation was performed overnight at 4°C in 12.5 pl mix containing 1x
NEB?2 buffer, | mM ATP, BSA (0.1 mg/ml) and 1 Wise-U T4-Ligase (New England Biolab).
Ligated fragments were diluted 1:4 with 0.1x TE. 5 ul was used for PCR-preamplification
with 6 pmol of each primers Msel 00 and Pstl 03 (Table 2), 0.2 mM dNTP, 1.5 mM MgCl,,
Ix reaction buffer and 1U Taq polymerase (Qiagen). PCR conditions were: 3 minutes 95°C;
20 cycles: 30 seconds 95°C, 30 seconds annealing 60°C and extension 2 minutes 72°C. The
preamplified mixture was diluted 40 times, and 3 pul was used for final selective PCR-
amplification according to Vos et al. (1995). Msel and Pstl primers containing three selective
nucleotides at the 3’-prime end were used. PCR mix contained 6 pmol of each primers Msel
and Pstl (Table 2), 0.2 mM dNTP, 1.5 mM MgCl,, 1x reaction buffer and 1U Taq polymerase
(Qiagen). PCR conditions included following steps:1) 3 minutes 95°C, 2) 9 cycles: 30
seconds 95°C, 30 seconds annealing (touch-down profile 65°C-1°C/cycle) and extension 2
minutes 72°C, 3) 23 cycles: 30 seconds 95°C, 30 seconds annealing 56°C and extension 2
minutes 72°C. 63 primer combinations were tested (Table 2, 3). PCR products were separated
in 5% acrylamide gel (Roth) containing 8 M urea, Ix TBE using sequencing gel
electrophoresis apparatus (Gibco BRL). To remove nonpolymerised acrylamide, the gel was
first run at 1200 V, 27 mA for 30-40 minutes in 1x TBE. 3 ul of PCR products were mixed
with equal volume loading dye (98% formamide, 10 mM EDTA, 0.025% bromphenol blue
and 0.025% xylene cyanol), denatured for 5 minutes at 95°C, chilled on ice and run at 1200 V,
27 mA for 2.5 hours in 1x TBE. GeneRuler™ 100 - 1000 bp range was used (Fermentas) as
marker. Marker was mixed with equal amount of formamide loading dye and treated as AFLP

PCR products. Negative controls (without template DNA) were included in each step.

3.5.2. Detection and recovery of electrophoresed cDNA-AFLP fragments
Silver staining, performed according to Sanguinetti et al. (1994) with slight modifications,

was used to visualize cDNA-AFLP fragments. After electrophoresis, the glass plates were
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separated and the acrylamide gel was fixed in 10% ethanol, 5% acetic acid solution for 5
minutes. Subsequently, the gel was stained in 0.3 % AgNOs; for 15 minutes and developed in
developing solution (1.5% NaOH, 0.4% formaldehyde, 100 pg/l NaBH3) during 15 - 20
minutes. After each step, gels were rinsed in distilled water.

The cDNA-AFLP fragment patterns were compared between plants with and without B
chromosomes. Fragments of interest (eg. fragments present in +B material only) were excised
from the acrylamide gel and resuspended in 50-100 pl elution buffer (50 mM KCl, 10mM Tris
HCI (pH 9.0) and 0.1% Triton-X-100) for 20 minutes at RT (Sanguinetti et al., 1994). 5 ul of
eluted DNA was used for reamplification using the same PCR conditions and primer
combinations as been used for selective amplification. PCR products were checked by 1.2%
TAE agarose gel electrophoresis, cloned into pGEM-T Easy vector (Promega), and

sequenced.

3.5.3. DNA Sequencing and sequence analysis
Sequencing was performed using facilities at IPK (Gatersleben) or at MWG Biotech AG
(Ebersber).
Sequences were processed using the software ‘Editseq’ and aligned using ‘MegAlign’
(Lasergene 6). Following databases were used for sequence comparisons, BLAST (Basic
Local Alignment Search Tool):

NCBI - http://www.ncbi.nlm.nih.gov/BLAST/

TIGR - http://www.tigr.org/tdb/e2k1/plant.repeats/

GrainGene - http://wheat.pw.usda.gov/GG2/blast.shtml
RT-PCR, FISH, Southern and Northern hybridization was performed for confirmation and

further analysis of B-specific transcripts.
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Table 1. Adaptors sequences

Adapters Sequences 5°—3’

Pstl adapter forward CTCGTAGACTGCGTACATGCA
Pstl adapter reverse TGTACGCAGTCTAC

Msel adapter forward GACGATGAGTCCTGAG

Msel adapter reverse TACTCAGGACTCAT

Table 2. List of AFLP-primer sequences (Keygene).
http://wheat.pw.usda.gov/ggpages/keygene AFLPs.html

Selective nucleotides are highlighted in red.

PstI 5"---3° Msel 5°---37

P03

GACTGCGTACATGCAGG MO0 | GATGAGTCCTGAGTAA

P47 GACTGCGTACATGCAGCAA |M 32| GATGAGTCCTGAGTAAAAC
P48 GACTGCGTACATGCAGCAC |M 33| GATGAGTCCTGAGTAAAAG
P 63/S 11| GACTGCGTACATGCAGGAA |M 34 | GATGAGTCCTGAGTAAAAT
P 65/ S 13| GACTGCGTACATGCAGGAG |M 47 | GATGAGTCCTGAGTAACAA
P67/ S 15| GACTGCGTACATGCAGGCA |M 48 | GATGAGTCCTGAGTAACAC
P 69/S 17| GACTGCGTACATGCAGGCG |M 49 | GATGAGTCCTGAGTAACAG
P 76/ S 24| GACTGCGTACATGCAGGCT |M 51 | GATGAGTCCTGAGTAACCA
P79 GACTGCGTACATGCAGTAA |M 52| GATGAGTCCTGAGTAACCC
P 81 GACTGCGTACATGCAGTAG | M 55| GATGAGTCCTGAGTAACGA
P &5 GACTGCGTACATGCAGTCG |M 59 | GATGAGTCCTGAGTAACTA

M 61 | GATGAGTCCTGAGTAACTG

M 62 | GATGAGTCCTGAGTAACTT

M 63 | GATGAGTCCTGAGTAAGAA

M 64 | GATGAGTCCTGAGTAAGAC

M 65 | GATGAGTCCTGAGTAAGAG

M 79 | GATGAGTCCTGAGTAATAA

M 80 | GATGAGTCCTGAGTAATAC
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Table 3. Primer combinations used for cDNA-AFLP analysis of 0B/+B plants.

Nr. | Primer combinations | Nr. | Primer combinations
Pstl Msel Pstl Msel
1 S11 M48 36 S24 M59
2 S11 M79 37 S24 M60
3 S13 M32 38 S24 M61
4 S13 M33 39 S24 M62
5 S13 M34 40 S24 M65
6 S13 M47 41 S25 M65
7 S13 M48 42 P47 M47
8 S13 M49 43 P47 M49
9 S13 M55 44 P47 M55
10 S13 M63 45 P47 M63
11 S13 M64 46 P47 M64
12 S13 M79 47 P47 MS80
13 S13 MS&0 48 P48 M32
14 S15 M51 49 P48 M33
15 S15 M52 50 P48 M49
16 S15 M53 51 P79 M48
17 S15 M55 52 P79 M55
18 S15 M60 53 P81 M32
19 S15 M59 54 P81 M33
20 S15 M61 55 P81 M34
21 S15 M62 56 P81 M47
22 S15 M65 57 P81 M48
23 S17 M34 58 P81 M49
24 S17 M48 59 P81 M55
25 S17 M49 60 P81 M63
26 S17 MS51 61 P81 Mo64
27 S17 M61 62 P81 M79
28 S17 M62 63 P85 M49
29 S17 M65
30 S24 M34
31 S24 M48
32 S24 M49
33 S24 M52
34 S24 MS53
35 S24 M55




3.6. RT-PCR

75 ng of cDNA from roots, leaves or anthers was used for each RT-PCR reaction. Primers

were designed specific for cDNA-AFLP fragments (Table 4), as well as the B-specific repeats
D1100 and E3900 (Table 5). PCR mix contained 1 uM of primers, 2 mM dNTP, 1x reaction
buffer, 1.5 mM MgCl,, and 1U of Taq polymerase (Qiagen). The PCR conditions for D1100
were: 3 minutes 95°C; 40 cycles: 30 seconds 95°C, 30 seconds 65°C , 2 minutes 72°C. For all

3900 primer combinations the conditions were: 3 minutes 95°C; 30 cycles: 30 seconds 95°C,

30 seconds 65°C , 2 minutes 72°C. For cDNA AFLP fragments the annealing temperatures

were different (Table 4), in rest the PCR condition were like for E3900. PCR was performed

in Thermal Cycler (Bio-Rad). The products were analyzed in 1.2% TAE agarose gels.

Table 4. Primers specific for cDNA AFLP fragments

Nr. | Name of primers Sequence 5°-----3° Annealing
temperature

2452 forward | AGTTACCATCCTCTTTCGCCACCCGCACG 71.6°C

1 2452 reverse | AAATCATTGGGGGGTTGCCGTCCCTTCG '
2448 forward | ATGAGGGGGAACGCAGACAACAAC 66.5°C

2 2448 reverse | TCGCTGGCTGAGAACAATGATAAC '

3 1553 forward | ACTATTACAGTGGCAACAGC 64.5°C
1553 reverse ATGAGGTGGGGGCTTCAGCG

4 1559 forward | ATTATTTCGTTCGCCTACACACACAGC 68.8°C
1559 reverse | TGCTACATCCTCCTCTCCCTCATCTCG

5 8149 forward | AGCTCCAACACAGCACCAAGGGCATCCG 79 59C
8149 reverse | AGCCAACCAAACGCCAGGCACCACCAGC

6 4747 forward | TGGCCTTACGGAACCCATCTTGC 66°C
4747 reverse | TGTCACCACTGGCTTGAACAGGC

7 2565 forward | GTGAATGATGCTTGTGTCTTCG 61.5°C
2565 reverse | AGAGGGCGCAAAAGATCCTAC

2 2453 forward | AATGACTGGATTGACGTGAAGTG 61.5°C
2453 reverse | CAAGCCATAAAGAGGCACCAC

9 2465 forward | TGCCGTAGAAGATGAGGTTCCCGC 66°C
2465 reverse | GTGTCGTTCTGATTGACCAAAGAGC

10 1334 forward | AACATCATACAAAACATCACG 53 8°C

1334 reverse

CCGGGAGTCCGATGAAGATC
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Table 5. Primers specific for D1100, E3900 and barley-eEF lalpha sequences.

Primer positions are based on the published sequences: Z54196 for D1100 (Sandery et al.,
1990; Langdon et al., 2000) and AF222021 for 3900 (Blunden et al., 1993; Langdon et al.,
2000) and Z50789 for eEFlalpha (Nielsen et al., 1997).

Name of primers Sequence (5'--3") Position (bp)
1100 forward GCTTGCACCGGCTTCGTCCCG 57-77
1100 reverse GTGTACTTGAGACACGCAAGC 857-837
3900- forward 1N CTAGCCCGTCGTCCTATTTCCG 84-105
3900 forward 1 GAGGGGGTAATCTTTGCTCAGC  [253-274
3900 forward 2 ATAGAACGGCTGGGATGAGACG [1559-1580
3900 forward 3 ACCGTCGTTGCCGCCGTTCG 2427-2446
3900 forward 4 AGATGATGGTTTTGATGACGGCG [2888-2910
3900 forward 5 CCGACGACTTGGCGAGGTATG 3231-3251
3900 forward 6 TGTTTGATGGTGATGGTGATGCG [3597-3619
3900 reverse 1 TCCTGTTCGTCTCATCCCAGC 1587-1567
3900 reverse 2N GAAACCAAAGGAGTAGACTTGC [2364-2343
3900 reverse 2/3 TCTCTTTCTTCTCCCTACGTGC 2667-2646
3900 reverse 4 GCAAAGTCCTCGACCAACTGC 3409-3389
3900 reverse 5 GAGCGGGCGGAGGAGTTTCT 3688-3669
3900 reverse 6 CTGCAACTGTCTCCACATACACG [3940-3918
barley-eEF1alpha-forward AGGAGAAGACTCACATCAACATC |64-86
barley-eEF lalpha-reverse TGGGCTCGTTGATCTGGTCA 735-716

3.7. Northern hybridization

For Northern analysis, 20 pg of total RNA was separated in denaturing MOPS-formaldehyde
agarose gel, and blotted onto Hybond-N" membrane (GE Healthcare) by capillar transfer in
20x SSC overnight (Sambrook J, 2001). RNA was crosslinked to the membrane using UV
transiluminator (auto crosslink setting). Prehybridisation and hybridization were performed in
Church buffer (7% SDS, 10 mM EDTA, 0.5 M phosphate buffer (pH 7.2)), at 64 °C. Probes
(100 ng) were labeled with 5 ul [a-"P] CTP (125 pCi P** (GE Healthcare)) using
HexaLabel™ DNA Labeling Kit (Fermentas). After overnight hybridization, membranes were
washed twice in 40 mM phosphate buffer (pH 7.0) containing 1% SDS and 2 mM EDTA at

65°C. Radioactivity was vizualised using either X-ray films or the phospho-imager (Fuji).
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3.8. Restriction digestion, gel electrophoreses of genomic DNA and Southern
hybridization

Southern hybridization was performed according to (Sambrook J, 2001). 10 pg of genomic
DNA from plants with and without Bs was restricted overnight with the restriction enzymes:
EcoRlI, Pstl, Dral or Xbal (Fermentas) according to the manufacture instruction. The digested
DNA was size-fractionated by gel electrophoresis (0.8% agarose in TAE buffer, 18-20 hours
at 25V). The gel was denatured in denaturation buffer (1.5 M NaCl, 0.5 M NaOH) for 30
minutes, neutralized in neutralization buffer (1.5 M NaCl, 1 M TrisHCI (pH7.2), 0.001 M
EDTA) 15 minutes twice then, blotted onto Hybond-N" membrane (GE Healthcare) by
capillar transfer in 20x SSC overnight. The DNA was fixed to the membranes by incubating
for 5 minutes in 0.4% NaOH. Prehybridisation, probe labeling, and hybridization were

performed in the same conditions as described for Northern hybridization.

3.9. Fluorescent in situ hybridization (FISH)
FISH was performed according to Houben et al. (2006).

3.9.1. Preparation of chromosome spreads

Caryopses were germinated on moist filter paper at 22-24°C in dark during 3-4 days. Root tips
(1.5 - 2 cm) were treated with ice cold water for 16 hours to accumulate metaphases, then
fixed in ethanol:acetic acid (3:1) for 2-3 days at room temperature. To remove cell walls root
meristems were treated with an enzyme mixture of 2.5% Pectinase, 2.5% Cellulase R-10,
2.5% Pectolyase Y-2 dissolved in 1x PBS at 37°C until the material become soft (about 50
minutes). Alternatively, roots were treated for 30 minutes with 1% aceto-carmine (prepared in
45% acetic acid) at room temperature. The root tips were squashed in a drop of fresh 45%
acetic acid between glass slide and cover slip. The preparation was checked under a phase
contrast microscope. Slides with good chromosome spreads were immersed into liquid
nitrogen and after immediate removal of cover slip air dried. Dried slides were stored

desiccated at room temperature or —20°C if for a longer time.

3.9.2. Probe preparation
The probes were either excised from plasmids by restriction digestion, separated in gel
electrophoresis and purified using QIAquick gel extraction kit (Qiagen) or generated by PCR.

The probes were labeled with biotin-16-dUTP or digoxigenin-11-dUTP by nick-translation.
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Therefore, 1 pg DNA was mixed with 4 pl of biotin or digoxigenin-nick-translation mix
(Roche), the volume adjusted with water up to 20 pl, and incubated at 15°C for 90 min. The
reaction was stopped by adding 1 ul 0.5 M EDTA (pH 8.0) and heating to 65°C for 10
minutes.

The probe was further precipitated by adding 1/10 volume 3 M sodium acetate and 2.5 volume
ice-cold 95% ethanol and kept for at least 30 min at —80°C or overnight at —20°C. After
centrifugation, the precipitate was washed with 0.5 ml 70% ethanol, dried and resuspended in
20 pl water. Per slide, 50 ng of labelled probe plus 500 ng of sonicated salmon sperm DNA
was dissolved in 6 pl deionised 100% formamide and 6 pl 20% dextran sulfate in 4x SSC was
added. The hybridization mix was denatured at 80°C for 10 min and cooled immediately on

1ce to avoid renaturation.

3.9.3. In situ hybridization

Before hybridisation, slides were first baked at 60°C for 30 minutes, washed for 3x 5 minutes
with 2x SSC, and then treated with 100 pl of 100 pg/ml RNase A (in 2x SSC) under a piece of
parafilm for 1 hour at 37°C in a humid chamber. After RNase treatment, the slides were
washed 3x 5 minutes with 2x SSC in a coplin jar and treated with pepsin (100 pg/ml in 0.01
M HCI) for 5-15 minutes at 37°C under a piece of parafilm and washed for 3x 5 minutes with
2x SSC. Then the slides were fixed in 4% paraformaldehyde (dissolved in 1x PBS) at RT for
10 minutes, washed for 3x 5 minutes with 2x SSC, and dehydrated by incubation for 5
minutes in 70%, 96% and 100% ethanol. Next, the chromosomal DNA was denatured by
immersion the slides in 70% formamide containing 2x SSC at 70°C for 2 minutes, followed
by dehydration for 3 minutes in 70%, 96% and 100% ice-cold ethanol. The probe was applied
on prewarmed to 45°C slides, covered with pre-warmed cover slips, avoiding air bubbles. The
edges of the cover slips were sealed with rubber cement to avoid evaporation and the slides

were incubated at 37°C overnight in a humid chamber.

3.9.4. Detection of hybridization sites

After overnight incubation cover slips were removed, slides were washed 15 minutes at 42°C
in 2x SSC containing 50% formamide, and then 3x 5 minutes in 2x SSC at 42°C with
agitation. Next, slides were incubated with 100 pl blocking solution (5% BSA, 0.1% Tween
20, 4x SSC) under parafilm for 30 min at 37°C. After removing the blocking solution, slides

were probed with 50 pl of rhodamine conjugated anti-DIG antibodies raised in sheep and/or of
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Alexa 488 conjugated streptavidin (diluted 1:100 in 1% BSA, 4x SSC, 0.2% Tween 20),
covered with parafilm and incubated in the dark for 1 h at 37°C in a humid chamber followed
by washing 3x 5 minutes with 4x SSC, 0.1 % Tween 20 at 42°C. To amplify DIG-signals,
slides were incubated with 50 pl of rhodamine labeled donkey anti-sheep antibodies under
parafilm in the dark for 1 hour at 37°C in a humid chamber, washed again 3x 5 minutes with
4x SSC, 0.1% Tween 20 at 42°C, and then the buffer was drained using a blower. Slides were
then mounted with 10 pl of antifade containing 10 pg/ml DAPI (4°, 6-diamidino-2-
phenylindole), covered with cover slips, and observed under the microscope. To observe each
fluorescence, specific filters were used: DAPI filter (excitation wavelength 359 nm, emission
wavelength 461 nm), FITC filter (excitation wavelength 490 nm, emission wavelength 525
nm) or thodamine filter (excitation wavelength 540 - 560 nm, emission wavelength 580 nm).
Pictures were taken by cooled sensitive charged-couple device (CCD) camera and pseudo-

colored using Photoshop program (Adobe).

3.10. Indirect immunostaining

3.10.1. Chromosome spreads preparation

For immunostaining, the seeds were germinated in the same conditions as for FISH. The root
tips were fixed in freshly prepared 4% paraformaldehyde solution (dissolved in 1x PBS) for
20 minutes on ice, then washed 3x 15 minutes in 1x PBS on ice. Cell walls were digested by
treating the root meristems with an enzyme mix (2.5% Pectinase, 2.5% Cellulase R-10, 2.5%
Pectolyase Y-2 dissolved in 1x PBS) at 37°C until the material become soft (about 50
minutes). The macerated material was several times washed in 1x PBS. The squashing was
performed in 1x PBS between slide and cover slip, then slides were immersed into liquid
nitrogen and after immediate removal of the cover slips collected in a coplin jar with 1x PBS.

For longer storage, slides were kept in 100% glycerol at 4°C.

3.10.2. Detection of antigens

First, slides were incubated with 100 ul blocking solution (8% BSA, 0.1% Tween 100, 1x
PBS) under parafilm for 30 min at RT, and then washed 2x 5 minutes in 1x PBS. The slides
were left to drain for a short moment and then probed with the primary antibodies (Abcam
Ltd, UK and Upstate Biotechnology, USA) diluted in 1x PBS, 1% BSA in the following
dilutions: 1:2000 (anti-H3K4me3), 1:500 (anti-H3K9me2), 1:200 (anti-H3K4mel,2; anti-
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H3K9mel,3; anti-H3K27me1,2,3), and 1:100 (anti-H4K20mel,2,3) overnight at 4°C. After
washing 2x 5 minutes in Ix PBS, slides were treated with the secondary antibodyies
conjugated to Cy3 for 1 hour at 37°C under parafilm in a humid chamber followed by washing
3x 5 minutes in 1x PBS in the dark. Afterwards, slides were mounted with 10 pl of antifade
containing 10 pg/ml DAPI (4’, 6-diamidino-2-phenylindole) covered with cover slips and
observed under the microscope. Slide observation and signal capture were performed as was

described for FISH.

3.11. Small RNA analysis
Small RNA analysis was performed according to Mette et al. (2005)

3.11.1. Enrichment of small RNA

Total RNA isolated from 1g leaves or anthers by standard Tryzol method (Chomczynski and
Sacchi, 1987) was dissolved in 3.87 ml double distilled water. The large RNA was separated
from small one by adding 0.5 ml 5M NaCl and 0.63 ml of 40% polyethylenglycol MW8000.
The mixture was kept on ice for 30 minutes and centrifuged at 9000 rpm. Small RNA which
remained in supernatant was precipitated with 100% ethanol in presence of 1/10 3M sodium
acetate at -20°C for 2 hours. After centrifugation the pellet was washed with 70% ethanol,
dried and resuspended in 60 ul H,O. Small RNA was checked by MOPS-formaldehyde gel
electrophoresis and quantified spectrophotometrically at 260 nm.

Equal amounts of small RNA (60 pg) were mixed with formamide loading buffer, heated at
95°C for 5 min, and resolved in 15% denaturing acrylamide 0.225x TBE gel electrophoresis
under denaturing conditions (7M Urea). Decade RNA markers (Ambion) were used as size
marker. To equalize the migration speed of markers and probes, 60 pug of commercial tRNA
(Sigma) was added to markers. The gel was stained with ethidium bromide washed in 0.5x
TBE for 20 min. The RNA was further electroblotted to a Zeta-Probe nylon membrane (Bio-
Rad) for 1 hour at 10V using Trans-Blot semidry transfer cell (BioRad). After transfer, the
membrane was briefly washed in 0.5x TBE, air dried and vacuum-dried at 80°C for 2 hours to

fix the RNA to membrane.

3.11.2. Labelling of small RNA probes
RNA probes were synthesized according to the RNA in vitro transcription kit (Fermentas).

Each reaction contained 1 pg plasmid DNA, 7ul 5x transcription buffer, 20mM rNTP (N=A,
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G, C), 12.5 pl [a-*P] UTP 125 pCi (GE Healthcare), 3 ul RiboLock RNase inhibitor
(20U/ul), 2 pl T7 RNA polymerase(20U/ul), and H,0 up to 35 pl. The synthesis was
performed at 37° C for 2 hours. The plasmid DNA template was removed by incubation for 15
minutes with 1ul of RNase-free DNAse I (10U/ul, Roche). The probes were further
hydrolyzed in 500 pl carbonate buffer (120mM Na,COs/ 80mM NaHCOs) for 4 hours at 60°,
and neutralized by adding 35 pl 3M sodium acetate.

3.11.3. Small RNA hybridization

The hybridization solution contained 125 mM sodium phosphate buffer (pH 7.2), 250 mM
NaCl, 7% SDS and 50% deionized formamide. Membranes were prehybridized for 2 hours at
42°C, followed by hybridization with the probe overnight under the same conditions. After
hybridization, the membranes were washed 2x for 30 minutes in 2x SSC, 0.2% SDS at 42°C
and exposed to X-ray film overnight. To remove unspecific hybridization signals, the
membranes were treated with RNase A and then exposed again to X-ray film for 5 days.
D1100 positive control was prepared with ShortCut RNAi Kit (New England Biolabs).
Therefore, RNA first was synthesized from both strands of the fragment inserted in pGEM-T
Easy vector by in vitro transcription. The RNA was further mixed and reanealled by heating at
90°C for 3 minutes and slow cooling. The double-stranded RNA was processed by ShortCut
RNase III digestion in the presence of manganese resulting in a heterogeneous population of
short (18-25 bp) small interfering siRNAs. Different amounts of control siRNA were loaded
in parallel to the experiment to make sure that the hybridization is specific and to quantify

approximately the amount of small RNAs formed.
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4. Results

To study the transcription behavior of rye B chromosomes, we employed three different
approaches. (1) The chromatin properties of B chromosomes were analyzed. Therefore, the
epigenetic marks (histone H3 and H4 methylation) of A and B chromosomes were compared
by indirect immunofluorescence. (2) To assess the transcription-status of the predefined B
chromosome-specific repeats D1100 (Sandery et al., 1990) and E3900 (Blunden et al., 1993),
we used Northern hybridization and RT-PCR. (3) In order to identify novel B-specific
transcripts, cDNA-AFLP analysis was conducted on 0B and +B rye plants.

4.1. The chromatin properties of A and B chromosomes are partly different
The structure of B chromosomes was examined in terms of epigenetic marks by examining the
methylation status of certain lysine residues in the amino terminal tails of histone H3 and H4.
Cells were stained with antisera that discriminate between mono-, di- and trimethylated
lysines (K4, K9 and K27 of H3 and K20 of H4). The results are summarized in table 6 and fig.
4 and 5.

The chromosomal distribution patterns observed for the heterochromatin marks H3K9mel and
H3K9me3 were similar to those reported for H3K9me?2 for both A and B chromosomes, with
a uniform distribution throughout chromosome arms; and this is characteristic for plants with
large genomes (Houben et al., 2003). While the terminal heterochromatic regions of As and
Bs were H3K27mel deficient, the same chromosomal regions were enriched in di- and
trimethylated H3K27 (Fig.4). Staining specific for H4K20mel,2,3 resulted in a weak and

disperse labeling (Fig. 5). These patterns are independent of the number of Bs present.
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Fig.4. Histone marks of A and B chromosomes. Metaphase cells of rye with Bs (arrowed)
after immunostaining with antibodies specific for histone H3K4mel,2,3; H3K9mel,2,3 and
H3K27mel,2,3.
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Fig. 5. Metaphase cells of rye with Bs (arrowed) after immunostaining with antibodies
specific for histone H4K20mel,2,3.

Table 6. Spatial relationship of a variety of histone H3/H4 and DNA modifications with the
mitotic rye B chromosome.

B-terminal domain B without terminal domain

H3K4mel dispersed dispersed, except pericentromere
H3K4me?2 dispersed dispersed, except pericentromere
H3K4me3 strongly increased dispersed, except pericentromere
H3K9mel dispersed dispersed, except pericentromere
H3K9me?2 dispersed dispersed

H3K9me3 weakly dispersed weakly dispersed

H3K27mel deficient dispersed

H3K27me2 dispersed deficient

H3K27me3 dispersed deficient

H4K20mel weakly dispersed weakly dispersed

H4K20me?2 weakly dispersed weakly dispersed

H4K20me3 weakly dispersed weakly dispersed

The highly conserved euchromatin-specific methylation mark at lysine 4 of H3 revealed a B-
domain-specific distribution pattern. H3K4mel,2 preferentially mark euchromatin of A and

B chromosomes, although the heterochromatic B subterminal domain displays some level of
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labeling. There is a higher density of labeling in chromosome arms, a decrease in
pericentromeric regions and an absence of signal in heterochromatin. This is particularly
evident in the distal heterochromatic blocks of rye A chromosomes that are brightly DAPI-
stained (Fig. 4). Surprisingly, the largest signal of H3K4me3 was seen in the terminal part of
the long arm of the Bs. To be more precise, it superimposes with the distal block of the
D1100/E3900 positive region that forms the most prominent DAPI stained region in these
chromosomes. This immunostaining pattern is dependent on the presence of the B-specific
domain; since morphological variants of the B chromosome that lack the terminal part of the
long arm do not show any particular enrichment in H3K4me3. At interphase no pronounced
H3K4me3-labelling was found, most likely due to decondensation and therefore reduced
intensity of immunosignals. Alternatively, but less likely, a cell cycle-dependent B-domain-
specific demethylation of H3K4me3 occurs. The H3K4me3 distribution pattern is identical for
plants with different numbers of Bs.

In conclusion, we can summarize that investigation of comparative histone modification
patterns of A and B chromosomes revealed that the subtelomeric region of long arm of B
chromosomes, which according to Giemsa banding are strong heterochromatic domains,
displayed association with euchromatin specific modification H3K4me3. This was the first
indirect evidence of B chromosomes activity in rye and led to investigate the activity of the

sequences located in this region.

4.2. B-specific high-copy sequences D1100 and E3900 are transcriptionally

active

The abundance of trimethylated lysine 4 of histone H3 and the decondensed structure at
interphase of the B-subtelomeric domain (Langdon et al., 2000; Carchilan et al., 2007),
prompted us to investigate whether transcriptional activity of this region could be detected.
The B-terminal region is mainly composed of arrays of E3900 and D1100 repeats (Langdon et
al., 2000) and these were used as probes in a Northern blot analysis of total RNAs prepared
from plants with and without B chromosomes. As shown in Fig. 6A probe E3900-ON, which
covers the entire length of E3900, detected a continuum of transcripts ranging in size from 6.5
kb to less than 0.2 kb. These transcripts were mainly present in plants containing B

chromosomes. In addition, bands of 2, 3 and 5 kb were detected over the smear.
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Fig. 6.Transcriptional analysis of E3900 and D1100.

RNA gel blot analysis of (A) E3900 and (B) D1100 transcripts isolated from roots (R), leaves
(L) and anthers (A) of OB/+B rye. Schemata indicates the different regions (ON — 5N) of
E3900 used as hybridization probes. Arrows indicate B-specific signals of small size (< 200
bases). (C) Loading control, ethidium bromide staining of the RNA gel. Size marker
according RiboRuler RNA Ladder (Fermentas).

Weak hybridizing bands in 0B material could be explained by cross hybridization with
homologous transcribed A chromosome sequences. In order to analyze whether the entire
E3900 repeat is transcriptionally active or only parts of it, five subregions of E3900 were used
as Northern probes. All regions revealed cross hybridization with RNAs of small size (< 200

bases, arrowed) derived from anthers with B chromosomes; with the highest level of
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transcription at the end of the 3900 repeat (region 5N). Weak hybridizing bands in 0B
material could be explained by cross hybridization of short microsatellite sequences located
within the 3’-region of E3900 (region 5N) (Langdon et al., 2000).

Anther- and B-specific hybridization of small size transcripts were also found for D1100

(Figure 6B, arrowed).

To further characterize the transcribed sequences, RT-PCR experiments were conducted on
total RNA isolated from roots, leaves and anthers of 0B and +B rye and wheat Lindstrom
plants. E3900-transcripts were amplified from all subregions of the repeat (Fig. 7A). The
primer pair D1100-1RT allows the amplification of a D1100-specific fragment of expected
size (Fig. 7B). In each cDNA sample derived from RNA of B-containing plants a product of
the expected size, which was not present in any sample derived from the RNA of plants
lacking Bs, was amplified. As indicated by Northern hybridization (Fig. 6), there were
differences in yield in many cases, mostly showing a higher abundance of B-transcripts in
anthers rather than in roots and leaves.

As control, RT-PCR with primers specific for the elongation factor eEF1 alpha designed on
barley sequence with accession number Z50789 published by Nielsen et al. (1997) was
performed. It showed a comparable yield in all three tissues, and the differences were not due
to unequal RNA loading. Notably, although the same number of PCR cycles were used to
amplify the different E3900-subregions, as was demonstrated by Northern hybridization (Fig.
6), regions RT4 to RT6 revealed the highest level of transcription with less tissue type
specificity.

Control experiments (Fig. 7C) with RNA of all samples without an initial reverse transcription
step (lanes -RT) and on genomic template DNA (lane g) confirmed that the PCR products are
unequivocally dependent upon reverse transcription of RNA molecules originating from
transcribed E3900/D1100-repeats on the B chromosomes. This result confirms that the B-
located E3900/D1100 repeats are transcribed. Hence, both types of B-specific repeats are
transcriptionally active, although with different tissue-type dependent activity.

RT-PCR products amplified from anthers were sequenced. All of the sequences obtained
(Table 7) shared a high similarity with either D1100 or E3900 repeats. Both repeat transcripts
are at least partly polyadenylated, since all D1100/E3900 RT-PCR products were obtained
from cDNA synthesized with poly-dT-primers. In addition, Northern hybridization of both
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repeats showed cross hybridization with fractions enriched for polyadenylated RNA; although

the E3900 revealed a significantly stronger signal in the polyadenylated fraction than the

D1100 (Fig. 8).

Table 7. Sequence comparison of RT-PCR products with published E3900 and D1100

genomic sequences.

Positions | Similarity' | Accession numbers
E3900 1RT 253-1587 99% EF566937
E3900 2RT 1606-2610 98% EF566938
E3900 3, 4, SRT 2427-3688 97% EF566939
E3900 6RT 3597-3940 96% EF566940
D1100 1RT 57-857 92% EF538668

'RT-PCR E3900 sequences were compared to the sequence AF222021.
'RT-PCR D1100 sequence was compared to the sequence Z54196.
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Fig. 7.Transcriptional analysis of E3900 and D1100.

(A) E3900 and (B) D1100 RNA abundance assessed by semi-quantitative RT-PCR on root
(R), leaf (L), and anther (A) tissue of 0OB/+B rye and 0B/+B wheat. Schemata indicate the
different regions of E3900 and D1100 amplified by RT-PCR. (C) Controls: Positive control
using B chromosome independent primers (eEF1 alpha elongation factor). Negative control
using RNA of all samples without an initial reverse transcription step to demonstrate the
absence of genomic DNA contamination, (n) PCR without template DNA and (g) PCR on
genomic +B DNA. Each sample contained approximately the same amount of RNA.
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Fig. 8. D1100 and E3900 undergo polyadenylation. Northern hybridization of D1100 and
E3900 with total RNA separated into poly(A)+ and poly(A)- fractions. A probe specific for
actin was used as a poly(A)+ positive probe.

4.3. D1100 transcripts are coming mostly from one strand, while E3900 is

transcribed from both strands generating heterogeneous products

To determine whether transcription of E3900 and D1100 occurs from one strand or both
strands, strand specific RT-PCR was performed on +B rye cDNA isolated from anther tissue.
Therefore, for synthesis of the first strand sequence specific primers F5, RS, F3 for E3900 and
F and R for D1100 were used instead of oligodT primers, for each primer performing a
separate reaction. Primer combinations used for second strand amplification included one
primer used for first strand synthesis and another designed on the complimentary strand
(indicated in parenthesis Fig. 9). The PCR products were separated in TAE agarose gel
electrophoresis. E3900 F5RS5 strand specific PCR should result in products of 460 bp and
E3900 F3R5 1200 bp. For D1100 FR strand specific PCR products of 800 bp were expected.
The expected RT-PCR products are indicated with arrows (Fig. 9). Analysis of the products
indicates that the transcripts of E3900 are coming from both strands. D1100 is transcribed
predominantly from forward strands generating a number of fragments different in size. The
amplification from the reverse strand resulted in a very faint band of expected size. The
heterogeneous size of PCR products could be explained by the complexity of the repeat

organization. Both repeat families are composed of different copy numbers of tandemly
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organized repeats which are intercalated with degenerated mobile elements (Sandery et al.,

1990; Blunden et al., 1993; Langdon et al., 2000).
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Fig. 9. Strand specific RT-PCR of E3900 and D1100. With “+” are marked the PCR products
analysis for which the cDNA was synthesized from forward strand and “-*“ from reverse
strand.

From strand specific PCR results we can conclude that the transcription of E3900 occurs from
both strands; D1100 is mostly transcribed from one strand though the second strand also
showed very weak transcription. These RNAs could lead to the formation of double stranded

RNA which can be further processed into small RNA.

4.4. E3900 and D1100 transcripts are not processed into small RNA

In order to determine whether the D1100 and E3900 transcripts are processed into small RNA
(smRNA), we performed Northern analysis, using low molecular weight RNA isolated from
anther and leaf tissue of plants with and without Bs. The blots were hybridized with the
E3900-specific probe 3N and the cloned RT-PCR product of D1100 using the primer pair
combination 1100 forward and 1100 reverse (Table 5).

Neither probe detected any B-specific smRNAs. However, Bs-independent hybridization
signals corresponding to 21 to 24 nucleotides were observed for anthers but not for leaves

RNA (Fig. 10). This result implies that the majority of D1100 and E3900 transcripts escaped
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processing by the RNAi machinery in leaf and anther tissue. In order to check probe quality
the D1100 probe was hybridized with artificially generated smRNAs, and hybridization of 21
nucleotides was found, depending of the amount of control smRNA loaded (Fig. 10A,

arrowed).
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Fig. 10. Analysis of small RNA of (A) D1100- and (B) E3900-B chromosome-specific
sequence in leaf (L) and anther (A) tissue. Positive control with artificially generated small
RNA of D1100 demonstrates cross hybridization with a 21 nucleotide long fragment
(arrowed).

B specific small RNAs were detected neither for E3900 nor for D1100. However for both
repeats, hybridization with RNAs bigger than 100 nt occurred in + B material (Fig.10)
similarly to previous findings by Northern analysis (Fig. 6).

4.5. Comparative cDNA-AFLP analysis of 0B/+B rye plants reveals weak
B-specific activity

To determine the general transcriptional activity of B chromosomes comparative cDNA AFLP
analyses was performed on following three different nearly isogenic rye OB/+B lines: 1 -
7415, 2 - P 12 and 3 - 2677 (Jimenez et al., 1994; Ortiz et al., 1996). This method allows
identification of differentially expressed sequences without prior sequence information. The
differences in the intensity of bands provide a good measure of the relative differences in the
levels of gene expression.

First RNA was isolated from leaf and anther tissue using the Trizol method. For RNA

isolation, young leaves (first and second leaf from top) coming from several (7-10) plants with
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or without B chromosomes of the same inbred line were used. The anthers were first staged
microscopically. All meiotic stages including tetrads were considered. Staged anthers were
collected and pooled from several plants for RNA isolation. The RNA quality was checked by
formaldehyde gel electrophoreses (Fig. 11) and further quantified spectrophotometrically.
Double stranded cDNA was synthesized using SuperSmart cDNA synthesis kit (Clontech).
The quality of cDNA was checked by TAE agarose gel electrophoresis.

Leaves Anthers

1 2 3 1 2 3
0B +B 0B +B 0B +B 0B +B 0B +B 0B +B

e e e smecs D SHRND e ——
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Fig. 11. Quality check of RNA isolated from 0B/+B leaf and anther tissue of the rye lines: 1 -
7415,2 -P 12 and 3 — 2677.

63 primer combinations (Table 2 and 3) were used for the AFLP analysis. For analysis,
transcription profiles of plants with and without B chromosomes were compared for each

individual line and across the three different rye lines.

The patterns obtained after gel separation of the PCR products amplified from plants with and
without B chromosomes didn’t show major differences. The uniform profile of main
transcripts between different lines proved that the cDNAs were equalized. The degree of
variability of transcripts due to the presence or absence of B chromosomes was lower than the

variability between the three inbred lines due to the different origins of the rye lines (Fig. 12).
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Fig. 12.

A - cDNA AFLP fingerprint obtained after separation of PCR products amplified by primer
combinations 1334 and 1379. 1, 2, 3 correspond to the different rye inbred lines used without
(OB) or with addional B chromosomes (+B). k — negative control. The positions of B-extra
bands are arrowed.

B - cDNA AFLP fingerprint analysis of rye lines with and without an additional wheat
chromosome 6B (6B(w)) and small wheat fragments (f(w)) obtained using the primer
combination 1560. 1, 2, 3 correspond to the different inbred lines used. Additional bands
which are visible in rye-wheat addition lines (6B) are arrowed.

The adaptors and primers present in the restriction-ligation mixture, preamplification and
amplification reaction can result in a number of unspecific PCR products. Therefore, for each
restriction ligation and amplification step, negative controls without template DNA were
included (see Fig. 12A, lane (k)). The control PCR for each primer combination was run in

parallel with the experimental probes. For counting, only clearly visible bands were

58



considered; for example 43 bands were counted for the primer combination S13M34 shown in
Fig.12A. The major bands amplified by each primer combination in all three inbred lines were
screened and the additional bands present in +B material and OB material were counted (Table
8). A PCR product was not considered if it coincided in size with a band of the negative
control PCR.The size range of amplified cDNA-fragments was between 80 and 1200 base

pairs.

Table 8. Total number of cDNA AFLP bands and of additional bands present in 0B or +B-
positive plants only.

£ Primer combination Average Additional B bands Additional bands in OB only

2 E number of in1rye in 2 rye in 3 rye in 1 rye in2rye in 3 rye lines
bands per line* | line lines lines line lines

1 S11 M48 58 2 1 2
2 S11 M79 32 2 1
3 S13 M32 33 2
4 S13 M33 56 1 1
5 S13 M34 43 || 3
6 S13 M47 32 1
7 S13 M48 31 3 1
8 S13 M49 45 1 1
9 S13 M55 38
10 S13 M63 45 1* 1
11 S13 Mo64 41 2
12 S13 M79 42 1
13 S13 M80 52 4
14 S15 M51 45 1 3
15 S15 M52 21 7
16 S15 M53 53 1 | 1
17 S15 M55 41 5 2
18 515 Ms9 31 || 1
19 S15 M60 40 1 2
20 S15 M61 35
21 S15 M62 40 1
22 S15 M65 34 Rl 1
23 S17 M34 41 2 1** 3 2
24 S17 M48 39 3 1** 2
25 S17 M49 41 1 2 3
26 S17 M5l 36 1 2 1
27 S17 Mé61 27 1
28 S17 M62 31 4 23
29 S17 M65 26
30 S24 M34 40 1 2 2 1
31 524 M4g 39 5 i 5 1
32 S24 M49 18 1
33 55 5 1
34 47 7 3 1
35 S24 M55 49 5 2 11 1
36 S24 MS59 40 4 3 5 1
37 S24 M60 27 1 3
38 S24 Mé61 45 3 1
39 S24 M62 41 2 1 6 1 1
40 40 6 1
41 31 1
42 42 1
43 P47 M49 28 1
44 P47 M55 48 1 Rl 1 1
45 P47 M63 34 1
46 P47 Mé64 33 1
47 P47 M80 44 1
48 P48 M32 41
49 P48 M33 35 2 1
50 P48 M49 31 1
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. L Average Additional B bands Additional bands in OB only
g Primer combination - - - - - - -
Z: E number o_f in 1 rye in _2 rye in .3 rye in 1 rye in .2 rye in 3 rye lines
bands per line line lines lines line lines
51 P79 M48 30 1 2 1
52 P79 M55 20 1
53 P81 M32 21 1 2 1
54 P81 M33 20
55 P81 M34 34 || 1
56 P81 M47 37
57 P81 M48 18
58 P81 M49 19 | | 3
59 P81 M55 36 1 4
60 P81 M63 25 3
61 P81 M64 36 2
62 P81 M79 19 1 1 3
63 P85 M49 34 1 1 3
Total 2286 69 27 16 107 21 4
100% 3.01% 1.18% 0.7% 4.68% 0.92% 0.18%

* weak , ** middle, *** strong intensity of band
colored in gren - additional fragment analyzed in OB material

colored in red — additional fragments analyzed in +B material

Between 18 and 58 cDNA-AFLP bands were observed per primer pair combination and in
total around 2286 bands present in all three lines (0B/+B material) were detected. 112 extra
bands (4.9% of average number of bands per rye line) were found in B chromosome
containing material of either 1, 2 or all 3 rye lines. However, only 16 B-extra bands (0.7%) of
different intensity were consistently found in all three rye lines. These 16 bands were
considered as putative B chromosome-derived transcript candidates. B-extra bands, which
were detected in one or two rye lines only, were not further analyzed since the chance of
having a truly B chromosome derived transcript was low. Since the B chromosome also could
influence the transcription behavior of the A chromosome complement as postulated by
Delgado and colleagues (1995; 2004), the number of additional bands in 0B material was
determined too. 132 extra bands (5.8%) were found in material without B chromosomes of 1,
2 or all 3 rye lines. However, only four 0B extra bands (0.18%) of different intensity were
consistently found in all three rye lines.

The cDNA-AFLP data suggests that additional B chromosomes are capable of influencing

(but weakly) the transcription behavior of the genome.

4.6. cDNA-AFLP analyses of rye-wheat addition lines confirms activity of

an extra A chromosome
To test whether the number of cDNA-AFLP bands would increase if a transcriptionally active

chromosome has been added to the rye genome, the transcription profile of rye was compared
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to the profiles of two rye-wheat chromosome addition lines carrying chromosome 6B (here 6B
means chromosome 6 of wheat B genome) and small wheat fragment translocated to one of
the rye chromosomes (Fig. 3). Using four primer pair combinations (SI15MS51, S15M53
S15M60 and P81M49) the analysis revealed a number of additional bands if the extra wheat
chromosome 6B was present (Fig. 12 B, Table 9). Although the number of cDNA-AFLP
experiments performed to study the effect of an additional wheat chromosome was lower than
to analyse rye B chromosomes (4 versus 63), the outcome of cDNA-AFLP analysis indicates a

higher number of extra bands if the transcriptionally potent wheat chromosome 6B co-exists.

Table 9. Comparative cDNA-AFLP analysis of rye and a rye-wheat chromosome addition
lines carrying chromosome 6B and a small wheat chromosome fragment translocated to one of
the rye chromosomes.

Primer combination | Average number of bands | Additional bands in both +wheat
Number . Y
per line 6B addition lines

1 S 15 M 60 46 4
2 S 15 M5l 20 -
3 S15 M 53 28 3
4 P 81 M 49 50 3

144 10

Total
100% 6.9%

To analyze whether the observed B-linked extra transcripts are encoded by the B
chromosomes itself, additional bands which were present in the +B material of all three inbred
lines were further analyzed. Therefore, 9 out of 16 +B-extra bands were isolated from the
silver-stained gel and the DNA was eluted and reamplified using corresponding PCR primers.
Afterwards, the PCR products were cloned, sequenced and compared to the published
sequences (Table 10).

The rye B 1334 clone showed 93.5% similarity to the transposase region of a rye
retrotransposon (AB124645). The sequence of rye B 8149 candidate is very close to a
Triticum aestivum ¢cDNAs (CK215639, DR739424) and a LINE non LTR transposon (55%).
Rye B 2465 clone sequence gave 95.8% similarity to a Triticum aestivum clone which contain

the repetitive sequence pSc 119.1 intercalated with transposable elements (Table 10).
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Table 10. Sequence similarity comparison of B-specific candidate.

Name of Primer combination Similarity to published sequences and sequence type Length. of
clones transcript
B 1334 Sl;mMﬁé:él?hziirﬁM Secale cereale Revolver-cDNA mRNA for transposase, complete cds. 272 b

P ABI124645 (93,5%) P
sequence

Triticum LINE element (55%), nonL TR retrotransposon, Triticum

B 8149 P81 M49 aestivum cDNA CK215639, DR739424 (85%) cold treatment >71bp
Triticum aestivum Zeananthin epoxidase AF384103 (89,5%), Triticum

B 1553 S15M53 aestivum after different stress BG909303, CJ639347, BG905687, 291 bp
CJ664007 (91%)

— - = —

B 1559 S15 M59 Trlthum aestivum cDNA DY761155 (96%) abiotic stress, unknown 286 bp
function

B 2448 S24 M48 Triticum aestivum cDNA CD884985 (91%) unknown function 261 bp

B 2442 S24 M52 Triticum aestivum Mal-like protein mRNA AF538039 (87.8%) 280 bp
Triticum aestivum cDNA DN829487 (97%) waterlogging-stressed

B 2453 S24 M53 seedlings, BI750881 (96%) Fusarium graminearum srayed, Hordeum 630 bp
vulgare subsp. spontaneum cDNA AV938960 (97%)
Secale cereale clone L155-119.1 pSc119.1-1 repeat sequence.
EF165546 (95.8%)

B 2465 524 M65 Triticum monococcum gypsy-like retrotransposon AF326781 (89.5%) 1444 bp
Zea mais transposon-like sequence (59%)

B 2565 S25 M65 gi|25992760|gb|AF546187.1][25992760] 242 bp

To further characterize 3 (B 1334, B 8149, B 2465) of the 9 cloned putative B-specific
transcripts RT-PCR, Southern, Northern and in situ hybridization were performed. First
Southern hybridization was performed to determine the relative copy number and organization
of the isolated sequences. Further, if the abundance of the candidate sequences was sufficient,
in situ hybridization was performed to localize their chromosomal position. To reconfirm the
B-specific transcriptional activity of the candidate sequences, Northern hybridization and RT-
PCR were performed. As the sequences located on B chromosomes share high similarity with
those located on rye A chromosomes (Timmis et al., 1975), a wheat-rye B chromosome
addition line (Lindstrom line) with and without B chromosomes was analyzed in parallel with

those of rye (Miintzing, 1970).
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4.7. Characterization of B chromosome-derived transcriptionally active

sequences

4.7.1. Genomic organization of B chromosome-associated transcriptionally active

sequences analyzed by Southern hybridization

The outcome of Southern hybridization experiments indicate that B 1334, B 8149 and B 2465-
like sequences are members of high-copy sequence families with multiple locations in the

genome of rye (Fig. 13-18).

The hybridisation patterns of rye B 1334 and rye B 2465 with digested genomic DNA of rye
with and without Bs were comparable (Fig.13, 17). In addition to major hybridisation bands
weaker signals ranging from 19.3 kb to less than 0.9 kb were found and no extra band was
detected in genomic samples with B chromosomes. No cross-hybridisation of rye B 1334 was
detected with genomic DNA of wheat (Fig. 14). However, genomic DNA of wheat with
additional rye Bs displayed a comparable hybridisation pattern as those of rye, although of
lower hybridisation intensity (Fig. 14). Therefore, it can be concluded that similarly organized

B 1334-like sequences are located also on A chromosomes of rye.

Southern hybridisation of rye B 2465 revealed major bands and weaker signals ranging from
19.3 kb to less than 0.9 kb. Figure 17 also shows weak cross-hybridisation with wheat and
different patterns for rye and wheat as well as between wheat material with and without B
chromosomes. Several extra bands were detected in wheat with B chromosomes restricted

with BamHI (Fig. 18, arrowed).

The Southern hybridization with rye B 8149 revealed hypervariable hybridization patterns
ranging between 19.3 kb and 0.9 kb (Fig. 15, 16). The patterns differed among the rye inbred
lines as well as Lindstrom wheat irrespectively of the presence or absence of Bs. In addition, a
few additional bands were consistently found in rye and wheat with Bs (Fig. 15, 16 arrowed).
The polymorphic hybridization pattern suggests a high mobile activity of B 8149-like

sequences in the genomes of rye and wheat.
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Xbal BamHI EcoRI

(kb) .1 2 3 1 2 3 1 2 3
19.3 0B +B 0B+B 0B+B 0B +B 0B +B 0B+B 0B+B 0B+B 0B+B

7.7 -
6.2

4.3 -
3.5 -

Fig. 13.
Southern hybridization of probe B 1334 with Xbal, BamHI and EcoRI-digested genomic rye

DNA from plants with (+B) and without Bs (0B). 1, 2, 3 are the three different rye inbred
lines. Note identical hybridization patterns of rye plants with and without B chromosomes.
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EcoRl BamHI Xbal Dral

(kb) 1 w 1 w1 W 1 2 3 W
19.3 - 0B+B 0B+B 0B+B 0B+B 0B+B 0B+B 0B+B 0B +B 0B+B 0B +B

7.7 -
6.2 -

43 -
3.5-

0.9-

Fig. 14.
Southern hybridization of probe B 1334 with EcoRI, BamHI, Xbal and Dral-digested genomic

rye and wheat DNA from plants with (+B) and without Bs (0B). 1, 2, 3 are the three different
rye inbred lines. W — Lindstrom wheat with (+B) and without Bs (0B). Note identical
hybridization patterns of 0B and +B rye and wheat plants with B chromosomes.
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EcoRl BamHI

(kb) 1 2 3 W _ 1 2 3 W
19.3 . 0B +B 0B +B 0B +B 0B +B 0B +B 0B +B 0B +B 0B +B

Fig. 15.
Southern hybridization of probe B 8149 with EcoRI and BamHI -digested genomic rye and

wheat DNA from plants with (+B) and without Bs (0B). 1, 2, 3 are three different rye inbred
lines. W — Lindstrom wheat with (+B) and without Bs (0B). Note the highly polymorphic

pattern. Additional B-specific restriction bands are arrowed.
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Fig. 16.

Southern hybridization of probe B 8149 with Xbal and Dral-digested genomic rye and wheat
DNA from plants with (+B) and without Bs (0B). 1, 2, 3 are three different rye inbred lines.
W — Lindstrom wheat with (+B) and without Bs (0B). Note the highly polymorphic
hybridization pattern. Additional B-specific restriction bands are arrowed.
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Fig. 17.
Southern hybridization of probe rye B 2465 with Xbal, BamHI and EcoRI-digested genomic

rye DNA from plants with (+B) and without Bs (0B). 1, 2, 3 are the three different rye inbred
lines. Note identical hybridization patterns of OB and +B rye plants.
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EcoRl BamHI Xbal Dral

(kb)

1 W 1 W 1 W 1 2 3 W
19.3 _0B+B 0B+B 0B+B 0B+B 0B+B 0B+B 0B+B OB +B 0B+B 0B +B
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Fig. 18.
Southern hybridization of probe rye B 2465 with EcoRI, BamHI, Xbal, and Dral-digested

genomic rye and wheat DNA from plants with (+B) and without Bs (0B). 1, 2, 3 are three
different rye inbred lines. W — Lindstrom wheat with (+B) and without Bs (0B). Note
identical hybridization patterns of OB and +B rye and additional bands in wheat plants with B
chromosomes (arrowed).
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4.7.2. Chromosomal distribution of B chromosome-associated transcriptionally active

sequences analyzed by fluorescence in situ hybridization (FISH)

Mitotic rye cells prepared from root tip meristems of seedlings with B chromosomes were in
situ hybridized with the digoxigenin-labelled probes B 1334, B 8149 and B 2465.
Simultaneous in situ hybridization with the biotin B-specific high repeat D1100 allowed the
identification of the terminal region of the long B chromosome arm. B 1334-, B 8149- and B
2465-specific hybridization signals were found along all A and B chromosomes (Fig. 19).
Reduced cross-hybridization of B 1334 and B 8149 were found in the terminal
heterochromatic regions of A and B chromosomes. The enhanced B1334-specific
hybridization signals along B chromosomes suggest a slight accumulation of this sequence in
B chromosomes. The hybridization patters of the digoxigenin-labelled probes are typical for
dispersely organized high-copy sequences such as some types mobile elements like described
for Tyl-copia (Pearce et al., 1996; Brandes et al., 1997; Heslop-Harrison et al., 1997; Pearce
et al., 1997). The chromosomal distribution of FISH signals reconfirms the existence of B

1334-, B 8149- and B 2465-similar sequences in A and B chromosomes of rye.
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Fig. 19.

Multicolor fluorescence in situ hybridization of mitotic metaphase cells of rye containing B
chromosomes (arrowed) with the B-specific repeat D1100 (in green) and with the probes: B
1334, B 8149 and B 2465 (in red). The chromosomes are counter-stained with DAPI (in blue).
The insets (in merge) show enlarged Bs and the chromosomal position of the D1100-positive
region are indicated by arrowheads. Note very weak cross-hybridization of B 1334 and B
8149 with the D1100-positive region and stronger hybridization signals of B1334 along B
chromosomes.
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4.7.3. Confirmation of transcriptional activity of the B-located sequences B 1334, B 8149
and B 2465

Southern and in situ hybridization showed that similar sequences to B 1334, B 8149 and B
2465 are located also on A chromosomes. To confirm transcription activity and B-specificity

of these three candidates Northern analysis and RT-PCR were conducted.

RT-PCR was performed with primers which are complementary to regions with the lowest
level of similarity between B 1334, B 8149, B 2465 and the corresponding published database
sequences with high similarity (listed in Table 4). PCR was conducted on cDNA obtained
from leaf material of rye (lines 1, 2, and 3) and wheat (Lindstrém) plants with and without Bs.
To demonstrate equal amounts of cDNA, RT-PCR was performed with primers specific for
the elongation factor eEF1 alpha (designed on a barley ¢cDNA sequence with accession
number Z50789; published by Nielsen and colleagues (1997)). Elongation factor-specific RT-
PCR resulted in a relatively uniform yield of PCR products irrespectively of the genotype or

presence or absence of B chromosomes (Fig. 20).

RT-PCR using B 8149-specific primers yielded in products of expected size (499 bp) in
cDNA obtained from material with B chromosomes of all three rye inbred lines and
Lindstrém wheat addition line (Fig. 20). The almost equal amounts of PCR products suggest a
comparable level of B chromosome transcription irrespectively of the host genotype or
species.

RT-PCR of B 1334 also confirmed B chromosome specificity. Amplification products of the
expected size of 159 bp were detected when cDNA synthesised from +B chromosomes plants
were used. The transcription level of the rye lines was comparable. In difference, B 1334-
activity of Bs added to wheat was significantly reduced, only a weak RT-PCR band was
detectable (arrowed in Fig. 20). For all RT-PCR experiments cDNA for +B samples was

synthesised in all three lines from plants with 2 Bs.

The RT-PCR with primers designed on B 2465 sequence gave mixed results. PCR products of
expected size were observed in +B cDNA of rye line 1 and 3 and Lindstrom wheat addition

line. However, additional products were observed in OB material of rye line 1 and 2. This
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unexpected result could be explained by a genotype-dependent RNAI effect of this sequence,

which might results in variability of transcription activity in all three lines.

1 2 3 w
(ko) M OB _+B 0B +B 0B +B 0B +B H:.0
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Fig. 20.

RT-PCR analysis of B 8149, B 1334 and B 2465 on RNA isolated from leaves of the three rye
inbred lines (1- 7415,2 - P 12 and 3 - 2677) and Lindstrom wheat (W) with (+B) and without
B chromosomes (0B). Note the faint band in Lindstrom wheat with Bs (in B 1334, arrowed).

RT-PCR was conducted with a EFlalpha-specific primer pair to demonstrate equal amounts
of cDNA. To show absence of genomic DNA contaminations control PCR without reverse

transcription was performed (Fig. 20).

In conclusion, we can affirm that B 8149 and B 1334 sequences are transcribed from B
chromosomes. Decreasing of the RT PCR annealing temperature resulted in the amplification
of 0B products as in +B material. Sequencing of RT-PCR products coming from 0B cDNA
showed high similarity (98-99%) with the ones derived from B 1334 and B 8149, though with
many point mutations (Anex1, 2). Therefore, it is likely that the A chromosome located B

1334- and B 8149-like sequences are also transcriptionally active.

In order to determine if particular B specific sequences are located only on Bs or on A
chromosomes as well, genomic PCR was performed. The results displayed clear band in +B

material only for B 8149 (Fig. 21). For B 1334 and B 2465 bands could be observed in both
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0B and +B. By increasing the stringency of PCR conditions, the amount of PCR product in 0B
material could be reduced though not completely. This indicates that B1334 and B 2465 are
located on both As and Bs, though the sequences on Bs display high transcriptional activity
compared with sequences located on As. The specific products in case of B 8149 could be also

explained by more specific primers.

1 2 3 W
0B +B 0B +B 0B +B 0B +B M (kb)

Fig. 21.

Genomic PCR analysis of B 8149 on DNA isolated from leaves of the three rye inbred lines
(1- 7415, 2 - P 12 and 3 - 2677) and Lindstrom wheat (W) with (+B) and without B
chromosomes (0B).

To confirm this assumption Northern analysis was performed with B 1334, B 8149 and B
2465 probes on RNA isolated from several tissues namely roots, leaves and anthers of rye
plants with and without Bs of line 7415. This experiment confirmed that sequences similar to
those isolated from B chromosomes are transcribed from A chromosomes as well (Fig. 22).
The hybridization patterns of B 1334 with and without Bs were comparable, although a
slightly increase of signal intensity was found in +B leaf and anther material. B 1334-like
sequences are transcribed in all analyzed tissues. The highest level of transcription was found
in anthers (Fig. 22A). B 8149-like sequences showed highest transcriptional activity in leaf
tissue. Differently from B 1334 probe the B 8149 hybridized very weakly with RNA of anther
tissue. No hybridization bands of big size were detected (Fig. 22B). Northern hybridization of
B 2465-like sequences showed that this sequence is transcriptionally active in all tissue types
analyzed with the highest activity being in leaf tissue (Fig. 22C). B 1334 and B 2465
displayed hybridization with transcripts of big size (about 9kb) in anther tissue (Fig. 22A, C).

Loading control of RNA samples is shown in figure 5C.
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Fig. 22.

Northern hybridization of probes B 1334 (A), B 8149 (B) and B 2465 (C) with equal amounts
of RNA isolated from roots (R), leaves (L) and anthers (A) of rye with (+B) and without B
chromosomes (0B). Loading control of RNA is shown in figure 5C.

The membranes were exposed to X ray films at -80°C for 3 days for B1334 probe and 5 days
for B 8149 and B 2465 probes.
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5. Discussion

5.1. Histone modifications analysis indicate on potential activity of B

chromosomes

The two repeats D1100 and E3900 which compose the main part of the Giemsa banding-
positive heterochromatic subterminal domain of rye Bs undergoes decondensation during
interphase (Morais-Cecilio et al., 1996; Langdon et al., 2000; Carchilan et al., 2007). Contrary
to the heterochromatic regions of A chromosomes this domain is simultaneously marked by
trimethylated H3K4 and trimethylated H3K27 — an unusual combination of apparently
conflicting histone modifications (Carchilan et al., 2007). Notably, both types of B-specific
high copy repeats (E3900 and D1100) of the subtermianl domain are transcriptionally active,
although with different tissue-type dependent activity. Both D1100 and E3900 transcripts are
partly polyadenylated, the fraction of polyA E3900 transcripts being significantly higher than
the polyA D1100. The transcription of E3900 occurs from both strands; D1100 is mostly
transcribed from one strand though the second strand also showed very weak transcription
activity. This RNAs could lead to formation of double stranded RNA which can be further
processed into small RNA. However, no small RNAs were detected specifically for the
presence of B chromosomes. The lack of any significant open reading frame and the highly
heterogeneous size of mainly polyadenylated transcripts indicate that the non-coding RNA

may function as structural or catalytic RNA.

5.1.1. No major differences between histone modification pattern of rye A

and B chromosomes, except histone H3K4me3

H3K27 methylation shows a species-specific chromosomal distribution. The euchromatic
regions of rye A and B chromosomes are uniformly H3K27mel-labeled. In contrast, the same
modification in Arabidopsis and barley seems to be a heterochromatin mark (Fuchs et al.,
2006). H3K27me?2 is typical for heterochromatin in Arabidopsis and rye but characteristic for
euchromatin in barley, while H3K27me3 is euchromatin-specific in Arabidopsis and barley,
but clusters at certain heterochromatic position in Vicia faba (Fuchs et al., 2006) and rye A
and B chromosomes.

The peculiarity of the terminal B-region lies in the fact that, contrary to the Giemsa-positive
telomeric heterochromatic regions of A chromosomes, this domain is simultaneously marked

by trimethylated H3K4 and methylated H3K27 — an unusual combination of apparently
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conflicting chromatin modifications. Conversely, detection of mono-, di- or trimethylated
H3K9, H4K20 and methylated cytosine residues show no discrimination for the B-terminal
domain. Methylation of histone H3 at lysine residues 4, 9 and 27 has become one of the most
consistent epigenetic marks to differentiate euchromatin and heterochromatin across a wide
range of species (reviewed by Martin and Zhang, 2005). Histone lysine residues may be
mono-, di-, or trimethylated in vivo, and the fully functional significance of these three states
remains unclear (Rice et al., 2003). Both dimethyl and trimethyl states of H3K4 have been
described as being associated with active euchromatic regions. Although the trimethylated,
rather than the dimethylated, form of K4 in H3 marks the transcription start site of eukaryotic
genes. However, only the H3K4 trimethylated state has been related to gene transcription in
yeast (Santos-Rosa et al., 2002) and mammals (Miao and Natarajan, 2005). The presence of
H3K4me3 in a chromatin fraction enriched in heterochromatic histone modifications and
DNA methylation was only recently reported for the first time in the urochordate Oikopleura
dioica (Spada et al., 2005). The occurrence of H3K4me3 in domains with heterochromatic
features might therefore be a more common situation than hitherto realized. Moreover, the
terminal domain of the rye B seems to have a high specificity for the trimethylation status of
H3K4, since no enhanced labeling was found with antibodies directed against the mono- and
dimethylated state of H3K4.

Further work is required to resolve whether non-repressive (H3K4me) and repressive
(H3K27me) histone modifications coexist within the same nucleosome, or whether they
occupy alternate nucleosomes of the terminal heterochromatic but transcriptionally active B

region.

5.1.2. Giemsa banding-positive heterochromatic region is transcriptionally

active

The fact that only the subtelomeric domain is highly enriched in trimethylated H3K4 shows a
direct correlation with dynamic chromatin decondensation. The decondensation of that
chromosome domain was consistently observed in all cell types analysed, and is particularly
striking in pachytene cells in contrast with the behavior of other repetitive DNA sequences
observed in the same cells, namely the subtelomeric heterochromatic blocks in the A
chromosomes and the rDNA cluster, that remain tightly condensed at this stage (Cunado et al.,
2000). The maintenance of a condensed state during meiotic prophase and low levels of

recombination are general features of repetitive DNA sequences (Schwarzacher, 2003).
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Interestingly, an extensive analysis at the molecular level revealed a high degree of instability
in this region and a potential for amplification especially associated with the E3900 sequence
(Langdon et al., 2000). These authors suggest that sequence polymorphism may be involved
in the B transmission equilibrium, since small changes in relative sequence amount may alter
the balance between condensed and decondensed forms affecting meiotic pairing. Variation in
the B chromosome ability for forming bivalents at metaphase I is one of the main features
modulating their transmission rate (Jimenez et al., 1997; Jimenez et al., 2000), since the
mitotic drive affected by nondisjunction occurs at a constant and high frequency. This
strongly supports the hypothesis that the chromatin conformation of the B-terminal domain is
a crucial feature for B transmission, and for the maintenance of rye Bs in natural populations.

An intriguing result of our analyses is the identification of transcripts arising from the B-
specific tandem repeats in the termimal region. Satellite DNA is generally considered not to
be transcribed. However, various examples of transcribed tandem repeats have recently been
reported in several organisms, including plants (May et al., 2005; Zhang et al., 2005). These
examples suggest an active role for tandem repeat transcripts in several regulatory layers from
chromatin modulation to transcription, RNA maturation, translation (reviewed in Ugarkovic,

2005), and even to centromere function (Bouzinba-Segard et al., 2006).

5.1.3. The putative functions of B specific transcripts

The function of B chromosome transcripts and the mechanism of transcription of B-tandem
repeats are unknown at present. Their transcription may be due to read through from other
active sequences such as mobile elements. Recently it has been shown that transcription of
centromeric satellite DNA (May et al., 2005), or heterochromatin-located genes, is driven by
adjacent regulatory elements of retroelements (Dimitri et al., 2005). Both B repeats undergo
polyadenylation, at least in part, as also shown for noncoding RNA transcribed in stressed
human cells (Rizzi et al., 2004), and the highest transcription activity was found in anthers.
The size heterogeneity and the lack of any significant open frame is compatible with the idea
that these molecules are in fact composed of a variable number of repeats of E3900 and
D1100 sequences, arguing against a possible coding function. We hypothesize that these
transcripts could serve some structural function in the organization and regulation of B
chromosomes. It is tempting to speculate that the unique chromatin conformation and
transcription activity of the B-terminal region could be involved in the trans-acting

mechanism of directed non-disjunction of the rye B at pollen mitosis. Although no controlling
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element for this process has been identified in the B-specific domain, the deletion of this
region leads to a loss of the non-disjunction indicating its direct involvement in chromatid
non-disjunction (reviewed in Jones, 1995). The process of non-disjunction is highly regulated
and only occurs in the gametophytes, but we cannot exclude that it might be related to the
presence of a unique combination of chromatin marks and non-coding RNA in diploid cells.
In maize, it has been shown that non-coding RNA molecules play a role in establishing
centromeric heterochromatin domains (Topp et al., 2004). In Arabidopsis, double-stranded
RNA molecules arising from centromeric repeats may direct the formation and maintenance

of centromeric heterochromatin through RNA interference (May et al., 2005)

5.2. The general study of transcription did not result in a bona fide B

chromosome-specific active gene

5.2.1. cDNA-AFLP - an efficient method for the analysis of the

transcriptome

cDNA-AFLP is an efficient method for gene expression analysis, especially for non-model
organisms for which micro- and macroarrays or sequence data are not available yet. This
method permits to identify differentially expressed sequences by isolating and sequencing the
transcripts of interest. Thousands of transcripts can be detected by this method. The number of
bands per cDNA-AFLP profile can vary depending of the nucleotides added to the selective
primers, primer sequence and restriction enzyme used. Primers with 1 to 4 additional
nucleotides usually are used for selective amplification. Primers with more additional
nucleotides amplify more selectively. In the presented study were chosen primers with 3
additional selective nucleotides. Since this method is based on PCR, even small amounts of
tissue are sufficient for cDONA AFLP analysis. Therefore its application is possible for gene
expression studies as for example in different plant organs (Cnudde et al., 2006) and cell
cycle gene expression studies, as performed on synchronized tobacco ‘Bright Yellow-2’

suspension cells (Breyne et al., 2002).

cDNA-AFLP is a very sensitive method, both quantitatively as well as qualitatively. It can
discriminate single nucleotide polymorphism (SNP), if the SNP is in the restriction site region

of the restriction enzyme used. It allows detecting more differences in transcriptional profile
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than by substractive hybridization screening. However, cDNA-AFLP does not reflect the
transcription of the entire genome. Comparison of theoretical calculations with the
experimental data obtained after screening with half of all possible primer combinations
specific for BstYI and Msel restriction enzymes leads to the conclusion that only 30% of

transcripts can be visualized by cDNA-AFLP technique (Cnudde et al., 2006).

Both differential display and cDNA-AFLP are methods based on fingerprinting the
semirandom PCR amplified transcriptome. cDNA-AFLP amplifies selectively the regions
delimited by the restriction enzymes digestion whereas, in case of differential display,
amplification occurs mostly near the 3’ end, and one primer is oligo-dT derived. Both
methods have a certain degree of false positive and the candidate transcripts have to be

reconfirmed.

5.2.2. Identification of novel rye B-specific transcripts

In this study the general transcription activity of B chromosomes was analyzed by
comparative cDNA-AFLP of plants with and without B chromosomes from three rye lines
isogenic for its Bs. Rye is an outbreeder and additional polymorphic transcripts coming from
genetically diverse A chromosomes could be expected. Therefore, three lines were employed
to better distinguish B-specific transcripts from those coming from A chromosomes
polymorphism. In total, using 63 primer combinations, 2286 bands were detected in all three
lines in OB/+B material. 112 extra bands (4.9% of average number of bands per rye line) were
found in plants with B chromosomes of either 1, 2 or all 3 rye lines. However, only 16 B-extra
bands (0.7%) of different intensity were consistently found in all three rye lines. This finding
indicates a very low transcription activity of B chromosomes.

Indirect evidence that Bs could influence the transcription behavior of A chromosomes has
been reported by Delgado and colleagues (1995; 2004). The authors observed that in
interphase nuclei, A chromosome-localized ribosomal DNA displays a more compact
distribution in cells with Bs compared to cells without Bs. A more compact distribution of
rDNA sites suggests a lower level of rRNA gene activity. Therefore, the number of additional
bands in 0B material was also determined. 132 extra bands (5.8%) were found in either 1, 2 or

all 3 rye lines. Only 4 (0.18%) 0B extra bands were detected in all three lines. However,
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whether these A chromosome-derived transcripts are down-regulated due to B chromosomes

is not clear and requires further investigation.

Notably, comparative cDNA-AFLP analysis of a rye line with an additional wheat
chromosome 6B (here, B means coming from the B genome of wheat, not B chromosomes)
displayed 6.9% additional bands which indicate as expected higher transcriptional activity of
the A chromosome 6B in comparison to the less active B chromosome of rye. However, this
finding should not be overestimated because the cDNA-AFLP result on the rye-wheat addition

line is based on 4 different primers only.

9 B-specific candidate transcripts were isolated and sequenced. Out of 9 candidates two,
B1553 and B2442 showed DNA sequence similarity to known genes such as the Zeaxanthin
epoxidase and the Mal-like protein (of T. aestivum), respectively. Southern hybridization
showed that these sequences are present in a very low-copy number in genome of rye and no
B-specific extra band was revealed. Based on Southern hybridization, Northern or RT-PCR it
was impossible to verify B-specificity of these clones. One reason could be that similar
sequences are located on A chromosomes and discrimination of the A- and B-located
sequences was not possible due to high sequence similarity. In future, Single Strand
Conformational Polymorphism technique will be employed to detect sequence differences
between A and B located B1553 and B2442-similar sequences. In addition, quantitative Real
Time RT-PCR could be used to verify differential expression of these candidates. After
confirmation of B-specificity, these clones will be used for the analysis of the B chromosome
origin in future. Therefore, wheat-rye chromosome addition lines will be employed for the

identification of the A chromosome(s) with the highest similarity to the rye B chromosome.

Four of the identified B candidate transcripts: B1334, B8149, B2465 and B2565 revealed
sequence similarity to mobile elements. B 2465 showed also partly similarity to the repetitive
sequence pSc 119.1. The remaining clones B 1559, B 2448, and B 2452b revealed similarity
to ESTs of wheat from libraries obtained after different biotic and abiotic stresses (Table 9)

without indication to putative gene function.

Three candidates analyzed in details: B1334, B8149, and B2465 are present in high copy

number in the rye genome. B1334 showed similarity to the transposase region of a mobile
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element called ‘Revolver’. ‘Revolver’ is a transposon-like element of 3041 bp length,
dispersedly distributed in rye genome. It is flanked with 14 bp terminal inverted repeated
sequences on both ends, like class I mobile elements and is transcriptionally active like class
I of transposable elements (Tomita, 1998, 2003). Interestingly, the entire structure of
‘Revolver’ does not share clear identity neither with class I nor with class Il of transposable
elements (Tomita, 2003). It is also abundant, though exhibiting quantitative variations, in the
genomes of wheat ancestor species Triticum monococcum (AA), T. turgidum (AABB) and T.
tauschii (DD). However surprisingly, this element is not detectable in T. aestivum (AABBDD)
(Tomita, 2003). B 1334 sequence also showed similarity to a rye hypervariable sequence F17
which was identified by RAPD analysis of rye plants regenerated from immature embryos and

inflorescences (Linacero et al., 2000).

As expected, the hybridization of B1334 to DNA of Lindstrom wheat without B chromosomes
did not result in cross-hybridization. However, hybridization B1334-specific signals were
found if an additional B chromosome was present, confirming that B 1334 sequences are
located on rye Bs. In situ hybridization revealed a slight accumulation of B 1334 on B

chromosomes.

Sequence analysis of the identified B 8149 candidate revealed 55% DNA similarity to a
nonLTR LINE retrotransposon of Triticum and to other ESTs (85%) of T. aestivum.

The high copy number of B 8149 supports the assumption that this sequence is a mobile
elements derivative. Furthermore, B 8149 showed a hypervariable Southern hybridization
pattern in rye and wheat, suggesting that the rate of transposition activity of B 8149-like
sequences in the three rye lines analyzed is higher than of B 2465 and B 1334. Additional
bands in +B material in both rye lines and wheat Lindstrom verified that B 8149 B-specific
sequences are located on B chromosomes. The variable hybridization patterns of this element

could potentially be used as rye line specific markers.

B 2465 showed similarity to the gypsy-like retrotransposon called ‘Daniela’ from Triticum
monococcum (Wicker et al., 2001) and to the rye repetitive sequence pSc 119.1 (Mclntyre et
al., 1990). Gypsy-like retrotransposons have the youngest origin among LTR and non-LTR
retrotransposons (Xiong and Eickbush, 1990). We can conclude that B 2465 belongs to an
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older class of mobile elements. The Southern hybridization patterns are similar between

OB/+B rye but differ between rye and wheat lines.

Mobile elements on B chromosomes were found in many species (Stark et al., 1996;
Fregonezi et al., 2007; Lamb et al., 2007b; Lamb et al., 2007a). Mostly these elements are
present on both A and B chromosomes. The retrotransposon-derived repetitive 203 bp-long
DNA sequence of Alburnus alburnus which is present only on B chromosomes (Ziegler et al.,
2003) can be considered as an exception because no similar sequences were detected on As of
the same species or B chromosomes of other related species. A tendency to accumulate mobile
elements has been reported for plant and animal sex chromosomes (Steinemann and
Steinemann, 1992; Sakamoto et al., 2000; Steinemann and Steinemann, 2005; Hobza et al.,
2006). This occurs because of low gene dosage and low recombination of sex chromosomes.

Similar features could be attributed to B chromosomes.

It was possible to confirm by RT-PCR that B 1334 and B 8149 sequences are transcribed
from Bs only, though in situ, Southern and Northern hybridizations indicate that similar
sequences are located and expressed on A chromosomes as well. For B 2465 in line 2, the
result of RT-PCR experiment was rather opposite than expected: no band in +B and an
additional band in 0B material were found. This could be explained by heterogeneity of this
particular sequence, and namely its predominance on A chromosomes in rye line 2. Another
explanation could be that B-specific expression of B 2465 in rye line 2 results in an RNAI

effect and therefore transcripts were only found on 0B plants.

From these results, it can be concluded that B 2465, B 1334, and B 8149 are members of high
copy repetitive sequence families. However, particular members of these families display
chromosome type specificity. The RT-PCR results of B 2465 point out on genotype influence
on transcription of certain B located sequences, which is an obvious prove of a cross talk

between A and B chromosomes at molecular level.

In plants, mobile elements and repetitive DNA constitute a large fraction of the genome
(Kumar and Bennetzen, 1999; Schmidt, 1999). The activity rate of mobile elements is very
different. It can vary in different tissues, during periods of vegetation, environmental

conditions, and type of mobile element (Kumar and Bennetzen, 1999). The transcription of
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many retrotransposons is activated by various biotic and abiotic stress factors (Grandbastien,
1998). In case of B-specific candidates B 1334, B 8149, and B 2465 transcription variation

was found in roots, leaves and anthers.

As retrotransposons are not able to transpose without reverse transcription, a correlation
between transcription and transposition should exist. For tobacco Ttol (Hirochika, 1993) and
rice Tos17 (Hirochika et al., 1996a) an increase in transposition concomitant with increase of
corresponding RNA were demonstrated.

For B 1334, the transcriptional activity is high in all analyzed tissues. This can suggest that
this element is transposing actively and further accumulation of these elements is expected.
However, it is not known if the transposition still occurs. For B 2465 and B 8149 the
transcription level was much lower and mostly specific for leaf tissue. Most likely they are
degenerated, not functional mobile elements. Alternatively, transcription of B 2465, B 1334,
and B 8149 could also be explained by a read through of these sequences next to other active
transposons. This scenario was reported for the transcription of a repeat family in Arabidopsis

which is regulated by the Athila2 retrotransposon (May et al., 2005).

5.2.3. Analysis of B-transcripts supports A-derived origin of rye B

chromosomes

The cDNA-AFLP result supports the hypothesis of Tsujimoto and Niwa (1992a), Wilkes et
al. (1995), Houben et al. (1996) that the rye B chromosome is originated from A
chromosomes of the same species. Because, all identified B transcripts revealed high

similarity with sequences located on A chromosomes too.

The accumulation of mobile elements on Bs can have functional and evolutionary
implications. Because B chromosomes encode none or a low number of genes, the
accumulation of Bs does not interfere with the normal life of the plant. Furthermore, a rapid
accumulation of repeats and transposons on a de novo formed B chromosome could reduce the
recombination ability with the A chromosome complement and therefore lead to a separate

evolution of the B chromosome.

Five cDNA-AFLP candidates, identified in the present work, showed similarity to cDNAs

obtained from gene expression analysis of plants under stress conditions like draught, cold
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treatment, or fungi infection. The function of these sequences is unknown; these could be
ESTs of upregulated stress genes or activated mobile elements. So even if the plants tolerate
the presence of B chromosomes, the latter a stress factor for the genome. Also, it is known
that transposons are predisposed to stable mutations accumulation under stress conditions like

tissue culture (Hirochika et al., 1996b).

Mobile elements are known to act in regulatory processes. For example, upregulation of LINE
elements promote the spreading of Xist mRNA and hence X chromosome inactivation (Lyon,
1998). Human and mouse X chromosomes are two fold enriched in L1 repetitive elements in
comparison with autosomes (Bailey et al., 2000). It is known that transposable elements can
inactivate genes, for instance a tandem insertion of P transposon into Drosophila euchromatin
leads to heterochromatin formation and gene silencing (Dorer and Henikoff, 1994). However,
for D1100 and E3900 B specific repeats which are located in heterochromatic region, it was
shown that they undergo partial decondensation during interphase (Langdon et al., 2000;
Carchilan et al., 2007).
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6. Summary
I.

Epigenetic marks in the chromosome complement of rye (Secale cereale) were studied using
immunofluorescence to detect histone modifications. In particular, the euchromatic and
heterochromatic components were compared in supernumerary B chromosomes versus A
chromosomes of the basic diploid set, in order to provide further insights into the enigmatic
properties of these ‘genetically silent’ B chromosomes. Only the B-specific subtelomeric,
heterochromatic domain which undergoes cell-cycle dependent decondensation displayed
enrichment in histone H3K4me3 — a strong mark for active chromatin. Interestingly the
heterochromatic, subtelomeric regions of A chromosomes did not display any labeling by
H3K4me3. No differences between A and B chromosomes were found for the
heterochromatic marks H3K9me2 and H3K27me2, indicating that less-transcriptionally active

Bs are not marked by an enriched level of heterochromatic histone marks.

II.

The histone H3K4me3-positive B-terminal region is mainly composed of the B chromosome-
specific arrays E3900 and D1100. Abundant E3900-specific transcripts were found in somatic
and even more often in anther tissue. D1100 displayed activity in anthers only, indicating
tissue-specific expression. All subregions of E3900 also revealed cross hybridization with
RNAs of small size (< 200 bases) derived from anthers with B chromosomes; with the highest
level of transcription at the 3’end of the repeat. The majority of D1100 and E3900 transcripts
escape processing by the RNAi machinery. The lack of any significant open reading frame
and the highly heterogeneous size of mainly polyadenylated transcripts indicate that the non-

coding RNA may function as structural or catalytic RNA.

1.

Comparative cDNA-AFLP experiments using three nearly isogenic rye lines (7415, P12,
2677), containing plants with and without B chromosomes were performed to characterize the
transcription behavior of B chromosomes. 63 primer combinations were tested and 2286
different transcripts visualized.

Despite that the transcription profile of the three inbred lines with and without B

chromosomes is highly similar, sixteen putative B chromosome-associated transcripts were
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identified and nine of them isolated and sequenced. This consists 0.7% of total number of
transcripts which is an indication of very low activity of B chromosomes.

For all identified B-specific transcripts, similar A chromosome-encoded sequences were
found. The B-specific transcribed sequences B 1334, B 8149 and B 2465 are members of a
high copy repeat family with sequence similarity to mobile elements, such as Gypsy like
transposons and LINE elements — non LTR transposons. Southern, Northern, RT-PCR, FISH,
and sequence analysis demonstrate that similar sequences are encoded on A chromosomes.
These results support the hypothesis that the rye B chromosomes are originated from A

chromosomes of the same species.
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7. Zusammenfassung
L

Bisher ist wenig bekannt iiber die Chromatinzusammensetzung der genetisch inaktiven B-
Chromosomen and ob diese sich von derjenigen der aktiven A-Chromosomen unterscheidet.
Um zu priifen, ob die A- und B-Chromosomen des Roggens (Secale cereale) in ihrem Gehalt
an Euchromatin- und Heterochromatin-spezifischen Histonmarkierungen variieren, wurden
diese mit Hilfe der indirekten Immunfluoreszenzmarkierung vergleichend analysiert. Die
Beobachtungen zeigten, dass die subtelomere, heterochromatische Domine des langen B-
Chromosomenarms besonders intensiv durch die Histonmarkierung H3K4me3
gekennzeichnet ist. Die subtelomeren, heterochromatischen Bereiche der A-Chromosomen
zeigten dagegen nicht diese, ansonsten filir transkriptionsaktives Chromatin typische
Histonverdnderung. Keine Unterschiede zwischen A- und B-Chromosomen wurden fiir die
heterochromatischen Markierungen H3K9me2 und H3K27me2 gefunden. Dies deutet darauf
hin, dass inaktive B-Chromosomen nicht spezifisch durch heterochromatische

Histonmarkierungen gekennzeichnet sind.

I1.

Die H3K4me3-positive B-Chromosomendoméne des Roggens ist durch die B-spezifischen,
repetitiven Sequenzfamilien E3900 und DI1100 gekennzeichnet. E3900-spezifische
Transkripte wurden in somatischen und insbesondere meiotischen Geweben nachgewiesen.
Dagegen konnten DI1100-Transkripte nur in Antheren detektiert werden. Alle E3900-
Unterabschnitte zeigten Kreuzhybridisierung mit <200 Nukleotiden langen RNA-Fragmenten.
Die hochste Transkriptionsaktivitidt zeigte das 3’-Ende von E3900. Der Hauptanteil der
D1100- und E3900-Transkripte wird nicht RNAi-prozessiert. Das Fehlen von offenen
Leserahmen, die Grofenheterogenitit der hauptsichlich polyadenylierten Transkripte deutet
darauf hin, dass es sich hierbei um nicht-kodierende RNA handelt, welche gegebenenfalls eine

katalytische oder strukturelle Funktion besitzt.

1.

Um das generelle Transkriptionsverhalten von B-Chromosomen zu charakterisieren, wurden
cDNA-AFLP Experimente an Roggenpflanzen mit und ohne B-Chromosomen durchgefiihrt.
Dazu wurden drei semi-isogene Roggenlinien (7415, P12, 2677) eingesetzt. 63

Primerkombination wurden getestet und 2286 unterschiedliche Transkripte vergleichend

88



analysiert. Wie erwartet unterschieden sich die Transkriptionsprofile von Genotypen mit oder
ohne B-Chromosomen minimal. Somit kann die Annahme bestitigt werden, dass B-
Chromosomen weitgehend genetisch inaktiv sind.

Trotzdem konnten 16 B-assoziierte Transkripte (0,7% aller Transkripte) identifiziert werden,
von denen 9 feincharakterisiert wurden. Fiir alle B-spezifischen Transkripte konnten mit Hilfe
der Southern-, Northern-Hybridisierung, RT-PCR und Fluoreszenz in situ Hybridisierung
dhnliche A-Chromosomen-lokalisierte Sequenzen nachgewiesen werden. Die B-spezifischen
Transkripte B 1134, B 8149 und B 2465 sind Mitglieder repetetiver Sequenzfamilien. Diese
zeigen Ahnlichkeit zu mobilen Sequenzelementen wie, Gypsy-Retrotransposons und LINE-
Elementen. Diese Ergebnisse bestitigen die Annahme, dass Roggen B-Chromosomen aus den

A-Chromosomen der gleichen Art entstanden.

89



8. Outlook
Rye plants with up to 2 B chromosomes were included in the cDNA-AFLP study described. In

future experiments it would be of interest to perform cDNA-AFLP analyses on plants with a
higher number of B chromosomes. This is because plants with more than 4 Bs are smaller and
display disturbances in development and fertility (Jones, 1993). Therefore it is likely to find a

higher number of B-specific transcripts in plants with a higher number of Bs.

The B chromosomes in rye can occur either in odd or even number. The negative impact
caused by Bs presence was found to be stronger in case of odd number than an even one. Total
amount of proteins and RNA were more affected in plants with 1B and 3B than in those with
2B, and 4B respectively (Kirk and Jones, 1970; Jones, 1982; Jones, 1995). The negative
influence of odd and even on straw weight and tiller number of different rye varieties was also
observed by Miintzing and colleagues (1963). Since there is no molecular prove for odd and
even effect, in future it would be interesting to investigate its influence on transcription profile

of rye B chromosomes.

The distribution of histone methylation pattern was characterized in root meristems. As the
nondisjunction process of Bs occurs during first pollen grain and first egg cell mitosis, the
investigation of histone methylation should be performed on anthers as well. The status of
phosphorylation of H3 at S10/28 should be tested, because this cell cycle dependent

modification correlates with the process of sister chromatid cohesion in plants.

The function of D1100 and E3900 B specific transcripts and the mechanism of their
transcription are unknown at present. It is tempting to hypothesize that these transcripts could
serve some structural function in the organization and regulation of B chromosomes. In order
to test whether D1100 and E3900 transcripts are involved in the regulation of B-
nondisjunction it would be of interest to perform RNA-FISH experiments with D1100 and

E3900 RNA probes on pollen at the first pollen grain mitosis.

To identify additional putative transcripts involved in the process of B chromosome

nondisjunction comparative cDNA-AFLP analysis should be performed on meiotic tissue.
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Appendix Fig. 1. Alighnment of B 1334 sequences amplified from cDNA of plants with (+B) and without (0B) B chromosomes. The

deletions and point mutations are highlighted in red.

AF175285”h :

01 B1334-clone
02_B1334-clone
03_B1334-clone
04 _B1334-clone
05 _B1334-clone
06_B1334-clone
07 _B1334-clone
08 B1334-clone
09 B8134-clone
10 B1334- PCR
11 B1334- PCR
12 B1334- PCR
13 B1334- PCR
14 B1334- PCR
15 B1334- PCR
16 B1334- PCR
17 B1334- PCR
18 B1334- PCR
19 _B1334- PCR
20 B1334- PCR
21 B1334- PCR
22 B1334- PCR
23 _B1334- PCR

Poo. sl O DLW N B

N

o 01 b W

1

B
+B:
+B
B
+B:
+B:
B
+B:
b
+B ¢
+B
B °
sHE
B
+B -
TR
+B
0B :
0B :
0B ¢
0B :
0B -
0B :

* 20 * 40 * 60 * 80 * 100
CATCATTCAAAAACATCACAACCC-GA-CTACG-GGTGAAGATCCA-AAAGAGAGATACCAAAACA-ACA-TAAAGCCAC--AGGCCAGGATC-GAATCCTAGTA

CATCATACAAAA-CATCACGACCC-GA-CTACG-GGTGAAGAACCA-AAAGAAAGATACCAAAACA-ACA-TAAAGCCAC--AGGGCAGGATC-GAATCCTAGTA
CATCATACAAAA-CATCACAACCC-GA-CTACG-GGTGAAGAACCA-AAAGAAAGATACCAAAACA-ACA-TAAAGCCAC--AGGGTAGGATC-GAATCCTAGTA
CATCATACAAAA-CATCACAACCC-GA-CTACG-GGTGAAGAACCA-AAAGAAAGATACCAAAACA-ACA-TAAAGCCAC-AGGGGCAGGATC-GAATCCTAGTA

CATCATACAAAA-CATCACAACCC-GA-CTACG-GGTGAAGAACCA-AAAGAAAGATACCAAAACA-ACA-TAAAGCCAC--AGGGCAGGATC-GAATCCTAGTA =
CATCATACAAAA-CATCACAACCC-GA-CTACG-GGTGAAGAACCA-AAAGAAAGATACCAAAACA-ACA-TAAAGCCAC--AGGGCAGGATC-GAATCCTAGTA -
CATCATACAAAA-CATCACAACCC-GA-CTACG-GGTGAAGAACCA-AAAGAAAGATACCAAAACA-ACA-TAAAGCCAC--AGGGCAGGATC-GAATCCTAGTA =

CATCATACAAAA-CATCACAACCC-GA-CTACG-GGTGAAGAACCA-AAAGAAAGATACCAAAACA-ACA-TAAAGCCAC--AGGGCAGGATC-GAATCCTAGTA

CATCATACAAAA-CATCACAACCC-GA-CTACG-GGTGAAGAACCA-AAAGAAAGATACCAAAACA-ACA-TAAAGCCAC--AGGGCAGGATC-GAATCCTAGTA :
CATCATACAAAA-CATCACAACCC-GA-CTACG-GGTGAAGAACCA-AAAGAAAGATACCAAAACA-ACA-TAAAGCCAC--AGGGCAGGATC-GAATCCTAGTA :

CATCATACAAAA-CATCACGACCC-GA-CTACG-GGTGAAGAACCA-AAAGAAAGATACCAAAACA-ACA-TAAAGCCAC--AGGGCAGGATC-GAATCCTAGTA
CATCATACAAAA-CATCACGACCC-GA-CTACG-GGTGAAGAACCA-AAAGAAAGATACCAAAACA-ACA-TAAAGCCAC--AGGGCAGGATC-GAATCCTAGTA
CATCATACAAAA-CATCACGACCC-GA-CTACG-GGTGAAGAACCA-AAAGAAAGATACCAAAACA-ACA-TAAAGCCAC-AGGGCAGAGATC-GAACCCTAGTA
CATCATACAAAA-CATCACGACCC-GA-CTACG-GGTGAAGAACCA-AAAGAAAGATACCAAAACT-ACA-TAAAGCCAC--AGGGCAGGATC-GAATCCTAGTA
CATCATACAAAA-CATCACGACCC-GA-CTACGTGGTGAAGAACCATAAAGAAAGATACCGAAACT -ACA-TAAAGCCAGCAGGGTCAGGATC-GAATCCTAGTA
CATCATACAAAA-CATCACGACCC-GATCTACG-GGTGAAGAACCATAAAGAAAGATACCAAAACT-ACAGTAAAGCCAGCAGGGCGAGGATCTGAACCCTAGTA
CATCATACAAAA-CATCACGACCC-GA-CTACG-GGTGAAGAACCA-AAGGAAAGATACCAAAACA-ACA--AAAGCCAT--AGGTCAGGATC-GGATCCTAGTA
CATCATACAAAA-CATCACGACCCAGATCTACG-GGTGAAGAACCA-AAGGAAAGATACCAAAACT -ACA--AAAGCCAT --AGGTCAGGATCGGATCCTTAGTA
CATCATACAAAA-CATCACGACCC-GATCTACG-GGTGAAGAACCA-AABIGAAAGATACCAAAACATACA-TAABRECCAC--AGGEICABGATC-GAATCCTAGTA
CATCATACAAAA-CATCACGACCC-GA-CTACG-GGTGAAGAACCA-AATIGAAAGATACCAAAACA-ACA-TAABECCAC--AGGHECABGATC-GAATCCTAGTA

CATCATACAAAA-CATCACGACCC-GATCTACG-GGTGAAGAACCA-AATIGAAAGATACCAAAACA-ACA-TAARECCAC--AGGEICABGATC-GAATCCTAGTA :

CATCATACAAAA-CATCACGACCC-GA-CTACG-GGTGAAGAACCA-AARIGAAAGATACCAAAACA-ACA-TAATRECCAC-~AGGEICABGATC-GAATCCTAGTA

CATCATACAAAA-CATCACGACCC-GA-CTACG-GGTGAAGAACCA-AARIGAAAGATACCAAAACA-ACA-TAAIRCCAC--AGGHICABGATC-GAATCCTAGTA :

CATCATACAAAA-CATCACGACCC-GA-CTACG-GGTGAAGAACCA-AARIGAAAGATACCAAAACA-ACA-TAAICCAC--AGCHICAGATC-GAATCCTAGTA
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Appendix Fig. 1. continued

AF175285”h :
+B:
B
+B:
laie
B
TEE
+B=
e
F

=B -

+B =
=B

B =

01 B1334-clone
02 B1334-clone
03_B1334-clone
04 _B1334-clone
05 _B1334-clone
06 _B1334-clone
07_B1334-clone
08 _B1334-clone
09 B8134-clone
10 B1334- PCR
11 B1334- PCR
12 B1334- PCR
13 B1334- PCR
14 B1334- PCR
15 B1334- PCR
16 _B1334- PCR
17 B1334- PCR
18 B1334- PCR
19 B1334- PCR
20 _B1334- PCR
21 B1334- PCR
22_B1334- PCR
23 _B1334- PCR

DUl B W NP ) U1 D N e

1
2

B W

O 0~ O O

+B

B -
=B -
+B =
0B =
0B :

0B
cB

0B -
OB =

* 120 * 140 * 160

GAAACCA-CTACTGAACATCGAA-ACGA-CACAAACATACGGCTACTCTCTTCA-TG-GAACTCCTGG:
GAAACCA-CTACTGAACATCGAA-ACGT-CACAAGCAAACAGCCACGATCTTCA-TCGGA-CTC----:
GAAACCA-CTACTGAACATCGAA-ACGT-CACAAGCAAACAGCCACGATCTTCA-TCGGA-CTCCCGG:
GAAACCA-CTACTGAACGTCGAA-ACGT-CACAAGCAAACAGCCACGATCTTCA-TCGGA-CTCCCGG:
GAAACCA-CTACTGAACATCGAA-ACGT-CACAAGCAAACAGCCACGATCTCCA-TCGGA-CTCCCG-:
GAAACCA-CTACTGAACATCGAA-ACGT-CACAAGCAAACAGCCACGATCTTCA-TCGGA-CTCCCGG:
GAAACCA-CTACTGAACATCGAA-ACGT-CACAAGCAAACAGCCACGATCTTCA-TCGGA-CTCCCGG:
GAAACCA-CTACTGAACATCGAA-ACGT-CACAAGCAAACAGCCACGATCTTCA-TCGGA-CTCCCGG:
GAAACCA-CTACTGAACATCGAA-ACGT-CACAAGCAAACAGCCACGATCTTCA-TCGGA-CTCCCGG:
GAAACCA-CTACTGAACATCGAA-ACGT-CACAAGCAAACAGCCACGATCTTCA-TC-GGACTCCCGG:
GAAACCA-CTACTGAACATCGAA-ACGT-CACAAGCAAACAGCCACGATCTTCA-TCGGA-CTCCCGG:
GAAACCA-CTACTGAACATCGAA-ACGT-CACAAGCAAACAGCCACGATCTTCA-TCGGA-CTCCCGG:
GAAACCA-CTACTGAACATCGAA-ACGT-CACAAGCAAACAGCCACGATCTTCA-TCGGA-CTCCCGG:
GAAACCATCTACTGAACATCGAA-ACGT-CACAAGCAAACAGCCACGATCTTCA-TCGGA-CTCCCGG:
: GAAACCAT-TACTGAACATCGAATACGTGCACAAGCAAACAGCCACGATCTTCAATCGGATCTCCCGG:
GAAACCATCTACTGAACATCGAATACGT -CACAAGCAAACAGCCACGATCTTCA-TCGGA-CTCCCGG:
GAAACCAC-TACTGAACATCGAA-ACGT-CACAAGCAAACAGCCACGATCTTCA-TCGGA-CTCCCGG:
GAAACCACTACATGAACATCGAA-ACGT-CACAAGCAAACAGCCACGATCTTCA-TCGGA-CTCCCGG:
GAAACCATCTATTGAACATCGAA-ACGTGCACAAGCARIACAGCCACGATCTTCA-TCHGHEECTCCCGG:
GAAACCATCTACTGAACATCGAA-ACGT-CACAAGCABACAGCCACGATCTTCA-TCHGEHRCTCCCGG:
: GAAACCATCTACTGAACATCGAA-ACGT-CACAAGCAEACAGCCACGATCTTCA-TCEGERCTCCCGG:
: GAAACCA-CTATTGAACATCGAA-ACGT-CACAAGCABACAGCCACGATCTTCA-TCRGRECTCCCGG:
GAAACCA-CTACTGAACATCGAA-ACGT-CACAAGCARACAGCCACGATCTTCA-TCHEGEECTCCCGG:
GAAACCA-CTACTGAACATCGAA-ACGT-CACAAGCABIACAGCCACGATCTTCA-TCEGEECTCCCGG:
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Appendix Fig. 2. Alighnment of B 8149 sequences amplified from cDNA of plants with (+B) and without (0B) B chromosomes. The

deletions and point mutations are highlighted in red.

01 B8149+B :
02 B8149+B :
03.B8149+B :
04_B8149+B :
05_B8149+B :
06_B8149+B :
07_B8149+B :
08_B8149+B :
09.B8149+B :
10_B8149+B :
11 B8149+B :
12 B8149+B :
13_B8149-0B:
14_B8149-0B:
15 _B8149-0B:
16_B8149-0B:
17_B8149-0B:
18_B8149-0B:
19 B8149-08B:
20_B8149-0B:
21 _B8149-0B:
22_B8149-0B:
23_B8149-0B:
24 _B8149-0B:

* 20 * 40 * 60 * 80 * 100

TCCAACACAGCA-CCAAGGGCAT-CCGGCGAGCTCCATTGCAG-CTCCGGTGAAG-CTCCATTGCAACCCCGGATCTCCAATGCAGCG-CCGACGGCTCCGGCGAAG -
TCCAACACGGCA-CCAAGGGCAT-CCGGCGAGCTCCATTGCAG-CTCCGGTGAAG-CTCCATTGCAACCCCGGATCTCCAATGCAGCG-CCGACGGCTCCGGCGAAG :
TCCAACACGGCA-CCAAGGGCAT-CCGGCGAGCTCCATTGCAG-CTCCGGTGAAG-CTCCATTGCAACCCCGGATCTCCAATGCAGCG-CCGACGGCTCCGGCGAAG :
TCCAACACAGCA-CCAAGGGCAT-CCGGCGAGCTCCATTGCAG-CTCCGGTGAAG-CTCCATTGCAACCCCGGATCTCCAATGCAGCG-CCGACGGCTCCGGCBAAG =
TCCAACACAGCA-CCAAGGGCAT-CCGGCGAGCTCCATTGCAG-CTCCGGTGAAG-CTCCATTGCAACCCCGGATCTCCAATGCAGCG-CCGACGGCTCCGGCGAAG -
TCCAACACAGCA-CCAAGGGCAT-CCGGCGAGCTCCATTGCAG-CTCCGGTGAAG-CTCCATTGCAACCCCGGATCTCCAATGCAGCG-CCGACGGCTCCGGCGAAG =
TCCAACACAGCA-CCAAGGGCAT-CCGGCGAGCTCCATTGCAG-CTCCGGTGAAG-CTCCATTGCAACCCCGGATCTCCAATGCAGCG-CCGACGGCTCCGGCGAAG :
TCCAACACAGCA-CCAAGGGCAT-CCGGCGAGCTCCATTGCAG-CTCCGGTGAAG-CTCCATTGCAGCCCCGGATCTCCAATGCAGCG-CCGACGGCTCCGGCGAAG =
TCCAACACAGCA-CCAAGGGCAT-CCGGCGAGCTCCATTGCAG-CTCCGGTGAAG-CTCCATTGCAGCCCCGGATCTCCAATGCAGCG-CCGACGGCTCCGGCGAAG =
TCCAACACAGCA-CCAAGGGCAT-CCGGCGAGCTCCATTGCAG-CTCCGGTGAAG-CTCCATTGCAACCCCGGATCTCCAATGCAGCG-CCGACGGCTCCGGCGAAG :
TCCAACACAGCA-CCAAGGGCAT-CCGGCGAGCTCCATTGCAG-CTCCGGTGAGG-CTCCATTGCAACCCCGGATCTCCAATGCAGCG-CCGACGGCTCCGGCGAAG :
TCCAACACAGCA-CCAAGGGCAT-CCGGCGAGCTCCATTGCAG-CTCCGGTGAAG-CTCCATTGCAACCCCGGATCTCCAATGCAGCG-CCGACGGCTCCGGLGAAG -
TCCAACACAGCA-CCAAGG-CAT-CCGGCGAGCTCCATTGCAG-CTCCGGTGAAG-CTCCATTGCAACCCCGGATCTCCAATGCAGCG-CCGACGGCTCCGGCGAAG =
TCCAACACAGCA-CCAAGGGCATACCGGCGAGCTCCATTGCAG-CTCCGGTGAAG-CTCCATTGCAACCCCGGATCTCCAATGCAGCG-CCGACGGCTCCGGCGAAG -
TCCAACACAGCA-CCAAGGGCAT-CCGGCGAGCTCCATTGCAG-CTCCGGTGAAG-CTCCATTGCAACCCCGGATCTCCAATGCAGCG-CCGACGGCTCCGGCGAAG :
TCCAACACAGCA-CCAAGGGCAT-CCGGCGAGCTCCATTGCAG-CTCCGGTGAAG-CTCCATTGCAACCCCGGATCTCCAATGCAGCG-CCGCCGGCTCCGGCGAAG -
TCCAACACAGCA-CCAAGGGCAT-CCGGCGAGCTCCATTGCAG-CTCCGGTGAAG-CTCCATTGCAACCCCGGATCTCCAATGCAGCG-CCGACGGCTCCGGCGAAG &
TCCAACACAGCA-CCAAGGGCAT-CCGGCGAGCTCCATTGCAG-CTCCGGTGAAG-CTCCATTGCAACCCCGGATCTCCAATGCAGCG-CCGACGGCTCCGGCGAAG &
TCCAACACAGCA~CCAAGGGCAT-CCGGCGAGCTCCATTGCAG-CTCCGGTGAAG-CTCCATTGCAACCCCGGATCTCCAATGCAGCG-CCGACGGCTCCGGCCAAG
TCCAACACAGCAACCAAGGCCAT-CCGCGAGGTTCCATTCCAGGTTCCGTTGAAGGCTCCATCGCAACCCCGAATCTCCAAGCCAGCGGCCGACGGCTCCG-CGAAG
TCCAACACAGCA-CCAAGGGCAT-CCGGCGAGCTCCATTGCAG-CTCCGGTGAAG-CTCCATTGCAACCCCGGATCTCCAATGCAGCG-CCGACGGCTCCGGCGAAG =
TCCAACACAGCA-CCAAGGGCAT-CCGGCGAGCTCCATTGCAG-CTCCGGTGAAG-CTCCATTGCAACCCCGGATCTCCAATGCAGCG-CCGACGGCTCCGGCGAAG :
TCCAACACAGCA-CCAAGGGCAT-CCGGCGAGCTCCATTGCAG-CTCCGGTGAAG-CTCCATNGCAACCCCGGATCTCCAATGCAGCG-CCGCCGGCTCCGGCGAAG -
TCCAACACAGCA-CCAAGGGCAT-CCGGCGAGCTCCATTGCAG-CTCCGGTGAAG-CTCCATTGCAACCCCGGATCTCCAATGCAGCG-CCGACGGCTCCGGCGAAG =
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Appendix Fig. 2. continued

01 B8149+B -
02 _B8149+B :
03_B8149+B :
04 _B8149+B :
05 BB149+B :
06 B8149+B :
07_B8149+B :
08 B8149+B :
09 B8149+B :
10 _B8149+B :
11 B8149+B :
12 BEHA9ER -
13 B8149-0B:
14 B8149-0B:
15 B8149-0B:
16 B8149-0B:
17 _B8149-0B:
18 B8149-0B:
19 B8149-0B:
20 B8149-0B:
21 B8149-0B:
22 B8149-0B:
23_B8149-0B:
24 B8149-0B:

* 120 * 140 * 160 * 180 * 200 *

CTCCATT-GCAACTCCGGCCAAGCTCCATTGCAGCTCTGACAGAGCTCCAGCACAACGCCGACGGCTCCGACGAT-GCTCCATCGCAAGTCCGGTCGAGCTCCATIG -
CTCCATT-GCAATTCCGGCCAAGCTCCATTGCAGCTCTGACAGAGCTCCAGCACAACGCCGACGGCTCCGACGAT-GCTCCATCGCAAGTCCGGTCGAGCTCCATTG :
CTCCATT-GCAATTCCGGCCAAGCTCCATTGCAGCTCTGACAGAGCTCCAGCACAACGCCGACGGCTCCGACGAT-GCTCCATCGCAAGTCCGGTCGAGCTCCATTG :
CTCCATT-GCAACTCCGGCCAAGCTCCATTGCAGCTCTGACAGAGCTCCAGCACAACGCCGACGGCTCCGACGAT-GCTCCATCGCAAGTCCGGTCGAGCTCCATTG =
CTCCATT-GCAACTCCGGCCAAGCTCCATTGCAGCTCTGACAGAGCTCCAGCACAACGCCGACGGCTCCGACGAT-GCTCCATCGCAAGTCCGGTCGAGCTCCATTG =
CTCCATT-GCAACTCCGGCCAAGCTCCATTGCAGCTCTGACAGAGCTCCAGCACAACGCCGACGGCTCCGACGAT-GCTCCATCGCAGGTCCGGCCGAGCTCCATTG =
CTCCATT-GCAACTCCGGCCAAGCTCCATTGCAGCTCTGACAGAGCTCCAGCACAACGCCGACGGCTCCGACGAT-GCTCCATCGCAGGTCCGGCCGAGCTCCATTG -
CTCCATT-GCAACTCCGGCCAAGCTCCATTGCAGCTCTGGCAGAGCTCCAGCACAACGCCGACGGCTCCCACGAT-GCTCCATCGCAAGTCCGGTCGAGCTCCATTG -
CTCCATT-GCAACTCCGGCCAAGCTCCATTGCAGCTCTGGCAGAGCTCCAGCACAACGCCGACGGCTCCGACGAT-GCTCCATCGCAAGTCCGGTCGAGCTCCATIG -
CTCCATT-GCAACTCCGGCCAAGCTCCATTGCAGCTCTGACAGAGCTCCAGCACAACGCCGACGGCTCCGACGAT-GCTCCATCGCAAGTCCGGTCGAGCTCCATTG =
CTCCATT-GCAACTCCGGCCAAGCTCCATTGCAGCTCTGACAGAGCTCCAGCACAACGCCGACGGCTCCGACGAT-GCTCCATCGCAAGTCCGGTCGAGCTCCATTG :
CTCCATT-GCAACTCCGGCCAAGCTCCATTGCAGCTCTGACAGAGCTCCAGCACAACGCCGACGGCTCCGACGAT-GCTCCATCGCAAGTCCGGTCGAGCTCCATTG =
CTCCATT-GCAACTCCGGCCAAGCTCCATTGCAGCTCTGACAGAGCTCCAGCACAACGCCGACGGCTCCGACGAT-GCTCCATCGCAAGTCCGGTCGAGCTCCARTG -
CTCCATT-GCAACTCCGGCCAAGCTCCATTGCAGCTCTGACAGAGCTCCAGCACAACGCCGACGGCTCCGACGAT-GCTCCATCGCAAGTCCGGTCGAGCTCCARTG -
CTCCATT-GCAACTCCGGCCAAGCTCCATTGCAGCTCTGACAGAGCTCCAGCACAACGCCGACGGCTCCGACGAT-GCTCCATCGCAAGTCCGGTCGAGCTCCARTG -
CTCCATT-GCAACTCCGGCCAAGCTCCATTGCAGCTCTGACAGAGCTCCAGCACAACGCCGACGGCTCCGACGAT-GCTCCATCGCAAGTCCGGTCGAGCTCCARTG -
CTCCATT-GCAACTCCGGCCAAGCTCCATTGCAGCTCTGACAGAGCTCCAGCACAACGCCGACGGCTCCGACGAT-GCTCCATCGCAAGTCCGGTCGAGCTCCARTG -
CTCCATT-GCAACTCCGGCCAAGCTCCATTGCAGCTCTGACAGAGCTCCAGCACAACGCCGACGGCTCCGACGAT-GCTCCATCGCAAGTCCGGTCGAGCTCCARTG -
CTCCATT-GCAACTCCGGCCAAGCTCCATTGCAGCTCTGACAGAGCTCCAGCACAACGCCGACGGCTCCGACGAT-GCTCCATCGCAAGTCCGGTCGAGCTCCARTG -
CTCCATGCGCAACTCCGCCCAAGCTCCATGC-AGCTCGGACAGAGCTCCAGCACAACGCGGACGGCTCCGACGAT-GCTCCATCGCAAGTCCGTTCGAGCTCCARTG
CTCCATT-GCAACTCCGGCCAAGCTCCATTGCAGCTCTGACAGAGCTCCAGCACAACGCCGACGGCTCCGACGATTGCTCCATCGCAAGTTCGGTCGAGCTCCARTG -
CTCCATT-GCAACTCCGGCCAAGCTCCATTGCAGCTCTGACAGAGCTCCAGCACAACGCCGACGGCTCCGACGAT-GCTCCATCGCAAGTCCGGTCGAGCTCCARTG :
CTCCATG-GCAACTCCGGCCAAGCTCCATGCCAGCTCTGACAGAGCTCCAGCACAACGCCGACGGCTCCGACGAT-GCTCCATCGCAAGTCCGTTCGAGCTCCARITG -
CTCCATT-GCAACTCCGGCCAAGCTCCATTGCAGCTCTGACAGAGCTCCAGCACAACGCCGACGGCTCCGACGAT-GCTCCATCGCAAGTCCGGTCGAGCTCCARTG -
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Appendix Fig. 2. continued

01 BB149+B -
02 B8149+B :
03 B8149+B :
04 B8149+B :
05 B81491B :
06 B8149+B :

07 B8149+B :
08 _B8149+B :
09 B8149+B -
10 B8149+B :
: CA-GCTCTGACAGAGCTCCAACGCAATGCCGACGGCTCCGGCCA-TGCTCCATCGCAAATCAGGCTGAGCTCCATTGCAGCCACGATGCAGCTCCAATGCAGCACCG - 3
CA-GCTCTGCACAGAGCTCCAACGCAATGCCCACGGCTCCGGCEA-TGCTCCATCGCAAATCAGGCTCGAGCTCCATTGCAGCGACCATGGAGCTCCAATGCAGCACCE ¢
CA-GCTCTGGCAGAGCTCCAACGCAATGCCGACGGCTCCGGCGA-TGCTCCATCGCAAATCAGGCEGAGCTCCATTGCAGCGACGATGGAGCTCCAATGCAGCACCG -
CA—GCTCTGACAGAGCTCCAACGCAATGCCGACGGCTCCGGCGA—TGCTCCATCGCAAATCAGGCIGAGCTCCATTGCAGCGACGATGGAGCTCCAATGCAGCACCG :
CA-GCTCTGACAGAGCTCCAACGCAATGCCGACGGCTCCGGCGA-TGCTCCATCGCAAATCAGGCEGAGCTCCATTGCAGCGACGATGGAGCTCCAATGCAGCACCG -
CA-GCTCTGACAGAGCTCCAACGCAATGCCGACGGCTCCGGCGA-TGCTCCATCGCAAATCAGGCEGAGCTCCATTGCAGCGACGATGGAGCTCCAATGCAGCACCG -
CA-GCTCTGACAGAGCTCCAACGCAATGCCGACGGCTCCGGCGA-TGCTCCATCGCAAATCAGGCEGAGCTCCATTGCAGCGACGATGGAGCTCCAATGCAGCACCG =

CA-GCTCTGACAGAGCTCCAACGCAATGCCGACGGCTCCGGCGG-TGCTCCATCGCAAATCAGGCEGAGCTCCATTGCAGCGACGATGGAGCTCCAATGCAGCACCE -
CA-GCTCTGACAGAGCTCCAACGCAATGCCGACGGCTCCGGCEA-TGCTCCATCGCAAATCAGGCEGAGCTCCATTGCAGCGACGATGGAGCTCCAATGCAGCACCE -
CAAGCTCTGCCAGAGCTCCAACGCAAGGCCGACGGCTCCGGCGA—TGCTCCATCGCAAATCAGCC!GAGCTCCATTGCAGCGACGATGGAGCTCCAATGCAGCACCG L
GA-GCTCTGACAGAACTTCAACGCAATGGCGACGGGTCCGGCGEGTGCTCCATCGCAAATCAGGCEGAGCTCCATTGCAGCCACGATGGAGCTCCAATGCAGCACCE ¢
CA-GCTCTGACAGAGCTCCAACGCAATGCCGACGGCTCCGGCGA-TGCTCCATCGCAAATCAGGCEGAGCTCCATTGCAGCGACGATGGAGCTCCAATGCAGCACCG & ¢
CA-GCTCTGACAGAGCTCCAACGCAATGCCGACGGCTCCGGCGA-TGCTCCATCGCAAATCAGCCEGAGCTCCATTGCAGCGACGATGGAGCTCCAATGCAGCACCE ¢
CA-GCTCTGACAGAGCTCCAACGCAATGCCGACGGCTCCGGCGA-TGCTCCATCGCAAATCAGGCEGAGCTCCATTGCAGCGACGATGGAGCTCCAATGCAGCACCG -

il BE1A0LE

12 BB8149+B :
13 B8149-0B:
14 B8149-0B:
15 B8149-0B:
16_B8149-0B:
17 B8149-08:
18 B8149-0B:
19 B8149-0B:
20_B8149-0B:
21 B8149-0R:

22 B8146-0B

23 B8149-08:
24 B8149-0B:

220 * 240 * 260 * 280 * 300 * 320

CA-GCTCTGACAGAGCTCCAACGCAATGCCGACGGCTCCGGCGA-TGCTCCATCGCAAATCAGGCTGAGCTCCATTGCAGCGACGATGGAGCTCCAATGCAGCACCG =
CA-GCTCTGACAGAGCTCCAACGCAATGCCGACGGCTCCGGCGA-TGCTCCATCGCAAATCAGGCTGAGCTCCATTGCAGCGACGATGGAGCTCCAATGCAGCACCE ¢
CA-GCTCTGACAGAGCTCCAACGCAATGCCGACGGCTCCGGCGA-TGCTCCATCGCAAATCAGGCTGAGCTCCATTGCAGCGACGATGGAGCTCCAATGCAGCACCG =
CA-GCTCTGACAGAGCTCCAACGCAATGCCGACGGCTCCGGCGA-TGCTCCATCGCAAATCAGGCTGAGCTCCATTGCAGCGACGATGGAGCTCCAATGCAGCACCG
CA-GCTCTGACAGAGCTCCAACGCAATGCCGACGGCTCCGGCGA-TGCTCCATCGCAAATCAGGCTGAGCTCCATTGCAGCGACGATGGAGCTCCAATGCAGCACCG &
CA-GCTCTGACAGAGCTCCAACGCAATGCCGACGGCTCCGGCCA-TGCTCCATCGCAAATCAGGCTGAGCTCCATTGCAGCGACGATGGAGCTCCAATGCAGCACCG =
CA-GCTCTGACAGAGCTCCAACGCAATGCCGACGGCTCCGGCGA-TGCTCCATCGCAAATCAGGCTGAGCTCCATTGCAGCGACGATGGAGCTCCAATGCAGCACCG & !
CA-GCTCTGACAGAGCTCCAACGCAATGCCGACGGCTCCGGCGA-TGCTCCATCGCAAATCAGGCTGAGCTCCATTGCAGCGACGATGGAGCTCCAATGCAGCACCG -
CA-GCTCTGACAGAGCTCCAACGCAATGCCGACGGCTCCGGCGA-TGCTCCATCGCAAATCAGGCTGAGCTCCATTGCAGCGACGATGGAGCTCCAATGCAGCACCG &

cee

CA-GCTCTGACAGAGCTCCAACGCAATGCCGACGGCTCCGGCGA-TGCTCCATCGCAAATCAGGCTGAGCTCCATTGCAGCGACGATGGAGCTCCAATGCAGC
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Appendix Fig. 2. continued

01 B8149+B :
02_B8149+B :
03 B8149+B :
04 B8149+B -
05_B8149+B :
06_B8149+B :

07_B8149+B

08 B8149+B :
09 B8149+B :
10 _B8149+B :
11 _B8149+B :
12 B8149+B :
13 _B8149-0B:
14 B8149-0B:
15 B8149-0B:
16 B8149-0B:
17_B8149-0B:
18 B8149-0B:
19 B8149-0B:
20_B8149-0B:
21 B8149-0B:
22 B8149-0B:
23 _B8149-0B:
24 B8149-0B:

* 340 * 360 * 380 * 400 * 420

ACGGGCTCCGGCTCCACGCAT-CGCGTTCAGCTTGCTGCACAGCAGATCCGCCGCCCACTTTGCAGCGTCGCTGGCCGACGGTGAGATCATGGGTCGCAGCGCTGAT
ACGGGCTCCGGCTCCACGCAT-CGCGTTCAGCTTGCTGCACAGCAGATCCGCCGCCCACTTTGCAGCGCCGCTGGCCCGACGGTGAGATCATGGGTCGCAGCGCTGAT :
ACGGGCTCCGGCTCCACGCAT-CGCGTTCAGCTTGCTGCACAGCAGATCCGCCGCCCACTTTGCAGCGCCGCTGGCCGACGGTGAGATCATGGGTCGCAGCGCTGAT
ACGGGCTCCGGCTCCACGCAT-CGCGTTCAGCTTGCTGCACAGCAGATCCGCCGCCCACTTTGCAGCGTCGCTGGCCGACGGTGAGATCATGGGTCGCAGCGCTGAT -
ACGGGCTCCGGCTCCACGCAT-CGCGTTCAGCTTGCTGCACAGCAGATCCGCCGCCCACTTTGCAGCGTCGCTGGCCCGACGGTGAGATCATGGGTCGCAGCGCTGAT
ACGGGCTCCGGCTCCACGCAT-CGCGTTCAGCTTGCTGCACAGCAGATCCGCCGCCCACTTTGCAGCGTCGCTGGCCGACGGTGAGATCATGGGTCGCAGCGCTGAT =
= ACGGGCTCCGGCTCCACGCAT-CCCGTTCAGCTTCCTGCACAGCAGATCCECCECCCACTTTCCAGCCTCECTGECCCACCETCAGATCATCGGTCGCAGCGCTCGAT -
ACGGGCTCCGGCTCCACGCAT-CGCGTTCAGCTTGCTGCACAGCAGATCCGCCGCCCACTTTGCAGCGTCGCTGGCCGACGGTGAGATCATGGGTCGCAGCGCTGAT «
ACGGGCTCCGGCTCCACGCAT-CGCGTTCAGCTTGCTGCACAGCAGATCCGCCGCCCACTTTGCAGCGTCGCTGGCCGACGGTGAGATCATGGGTCGCAGCGCTGAT -
ACGGGCTCCGGCTCCACGCAT-CGCGTTCAGCTTGCTGCACAGCAGATCCGCCGCCCACTTTGCAGCGTCGCTGGCCGACGGTGAGATCATGGGTCGCAGCGCTGAT -
ACGGGCTCCGGCTCCACGCAT-CGCGTTCAGCTTGCTGCACAGCAGATCCGCCGCCCACTTTGCAGCGTCGCTGGCCCACGGTGAGATCATGGGTCGCAGCGCTGAT
ACGGGCTCCGGCTCCACGCAT-CGCGTTCAGCT TGCTGCACAGCAGATCCGCCGCCCACT TTGCAGCGTCGCTGGCCGACGGTGAGATCATGGGTCGCAGCGCTGAT -
ACGGGCTCCGGCTCCACGCAT-CGCGTTCAGCTTGCTGCACAGCAGATCCGCCGCCCHCTTTGCAGCGTCGCTGGCCGACGGTGAGATCATGGGTCGCAGCGCHGAT -
ACGGGCTCCGGCTCCACGCAT-CGCGTTCAGCTTGCTGCACAGCAGATCCGCCGCCCHCTTTGCAGCGTCGCTGGCCGACGGTGAGATCATGGGTCGCAGCGCHGAT -
ACGGGCTCCGGCTCCACGCAT-CGCGTTCAGCT TGCTGCACAGCAGATCCGCCGCCCHCTTTGCAGCGTCGCTGECCGACGGTCGAGACCATGGGTCGCAGCGCHGAT -
ACGGGCTCCGGCTCCACGCAT-CGCGTTCAGCTTGCTGCACAGCAGATCCGCCGCCCHCTTTGCAGCGTCGCTGGCCGACGGTGAGATCATGGGTCGCAGCGCHGAT -
ACGGGCTCCGGCTCCACGCAT-CGCGTTCAGCTTGCTGCACAGCAGATCCGCCENCCHCTTTGCAGCETCECTGGCCGACGGTCGAGATCATCGETCGCAGCGCHEGAT -
ACGGGCTCCGGCTCCACGCAT-CGCGTTCAGCTTGCTGCACAGCAGATCCGCCGCCCHCTTTGCAGCGTCGCTGGCCGACGGTGAGATCATGGGTCGCAGCGCHGAT -
ACGGGCTCCGGCTCCACGCAT-CGCGTTCAGCTTGCTGCACAGCAGATCCGECCGCCCHCTTTGCAGCGTCGCTGGCCGACGGTGAGATCATGGGTCGCAGCGCHEGAT -
ACGGGCTCCGGCTCCACGCAT-CGCGTTCAGCTTGCTGCACAGCAGATCCGCCGCCCHCTTTGCAGCGTCGCTGGCCGACGGTGAGATCATGGGTCGCAGCGCEGAT -
ACGGGCTCCGGCTTCACGCATTCGCGTTCAGCTTGCTGGACAGCAGATTCGGCGGCCHCTTTGCAGCGTCGCTGGGCGACGGTGAGATCATGGGTCGCAGCGCHEGAT -
ACGGGCTCCGGCTCCACGCAT-CGCGTTCAGCTTGCTGCACAGCAGATCCGCCGCCCHCTTTGCAGCGTCGCTGGCCGACGGTCGAGACCATGGGTCGCAGCGCHEGAT -
ACGGGCTCCGGCTCCACGCAT-CGCGTTCAGCT TGCTGCACAGCAGATCCGCCGCCCHCT TTECAGCGTCGCTGECCGACGGTGAGATCATGGGTCGCAGCGCEGAT -
ACGGGCTCCGGCTCCACGCAT-CGCGTTCAGCTTGCTGCACAGCAGATCCGCCGCCCECTTTGCAGCGTCGCTGGCCGACGETGAGATCATGGGTCCCAGCGCEGAT -
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