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                                   Abkürzungsverzeichnis 

 
bp   Basenpaar 

Bs   B-Chromosomen   

2C   DNA-Gehalt des diploiden, unreplizierten Chromosomensatzes 

DAPI   4’,6’-Diamidino-2-Phenylindol 

FISH   Fluoreszenz-in-situ-Hybridisierung

G1   Zellzyklusphase G1 

G2   Zellzyklusphase G2 

ITS2    Internal-Transcribed-Spacer 2 

K4   Lysin 4 

K9   Lysin 9 

K20   Lysin 20 

K27   Lysin 27  

H3   Histon H3 

H4   Histon H4 

mB   Mikro-B-Chromosomen 

Mbp   Megabasenpaare 

me   methyliert 

me1   monomethyliert 

me2   dimethyliert 

me3   trimethyliert 

nB   Standard-B-Chromosomen 

NOR   Nukleolusorganisatorregion 

rDNA   ribosomale DNA 

rRNA   ribosomale RNA 

PCR   Polymerase-Kettenreaktion 

ph   Phorphorylierung 

RT-PCR  Reverse-Transcriptase-PCR 

S10   Serin 10 

S28   Serin 28 

T3   Threonin 3,  

T11   Threonin 11 

T32   Threonin 32 
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1. Einleitung und Fragestellung 
 
Chromosomen portionieren das Genom und ermöglichen die korrekte Weitergabe der 

Zellkern-lokalisierten Erbinformation. Die Genomgröße und Anzahl der 

Chromosomen innerhalb einer Spezies sind weitgehend konstant. Häufig ist aber die 

Artenevolution mit einer numerischen und strukturellen Karyotypveränderung 

verbunden, wodurch sich die Genomgröße und Anzahl von Chromosomen einzelner 

Individuen einer Art unterscheiden kann.   

 

Eine Vielzahl von pflanzlichen und tierischen Arten besitzen neben den normalen 

Standardchromosomen oder auch A-Chromosomen genannt, überzählige 

sogenannte B-Chromosomen. Diese Zusatzchromosomen unterscheiden sich von 

den A-Chromosomen dadurch, dass diese keine essentiellen Erbinformationen 

besitzen, ein nicht-mendelndes Segregationsverhalten zeigen und auch nicht mit den 

A-Chromosomen  während der Meiose paaren (Jones and Rees, 1982; Jones, 

1991a; Jones and Puertas, 1993; Beukeboom, 1994; Jones, 1993; Bougourd and 

Jones, 1997; Covert, 1998; Camacho et al., 2000; Puertas, 2002; Jones et al., 2008). 

Sie treten gewöhnlich nur in einigen Individuen einer Art auf (Jones, 2004). 

Außerdem kann ihre Anzahl innerhalb und zwischen Individuen variieren. B-

Chromosomen können  extrem hohe Zahlen in natürlichen Populationen erreichen, 

abhängig davon, wie viele zusätzliche Chromosomen eine bestimmte Art tolerieren 

kann (Camacho et al., 2000). Durch diese unikalen Eigenschaften kann sich die 

Evolution beider Chromosomentypen unterscheiden. Da in der überwiegenden 

Mehrzahl die Gegenwart von B-Chromosomen, vor allem in höherer Kopienzahl, sich 

negativ auf die Vitalität und Fruchtbarkeit des Trägerorganismus auswirken kann, 

werden B-Chromosomen oftmals als parasitäre Bestandteile des Genoms eingestuft.  
 
Die Verteilung von B-Chromosomen innerhalb der Angiospermen ist nicht zufällig. 

Fremdbefruchtende Arten mit großen Genomen und wenigen Chromosomen 

besitzen bevorzugt diesen Chromosomentyp. Die Auswertung der B-Chromosomen-

Verteilung zeigte auch, dass B-Chromosomen gleich oft in polyploiden und diploiden 

Arten auftreten (Palestis et al., 2004; Trivers et al., 2004; Levin et al., 2005). Die 

positive Korrelation zwischen Genomgröße und der Gegenwart von  B-

Chromosomen kann evtl. dadurch erklärt werden, dass großgenomige Arten 
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zusätzliche Chromosomen leichter tolerieren können (Puertas, 2002) oder, da das 

Genom großgenomiger Arten hauptsächlich aus nicht-kodierender DNA besteht, 

diese Genomkomponente die Formierung von B-Chromosomen unterstützt  (Levin et 

al., 2005). Die Auswertung von 23.652 Angiospermen (rund 9% der geschätzten 

260.000 Arten) zeigte, dass zirka 8% der Monokotyledonen und 3% der Eudicots 

Träger von B-Chromosomen sind. In den besonders artenreichen Poaceae und  

Asteraceae wurden am häufigsten Zusatzchromosomen nachgewiesen. Dagegen 

besitzen Liliales und Commelinales besonders viele Arten mit B-Chromosomen 

(Palestis et al., 2004; Levin et al., 2005). 

 

Obwohl seit der Erstbeschreibung von B-Chromosomen durch Wilson (1907) die 

rätselhaften Eigenschaften dieser Genomkomponente das Interesse einer Vielzahl 

von Forschern geweckt haben, sind noch viele Fragen zur Evolution und 

Funktionsweise von B-Chromosomen unbeantwortet. Insgesamt liegen dieser 

Habilitationsarbeit 20 Originalarbeiten zugrunde.  
 

Ziel meiner Arbeit war es:  

(A) den Ursprung und die Evolution von B-Chromosomen zu erkunden;  

 

(B) die Chromatinzusammensetzung von A- und B-Chromosomen zu vergleichen 

und chromosomale Verteilung von Eu- und Heterochromatin-typischen 

Histonveränderungen zu bestimmen.  

 

(C) B-Chromosomen  zur Funktionsbestimmung von  Zellzyklus-abhängigen Histon 

H3 Phosphorylierungen einzusetzen. 

 

(D) die Transkriptionsaktivität, der sogenannten „genetisch inaktiven“ B-

Chromosomen erstmals molekulargenetisch zu charakterisieren.  

 

(E) Brachycome dichromosomatica als Modellart für die Analyse von B-

Chromosomen zu etablieren.  

 

Zur Bearbeitung der aufgelisteten Themen wurden von mir bevorzugt B-

Chromosomen des Roggens (Secale cereale L., 2n= 14 +0-8 Bs), der Australischen 
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Gänseblume (Brachycome dichromosomatica, Synonym: Brachyscome 

dichromosomatica, 2n= 4 +0-3 Standard Bs + 0-9 Mikro Bs), der Puschkinie 

(Puschkinia libanotica, 2n= ? + 0-7 Bs), und des Kleinköpfigen Pippau (Crepis 

capillaris, 2n= 6 +0-4 Bs) experimentell untersucht. 

 

Die B-Chromosomen des Roggens wurden untersucht, da bereits viele Vorarbeiten 

an diesen Chromosomen durchgeführt worden waren (Jones und Puertas, 1993) und 

somit die DNA-Zusammensetzung der Roggen Bs teilweise bekannt war. Aufgrund 

der  geringen A-Chromosomenanzahl (2n = 4) und der Existenz von zwei B-

Chromosomentypen war B. dichromosomatica prädestiniert, um die Evolution, DNA 

und Chromatinzusammensetzung  von Bs zu erkunden. C. capillaris wurde 

ausgewählt, da diese Art B-lokalisierte rDNA Sequenzen besitzt, welche zur Analyse 

der Transkription und Phylogenie von B-Chromosomen geeignet sind.  
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Transcriptionally Active Heterochromatin
in Rye B Chromosomes W

Mariana Carchilan,a,1 Margarida Delgado,b,1 Teresa Ribeiro,b Pedro Costa-Nunes,b Ana Caperta,b

Leonor Morais-Cecı́lio,b R. Neil Jones,c Wanda Viegas,b and Andreas Houbena,2

a Leibniz Institute of Plant Genetics and Crop Plant Research, 06466 Gatersleben, Germany
b Secção de Genética, Centro de Botânica Aplicada à Agricultura, Instituto Superior de Agronomia, Technical University of

Lisbon, Tapada da Ajuda, 1349-017 Lisboa, Portugal
c Institute of Biological Sciences, University of Wales, Aberystwyth SY23 3DD, Wales, United Kingdom

B chromosomes (Bs) are dispensable components of the genomes of numerous species. Thus far, there is a lack of evidence

for any transcripts of Bs in plants, with the exception of some rDNA sequences. Here, we show that the Giemsa banding-

positive heterochromatic subterminal domain of rye (Secale cereale) Bs undergoes decondensation during interphase.

Contrary to the heterochromatic regions of A chromosomes, this domain is simultaneously marked by trimethylated H3K4

and by trimethylated H3K27, an unusual combination of apparently conflicting histone modifications. Notably, both types of

B-specific high copy repeat families (E3900 and D1100) of the subterminal domain are transcriptionally active, although with

different tissue type–dependent activity. No small RNAs were detected specifically for the presence of Bs. The lack of any

significant open reading frame and the highly heterogeneous size of mainly polyadenylated transcripts indicate that the

noncoding RNA may function as structural or catalytic RNA.

INTRODUCTION

B chromosomes (Bs) are dispensable components of the ge-

nomes of numerous species of both plants and animals. They do

not pair with any of the standard A chromosomes at meiosis, by

definition, and have irregular modes of inheritance (reviewed

in Jones and Houben, 2003). In rye (Secale cereale), there is a

widespread polymorphism for Bs across all geographic regions

where this species grows as wild or semiwild populations (Jones

and Puertas, 1993), and the Bs are structurally identical at the

cytological level among geographically distinct populations. The

absence of Bs from some individuals, by definition, and their

presence in variable numbers in others provide a unique exper-

imental system to investigate their apparent genetic emptiness.

A unique feature of the rye B is that it undergoes a directed

nondisjunction at both the first pollen grain and first egg cell

mitosis, based on sticking of sensitive sites on either side of the

centromere, which delay separation of sister chromatids, and

then directs them into the cells destined to become gametes.

The accumulation process is controlled by a trans-acting genetic

element located in the distal part of the long arm of the B

chromosome. This is known because deficient Bs, which lack

this terminal region of the long arm, undergo normal disjunction,

unless a standard form of the B chromosome is present in the

same cell. Numerical accumulation is counterbalanced by loss of

unpaired Bs at meiosis and by the deleterious effects of the Bs on

physiological and reproductive fitness (Jones, 1995).

This particular aspect of the transmission of the rye B has

triggered a number of investigations aiming to identify and isolate

the genetic element controlling nondisjunction in gametophytes,

but thus far no nondisjunction element has been identified

(Langdon et al., 2000).

In terms of structural organization, the rye B is mainly com-

posed of DNA sequences in common with those of the A chro-

mosomes (As) (Rimpau and Flavell, 1975; Timmis et al., 1975),

with the exception of the terminal part of the long arm (Tsujimoto

and Niwa, 1992; 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 monoto-

nous array of tandem repeats (Langdon et al., 2000). In situ

hybridization shows that at c-metaphase the D1100 displays two

adjacent clusters with a small gap between them, with the more

homogeneous E3900 positioned toward 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 49,6-diamidino-2-phenylindole (DAPI) staining at metaphase

(Jones and Puertas, 1993; Houben et al., 1996; Langdon et al.,

2000) (Figure 1A). Thus far, there is a lack of evidence for any

active genes in the Bs of rye, or of maize (Zea mays) or other

plants, with the exception of some rDNA sequences of Crepis

capillaris (Leach et al., 2005).

1 These authors contributed equally to this work.
2 To whom correspondence should be addressed. E-mail houben@
ipk-gatersleben.de; fax 49-39482-5137.
The author responsible for distribution of materials integral to the
findings presented in this article in accordance with the policy described
in the Instructions for Authors (www.plantcell.org) is: Andreas Houben
(houben@ipk-gatersleben.de).
W Online version contains Web-only data.
www.plantcell.org/cgi/doi/10.1105/tpc.106.046946
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Figure 1. Cytological Organization of the B-Specific Domain during Development.

(A) Giemsa C-banded metaphase chromosomes of rye with Bs (arrows and inset).

(B) Root tip meristematic c-metaphase cell of Lindström wheat with six Bs hybridized with D1100 (red) and E3900 (green) probes. At this stage, the

D1100 terminal domain displays a high level of condensation, and the B-specific domain is defined as two contiguous blocks (one centromere-proximal

and the other distal); E3900 labels only the distal block (yellow signal due to superimposition of red and green channels).

(C) Organization of the root tip showing the location of meristematic and protoxylem nuclei.

(D) and (E) Heterogeneous organization of the B-specific domain defined by D1100 (red), showing condensed and diffuse regions in 2B meristematic

cells. The start of the arrow indicates the start of the B domain, and the end of the arrow indicates the telomeric end of the domain.

(D) Two interphase nuclei hybridized with D1100 and E3900 (green; yellow signal is due to superimposition with D1100 red signal). An unlabeled gap

frequently separates the condensed and decondensed regions. The bottom of the figure shows the single channel images of the same nuclei for E3900

(left) and D1100 (right).

(E) to (H) B-specific domain during mitoses in meristematic cells with two Bs: (E) at prophase, (F) at metaphase showing the B-specific domain fully

condensed (only one B is visible), (G) at anaphase, and (H) at telophase (only one of the Bs is visible over its full length due to the orientation of

projection).

(I) D1100 pattern in a nucleus from a developing xylem cell (see [C] for location of cell type).

(J) to (N) organization of the B-specific domain in anther tissues: (J) location of meiocytes and tapetal cells, (K) binucleate tapetal nuclei, (L) and (M)

pachytene nuclei with two Bs fully paired (L) and six Bs with irregular pairing (M). The curved arrow in (L) indicates the full length of B-specific domain,

and the intercalary cut shows the extended gap in D1100 labeling. (N) shows the magnification of the B-specific domain from the six B pachytene cells

in (M), showing two fully paired Bs forming a bivalent (right) and four Bs with irregular pairing forming a tetravalent. DAPI staining for DNA is in blue.

Bars ¼ 10 mm.

2 of 12 The Plant Cell



Heterochromatin was first defined cytologically by Heitz (1928)

as the genome fraction that maintains a high level of condensa-

tion throughout the cell cycle. It was later associated with

genome regions that replicate late in the S phase and are mainly

composed of repetitive DNA sequences with low gene density.

More recent advances in chromatin characterization, in terms

of epigenetic marks, showed the involvement of DNA methyla-

tion and posttranslational histone modifications (reviewed in

Richards and Elgin, 2002; Craig, 2005; Kouzarides, 2007). Al-

though there has been great progress in the discovery of several

residue-specific histone methylations and other histone modi-

fiers involved in chromatin packaging (reviewed in Martin and

Zhang, 2005), methylation of histone H3 at Lys residues 4, 9, and

27 has become the best studied. Whereas the euchromatin-

specific methylation of H3K4 is highly conserved among eukary-

otes, heterochromatin indexing by methylation marks at H3K9/

27 and H4K20 is more variable (Fuchs et al., 2006). Several

studies have shown that modification of the histone H3 tail

by methylation of Lys residues 9 (H3K9me) and 27 (H3K27me)

negatively regulate transcription by promoting a compact chro-

matin structure (Bannister et al., 2001; Jacobs et al., 2001; Cao

et al., 2002; Czermin et al., 2002; Francis et al., 2004). By

contrast, euchromatin is marked by the same type of modifica-

tion at Lys residue 4 (H3K4me) (Noma et al., 2001; Santos-Rosa

et al., 2002; Zegerman et al., 2002). The identification of a H3K4-

specific histone demethylase (Shi et al., 2004) challenged the

view that histone methylations are permanent and nonreversible.

In this study, through in situ localization of rye B-specific

repetitive DNA families D1100 and E3900, we disclose that the

B heterochromatic domain is consistently decondensed at in-

terphase in two distinct genomic backgrounds of rye and also in

a wheat (Triticum aestivum)–rye B addition line. Furthermore, we

show that this chromatin conformation is maintained in different

cell types, namely meristematic, differentiated, and meiocytes.

Immunodetection of epigenetic marks revealed that the atypical

behavior of this B-specific heterochromatic domain is accom-

panied by enrichment in the euchromatic mark H3K4me3, but no

distinctive features were obtained for the heterochromatic marks

H3methylK9/K27 and H4K20me or for methylated cytosine res-

idues. In addition, transcriptional activity of the E3900 and D1100

repeats in somatic and meiotic tissue has been demonstrated.

RESULTS

The Heterogeneous Organization of the B-Specific Domain

Is Maintained in Different Genomic Environments and

Distinct Cell Types

At c-metaphase the B-specific domain is characterized by a

condensed Giemsa-banding positive region (Figure 1A, arrows)

that corresponds to the location of the two B-specific sequences

D1100 and E3900. D1100 occupies the entire domain, and

E3900 is restricted to a more terminal position (Figure 1B). In

meristematic interphase cells, the organization of the domain,

defined by the presence of the D1100 repeat family, was eval-

uated in both rye and wheat root meristematic cells through

confocal microscopy after in situ hybridization, using structurally

preserved root tip tissue sections (Figure 1C). The B domain

forms a well-defined region displaying a heterogeneous internal

organization. There are two distinct regions: one is tightly con-

densed and the other is more diffuse (Figure 1D), as previously

described (Morais-Cecı́lio et al., 1996; Langdon et al., 2000).

Simultaneous labeling with the E3900 repeat reveals that the

decondensed D1100 region is the more distal of the two since it

colocalizes with the E3900 region, which is subterminal (Figures

1B and 1D). Decondensation in the subterminal part of the

domain is observed not only at interphase but also at prophase

and to a lesser extent in anaphase and telophase of mitosis, but

no decondensation was observed in metaphase (Figures 1E to

1H). A gap in D1100-positive regions (Figure 1D) is frequently

observed separating the condensed from the decondensed

regions. In untreated metaphases (Figure 1F) the B-terminal

domain has a condensed appearance, likewise observed in

c-metaphases (Figures 1A and 1B). Although no major differ-

ences in the B domain organization were detected between rye

and wheat, the level of decondensation of the subterminal region

at interphase is higher in rye than in wheat (data not shown) and

increases with the number of Bs present (Table 1). The D1100

DraI restriction pattern shows six identical bands, for B-carrying

wheat and rye (see Supplemental Figure 1 online), although two

additional bands (1.6 and 0.65 kb) were revealed in this analysis

that were not seen previously (Sandery et al., 1990). The EcoRI

restriction pattern for the E3900 sequence in both rye and wheat

gave the same results (data not shown) as previously obtained by

Blunden et al. (1993) in rye.

To establish whether the decondensed interphase structure of

the B-specific domain is a general feature, further cell types were

analyzed, such as differentiated root cells and anther cells

(meiocytes at pachytene and tapetal cells) (Figures 1C and 1I

to 1N).

Structurally preserved sections of roots in the differentiation

zone allowed the analysis of two distinct cell types: parenchyma

and developing xylem vessel cells. Protoxylem vessels are easily

recognized as a central row of large cells due to endoreduplica-

tion that occurs as part of the differentiation process, and, as

expected, they present enlarged nuclei accompanied by a

correspondingly extended D1100 domain (Figures 1C and 1I).

In these endopolyploid cells, as in parenchyma (data not shown),

the same basic organization of the B-specific domain is main-

tained, with a condensed region in the centromere proximal end

and a pronounced decondensation toward the telomeric end.

In anther cells (Figures 1J to 1N), the level of decondensation is

Table 1. Average Length (mm) of D1100- and E3900-Labeled Regions

in Interphase Nuclei from JNK Rye Plants with 2Bs or 4Bs

Domain 2Bs 4Bs t Testa

D1100 2.37 3.53 P ¼ 0.0026

E3900 1.30 1.66 P ¼ 0.0030

The measurements were performed in the longitudinal axis of the

B-specific domain defined by the centromere proximal condensed

D1100 block and by the distal region labeled by both D1100 and

E3900. Mean values were obtained from at least 30 nuclei from three

different plants.
a P is the probability associated with a two-tailed Student’s t test.
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Figure 2. Histone Marks of As and Bs.

Metaphase cells of rye with Bs (arrows) after immunostaining with antibodies specific for H3K4me1,2,3; H3K9me1,2,3; and H3K27me1,2,3.
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greatly increased. In binucleated tapetal cells (Figure 1K), the

distal region of the domain assumes a cloudy appearance. At

pachytene, the D1100 domain is particularly extended, although

a more condensed zone toward the centromere is still recog-

nized (Figures 1L to 1N). In this cell type, however, the decon-

densed distal region is particularly extensive relative to the

condensed proximal block, which was always detected and

usually far apart from the rest of the domain, leaving a very

pronounced gap (Figure 1L). This high level of decondensation

contrasts with strong condensation observed in the 45S rDNA

cluster visualized as a single block due to chromosome pairing.

The pairing pattern of the B-specific region varies with B number:

in most 2B meiocytes, only one D1100 domain was observed,

indicating close association of these domains (Figure 1L). Con-

versely, a more complex arrangement was detected in 6B

meiocytes (Figures 1M and 1N). Although the structural orga-

nization of the B-specific domain is maintained, various con-

figurations were detected with both incomplete pairing and

multivalent formation (Figure 1N). The more decondensed orga-

nization of the B-specific domain is, however, a generalized

feature of meiocytes, and it is not directly related with levels of

chromosome pairing since it is observed both in cells with regular

or abnormal paring at this region.

The B-Specific Domain Has a Unique Distribution of Histone

H3 Trimethylated at Lys Residues 4 and 27

As the B-specific heterochromatic domain undergoes a cell

cycle–dependent decondensation process, we characterized its

structure in terms of epigenetic marks by examining the meth-

ylation status of certain Lys residues in the N-terminal tails

of histones H3 and H4. Cells were stained with antisera that

discriminated between mono-, di-, and trimethylated Lys resi-

dues (Lys-4, Lys-9, and Lys-27 of H3 and Lys-20 of H4; Figure 2,

Table 2).

The chromosomal distribution patterns observed for the het-

erochromatin marks H3K9me1 and 3 were as reported for

H3K9me2, which is characteristic for plants with large genomes

(Houben et al., 2003), for both As and Bs, with a uniform

distribution throughout chromosome arms. While the terminal

heterochromatic regions of As and Bs were H3K27me1 deficient,

the same chromosomal regions were enriched in di- and tri-

methylated H3K27. Staining specific for H4K20me1,2,3 resulted

in a weak and disperse labeling (see Supplemental Figure 2

online). The distribution pattern of 5-methylcytosine DNA residues

showed a punctuated and uniform pattern along both the As

and Bs, without any particular sites of accumulation (see Sup-

plemental Figure 3 online). These patterns are independent of the

number of Bs present.

The highly conserved euchromatin-specific methylation mark

at Lys-4 of H3 revealed a B domain–specific distribution pattern.

H3K4me1,2 preferentially mark euchromatin of A and B chro-

mosomes, although the heterochromatic B subterminal domain

displays some level of labeling. Immunodetection of histone H3

trimethylated at Lys-4 revealed the same distribution pattern of

signals for the As both in rye (Figures 3A and 3B) and wheat

(Figures 3C and 3D). 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 telomeric heterochromatic blocks of rye As that are

brightly stained with DAPI (Figure 3A). 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 (Figures

3B and 3G). 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 (Figure 3G).

At interphase, no pronounced H3K4me3 labeling was found,

most likely due to decondensation and therefore reduced inten-

sity of immunosignals (Figures 3E and 3F). Alternatively, but less

likely, a cell cycle–dependent B domain–specific demethylation

of H3K4me3 occurs. This H3K4me3 distribution pattern is iden-

tical for plants with different numbers of Bs in rye and wheat.

The E3900 and D1100 B-Specific Repeats Are

Transcriptionally Active

The abundance of trimethylated Lys-4 of histone H3 and the

decondensed structure at interphase of the B subtelomeric do-

main 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 an RNA gel blot analysis

of total RNAs prepared from plants with and without Bs. As

shown in Figure 4A, probe E3900-0N, which covers the entire

length of E3900, detected a continuum of transcripts ranging in

size from 6.5 to <0.2 kb that were mainly present in plants

containing Bs. In addition, bands of 2, 3, and 5 kb were detected

over the smear. Weak hybridizing bands in 0B material could be

explained by cross-hybridization with homologous transcribed

Table 2. 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

H3K4me1 Dispersed Dispersed, except

pericentromere

H3K4me2 Dispersed Dispersed, except

pericentromere

H3K4me3 Strongly increased Dispersed, except

pericentromere

H3K9me1 Dispersed Dispersed, except

pericentromere

H3K9me2 Dispersed Dispersed

H3K9me3 Weakly dispersed Weakly dispersed

H3K27me1 Deficient Dispersed

H3K27me2 Dispersed Deficient

H3K27me3 Dispersed Deficient

H4K20me1 Weakly dispersed Weakly dispersed

H4K20me2 Weakly dispersed Weakly dispersed

H4K20me3 Weakly dispersed Weakly dispersed

DNA methylation Dispersed Dispersed
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A sequences. To analyze whether the entire E3900 repeat is

transcriptionally active in total, or only parts of it, five subregions

of E3900 were used as RNA gel blot probes. All regions revealed

cross-hybridization with RNAs of small size (<200 bases; Figure

4A, arrows) derived from anthers with Bs, with the highest level

of 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

39-region of E3900 (region 5N) (Langdon et al., 2000). Anther- and

B-specific hybridization of small size transcripts were also found

for D1100 (Figure 4B, arrow).

Therefore, to further characterize the transcribed sequences,

RT-PCR experiments were conducted on total RNA isolated

from roots, leaves, and anthers of 0B and þB rye and wheat

Lindström plants. E3900 transcripts were amplified from all

subregions of the repeat (Figure 5A). The primer pair D1100-

1RT allows the amplification of a D1100-specific fragment of

expected size (Figure 5B). 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 RNA gel blot

hybridization (Figure 4), 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-a 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 RNA gel

blot hybridization (Figure 4), regions RT4 to RT6 revealed the

highest level of transcription with less tissue type specificity.

Control experiments (Figure 5C) 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 on reverse transcription of RNA

molecules originating from transcribed E3900/D1100 repeats

on the Bs. 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 shared a high similarity (92 to 99%)

with either D1100 or E3900 repeats (see Supplemental Table 2

online). Both repeat transcripts are at least partly polyade-

nylated, since all D1100/E3900 RT-PCR products were obtained

from cDNA synthesized with poly(dT) primers. In addition, RNA

gel blot hybridization of both repeats showed cross-hybridization

with fractions enriched for polyadenylated RNA, although the

Figure 3. Comparative Analysis of B Variants.

(A) to (F) Root tip meristematic metaphase cells of JNK rye ([A] and [B]) with four Bs (arrowheads) and of Lindström wheat ([C] and [D]) with two Bs

(arrowheads) and an interphase nucleus of JNK rye with three Bs ([E] and [F]) after immunodetection of H3K4me3 ([A], [C], [E] in red) following in situ

hybridization with the B-specific D1100 repeat ([B], [D], and [F] in green). In (A), note the absence of H3K4me3 in the heterochromatic subtelomeric

blocks of rye As. Bars ¼ 10 mm.

(G) Individual standard B and deleted B (delB) after immunodetection of H3K4me3 (red) and in situ hybridization of D1100 (green). DNA is stained with

DAPI (blue).
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E3900 revealed a significantly stronger signal in the polyade-

nylated fraction than the D1100 (Figure 6).

To determine whether the D1100 and E3900 transcripts are

processed into small RNA (smRNA), we conducted RNA gel blot

hybridizations 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. Neither probe detected any

B-specific smRNAs but gave hybridization signals in the size

range of 21 to 24 nucleotides in RNA from anthers, compared

with leaves, and independent of the presence or absence of Bs

(see Supplemental Figure 4 online). This result implies that the

majority of D1100 and E3900 transcripts escaped processing by

the RNA interference machinery in leaf and anther tissue. To

check probe quality, the D1100 probe was hybridized with

artificially generated smRNAs, and hybridization of 21 nucleo-

tides in length was found, depending of the amount of control

smRNA loaded (see Supplemental Figure 4A online, arrow).

DISCUSSION

In the two genomic backgrounds analyzed, both meristematic

nuclei and those from differentiated and meiotic cells showed

cell cycle–dependent decondensation of the distal zone of the

B-terminal region, whereas the proximal zone remains con-

densed, as previously described (Morais-Cecı́lio et al., 1996;

Langdon et al., 2000). The level of decondensation of the distal

zone increases with the number of Bs, although to a greater

extent in rye than in wheat. These genome-associated differ-

ences may be related with the availability of chromatin remod-

eling factors. Notwithstanding some variation, decondensation

of the subterminal domain is a consistent feature, independent of

Figure 4. Transcriptional Analysis of E3900 and D1100.

(A) and (B) RNA gel blot analysis of E3900 (A) and D1100 (B) transcripts isolated from roots (R), leaves (L), and anthers (A) of 0B/þB rye. Schemata

indicates the different regions (0N to 5N) of E3900 used as hybridization probes. Arrows indicate B-specific signals of small size (<200 bases).

(C) Ethidium bromide–stained RNA gel that was used as a loading control. Size marker is the RiboRuler RNA ladder (Fermentas).
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genotype and cell type, which is an unexpected result since this

domain represents otherwise classic constitutive heterochro-

matin. C-banding procedures reveal that at mitosis rye Bs have a

large heterochromatic band in the distal part of their long arm,

where the two B-specific repetitive DNA families are clustered.

This segment was also found to replicate later than the rest of the

B, in the last part of the S-phase (Lima-de-Faria and Jaworska,

1972), but our results are in conflict with the established knowl-

edge about the heterochromatic nature of the distal end of the

rye B. Based on our findings, we propose that the B-subterminal

domain forms inconsistent heterochromatin. We also note that

the meristematic metaphase pattern of the B-specific domain

matches perfectly between rye and wheat, indicating that chro-

mosome location of that fraction is maintained after the intro-

gression of the B into an alien species. This is further confirmed

by the identical restriction patterns obtained in both species for

the D1100 and for E3900 repeat families. The restriction pattern

obtained here for the D1100 sequence in wheat and rye differs

slightly from the one found by Sandery et al. (1990), with two

additional DraI fragments of 1.6 and 0.650 kb. The fact that the

cloned D1100 fragment used as probe belongs to a DNA family

that displays heterogeneity between its members (Sandery et al.,

1990; Langdon et al., 2000) may account for the differences

observed between the two sets of results.

H3K27 methylation shows a species-specific chromosomal

distribution. The euchromatic regions of rye As and Bs are

uniformly H3K27me1 labeled. By contrast, the same modifica-

tion in Arabidopsis thaliana and barley (Hordeum vulgare) seems

to be a heterochromatin mark (Fuchs et al., 2006). H3K27me2 is

typical for heterochromatin in Arabidopsis and rye but charac-

teristic of euchromatin in barley, while H3K27me3 is euchromatin

specific in Arabidopsis and barley but clusters at a certain

heterochromatic position in Vicia faba (Fuchs et al., 2006) and

rye As and Bs.

The peculiarity of the terminal B region lies in the fact that, con-

trary to the Giemsa-positive telomeric heterochromatic regions

Figure 5. Transcriptional Analysis of E3900 and D1100 Reveals Tissue Type–Specific Activity.

(A) and (B) E3900 and D1100 RNA abundance assessed by semiquantitative RT-PCR on root (R), leaf (L), and anther (A) tissue of 0B/þB rye and 0B/þB

wheat. Schematas indicate the different regions of E3900 and D1100 amplified by RT-PCR.

(C) Controls: positive control using B-independent primers (eEF1-a 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 þB

DNA. Each sample contained approximately the same amount of RNA.
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of As, this domain is simultaneously marked by trimethylated

H3K4 and methylated H3K27, an unusual combination of appar-

ently 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 Lys 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 in Martin and Zhang, 2005). Histone

Lys 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 euchro-

matic regions, although the trimethylated, rather than the di-

methylated, 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 hetero-

chromatic 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 states of H3K4.

Further work is required to resolve whether nonrepressive

(H3K4me) and repressive (H3K27me) histone modifications co-

exist within the same nucleosome or whether they occupy

alternate nucleosomes of the terminal heterochromatic, but

transcriptionally active, B region.

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 chro-

mosome domain was consistently observed in all cell types

analyzed 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 As and the rDNA cluster, that remain tightly con-

densed 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). 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 trans-

mission equilibrium, since small changes in relative sequence

amount may alter the balance between condensed and decon-

densed forms affecting meiotic pairing. Variation in the B ability

for forming bivalents at metaphase I is one of the main features

modulating their transmission rate (M.M. Jiménez et al., 1997;

G. Jiménez 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 conforma-

tion of the B-terminal domain is a crucial feature for B transmis-

sion 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

terminal region. Satellite DNA is generally considered not to be

transcribed. However, various examples of transcribed tandem

repeats have recently been reported in several organisms, in-

cluding 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 transcrip-

tion, RNA maturation, and translation (reviewed in Ugarkovic,

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

2006).

The function of B transcripts and the mechanism of tran-

scription of B-tandem repeats are unknown at present. Their

transcription may be due to readthrough from other active

sequences, such as mobile elements. 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.

Figure 6. D1100 and E3900 Undergo Polyadenylation.

RNA gel blot hybridization of D1100 and E3900 with total RNA separated

into poly(A)þ and poly(A)� fractions. A probe specific for actin was used

as a poly(A)þ positive probe.

Transcription of B Chromosomes 9 of 12



The size heterogeneity and the lack of any significant open frame

is compatible with the idea that these molecules are in fact

composed partly of a variable number of repeats of E3900 and

D1100 sequences, arguing against a possible coding function.

The size heterogeneity of B transcripts could also be explained

by the fact that the members of the E3900 and D1100 sequence

families are not organized as a simple monotonous array. Mem-

bers of the two B repeat families are often contiguous, and more

than one size class of EcoRI fragments was identified as derived

from D1100 and E3900 families (Langdon et al., 2000). We

hypothesize that these transcripts could serve some structural

function in the organization and regulation of Bs. It is tempting to

speculate that the unique chromatin conformation and transcrip-

tion activity of the B-terminal region could be involved in the

trans-acting mechanism of directed nondisjunction of the rye B

at pollen mitosis. Although no controlling element for this pro-

cess has been identified in the B-specific domain, the deletion of

this region leads to a loss of the nondisjunction, indicating its

direct involvement in chromatid nondisjunction (reviewed in

Jones, 1995). The process of nondisjunction is highly regulated

and only occurs in the gametophytes, but we cannot exclude the

hypothesis that it might be related with the presence of a unique

combination of chromatin marks and noncoding RNA in diploid

cells.

METHODS

Plant Material

Seeds of rye (Secale cereale cv JNK; 2n ¼ 2x ¼ 14 þ Bs) and wheat

(Triticum aestivum cv Lindström; 2n¼ 6x¼ 42þ Bs), both known to carry

rye Bs, and a JNK rye line selected for the presence of deleted Bs

(structural variants that lack the terminal part of the long arm (Ribeiro

et al., 2004), were germinated on moist filter paper at 248C.

Some of the primary root tips were immersed in ice-cold water for 24 h

to induce c-metaphases, while others were without this treatment to

avoid metaphase chromosome condensation. All root tips were fixed in

4% (w/v) formaldehyde. For meiotic preparations, immature spikes were

collected, and anthers selected for the pachytene stage were fixed in

fresh ethanol:glacial acetic acid (3:1 [v/v]).

Indirect Immunostaining, Giemsa C-Banding, and Fluorescence

in Situ Hybridization

Chromosome preparation and immunolocalization of modified histones

were done according to published methods (Houben et al., 1996). The

primary antibodies (Abcam and Upstate Biotechnology) were used in the

following dilutions: 1:2000 (anti-H3K4me3), 1:500 (anti-H3K9me2), 1:200

(anti-H3K4me1,2, anti-H3K9me1,3, and anti-H3K27me1,2,3), and 1:100

(anti-H4K20me1,2,3) in PBS and 1% BSA. Secondary antibodies were

conjugated to Cy3, and DNA was counterstained with DAPI. Immunolo-

calization of 5-methylcytosine residues and Giemsa C-banding were

performed according to published methods (Schlegel and Gill, 1984;

Castilho et al., 1999). Following histone immunostaining, fluorescence

in situ hybridization was performed on chromosome spreads according

to (Schwarzacher and Heslop-Harrison, 2000). Meiotic pachytene spreads

and root tip longitudinal sections (;30 mm) obtained with a vibratome

(Santos et al., 2002) were also used for fluorescence in situ hybridization.

The rye-specific probes pJRB1100, containing an EcoRI fragment of

1.1 kb from the repetitive family D1100 (Sandery et al., 1990); pTZE3900,

containing an EcoRI fragment of 3.9 kb from the repetitive family E3900

(Blunden et al., 1993); and pTa71, containing 45S rDNA gene sequences,

were labeled using a nick-translation kit (Roche).

Cell Analysis

The number of Bs (from 0 to 6) was determined in squashed c-metaphases.

Mitotic and meiotic cell spreads were analyzed with epifluorescence

microscopy (Zeiss Axioskop 2; Olympus BX61). Root sections were ob-

served by confocal microscopy (Bio-Rad MRC-1000 UV). Optical section

images were assembled as composite images using Photoshop (Adobe

Systems) and Confocal Assistant 4.02 (Bio-Rad).

RNA Extraction, RT-PCR, and RNA Gel Blot Hybridization

Total RNA was isolated from young roots, young leaves, and anthers

(microscopically staged between meiosis and development of mature

pollen) using the Trizol method (Chomczynski and Sacchi, 1987). To

remove genomic DNA contamination, DNase (Roche) digestion was

performed. DNase was inactivated by heating for 10 min at 708C and then

removed by phenol:chloroform treatment. The absence of genomic DNA

contamination was confirmed by PCR with specific primers for a region of

E3900 on DNase-treated RNA. cDNA was synthesized from 1 mg RNA

(Clontech). Separation of total RNA into poly(A)þ and poly(A)� fractions

was performed with the Dynabeads mRNA purification kit (Invitrogen).

The RT-PCR mix contained 75 ng of cDNA from rye and wheat Lindström

material with and without Bs, 1 mM of each primer (see Supplemental

Table 1 online), buffer, deoxynucleotide triphosphate, and 1 unit of Taq

polymerase. Thirty amplification cycles (45 s at 958C, 1 min at 648C, and 2

min at 728C) were run for the amplification of E3900 and D1100 tran-

scripts. Sequences of cloned RT-PCR products were deposited in the

GenBank database under accession numbers EF566937, EF566938,

EF566939, EF566940, and EF538668.

For RNA gel blot experiments, 20 mg of RNA was blotted onto a

Hybond-Nþ membrane (Amersham). Prehybridization and hybridization

were performed in Church buffer (7% SDS, 10 mM EDTA, and 0.5 M

phosphate buffer, pH 7.2) at 648C. Equal loading of RNA samples after

spectrophotometric measurement was monitored by gel electrophoresis

and ethidium bromide staining. The probes either generated from the

clones D1100 and E3900 or by PCR amplification using primer pairs

specific for E3900 regions 1N-5N (see Supplemental Table 1 online) were

labeled using the HexaLabel DNA labeling kit (Fermentas).

After overnight hybridization, the membranes were washed twice in 40

mM phosphate buffer, pH 7.0, containing 1% SDS and 2 mM EDTA at

658C; they were then exposed for 1 h for probes 3900-4 and -5 or 48 h for

all other probes. The barley actin EST clone (BU 990587; Zhang et al.,

2004) was used as hybridization control.

Analysis of smRNA

RNA was isolated from leaf or anthers using the Trizol method (Chomczynski

and Sacchi, 1987). smRNAs were enriched and analyzed according

to Mette et al. (2005). RNA (60 mg) was resolved on denaturing 15%

acrylamide gel and then transferred to a Zeta-Probe nylon membrane

(Bio-Rad). Decade RNA markers (Ambion) were used as size markers. To

equalize the migration speed of markers and probes, 60 mg of Escherichia

coli tRNA was added to markers. RNA probes were synthesized ac-

cording to an RNA in vitro transcription kit (Fermentas) and labeled with

[a-32P]UTP (Amersham). The hybridization was performed overnight in

125 mM sodium phosphate buffer, pH 7.2, containing 250 mM NaCl, 7%

SDS, and 50% deionized formamide. After hybridization, the membranes

were washed two times for 30 min in 23 SSC and 0.2% SDS at 428C.
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To remove any unspecific hybridization, membranes were treated with

RNase A and then exposed to an x-ray film for 5 d. smRNA of D1100 as a

hybridization positive control was prepared using the ShortCut RNAi kit

(New England Biolabs).

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL data

libraries under accession numbers EF566937, EF566938, EF566939,

EF566940, and EF538668.
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Summary

Extrachromosomal circular DNA (eccDNA) is one characteristic of the plasticity of the eukaryotic genome. It

was found in various non-plant organisms from yeast to humans. EccDNA is heterogeneous in size and

contains sequences derived primarily from repetitive chromosomal DNA. Here, we report the occurrence of

eccDNA in small and large genome plant species, as identified using two-dimensional gel electrophoresis. We

show that eccDNA is readily detected in both Arabidopsis thaliana and Brachycome dichromosomatica,

reflecting a normal phenomenon that occurs in wild-type plants. The size of plant eccDNA ranges from > 2 kb

to < 20 kb, which is similar to the sizes found in other organisms. These DNA molecules correspond to 5S

ribosomal DNA (rDNA), non-coding chromosomal high-copy tandem repeats and telomeric DNA of both

species. Circular multimers of the repeating unit of 5S rDNA were identified in both species. In addition, similar

multimers were also demonstrated with the B. dichromosomatica repetitive element Bdm29. Such circular

multimers of tandem repeats were found in animal models, suggesting a common mechanism for eccDNA

formation among eukaryotes. This mechanism may involve looping-out via intrachromosomal homologous

recombination. The implications of these results on genome plasticity and evolutionary processes are

discussed.

Keywords: extrachromosomal circular DNA, genome evolution, tandem repeats, ribosomal DNA, copy

number polymorphisms.

Introduction

For a long time the genome of eukaryotic species has been

considered as relatively stable. However, in the last few

decades many phenomena have been described that exhibit

plasticity of the genome. Yet most of these remain unex-

plained at the molecular and genetic levels. These include

the expansion, contraction and homogenization of chro-

mosomal tandem repeats (Ugarkovic and Plohl, 2002), the

occurrence of B chromosomes (Jones and Houben, 2003),

the mobility of ribosomal genes (Schubert and Wobus, 1985;

Shishido et al., 2000), DNA elimination during the develop-

ment of several organisms in the plant and animal kingdoms

(Kloc and Zagrodzinska, 2001) and the elimination of DNA in

response of a ‘genomic shock’ after interspecies hybridiza-

tion in plants (Leitch and Bennett, 2004; Levy and Feldman,

2002; Ma et al., 2004).

Extrachromosomal circular DNA (eccDNA) is another

hallmark of genome plasticity, which appears to be

involved in various phenomena of genome dynamics.

EccDNA has been detected in every eukaryotic genome

tested so far (reviewed in Kuttler and Mai, 2007). Although

the population of eccDNA may include intermediates of

mobile elements or viral genomes (Hirochika and Otsuki,

1995), we refer to the circular molecules that are derived

from the entire genome, primarily from chromosomal

repetitive sequences, as eccDNA. These sequences do not

appear to harbor an intrinsic ‘jumping’ or excision mech-

anism mediated by specific sequences (Gaubatz, 1990). In

plants, eccDNA was detected, by electron microscopy, in

nuclear fractions from wheat and tobacco (Kinoshita et al.,

1985), and as a single chromosomal sequence that was

amplified as an extrachromosomal circle in cultured cells

of rice (Cuzzoni et al., 1990). However, the heterogeneous

population of eccDNA molecules has never been charac-

terized in detail at the molecular level.
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A two-dimensional (2D) gel electrophoresis technique

facilitates the characterization of eccDNA by separation of

DNA molecules according to their size and structure (Fig-

ure 1a) (Cohen and Lavi, 1996). This technique enables the

identification of circular molecules within a relatively small

sample of total DNA, and, following hybridization with

specific probes, allows the characterization of its size

distribution, molecular organization and sequence content.

Using the 2D gel, eccDNA was characterized in humans

(Cohen et al., 1997), rodents (Cohen and Lavi, 1996), Xeno-

pus (Cohen and Mechali, 2001, 2002; Cohen et al., 1999) and

Drosophila (Cohen et al., 2003). The population of eccDNA

comprises multimers of tandemly repeated, coding as well

as non-coding, sequences, including ribosomal genes. The

formation of eccDNA is independent of chromosomal DNA

replication (Cohen and Mechali, 2001), but may be enhanced

upon chemical stress by DNA-damaging agents (Cohen and

Lavi, 1996; Cohen et al., 1997, 2003), and is likely to involve

intrachromosomal homologous recombination and loop-

ing-out. Furthermore, rolling circle replication of eccDNA

appears to occur in Drosophila, irrespectively of the expres-

sion of the replicated genes (Cohen et al., 2005). This finding

has wide implications on the evolution of chromosomal

tandem repeats, including processes such as repeat expan-

sion, homogenization and mobility of tandem genes.

The possible involvement of eccDNA in the evolution of

genomes is of particular interest for plants. This is because

the size of the genome among angiosperms varies by 1000-

fold (Bennett and Leitch, 1995), and large genomes

are composed mainly of repetitive elements, including

tandemly organized sequences (Britten and Kohne, 1968).

Tandemly repeated DNA (satellite DNA) can increase in copy

number in a relatively short evolutionary time, by replication

slippage, rolling circle replication, conversion-like events or

by some other unexplained mechanisms (Charlesworth

et al., 1994). The outcome of all the processes affecting

satellite DNA arrays is a high turnover of this part of the

eukaryotic genome.

In this work we asked whether eccDNA can be detected in

plants using the 2D gel technique, and we chose known

tandem repeats as probes. We show that eccDNA is readily

detected in both the small genome species Arabidopsis

thaliana (genome size, 1C = 170 Mbp) and in the large

genome dicot Brachycome dichromosomatica (1C =

1510 Mbp). These eccDNA molecules correspond to 5S

ribosomal DNA (rDNA), non-coding chromosomal tandem

repeats and telomeric DNA. The implications of these results

on genome plasticity and evolutionary processes are

discussed.

Results

Although a previous report suggested the presence of

eccDNA in plants, based on electron microscope observ-

ations (Kinoshita et al., 1985), molecular analysis of these

molecules has never been preformed. We therefore asked

whether the 2D gel technique could be used to detect

eccDNA in plants. Our previous results from animal models

(Cohen et al., 1999, 2003), showed that chromosomal

tandem repeats are over-represented in populations of

5S rDNA - Arabidopsis 5S rDNA - B. dichromosomatica

2nd 

1st 

(a) (b) (c) 

Open circles 

Supercoiled 

ssDNA 

Linear 
dsDNA 

Total DNA 
Total DNA 

+ DNase 
+ DNase 

Figure 1. Two-dimensional (2D) gel electrophoresis for the analysis of extrachromosomal circles of 5S ribosomal DNA (rDNA).

(a) A diagram of 2D gel electrophoretic patterns of genomic DNA generated by populations of linear and circular molecules of heterogeneous sizes. Each arc consists

of molecules sharing the same structure, but differing in mass (Cohen and Lavi, 1996). This analysis identifies double-stranded linear DNA (linear dsDNA), single-

stranded linear DNA (ssDNA), open circular molecules and supercoiled molecules.

(b, c) The extrachromosomal circular DNA (eccDNA) of 5S rDNA in Arabidopsis and Brachycome dichromosomatica is organized in multimers. Total DNA from

Arabidopsis (b) and B. dichromosomatica (c) was cleaved with XbaI, analyzed on 2D gel, blotted and hybridized with a cloned copy of the Arabidopsis and

B. dichromsomatica 5S rDNA, respectively (total DNA). Open circles are indicated by arrowheads. To enrich for eccDNA and improve the 2D gel resolution, genomic

DNA of both species was first digested with XbaI and then cleaved with ‘Plasmid-Safe’ DNase prior to its 2D gel analysis (+DNase). Hybridization with the

corresponding 5S rDNA probes reveals a pattern of discrete spots formed by the circular multimers of the repeated unit (arrows).
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eccDNA. Therefore, known high-copy tandem repeats were

chosen to serve as probes for detecting eccDNA in Arabid-

opsis and B. dichromosomatica.

A most intriguing sequence to begin our analysis is the

5S rDNA. It is a coding gene and is organized in tandem

repeats. Moreover, we and others have demonstrated that

5S rDNA is present in the population of eccDNA from

Drosophila (Cohen et al., 2003; Pont et al., 1987) and Xeno-

pus embryos (Cohen et al., 1999).

In Arabidopsis about 1000 copies of 5S rDNA genes are

organized in tandem arrays localized in heterochromatic

pericentromeric regions of chromosomes 3, 4 and 5. Each

5S rDNA unit (� 500 bp) contains a 120-bp transcribed

region and a non-transcribed spacer (Campell et al., 1992).

Total genomic DNA from leaves of Arabidopsis was

cleaved with XbaI, which cuts outside of the 5S rDNA repeat,

and were analyzed by 2D gel electrophoresis. Using the

5S rDNA probe we detected a clear arc corresponding to

open circles, as well as a massive arc that corresponds to

the linear double-stranded DNA (Figure 1b). Thus, eccDNA

homologous to the 5S rDNA repeat does exist in

Arabidopsis.

The continuous arc of eccDNA indicates the presence of a

heterogeneous population of circular molecules of variable

masses. The size of 5S rDNA circles in Arabidopsis ranges

from less than 2 kb to over 20 kb, based on our estimation of

eccDNA size using circular size markers (Cohen et al., 1999,

2003, 2005). Longer exposures revealed evidence for the

presence of circular multimers of 500 bp at a poor resolution

(data not shown). To facilitate the migration of eccDNA on

the 2D gel, and to improve its resolution, we enriched our

DNA sample for circular molecules prior to its loading on the

gel. ‘Plasmid-Safe’ DNase selectively hydrolyzes double-

stranded linear DNA, and has no activity on circular DNA.

Although the linear DNA was not completely removed by the

DNase (Figure 1b, +DNase), a clear pattern of spots, corre-

sponding to multimers of 500 bp, is visible upon DNase

treatment. We previously reported similar patterns of spots

in Drosophila, using different probes including the 5S rDNA

(Cohen et al., 2003), and in Xenopus embryos (Cohen et al.,

1999).

We next asked whether eccDNA corresponding to

5S rDNA could be detected in other plant species, such as

the large genome species B. dichromosomatica. The

5S rDNA genes in this species are present in a cluster

estimated to be at least 21-kb long (Houben et al., 2001), but

their organization within the cluster has never been inves-

tigated. To verify whether 5S rDNA in B. dichromosomatica

is organized in tandem repeats, as is the case in many other

organisms, we performed a partial digest of genomic DNA

with BamHI, which cleaves within the 5S gene. A ladder

pattern, typical for tandem organization of a repeated unit,

was obtained (Figure S1). We estimate the size of the

repeating unit to be ca 500-bp long.

To test for the presence of eccDNA homologous to

5S rDNA, we performed a similar analysis to that described

above for 5S rDNA in Arabidopsis. Total genomic DNA of

B. dichromosomatica was cleaved with XbaI, migrated on a

2D gel and hybridized with a 5S rDNA probe of B. dichro-

mosomatica (Figure 2c, total DNA) . As in Arabidopsis, an

arc consisting of circular multimers of the 5S rDNA was

identified upon DNase treatment (Figure 1c, +DNase).

The detection of 5S rDNA in a circular form in both

Arabidopsis and B. dichromosomatica implies that similar

circles may occur in other plant species.

EccDNA homologous to arrays of high-copy tandem

repeats including non-coding satellite DNA, was reported

in various animals (reviewed in Gaubatz, 1990; Kuttler and

Mai, 2007), and was identified by us using 2D gels in

Drosophila (Cohen et al., 2003), Xenopus embryos (Cohen

and Mechali, 2002; Cohen et al., 1999) and in mammalian

cultured cells (Cohen and Lavi, 1996; Cohen et al., 1997). We

therefore predicted that the centromeric 180-bp repeat of

Arabidopsis would be present in the eccDNA population.

Indeed, 2D gel analysis identified eccDNA homologous to

this sequence (Figure 2a). The possible organization of these

circles as multimers of the repeating unit could not be

demonstrated because of the resolution limitations of our

technique.

In B. dichromosomatica, a set of tandemly repeated

sequences were identified that reside in the A chromosomes

and/or in the B chromosomes (Leach et al., 2004). For

example, Bds1 is a tandemly repeated 91-bp element that

is a main component of a supernumerary A-chromosome

segment (Houben et al., 2000). EccDNA homologous to this

repeat was readily detected (Figure 2b).

We used circular size markers, as previously described

(Cohen and Mechali, 2002; Cohen et al., 1999), to estimate

the size range of the eccDNA reported in this work. For

example, we mixed genomic DNA with the relaxed form of

three plasmids of 3.2, 9.4 and 11.2 kb, and analyzed them

on 2D gel. Hybridization with both Bds1 and a plasmid

probe revealed the spots of the plasmid DNA on the arc of

eccDNA (Figure 2c). This arc continues towards the high-

molecular-weight region of the gel, beyond the 11.2-kb

marker. Longer exposures (not shown, but see Figure 2e)

demonstrate that the arc of eccDNA can continue towards

the low-molecular-weight region, below the 3.2-kb marker.

These results indicate a population of eccDNA of a

heterogeneous mass, which can be smaller than 2 kb and

larger than 20 kb. This size range was found for every

probe tested throughout this work, and is similar to the

size range of eccDNA in other organisms (Cohen et al.,

1999, 2003, 2005).

Bdm29 is a 300-bp high-copy tandem repeat that is

specific to micro B chromosomes (Houben et al., 1997).

Indeed, in plants containing micro B chromosomes we

detected the circular form of this sequence (Figure 2d).

Extrachromosomal DNA circles in plants 1029
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Pre-treatment with ‘Plasmid-Safe’ DNase enabled the identi-

fication of circular multimers of Bdm29 (Figure 2e).

To assess the relative levels of eccDNA within the total

DNA, we used PHOSPHORIMAGER to quantify the signal of the

arc corresponding to eccDNA and the signal of the arc

corresponding to the linear DNA in various blots. The

percentage of the eccDNA signal was calculated in several

different gels made from independent DNA preparations.

We found, for example, that the percentage of Bdm29

eccDNA could range from 0.2 to 2% of its linear DNA signal

in different wild-type strains (Figure 3a,b, respectively).

Similar values were obtained for the other repeats described

above in both Arabidopsis and B. dichromosomatica.

Over-representation of repetitive DNA in the population of

eccDNA was previously reported in various organisms

(Cohen et al., 2003; and references therein). To test whether

this is the case in plants, the same membrane was probed

with Bdm29 (Figure 3c) and then reprobed with total geno-

mic DNA of B. dichromosomatica (Figure 3d). The arc of

eccDNA obtained with total genomic probe was clearly

weaker than that of Bdm29, indicating that Bdm29 is over-

represented in eccDNA compared with random genomic

sequences. Hence, as found in many animal organisms, and

now also found in B. dichromosomatica, we demonstrate

that a tandemly repetitive element is over-represented in

eccDNA.

Telomeric repeats are organized in tandem arrays, and

if they behave as other chromosomal tandem repeats,

they should be prone to circle formation in wild-type

plants. EccDNA homologous to telomeric repeats was

identified, using 2D gels, by others and by us in human

180 bp repeat - Arabidopsis

Bds1 - B. dichromosomatica

Bdm29  - B. dichromosomatica

Marker (kb) & Bds1

+ DNase

Bdm29 multimers

2.11

.3 2

.9 4

(a) (d)

(e)(b)

(c)

Figure 2. Extrachromosomal circular DNA

(eccDNA) of non-coding high-copy tandem

repeats.

(a) Genomic DNA of Arabidopsis was digested

with XbaI, analyzed on 2D gel and hybridized

with the Arabidopsis 180-bp pericentric repeat.

(b) Genomic DNA of Brachycome dichromosom-

atica was cleaved with BglII, analyzed on 2D gel

and hybridized with the 91-bp repetitive element

Bds1.

(c) Size estimation of eccDNA. Genomic DNA of

B. dichromosomatica (cleaved with XbaI) was

mixed with the relaxed form of three plasmids of

3.2, 9.4 and 11.2 kb, and was then analyzed on 2D

gel. The blot was hybridized with Bds1 and

plasmid probes. Arrows indicate relaxed plasmid

markers, and white arrowheads indicate open

circles (eccDNA).

(d) The blot shown in (b) was rehybridized with

the 300-bp repetitive element Bdm29.

(e) To visualize circular multimers, genomic DNA

from B. dichromosomatica was digested with

XbaI and then cleaved with ‘Plasmid-Safe’ DNase

prior to its 2D gel analysis. Hybridization with

Bdm29 probe reveals the spot pattern of circular

multimers (black arrowheads).

%2.0 %2

Pl

92mdB

Auto

G cimone

(a) (b)

(c) (d)

Figure 3. Over-representation and variable levels of Bdm29 in the population

of Brachycome dichromosomatica extrachromosomal circular DNA

(eccDNA).

(a, b) Genomic DNA from two different plants was cleaved with PvuII, and

analyzed on the same 2D gel. The blot was hybridized with Bdm29 probe, and

the signal of the eccDNA was quantified by PHOSPHORIMAGER (PI). The

percentage of eccDNA in each DNA sample is indicated. The autoradiogram of

(b) is shown in (c) (auto). Panel (c) was rehybridized with total B. dichromo-

somatica genomic DNA (d, genomic). Arrowheads indicate open circles.
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cells (Regev et al., 1998; Wang et al., 2004), in normal

Xenopus embryos (Cohen and Mechali, 2002) and in yeast

(Larrivee and Wellinger, 2006). To search for telomere

circles in wild-type plants, we examined the total genomic

DNA from both Arabidopsis and the Arabidopsis telo-

mere-type-positive Asteracea B. dichromosomatica. The

DNA was digested with four cutters (HaeIII and/or MspI)

prior to its 2D gel analysis, so as to cleave most of the

genomic DNA. Indeed, the ethidium bromide staining

indicates that most of the DNA was of low-molecular

weight (Figure 4a,d). Hybridization with an Arabidopsis

telomere probe revealed an arc of eccDNA, corresponding

to telomeric DNA in both Arabidopsis and B. dichromo-

somatica (Figure 4b,e, respectively). In a complementary

experiment, the DNA samples were treated with ‘Plasmid-

Safe’ DNase prior to the 2D gel analysis. Our results

indicate a clear arc of eccDNA homologous to the

telomere repeats in both species (Figure 4c,f).

Note that telomere circles in both species can be at least

several kb long. In Arabidopsis, the length of the chromo-

somal telomeric DNA is up to 8 kb (Watson and Shippen,

2007), suggesting that in this species telomere circles could

reach the size of an entire telomere cluster.

Discussion

Our results indicate that, as in animal systems, eccDNA

exists in the plant kingdom and can be easily detected by 2D

gels. These molecules are heterogeneous in size and consist

mainly of sequences homologous to chromosomal tandem

repeats.

The presence of various tandem repeats within the

population of eccDNA in both Arabidopsis and B. dichro-

mosomatica is consistent with a recent publication by

Zellinger et al. (2007), which demonstrated eccDNA that is

homologous to the same Arabidopsis probes reported here.

These authors also showed that the DNA repair factor Ku70/

80 inhibits the production of telomeric circles, but not those

of the other repeats. However, in contrast to Zellinger et al.

(2007) our 2D analysis also detected telomeric eccDNA in

wild-type Arabidopsis.

eccDNA molecules in plants are estimated to comprise up

to several percent of their linear counterparts, similarly to

the levels estimated in Drosophila (Cohen et al., 2003). The

relative level of eccDNA homologous to a specific sequence

(e.g. Bdm29) may vary in different wild-type strains of

B. dichromosomatica (Figure 3a,b). Variation in the levels

of eccDNA was also observed in different wild-type strains

of Drosophila (Cohen et al., 2003), and we speculate that it

results from variations in the efficiency of the machinery that

forms eccDNA.

The occurrence of a spot-like pattern in the 5S rDNA and

the 300-bp repetitive element Bdm29 (Figures 1 and 2),

suggests that eccDNA is composed of circular multimers of

the tandemly repeated units. In addition, six or seven

multiples of a chromosomal tandemly repeated unit of

7.2 kb were amplified as an extrachromosomal circle in

cultured rice cells (Cuzzoni et al., 1990). Organization of

eccDNA in multimers was found in various organisms,

including humans (Kiyama et al., 1986, 1987), mouse (Cohen

et al., 2006), Xenopus embryos (Cohen and Mechali, 2001;

Cohen et al., 1999) and Drosophila (Cohen et al., 2003;

Degroote et al., 1989; Pont et al., 1987).

The exact multimer organization of eccDNA in all organ-

isms tested suggests a mechanism of eccDNA formation,

which would involve intrachromosomal homologous

recombination and looping-out of circular molecules (for a

detailed discussion, see Cohen et al., 2003). Thus, the

machinery of eccDNA formation appears to be universal

among eukaryotes. Furthermore, we reported evidence for

T e e b o r p e r e m o l 

s i s p o d i b a r A 
T e e b o r p e r e m o l 

(a) 

r B t E 

(b) (c) r e t t u c - 4 e s a N D + r e t t u c - 4 

(d) (f) (e) 

r h c i d . B o a c i t a m o s o m 
r B t E e b o r p e r e m o l e T Te e b o r p e r e m o l 

e s a N D + r e t t u c - 4 r e t t u c - 4 

Figure 4. Arabidopsis-type telomere circles in

plants. Four-cutter analysis: genomic DNA from

Arabidopsis (a, b) and Brachycome dichromo-

somatica (d, e) was digested with the four-cutters

HaeIII (a, b) or HaeIII and MspI (d, e), and then

analyzed on 2D gel. Ethidium bromide staining

shows the massive degradation of most of the

genomic DNA (arrows), whereas hybridization

with telomere probe reveals circular telomeric

molecules (arrowheads). DNase analysis (c, f):

genomic DNA from Arabidopsis (c) and B. dichro-

mosomatica (e) was digested with XbaI and

then cleaved with ‘Plasmid-Safe’ DNase prior to

its 2D gel analysis. Hybridization with telomere

probe reveals circular telomeric molecules

(arrowheads).
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rolling circle replication (RCR) of eccDNA in Drosophila

(Cohen et al., 2005). In addition, eccDNA molecules harbor-

ing a sigmoid form (circles with hanging tails) from mung

bean were observed by electron microscopy (Bhattachyryya

and Roy, 1986), suggesting that RCR may also occur in

plants. RCR may contribute to the accumulation of the extra

copies of sequences that are included in the eccDNA.

However, it is not clear whether these eccDNA replication

products can reintegrate into the chromosome.

Hence, we suggest that eccDNA might be involved in

contraction and expansion of chromosomal arrays of

tandem repeats via excision, and integration, respectively,

as described here.

Does eccDNA contribute to the evolution and plasticity

of plant genomes? Rapid elimination of DNA sequences

has frequently been found as a result of the allopolyplo-

idization that occurs in interspecific crosses (reviewed in

Levy and Feldman, 2002). Several studies have shown that

DNA elimination in both diploids and polyploids can occur

by a variety of recombinational mechanisms, such as

intrachromosomal unequal homologous recombination

and double-strand break (DSB) repair (Kirik et al., 2000).

In addition, homologous recombination between long

terminal repeats of adjacent retrotransposal elements,

and ‘looping out’ of the genomic region between them,

has been demonstrated to contribute to genome reduction

in Arabidopsis. This suggests a role for DNA circle

formation as a mechanism that counteracts genome

expansion in plants (Devos et al., 2002). An attractive

possibility is that elimination of DNA occurs via formation

of eccDNA.

Genome sequencing has revealed the presence of

organellar, relic viral, transposon and retroelement DNAs,

providing clear evidence that nuclear genomes of plants,

like those of other eukaryotes, are promiscuous in inte-

grating DNA. Whether eccDNA can reintegrate into the

nuclear genome is unknown. However, given that the

circular plasmid constructs commonly used for plant

transformation readily integrate into the nuclear genome,

via illegitimate recombination (Somers and Makarevitch,

2004), it is likely that a similar process could operate to

reintegrate eccDNA. Therefore, eccDNA could serve as a

DNA reservoir contributing to the genetic variability of

plant genomes.

Although no direct experimental evidence is currently

available, it is tempting to speculate that eccDNA is involved

in the evolution of B chromosomes and also might explain

the mobility of rDNA. The origin of B chromosomes has

remained a mystery, but spontaneous amplification of

coding and non-coding tandem repeat sequences derived

from standard A chromosomes appears to be strongly

associated with their origin and evolution (Jones and

Houben, 2003). Indeed, it should be noted that B chromo-

somes contain coding and non-coding repeats, as found in

the eccDNA of various organisms (Cohen et al., 2003).

Furthermore, the present work shows that at least three

sequences that are found in B chromosomes of B. dichro-

mosomatica, i.e. Bdm29, Bds1 and telomeric repeats, are

represented in the population of eccDNA from this species

(Figures 2 and 4). EccDNA integration into B chromosomes

may be favored because the transcriptionally less active

B chromosomes are likely to be subjected to reduced

negative selection.

There is increasing evidence that ribosomal genes are

able to change position within the genome without corre-

sponding changes in the surrounding sequences. The

mechanism of rDNA transposition is not known. Yet, known

mechanisms, such as chromosomal translocations, homol-

ogous recombination and transposon mobility, seem insuf-

ficient to explain the variability in the position of rDNA loci in

genomes (Shishido et al., 2000). The previously reported

eccDNA, consisting of rDNA sequences in non-plant species

(Cohen et al., 1999, 2003; Degroote et al., 1989; Pont et al.,

1987), and our finding of 5S rDNA in the eccDNA of

Arabidopsis and B. dichromosomatica, raise the possibility

that de novo formation of rDNA loci is mediated by rDNA-

containing eccDNA.

The existence of eccDNA in eukaryotic genomes also has

implications for the data analysis of copy number polymor-

phisms of tandem repeats, conducted by comparative geno-

mic hybridization, or other hybridization techniques. As most

of the DNA samples used for hybridization are isolated from

total genomic DNA, it is likely that because of the coexistence

of eccDNA, the copy number assessments of nuclear genome

localized repeats are somewhat overestimated.

Our identification of eccDNA in plants has opened up a

new research area that could potentially uncover mecha-

nisms underlying complex behaviors of large genomes.

Further research will provide insight into the contribution of

eccDNA to genome function and dynamics, in particular

with respect to genome instability, function of satellite

sequences and evolution of chromosomes.

Experimental procedures

Plant material

Genomic DNA of A. thaliana (ecotype Columbia) and B. dichromo-
somatica (cytodeme A2) was isolated from leaf material, using the
procedure described by Wienand and Feix (1980), and was then
digested with different restriction enzymes according to the man-
ufacturer’s recommendations. Prior to its analysis on 2D gels, DNA
was digested with restriction enzymes that do not cleave within
each of the specific tested sequences. ‘Plasmid-Safe’ ATP-depen-
dent DNase (Epicentre Biotechnologies, http://www.epibio.com)
was used to enrich DNA samples for circular molecules using its
specific affinity for double-stranded linear DNA. Restriction-
digested DNA samples were extracted with phenol:chloroform and
were ethanol precipitated prior to ‘Plasmid-Safe’ digestion, which
was carried out according to the manufacture’s protocol.
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DNA probe preparation

The Arabidopis 5S rDNA probe was a purified 500-bp insert of the
5S rDNA unit subcloned into Bluescript SK plasmid (obtained
from S. Tourmente (Unité Mixte de Recherche CNRS 6547 BIO-
MOVE, Université Blaise Pascal, France). A B. dichromosomatica
5S rDNA-specific probe was amplified from genomic DNA of
B. dichromosomatica using primers designed according to the
5S rDNA sequence of the Glycine species (Gottlobmchugh et al.,
1990). An Arabidopsis-type telomere probe and the Arabidopsis-
specific centromeric 180-bp repeat probe were synthesized by
thermal cycling according to the method described by Ijdo et al.
(1991) and Kawabe and Nasuda (2005), respectively. The inserts of
the clones Bdm29 and Bds1 were used as Brachycome-specific
probes (Leach et al., 2004).

Neutral–neutral 2D gel electrophoresis, blotting and

hybridization

These were performed as previously described (Cohen et al., 2003).
Briefly, the DNA was separated on the first dimension in 0.4%
agarose at 0.7 V cm)1 in 1· TBE (Tris–Borate–EDTA) overnight, and
the second dimension was separated in 1% agarose containing
0.3 lg ml)1 Ethidium bromide at 4 V cm)1 in 1 · TBE for 4 h. The
gels were blotted onto positively charged nylon membrane (Zeta-
probe; Bio-Rad, http://www.bio-rad.com). Probes were labeled by a
random priming kit (Biological Industries, http://www.bioind.com).
Radiolabeled DNA was detected by autoradiography, and the signal
was quantified with a Phosphorimager (FLA 2000; Fuji, http://
www.fujifilm.com) by using the TINA 2.10g software.
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Abstract. Immunolabeling using site-specific antibodies
against phosphorylated histone H3 at serine 10 or serine 28
revealed in plants an almost similar temporal and spatial pat-
tern of both post-translational modification sites at mitosis and
meiosis. During the first meiotic division the entire chromo-
somes are highly H3 phosphorylated. In the second meiotic
division, like in mitosis, the chromosomes contain high phos-
phorylation levels in the pericentromeric region and very little
H3 phosphorylation along the arms of monocentric species. In
the polycentric plant Luzula luzuloides phosphorylation at both
serine positions occurs along the whole chromosomes, whereas
in monocentric species, only the pericentromeric regions
showed strong signals from mitotic prophase to telophase. No

phosphorylated serine 10 or serine 28 was detectable on single
chromatids at anaphase II resulting from equational segrega-
tion of rye B chromosome univalents during the preceding ana-
phase I. In addition, we found a high level of serine 28 as well as
of serine 10 phosphorylation along the entire mitotic mono-
centric chromosomes after treatment of mitotic cells using the
phosphatase inhibitor cantharidin. These observations suggest
that histone H3 phosphorylation at serine 10 and 28 is an evo-
lutionarily conserved event and both sites are likely to be
involved in the same process, such as sister chromatid cohe-
sion.

Copyright © 2003 S. Karger AG, Basel

The cell cycle-dependent phosphorylation of histone H3 at
serine 10 is conserved in eukaryotes. This dynamic post-trans-
lational modification has been linked to transcription activa-
tion (reviewed in Thomson et al., 1999) and to chromosome
condensation and segregation (reviewed in Fabienne and Dim-
itrov, 2001). Observations in several organisms have shown
that the levels of H3 phosphorylation, which are very low at
interphase, increase substantially at the beginning of cell divi-
sion and decrease again during telophase (Gurley et al., 1975,
Wei and Allis, 1998). Using a site- and phosphorylation state-
specific antibody (Hendzel et al., 1997) it was shown that in

protozoa, nematodes, insects and mammals phosphorylated
H3 at serine position 10 is distributed homogeneously through-
out the chromosomes both in mitosis and meiosis. In plants,
phosphorylation levels are high in pericentromeric regions but
very low along the chromosome arms during mitosis (Houben
et al., 1999). The pericentromere-specific distribution of phos-
phorylated (Ser10)H3 is altered by cold treatment and exposure
to the phosphatase inhibitor cantharidin (Manzanero et al.,
2002).

In plants the distribution of (Ser10)H3 phosphorylation var-
ies at first and second meiotic division (Manzanero et al.,
2000). During the first meiotic division the entire chromo-
somes are highly phosphorylated, whereas at the second meiot-
ic division the H3 phosphorylation is restricted to the pericen-
tromeric regions. At the same time single chromatids, resulting
from equational division of univalents at anaphase I, show low
levels of phosphorylation all over. These results led to the
hypothesis that H3 phosphorylation is involved in sister chro-
matid cohesion, supported by the observation of Kaszás and
Cande (2000) who showed that in a maize mutant defective in
sister chromatid cohesion, univalents at metaphase I showed
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high phosphorylation only in the pericentromeric regions. The
genes involved in this post-translational modification of his-
tone H3 in plants are still unknown.

Goto et al. (1999) have reported that in mammals during
mitosis histone H3 is phosphorylated not only at Ser10, but
also at Ser28 and that Aurora-B kinase directly phosphorylates
H3 at both serine positions (Goto et al., 2002; Sugiyama et al.,
2002). Immunocytochemical studies with antibodies against
phosphorylated (Ser28)H3 and biochemical analysis showed
that in mammals (Ser28)H3 phosphorylation occurs predomi-
nantly during early mitosis coinciding with the initiation of
mitotic chromosome condensation. Only limited information
is available on the function of H3 serine 28 phosphorylation. It
is unknown whether this modification occurs during cell divi-
sions in plants.

In the present study we compared the chromosomal distri-
bution of phosphorylated histone H3 at serine positions 10 and
28 during mitotic and meiotic divisions in several plant spe-
cies. To investigate whether the dynamics of histone H3 phos-
phorylation differs between chromosomes with different types
of centromeres or in dependence on the mode of segregation,
we included mono- and polycentric chromosomes and studied
also meiotic cells of individuals forming bivalents and unival-
ents (B chromosomes). In addition, we used the protein phos-
phatase inhibitor – cantharidin to compare the response of div-
iding plant cells with regard to H3 phosphorylation at Ser10
and Ser28.

Materials and methods

Plant material
The following plant species have been used: (i) Arabidopsis thaliana,

(ii) Luzula luzuloides (kindly provided by the Botanical Garden of the Mar-
tin Luther University, Halle-Wittenberg), (iii) barley (Hordeum vulgare) and
(iiii) rye (Secale cereale) from the Korean population Paldang which contains
B chromosomes in 20% of the individuals (Manzanero et al., 2000).

Cantharidin treatment
Seedlings of barley were transferred to filter paper soaked in 50 ÌM can-

tharidin (CALBIOCHEM) dissolved in 0.1% dimethyl sulfoxide (DMSO) in
water, for 3 h, prior to fixation according Manzanero et al. (2002). Cantharid-
in is a specific inhibitor of both PP2A and PP1, inhibiting PP2A at lower
concentrations than necessary for PP1 (MacKintosh and MacKintosh,
1994).

Chromosome preparation and indirect immunofluorescence
Preparation of mitotic and meiotic chromosomes and immunostaining

were carried out following the method described by Manzanero et al. (2000).
To avoid non-specific antibody binding, slides were blocked for 30 min in
4% (w/v) bovine serum albumine (BSA), 0.1 % Triton X100 in phosphate-
buffered saline (PBS) at room temperature prior to two washes in PBS for
5 min each, and incubated with the primary antibodies in a humid chamber.
Polyclonal rabbit antibody against histone H3 phosphorylated at serine 10
(ph(Ser10)H3, Upstate Biotechnology, USA) and a rat monoclonal antibody
against H3 phosphorylated at serine 28 (ph(Ser10)H3), Goto et al., 1999)
were diluted 1:400 in PBS with 3% BSA. After a 12 h incubation at 4 ° C and
washing for 15 min in PBS, the slides were incubated in rhodamine-conju-
gated anti-rabbit IgG (Dianova) and FITC-conjugated anti-rat IgG (Dia-
nova) diluted 1:200 in PBS, 3 % BSA for 1 h at 37 ° C. After final washes in
PBS, the preparations were mounted in antifade containing 4),6-diamidino-
2-phenylindole (DAPI) as counterstain.

Imaging of immunofluorescence was performed using an Olympus BX61
microscope and an ORCA-ER CCD camera (Hamamatsu). Deconvolution
microscopy was employed for superior optical resolution of globular struc-

tures. Thus each photograph was collected as sequential image along the Z-
axis with approximately 11 slices per specimen. All images were collected in
grey scale and pseudocoloured with Adobe Photoshop, and projections (max-
imum intensity) were done with the program AnalySIS (Soft Imaging Sys-
tem).

Results

The histone H3 serine 28 phosphorylation revealed an
immunofluorescence pattern similar but not identical to
that observed for histone H3 serine 10 phosphorylation
Mitotic cells of the monocentric species A. thaliana

(Fig. 1a–c), H. vulgare (Fig. 1d) and T. aestivum (Fig. 1e) were
simultaneously labelled with antibodies recognizing histone H3
phosphorylated at serine 10 and serine 28. In all species exam-
ined, no immunostaining of interphase nuclei was observed.
Distinct ph(Ser10)H3-immunofluorescence signal clusters be-
came visible first at the beginning of chromosome condensa-
tion at early prophase, while ph(Ser28)H3 distribution was
more diffuse at that stage (Fig. 1a). Distinct ph(Ser28)H3-sig-
nals become detectable at a later phase of prophase (Fig. 1b). At
meta- and anaphase, the pericentromeric region is H3 serine 10
hyperphosphorylated, whereas ph(Ser28)H3-signals were con-
fined strictly to the central part of the pericentromeric region
(Fig. 1c–e). With the decondensation of the chromosomes at
telophase, the phosphorylated serine 28 immunoreactivity dis-
appears towards interphase faster than that of serine 10. These
results suggest that the temporal and spatial phosphorylation
pattern of H3 at both serine positions is generally similar but at
serine 28 phosphorylation starts later and disappears earlier.

The distribution of phosphorylated histone H3 differs
between mono- and polycentric chromosomes
To investigate whether the type of centromeres affects the

distribution of histone H3 phosphorylated at serine 10 or serine
28, the mitotic chromosomes of L. luzuloides were investigated.
The kinetochores of the polycentric Juncaceae L. luzuloides
have a continuous distribution along the length of the chromo-
somes (Braselton, 1971). Such chromosomes bind to microtu-
bules along their entire length and sister chromatids move in
parallel position to the poles (Madej et al., 1998). The temporal
pattern of H3 phosphorylation at both serine positions was the
same for mitotic mono- and polycentric species. However, in
contrast to chromosomes of monocentric species (Fig. 1a–e),
the rod-shaped chromosomes of L. luzuloides were uniformly
ph(Ser10/28)H3-immunolabeled (Fig. 1f). This implies that the
distribution of phosphorylated histone H3 correlates with the
chromosomal distribution of active centromeres.

The protein phosphatase inhibitor cantharidin increases the
level of histone H3 phosphorylation at serine 10 as well as
at serine 28 along mitotic chromosomes
The phosphatase inhibitor cantharidin perturbs the balance

between phosphorylation and dephosphorylation of histone H3
at serine 10 (Manzanero et al., 2002). To assess the effects of
cantharidin on the phosphorylation of histone H3 at position
serine 28, we treated barley seedlings with 50 ÌM cantharidin,
for 3 h. Cantharidin-treated interphase cells were only weakly
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Fig. 1. Immunolabelling of phosphorylated
histone H3 at serine 10 (ph(Ser10)H3) or serine
28 (ph(Ser28)H3) during mitosis of the mono-
centric species Arabidopsis thaliana (a–c), Hor-
deum vulgare (d, g), Triticum aestivum (e) and the
polycentric species Luzula luzuloides (f). In (g)
Hordeum vulgare after 3 h treatment with 50 ÌM
of the protein phosphatase inhibitor cantharidin.
DNA counterstained with DAPI (grey scale);
phosphorylated (Ser10)H3 in red; phosphorylated
(Ser28)H3 in green. Bars represent 10 Ìm.

immunolabelled, comparable to untreated cells (Fig. 1g). How-
ever in mitosis, cantharidin modified the chromosomal distri-
bution of phosphorylated H3 at both serine positions. As
described by Manzanero et al. (2002) for serine 10, almost all
chromosomes (Fig. 1g) displayed uniform distribution of phos-
phorylated H3 at serine 28. Thus, cantharidin may disturb
directly or indirectly an ordered sequence of phosphorylation
and dephosphorylation of serine residues 10 and 28 of histone
H3.

The histone H3 phosphorylation pattern of serine 28 differs
between formerly reductionally and equationally divided
univalents during the second meiotic division
The immunolabelling patterns for the different stages of

meiosis were studied for S. cereale. The first diffuse ph(S-
er10)H3-immunosignals were detectable during the transition
from leptotene to zygotene as reported by Manzanero et al.
(2000). With the further compaction of chromosomes during
diakinesis, immunosignals specific for phosphorylated H3 at
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Fig. 2. Immunolocalization of phosphorylated
histone H3 at serine 10 (ph(Ser10)H3) or serine
28 (ph(Ser28)H3) during meiosis of Secale cere-
ale. Diakinesis (a), metaphase I (b) and meta-
phase II with prematurely separated (arrowed)
B chromosome chromatids (c). DNA counter-
stained with DAPI (grey scale); phosphorylated
(Ser10)H3 in red; phosphorylated (Ser28)H3 in
green. A number of centromere positions are indi-
cated by arrow heads. Bars represent 10 Ìm.

Fig. 3. Model of mitotic monocentric and
polycentric chromosomes. Distribution of phos-
phorylated (Ser10/Ser28) H3 (in red) correlates
with the distribution of pericentromeric chroma-
tin in mono- and polycentric species and the
assumed positions of sister chromatid cohesion
(in yellow). Microtubules are indicated as green
lines.

serine 10 and 28 were scattered over the chromosomes
(Fig. 2a). At this stage histone H3 of the centromeric regions
appeared to be slightly stronger phosphorylated at both serine
positions than the rest of the chromosomes. At metaphase I,
congressed bivalents were entirely and strongly ph(Ser10)H3-
immunolabeled (Fig. 2b), whereas phosphorylation of serine 28
was mainly confined to the pericentromeric regions. At telo-
phase I (not shown), the phosphorylation of histone H3 at both
serine positions gradually disappeared towards interkinesis.
During the second meiotic divisions the phosphorylation pat-
terns were similar to those observed during mitosis, where
mainly the pericentromeric regions are immunolabeled at me-
taphase and anaphase. Chromosomes were H3 hyperphospho-
rylated at both serine positions only in the centromeric regions
(Fig. 2c).

To investigate whether the dynamics of histone H3 phos-
phorylation at both serine positions differs between chromo-
somes with different modes of segregation at meiosis, we
included meiotic cells of individuals forming bivalents plus
univalents. B chromosomes of rye form up to 66% univalents at
metaphase I (Manzanero et al., 2000). A high proportion of B
chromosome univalents were syntelically oriented and mi-
grated reductionally to the poles at anaphase I. The amphiteli-
cally oriented univalents divided equationally at anaphase I,
with sister chromatids separating to different poles. During the
first meiotic division, H3 phosphorylation at both serine posi-
tions was identical for equationally and reductionally dividing
chromosomes. Single B chromosome chromatids are easily

detected by their centromere position at the metaphase II plate
of the second meiotic division (arrowed in Fig. 2c). They were
condensed in a similar manner as the sister chromatids of
reductionally divided chromosomes. However, the immuno-
staining revealed that, within the same metaphase II cell, only
the seven chromosomes consisting of two sister chromatids had
strong signals at their pericentromeric regions, whereas single B
chromatids showed no immunosignal at either serine position
10 or 28 (Fig. 2c).

Discussion

The novel finding of this study is that histone H3 is phos-
phorylated not only at serine 10 but also at serine 28 during
mitosis and meiosis of plants, similarly as described for mam-
mals (Goto et al., 1999, 2002). Thus, this post-translational
modification must be conserved during the evolution of plants
and animals. While in mammals the entire chromosomes
undergo H3 phosphorylation at both serine positions (Goto et
al., 1999, 2002) in all monocentric plants analysed, these his-
tone modifications are confined to the pericentromeric regions
during mitosis. Also in plants, the degree and duration of serine
28 phosphorylation was less than that of serine 10 phosphoryla-
tion. However only in plants the treatment of dividing cells
with the protein phosphatase inhibitor cantharidin caused sim-
ilarly high phosphorylation of serine 10 and 28 along whole
chromosome arms, as opposed to just the pericentromeric area
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in control cells. In mammals, phosphorylated serine 28 is much
more sensitive to phosphatases than serine 10 (Goto et al.,
1999, 2002). After treatment with calyculin A, a phosphatase
inhibitor of PP1 and PP2A, serine 28 phosphorylation emerges
in late G2 cells. This was not observed in plants after treatment
with cantharidin. This may be partly due to the different phos-
phatase inhibitors used or due to differences between the spe-
cies analysed.

The distribution of phosphorylated histone H3 correlates
with the position of centromeres in mono- and polycentric spe-
cies. In monocentric species the phosphorylation of H3 occurs
only at the defined pericentromeric regions and in the polycent-
ric L. luzuloides histone H3 phosphorylation occurs along the
entire length of the chromosomes. The present and our pre-
vious results (Houben et al., 1999; Manzanero et al., 2000,
2002) support the hypothesis that H3 phosphorylation is in-
volved in sister chromatid cohesion rather than in chromosome
condensation. Phosphorylation of histone H3 occurs where sis-

ter chromatids cohere until the onset of anaphase – in polycent-
ric chromosomes cohesion occurs along the entire chromatid
arms, in monocentrics only at a single chromosome region
(Fig. 3). Single chromatids that result from equational segrega-
tion of univalents during the first meiotic division lack immu-
nosignals during meiosis II but show the same degree of con-
densation as chromatids resulting from bivalents. Since no
reduplication of chromosomes occurs at interkinesis, such
chromatids have no sister with which to cohere and therefore
need not, or cannot, be H3 phosphorylated at the pericentro-
meric chromatin.

Acknowledgments

We are grateful to Margit Hantschmann and Katrin Kumke for excellent
technical assistance. The antibody against H3 phosphorylated at serine 28
was kindly provided by Dr. M. Inagaki.

References

Braselton JT: The ultrastructure of non-localized kine-
tochores of Luzula and Cyperus. Chromosoma
36:89–99 (1971).

Fabienne H, Dimitrov S: Histone H3 phosphorylation
and cell division. Oncogene 20:3021–3027 (2001).

Goto H, Tomono Y, Ajiro K, Kosako H, Fujita M,
Sakurai M, Okawa K, Iwamatsu A, Okigaki T,
Takahashi T, Inagaki M: Identification of a novel
phosphorylation site on histone H3 coupled with
mitotic chromosome condensation. J biol Chem
274:25543–25549 (1999).

Goto H, Yasui Y, Nigg EA, Inagaki M: Aurora-B phos-
phorylates Histone H3 at serine 28 with regard to
the mitotic chromosome condensation. Genes
Cells 7:11–17 (2002).

Gurtley LR, Walters RA, Tobey RA: Sequential phos-
phorylation of histone subfractions in the Chinese
hamster cell cycle. J biol Chem 250:43936–43944
(1975).

Hendzel MJ, Wei Y, Mancini A, Van Hooser A, Ranalli
T, Brinkley BR, Bazett-Jones DP, Allis CD: Mito-
sis-specific phosphorylation of histone H3 initiates
primarily within pericentromeric heterochromatin
during G2 and spreads in an ordered fashion coin-
cident with mitotic chromosome condensation.
Chromosoma 106:348–360 (1997).

Houben A, Wako T, Furushima-Shimogawara R, Prest-
ing G, Künzel G, Schubert I, Fukui, K: The cell
cycle dependent phosphorylation of histone H3 is
correlated with the condensation of plant mitotic
chromosomes. Plant J 18:675–679 (1999).

MacKintosh C, MacKintosh RW: Inhibitors of protein
kinases and phosphatases. Trends Biochem Sci
19:444–448 (1994).

Madej A: Spindle microtubules and chromosome be-
havior in mitosis of Luzula luzuloides, a species
with holokinetic chromosomes. Acta biol Cracov
Ser Bot 40:61–67 (1998).

Manzanero S, Rutten T, Kotseruba V, Houben A:
Alterations in the distribution of histone H3 phos-
phorylation in mitotic plant chromosomes in re-
sponse to cold treatment and the protein phospha-
tase inhibitor cantharidin. Chrom Res 10:467–476
(2002).

Manzanero S, Arana P, Puertas MJ, Houben A: The
chromosomal distribution of phosphorylated his-
tone H3 differs between plants and animals at
meiosis. Chromosoma 109:308–317 (2000).

Kaszás E, Cande WZ: Phosphorylation of histone H3 is
correlated with changes in the maintenance of sis-
ter chromatid cohesion during meiosis in maize,
rather than the condensation of the chromatin. J
Cell Sci 113:3217–3226 (2000).

Sugiyama K, Sugiura K, Hara T, Sugimoto K, Shima H,
Honda K, Furukawa K, Yamashita S, Urano T:
Aurora-B associated protein phosphatases as nega-
tive regulators of kinase activation. Oncogene
21:3103–3111 (2002).

Thomson S, Mahadevan LC, Clayton AL: MAP kinase-
mediated signalling to nucleosomes and imme-
diate-early gene induction. Semin Cell Dev Biol
10:205–214 (1999).

Wei Y, Allis CD: A new marker for mitosis. Trends Cell
Biol 8:266 (1998).



 

 

A4 Gernand, D., Rutten, T., Varshney, A., Rubtsova, M., Prodanovic, S., Bruss, 

C., Kumlehn, J., Matzk, F., and Houben, A. (2005). Uniparental chromosome 

elimination at mitosis and interphase in wheat and pearl millet crosses 

involves micronucleus formation, progressive heterochromatinization, and 

DNA fragmentation. Plant Cell 17, 2431-2438. 

 12
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Micronucleus Formation, Progressive Heterochromatinization,
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Complete uniparental chromosome elimination occurs in several interspecific hybrids of plants. We studied the mecha-

nisms underlying selective elimination of the paternal chromosomes during the development of wheat (Triticum aestivum) 3

pearl millet (Pennisetum glaucum) hybrid embryos. All pearl millet chromosomes were eliminated in a random sequence

between 6 and 23 d after pollination. Parental genomes were spatially separated within the hybrid nucleus, and pearl millet

chromatin destined for elimination occupied peripheral interphase positions. Structural reorganization of the paternal

chromosomes occurred, and mitotic behavior differed between the parental chromosomes. We provide evidence for a novel

chromosome elimination pathway that involves the formation of nuclear extrusions during interphase in addition to

postmitotically formed micronuclei. The chromatin structure of nuclei and micronuclei is different, and heterochromatini-

zation and DNA fragmentation of micronucleated pearl millet chromatin is the final step during haploidization.

INTRODUCTION

After interspecific fertilization, two different parental genomes

are combined within one nucleus, which, in most cases, is

embedded within the maternal cytoplasm. Such a novel genomic

constitution may result in intergenomic conflicts leading to

genetic and epigenetic reorganization (Riddle and Birchler,

2003). Even if in most cases the parental genomes remain

combined after a successful fertilization, an elimination of

specific DNA sequences frequently follows in the early stages

of allopolyploidization (Liu et al., 1996; Feldman et al., 1997). In

grasses, a partial somatic elimination of chromosomes from one

parental species may occur, for example, in wide crosses of

Hordeum lechleri 3 H. vulgare (Linde-Laursen and von Bothmer,

1999), Avena sativa 3 Zea mays (Riera Lizarazu et al., 1996), or

Triticum aestivum 3 H. vulgare (Barclay, 1975). Complete

uniparental chromosome elimination also occurs in some in-

terspecific hybrids between closely related species (as H.

vulgare or H. parodii 3 H. bulbosum and H. marinum 3 H.

vulgare; Kasha and Kao, 1970; Subrahmanyam, 1977; Finch,

1983) as well as between remotely related parental species

(Aegilops spp, ryegrass [Lolium multiflorum], barley, oat, rye

[Secale cereale], or wheat 3 Pennisetum glaucum, Sorghum

bicolor, Tripsacum dactyloides, or Z. mays; Zenkteler and

Nitzsche, 1984; Laurie and Bennett, 1986, 1988; Rines and

Dahleen, 1990; Chen and Hayes, 1991; Matzk and Mahn, 1994;

Matzk, 1996; Matzk et al., 1997).

Crosses between wheat and maize and between H. vulgare 3

H. bulbosum are used for generating homozygous doubled

haploid wheat and barley plants, respectively, from heterozy-

gous maternal plants. The elimination rate of H. bulbosum

chromosomes in H. vulgare 3 H. bulbosum hybrid embryos is

affected by temperature (Pickering, 1985; Pickering and Morgan,

1985) and by the ploidy level of the H. bulbosum genome (Ho and

Kasha, 1975). A tissue-specific elimination of alternative whole

parental genomes was observed in the embryo and endosperm

of H. marinum3 H. vulgare crosses (Finch, 1983). Elimination of

parental chromosomes has also been observed in somatically

produced wide hybrids. In these cases, the elimination tends to be

irregular and incomplete, leading to asymmetric hybrids or cybrids

(Liu et al., 2005). In several metazoa, such as nematodes, cope-

pods, sciarid flies (Goday and Ruiz, 2002), hagfish, and marsupials,

chromatin/chromosome elimination is part of normal cell differen-

tiation and/or sex determination (Kloc and Zagrodzinska, 2001).

Several hypotheses have been presented to explain unipa-

rental chromosome elimination during hybrid embryo develop-

ment in plants, for example, differences in timing of essential

mitotic processes due to asynchronous cell cycles (Gupta, 1969)

or asynchrony in nucleoprotein synthesis leading to a loss of the

most retarded chromosomes (Bennett et al., 1976; Laurie and

Bennett, 1989). Other hypotheses propose the formation of

multipolar spindles (Subrahmanyam and Kasha, 1973), spatial
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separation of genomes during interphase (Finch and Bennett,

1983; Linde-Laursen and von Bothmer, 1999) and metaphase

(Schwarzacher-Robinson et al., 1987), parent-specific inactiva-

tion of centromeres (Finch, 1983; Kim et al., 2002; Jin et al., 2004;

Mochida et al., 2004), and by analogy with the host-restriction

and modification systems of bacteria (Boyer, 1971), degradation

of alien chromosomes by host-specific nuclease activity (Davies,

1974).

Initial cytological studies revealed a rapid preferential unipa-

rental chromosome loss by formation of micronuclei during

mitosis in early hybrid embryos (Kasha and Kao, 1970). Chro-

mosomes destined for elimination often did not congregate

properly at metaphase and lagged behind other chromosomes

at anaphase (Laurie and Bennett, 1989). These observations are

consistent with the classical mechanism of micronucleus forma-

tion, which involves the enclosure of lagging chromosome frag-

ments during reformation of nuclear membranes at the end of

mitosis (Heddle and Carrano, 1977; Schubert and Oud, 1997). It

is not yet clear how the micronucleated paternal genome is finally

eliminated.

This work provides a more detailed insight into the processes

of selective elimination of paternal chromosomes during the

development of wheat 3 pearl millet hybrid embryos. The

selective elimination of pearl millet chromosomes was found to

consist of consecutive steps: parental interphase chromatin

separation, micronucleus formation, heterochromatinization,

and DNA fragmentation of micronucleated chromatin. In addition

to mitotic micronucleus formation by nonsegregating chroma-

tids, pearl millet chromatin-containing micronuclei are extruded

directly from interphase nuclei.

RESULTS

The Elimination of Pearl Millet Chromatin in Developing

Hybrid Embryos Is Sequential

First, we studied the distribution of pearl millet chromatin in

morphologically well preserved 6-d-old wheat 3 pearl millet em-

bryos by whole-mount genomic in situ hybridization (GISH)

(Figures 1A and 1B). Wheat line S6, the female parent, carries

a translocation (1B/1R) with the short arm of the rye chromosome

1R (Matzk et al., 1997). Therefore, as an internal control, GISH

with differently labeled genomic DNA probes of pearl millet and

rye yielded a rye-specific hybridization signal in almost all nuclei

of the embryos independent of the developmental stage (Figures

1E and 1F). By contrast, the percentage of cells with a pearl

millet–specific signal varied between embryos at different stages

as well as between embryos at the same stage and between

Figure 1. Distribution of Pearl Millet Chromatin in Wheat 3 Pearl Millet Embryos.

(A) to (F) Whole-mount GISH on two 49,6-diamidino-2-phenylindole (DAPI)-stained 6-d-old wheat 3 pearl hybrid embryos ([A] and [B]) with pearl millet

DNA ([C] and [D]) and rye DNA ([E] and [F]). Note that the proportion of cells with pearl millet chromatin varies between embryos of the same age. Pearl

millet chromatin was within small ([C], arrows) or large (D) cell clusters. Further enlarged cells with a pearl millet DNA-positive micronucleus (arrows) are

shown in the insets in (A) and (C). Rye-specific hybridization signals are clearly visible in almost all embryonic nuclei ([E] and [F]). Bar in (E) ¼ 50 mm.

(G) and (H) Selected interphase nuclei after whole-mount GISH with labeled pearl millet DNA before (G) and after (H) three-dimensional modeling. Pearl

millet chromatin (in green) occupies a predominantly peripheral position. The DAPI-stained wheat chromatin is indicated in blue.
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different regions of individual embryos. Irrespective of the region

within the embryo, the pearl millet–specific signals were de-

tected in small (Figure 1C) or large (Figure 1D) cell clusters. Pearl

millet–positive chromatin was observed inside and/or outside the

major nucleus during interphase. The external hybridization

signals coincided with the positions of one or more additional

micronuclei (Figures 1A and 1C, insets). Inside the nucleus, the

pearl millet chromatin usually occupied one or two spherical or

spindle shaped territories (Figures 1G and 1H). Three-dimensional

reconstruction of interphase nuclei clearly demonstrated that the

parental genomes were spatially separated and tended to occupy

distinct domains within the interphase nuclei. Pearl millet chro-

matin destined for elimination was found to occupy peripheral

positions (Figure 1H). In contrast with the more condensed pearl

millet chromatin, the rye chromatin revealed a partly decondensed

string-like appearance.

To analyze the temporal progression of chromosome elimina-

tion during embryo development, GISH was performed on

83 squash preparations made from embryos 6 to 23 d after pollina-

tion (DAP). The number of pearl millet chromatin-containing

nuclei decreased during embryo development in a manner that

varied among embryos of the same stage (Figure 2). The highest

percentage (30%) of cells containing pearl millet–positive micro-

nuclei was observed in embryos 6 to 8 DAP. In embryos 17 to

23 DAP, micronuclei were only occasionally observed. Pearl

millet–specific signals were detected only in a few cell clusters of

embryos older than 19 d, suggesting that a minority of pearl millet

chromatin undergoes a slow rate of elimination that allows it to

be retained for a long period. To test whether or not elimination

was completed, DNA gel blot hybridization with a pearl millet

centromere-specific repeat as a probe was performed on DNA

from potted plants. Eight out of 178 young plantlets still revealed

weak pearl millet–specific signals. When the same plants were

reanalyzed at the mature stage, no signals remained.

Pearl Millet Chromosomes Are Structurally Rearranged

and Become Reduced in Size in Hybrid Embryos

At mitosis, besides the standard type of metaphase chromo-

somes, dicentric pearl millet chromosomes of unusual size were

identified after simultaneous hybridization with labeled genomic

DNA and the pearl millet centromere-specific probe (Figures 3A

and 3B). The additional centromere could result from a centric

translocation or a chromosome fusion event. In interphase nuclei

older than 17 DAP, most of the pearl millet chromosomes were

reduced in size and displayed centromere-specific signals with

no, or only minor, traces of chromosome arm-specific signals

(Figures 3C and 3D). Pearl millet–specific chromatin without

centromeric signals was observed in <1% of embryos. These

observations indicate that pearl millet chromosomes are elimi-

nated in portions with the centromere region remaining until last.

Pearl Millet Chromosomes Form Micronuclei during Cell

Division as well as during Interphase

The mitotic behavior of pearl millet chromosomes was analyzed

to determine whether micronuclei are formed exclusively by

nonsegregating chromosomes as is usually assumed (Ford and

Correll, 1992). The segregation behavior differed between pearl

millet and wheat chromosomes. At anaphase, some pearl millet

chromosomes lagged behind wheat chromosomes, and the

sister chromatids segregated asymmetrically (Figure 3F). The

level of chromosome condensation also partially differed be-

tween the parental genomes, with chromosomes of pearl millet

often less condensed (Figure 3F, arrows). This observation is

consistent with a loss of paternal chromosomes during cell

division via lagging chromosomes that form micronuclei (Laurie,

1989; Mochida et al., 2004). In addition, pearl millet chromatin

bodies similar to micronuclei in shape and size were found

attached to the main interphase nuclei (Figures 3G and 3H),

suggesting that they are extruded directly at interphase. Hence,

budding of pearl millet chromatin seems to be another pathway

of micronucleus formation and specific genome exclusion.

Alternatively, buds of pearl millet chromatin might represent

micronuclei fusing with the main nucleus, but this would reverse

the process of elimination. The size of micronuclei containing

chromatin of pearl millet varied considerably (Figures 3I to 3L). To

determine the number of pearl millet chromosomes per micronu-

cleus, pearl millet centromere-specific probes were hybridized in

situ together with labeled pearl millet genomic DNA. In >80% of

micronuclei, one to three pearl millet centromeres were counted

(Figure 3I), and in the early stages of embryo development (6 DAP),

large micronuclei with up to seven pearl millet centromeres

occurred (Figure 3J). Hence, the entire haploid pearl millet

genome can either be eliminated concomitantly, either as in-

dividual chromosomes, or fused together prior to exclusion.

Micronuclei without centromeric sequences of pearl millet

were rarely observed (0.5% of micronuclei; Figure 3L). Only 5%

of the micronuclei also contained traces of maternal chromatin

(Figure 3K), and those containing wheat chromatin alone were

extremely rare (0.2% of micronuclei; data not shown). This

indicates that the majority of micronuclei contained at least one

pearl millet chromosome and possibly acentric chromosome

fragments.

Figure 2. The Percentage of Cells Containing Micronuclei in Wheat 3

Pearl Millet Hybrid Embryos at Different Developmental Stages.

The histogram is based on the analysis of 1337 cells from 19 embryos 6

to 8 DAP, of 1573 cells from 10 embryos 9 to 11 DAP, of 4691 cells from

16 embryos 12 to 14 DAP, of 11,349 cells from 19 embryos 15 to 17 DAP,

and of 12,858 cells from 19 embryos 18 to 23 DAP. The 95% confidence

intervals are indicated as a bar to the left of each column.
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Chromatin Structure Differs between Nuclei and

Micronuclei, and Degradation of Micronucleated DNA

Is the Final Step in Chromosome Elimination

Ultrastructural studies showed that micronuclei are surrounded

by a double membrane with nuclear pores like normal nuclei

(Figures 4C and 4D, arrowheads). However, the different staining

intensities of the heterochromatin between nuclei and micronuclei

indicate a different degree of chromatin condensation. Micro-

nuclei contained either exclusively heterochromatin (Figures 4A

and 4C) or a mixture of euchromatin and heterochromatin (Figures

4B and 4D). The latter micronuclei resembled the normal nucleus

of the same cell except that the heterochromatin was more dense

(Figure 4B). These micronuclei were significantly larger than those

that were predominantly heterochromatic (cf. Figures 4C and 4D).

To analyze the final step of elimination, the integrity of pearl

millet DNA in micronuclei was tested by combining GISH with

terminal dUTP nick end-labeling (TUNEL) assays. Some micro-

nuclei with pearl millet chromatin displayed strong TUNEL

signals (Figure 5), indicating that their DNA was strongly frag-

mented. No DNA cleavage was found in wheat chromatin-

containing major nuclei. Apparently, pearl millet chromatin

initially undergoes extensive fragmentation immediately prior

to haploidization of the maternal genome. Together, the exper-

imental results suggested a multistep model for pearl millet

chromatin elimination from hybrid embryos (Figure 6).

DISCUSSION

The combined analyses of wheat 3 pearl millet crosses indicate

that uniparental chromosome elimination in developing hybrid

embryos occurs in a complex stepwise manner. We confirmed

that mitotic chromosome elimination starts immediately after

fertilization (Laurie and Bennett, 1989; Mochida et al., 2004), but

contrary to previous reports, we found chromatin of both

parental species still present in mature embryos. We show that

heterochromatinization and DNA fragmentation in micronuclei

formed by extrusion of paternal chromatin from interphase nuclei

is involved in the pathway of haploidization, in addition to the

formation of micronuclei after nonsegregation of paternal chro-

mosomes or fragments during karyokinesis (Subrahmanyam and

Kasha, 1973; Bennett et al., 1976; Thomas, 1988; Mochida and

Tsujimoto, 2001; Mochida et al., 2004). On the one hand, the

Figure 3. Elimination Process of Pearl Millet Chromosomes during Cell Division as well as during Interphase.

Dividing cells ([A], [E], and [F]), interphase nuclei ([C], [D], [G], and [H]), and micronuclei ([I] to [L]) of wheat 3 pearl millet embryos after in situ

hybridization with pearl millet genomic DNA (green) and pearl millet centromeric sequences (red). Note dicentric pearl millet chromosomes ([A] and [B],

arrows), exclusively labeled pearl millet centromeric signals (D), and centromeric signals associated with very small amounts of pearl millet chromatin

(C). Anaphase with lagging asymmetric pearl millet chromosomes ([E] and [F]). Interphase nuclei with budding pearl millet chromatin ([G] and [H]).

Centromere-containing micronuclei ([I] to [K]); centromere-free micronucleus (L). The micronucleus in (K) contains traces of unlabeled wheat

chromatin. Bars ¼ 5 mm.
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elimination of pearl millet chromosomes was complete in adult

plants, which is an important prerequisite for the generation of

homozygous doubled haploid wheat plants. On the other hand,

the observed late completion of elimination might increase the

potential for chromatin introgression from pearl millet into wheat.

The distinct peripheral localization of the pearl millet chromatin

during interphase may indicate that the interphase arrange-

ment of both parental genomes differs. While wheat chromo-

somes follow the Rabl-orientation with centromeres clustered

at one pole and telomeres at the opposite one (Dong and Jiang,

1998), chromosomes of pearl millet do not (our unpublished

data). However, this difference cannot be a general reason for

uniparental elimination of chromosomes in hybrids since chro-

mosomes of both H. vulgare and H. bulbosum show Rabl-

orientation, albeit that H. bulbosum chromosomes disposed at

the periphery are often excluded from the daughter cells (Finch,

1983; Kim et al., 2002).

The selective degradation of pearl millet chromosomes could

be triggered by asynchronous DNA replication of the two

parental genomes. Inhibition of DNA replication induces DNA

double strand breaks and genome rearrangements (Michel,

2000). Assuming that the timing of DNA replication differs

between wheat and pearl millet as reported for the parental

genomes of Nicotiana tabacum hybrids (Gupta, 1969), asyn-

chrony of DNA replication may lead to breakages of pearl millet

chromosomes. Subsequent rearrangements of the paternal ge-

nome might result in the observed dicentric or shortened pearl

millet chromosomes. Alternatively, a hybridization-mediated ge-

nomic shock (McClintock, 1984) might trigger a genome-specific

activation of mobile elements and thus cause structural chromo-

some aberrations as reported for artificial allopolyploids of Arabi-

dopsis thaliana (Comai et al., 2000) and wheat (Kashkush et al.,

2002) as well as for mammalian hybrids (O’Neill et al., 1998).

The centromere regions of pearl millet chromosomes are

eliminated last. This might be due to its mobile and heterochro-

matic nature or to the absolute requirement for mitotic compe-

tence of surviving chromatin. If such a centric fragment is retained

rather than lost during elimination of parental chromosomes,

a subsequent spontaneous chromosome doubling could provide

an ideal prerequisite for the de novo formation of supernumerary

chromosomes, a scenario similar to that described in Coix (Sapre

and Deshpande, 1987), where a B chromosome was generated

spontaneously as a result of the crossing of two species.

Figure 4. The Morphology of Nuclei and Micronuclei in Wheat 3 Pearl

Millet Hybrid Embryos.

(A) The electron density of the small micronucleus (M) indicates a high

content of heterochromatin compared with the nucleus (N). L, lipid

droplet.

(B) Cell with two large micronuclei each containing a substantial amount

of euchromatin.

(C) Higher magnification reveals double membranes surrounding the

nucleus (black arrowhead) and the micronucleus (white arrowhead).

(D) Double membranes of nucleus and micronucleus with nuclear pores

(black and white arrowheads); note that the heterochromatin of the

micronucleus is more electron dense than that of the nucleus.

Bars ¼ 1 mm.

Figure 5. Interphase Nucleus of a Wheat 3 Pearl Millet Hybrid Embryo

with a Micronucleus-Containing Pearl Millet Chromatin after TUNEL

(Green) and GISH (Red) Experiments.

The TUNEL signal indicates fragmentation of micronucleated pearl millet

DNA. Bar ¼ 5 mm.

Figure 6. Schematic for the Mitotic and Interphase Elimination of Pearl

Millet Chromosomes from Wheat 3 Pearl Millet Hybrid Embryos.

Mitotic elimination: (a) spatial separation of parental genomes; (b)

imperfect segregation of pearl millet chromosomes caused by (1) faulty

kinetochore/spindle fiber interaction, (2) the presence of an additional

centromere, or (3) absence of a centromere; (c) formation of micro-

nucleus; (d) heterochromatinization and DNA fragmentation of micro-

nucleus; (e) disintegration of micronucleus. Interphase elimination: (a)

spatial separation of parental genomes; (f) budding of pearl millet

chromatin; (g) release of pearl millet chromatin-containing micronucleus;

(c) formation of micronucleus; (d) heterochromatinization and DNA

fragmentation of micronucleus; (e) disintegration of micronucleus.
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Our finding of a selective elimination of pearl millet chromatin

through extrusion from hybrid nuclei during interphase and sub-

sequent micronucleation is consistent with the interpretation that

nuclear buds containing extrachromosomal elements, such as

double minutes, may form micronuclei in mammalian tumor cells

during interphase (Shimizu et al., 1998; Tanaka and Shimizu,

2000). The striking similarities to a mechanism for formation of

micronuclei in mammals may indicate an evolutionarily conserved

process that allows intact maternal chromatin/DNA and alien

chromatin/DNA to be distinguished and the latter to be removed

from the nucleus. The detailed mechanism by which pearl millet

chromatin is extruded through the nuclear double membrane

remains unclear. In Sciara flies, the selective extrusion of chro-

mosomes during interphase is accompanied by a local accumu-

lation of rough endoplasmatic reticulum and mitochondria at the

potential site of chromosome elimination. This is compatible with

the idea of a localized membrane synthesis necessary to produce

a nuclear bulge (Perondini and Ribeiro, 1997).

Our ultrastructural data indicate an increased condensation

level of micronucleated chromatin and reveal a correlation be-

tween the size of micronuclei and the ratio of euchromatin and

heterochromatin. Large micronuclei always contain a large

amount of euchromatin, whereas small micronuclei are almost

completely heterochromatic. It is tempting to speculate that

these variations in ultrastructure reflect the gradual degradation

of micronuclei from relatively large, euchromatin-containing

structures into small strongly heterochromatic ones.

The process of elimination of micronuclei is similar, and partly

analogous, to the events observed during programmed cell

death. Nuclei undergoing an apoptosis-like death (Fukuda,

2000) and micronuclei with pearl millet chromatin exhibit similar

features, such as chromatin condensation, nuclear shrinkage,

and DNA fragmentation. The recognition and consecutive elim-

ination of pearl millet DNA via micronuclei seem to be regulated

processes. A specific chromatin topology possibly dictates

endonuclease activation and genome-specific fragmentation.

The drastic changes in the integrity of DNA and chromatin

compaction during uniparental genome elimination suggest

that posttranslational histone modification might play a role in

promoting and directing these changes. Heterochromatinization

and compaction of chromatin is associated with developmentally

determined chromosome elimination in Sciara. Differential acet-

ylation of histones H3 and H4 and methylation of histone H3 are

candidate drivers of chromosome elimination in sciarid flies

(Goday and Ruiz, 2002) and in the programmed DNA elimination

process that accompanies macronuclear development in Tetra-

hymena (Taverna et al., 2002). For wheat 3 pearl millet embryos,

it remains to be seen whether modification of histones or other

chromatin proteins differs between the parental genomes.

METHODS

Plant Material, in Vitro Culture of Hybrid Zygotes, and

Preparation of Embryos

The Salmon line (S6) of hexaploid wheat (Triticum aestivum, 2n¼ 6x¼ 42)

was used as female parent (Matzk et al., 1997). S6 carries a translocation

of the short arm of rye (Secale cereale) chromosome 1R into wheat

chromosome 1B (1B/1R). The accession PEN 5/78 (Institute of Plant

Genetics and Crop Plant Research) of pearl millet (Pennisetum glaucum,

2n¼ 2x¼ 14) was used as pollen donor. Wheat spikes were emasculated

1 to 2 d before anthesis and pollinated 1 d later with fresh pearl millet

pollen or with dehiscing anthers (Kumlehn et al., 1997). In order to

minimize the complexity of steps involved in the process of chromosome

elimination, we kept the plant growing conditions constant at 16 h light

with ;208C and 8 h dark with ;148C.

For isolation of hybrid zygotes, 2 to 4 h after hand-pollination, spikes

were cut off and surface-sterilized for 10 min in 2.5% NaOCl solution

supplemented with 0.01% Tween 20. Zygote isolation was performed

as described (Kumlehn et al., 1997). Immature wheat pistils used for

conditioning zygote cultures were isolated under sterile conditions

from spikes that had emerged 2 to 4 cm from the flag leaf sheath.

Zygotes were cultured in 12-mm Millicell inserts (Millipore); each

zygote was placed into a 35-mm Petri dish containing 3 mL of N6Z

medium (Kumlehn et al., 1998). Half of the medium used had been

preconditioned for 2 weeks by culturing four immature wheat pistils per

milliliter. Prior to zygote transfer, 200 mL of the culture medium was

transferred from the Petri dish to the Millicell insert. Zygotes were taken

up with a glass capillary with an opening diameter of 100 mm. The

capillary was interfaced to a Cell Tram Vario (Eppendorf) by Teflon

tubing filled with 0.55 M mannitol. Liquid uptake and release were

regulated by manually operating the Cell Tram. The zygotes were

released onto the semipermeable membrane of a Millicell insert. For

further conditioning, six precultured wheat pistils were added per Petri

dish outside the Millicell insert. All cultures were incubated in the dark

at 248C for 2 to 4 d.

Embryo development was stimulated by dipping the spikes into an

aqueous solution of 50 ppm Dicamba (Sigma-Aldrich) 2 DAP. Embryo

rescue was necessary to generate plants from mature embryos. There-

fore, embryos were excised ;18 DAP and placed on Kruse medium

under sterile conditions (Matzk and Mahn, 1994).

For in situ hybridization of in vivo–grown embryos, ovaries were

dissected 6 to 23 DAP, fixed in ethanol:acetic acid (3:1), and stored at

48C. To isolate the embryos, ovaries were stained with acetocarmine.

Embryos were dissected in distilled water with fine needles under

a stereomicroscope. For preparation of plant specimens, isolated em-

bryos were squashed in 45% acetic acid between slide and cover slip.

Fluorescence in Situ Hybridization on Squashed and Whole-Mount

Embryos and Construction of a Three-Dimensional Image

A member of the pearl millet centromere-specific sequence repeat family,

pPgKB1 (Kamm et al., 1994), and total genomic DNA of pearl millet and

rye were used as probes for fluorescence in situ hybridization (FISH) after

labeling by nick translation with biotin-16-dUTP or digoxigenin-11-dUTP.

FISH on squashed embryos was performed as previously described

(Houben et al., 2001). Briefly, 80 ng biotin/digoxigenin-labeled genomic

DNA, 50 ng digoxigenin-labeled pearl millet centromere-specific se-

quence, and 800 ng of sonicated, unlabeled total wheat genomic DNA

(used as competitor to suppress nonspecific hybridization) were applied

per slide. Hybridization sites of digoxigenin- or biotin-labeled probes

were detected using sheep antidigoxigenin-rhodamine, rhodamine anti-

sheep antibody, or the streptavidin Alexa 488 system, respectively.

Epifluorescence signals were recorded with a cooled CCD camera

(ORCA-ER; Hamamatsu). The images were optimized for contrast and

brightness with Adobe Photoshop 7.0.

For whole-mount GISH (Caperta et al., 2002; Santos et al., 2002),

embryos were isolated and fixed in 4% (w/v) formaldehyde freshly

prepared from paraformaldehyde (PFA) in MTSB buffer (50 mM PIPES,

5 mM MgSO4, and 5 mM EGTA, pH 6.9) under vacuum for 20 min at room

temperature prior to washing in MTSB for 10 min. Tissues were made

permeable by incubating with 2% (w/v) cellulase Onozuka R10 (Serva)
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and 2% (w/v) pectinase (Sigma-Aldrich) in citrate buffer for 70 min at

378C. Embryos were subsequently washed in 2 3 SSC (standard saline

citrate) for 10 min and allowed to dry on multiwell slides. GISH was

performed as described for squashed embryos.

A three-dimensional model of in situ–hybridized interphase nuclei

was reconstructed using high-level image processing techniques. First,

optical section stacks were collected with a Zeiss 510 meta confocal laser

scanning microscope. Automatic procedures for the segmentation of the

nuclei and the paternal DNA have been implemented with MATLAB (The

MathWorks). This was mainly achieved by combining a priori knowledge,

principal component analysis, three-dimensional watershed segmenta-

tion, and thresholding. Finally, the resulting two-dimensional gray-tone

image stack containing the segmentation information was transformed

into a three-dimensional model with the visualization and modeling

software AMIRA (TGS Europe).

TUNEL Assay Combined with GISH

The TUNEL assay was conducted according to the manufacturer’s

instructions of the ApopTag apoptosis detection kit manual (S7110;

Serological Corporation) with some modifications. Freshly dissected

embryos were fixed for 20 min in ice-cold 4% PFA in PBS. After washing

in cold PBS, embryos were made permeable by incubating with 2.5%

cellulase Onozuka R10 (w/v) Serva, 2.5% (w/v) pectinase (Sigma-

Aldrich), and 2.5% pectolyase Y-23 (Sigma-Aldrich) in PBS for 30 min

at 378C. The embryos were squashed in PBS between glass slide and

cover slip. The cover slips were removed after freezing in liquid nitrogen.

Air-dried specimens were postfixed in 4% PFA for 10 min at room

temperature and then incubated in TUNEL-equilibration buffer for 5 min

at room temperature. The end-labeling reaction was done by incubating

the slides in terminal deoxynucleotidyl transferase in reaction buffer for

60 min at 378C. Slides were then incubated in stop/wash buffer for 30 min

at 378C, washed three times for 3 min in PBS at room temperature, and

stored in 70% ethanol at �208C. After the TUNEL reaction, GISH was

performed as described above. The transferase-incorporated digox-

igenin-dUTP was detected with fluorescein isothiocyanate–conjugated

sheep antidigoxigenin antibodies amplified by fluorescein-5-isothiocyanate–

conjugated rabbit anti-sheep antibodies. In situ–hybridized pearl millet

DNA labeled with biotin was detected with avidin-conjugated Texas

red. Finally, slides were mounted with DAPI/Vectashield and analyzed

under the conditions used for FISH. TUNEL-negative controls were

performed without terminal deoxynucleotidyl transferase enzyme and

positive controls with additional DNase I treatment as recommended by

the manufacturers.

Transmission Electron Microscopy

Three-day-old embryos originated from in vitro–cultivated zygotes were

fixed with 2% glutaraldehyde and 2% formaldehyde in cacodylate buffer

(50 mM, pH 7.0) for 2 h. After three 15-min washes with the same buffer,

the embryos were postfixed with 1% OsO4 for 2 h and then washed

again with buffer and distilled water before embedding in 1.5% low

melting point agarose. Small blocks of 1 3 1 mm were cut, each

containing a single embryo. These blocks were dehydrated in a graded

ethanol series followed by embedding in Spurr’s low viscosity resin.

After thin sectioning, samples were stained with 4% uranyl acetate and

lead citrate. Digital recordings were made on a Zeiss 902 electron

microscope at 80 kV.
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Engineered Plant Minichromosomes: A Resurrection
of B Chromosomes?

A number of crop species of commercial interest have been

transformed using either Agrobacterium-mediated, biolistic, or

other systems. However, these methods have several limitations.

For example, they allow insertion of single or a few genes at

random genomic positions, but complex traits cannot be trans-

ferred in a coordinated manner. Furthermore, the integrity of the

host genome can be disturbed by transgene insertion. These

limitations stimulated the development of a chromosome-based

vector system suitable for transferring large genes, gene com-

plexes, and/or multiple genes together with regulatory elements

for safe, controlled, and persistent expression, avoiding rear-

rangements that are often linked with insertion events. Addi-

tionally, engineered chromosomes could be used to address

questions concerning the function of specific chromosomal

domains (e.g., centromeric regions). Chromosome engineering

has been applied successfully in mammals and yeasts but has

lagged in plants. Recent efforts to generate maize minichromo-

somes by J. Birchler and colleagues from the University of

Missouri (Yu et al., 2006, 2007) open new venues for plant

biotechnology and chromosome biology.

TOP-DOWN VERSUS BOTTOM-UP APPROACHES

Considerable progress has been made in developing mamma-

lian chromosome-based vector systems either by engineering

endogenous chromosomes (top-down approach) or by artificial

composition of cloned chromosomal constituents into functional

chromosomes (bottom-up approach). The bottom-up strategy

relies on cell-mediated chromosome assembly after transfection

of a cell line with cloned centromeric sequences and a se-

lectable marker gene, with or without telomeric and genomic

DNA (Harrington et al., 1997; Ikeno et al., 1998). However, the

process of de novo chromosome assembly within cells is hard to

control and has been achieved only in a limited number of mam-

malian cell lines (Irvine et al., 2005). For plants, the bottom-up

strategy has not yet yielded artificial chromosomes.

Our limited understanding of centromere function and main-

tenance is one of the obstacles on the way to generating artificial

chromosomes. In one study, transformation of rice with Mb-

sized centromeric repeat arrays from either maize or rice did not

result in stable de novo formation of centromeres (Phan et al.,

2007). Also, transformation of the fungus Candida albicans with

naked homologous centromeric DNA (85 kb) was unable to

recruit the centromeric histone variant CENH3 and to form

functionally active centromeric chromatin (Baum et al., 2006).

Although plant centromeres can be very large (Jin et al., 2004),

more recent data suggest that the size of a functional centro-

mere might be only a few hundred kilobases (Nagaki et al.,

2004). It has been shown that barley centromeric repeats are

neither necessary nor sufficient to establish a centromere

(Nasuda et al., 2005). Rapid inactivation of the second centro-

mere of dicentric maize chromosomes with two sequence

identical centromeres (Han et al., 2006) supports the idea that

the primary DNA sequence alone does not determine centro-

mere identity. Rather, a specific epigenetic mark seems to be

responsible for centromere specification (Vig, 1994; Karpen

and Allshire, 1997). Although substitution of the histone H3 by

CENH3 in centromeric nucleosomes is crucial for kinetochore

formation, we do not know what originally triggers this substi-

tution when a new centromere is initiated, or why and how

CENH3 gets lost when a centromere becomes inactive.

To circumvent the necessity of de novo centromere forma-

tion, modification of existing chromosomes to generate a

chromosome-based vector can be achieved by at least two

different routes. As shown first by Farr et al. (1991), cloned

telomeric repeats introduced into cells may truncate the distal

portion of a chromosome by the formation of a new telomere at

the integration site (Figure 1). This elegant in vivo approach was

an important step toward constructing a gene delivery system

based on engineered human chromosomes (Lim and Farr,

2004).

A second in vivo approach of engineering endogenous

mammalian chromosomes is based on the generation of

dicentric chromosomes by amplification of (peri)centromeric

satellite DNA and other host sequences, such as rDNA, together

with the transgenes after transfection with plasmids (Keresö

et al., 1996). Although the generation of a second centromere

within transgenic mouse and hamster cell lines seems to be

reproducible, the underlying mechanism is not well understood.

Nevertheless, the breakage products of such dicentrics can be

stabilized by healing the ends via telomere addition. The re-

sulting engineered chromosomes (satellite DNA–based artificial

chromosomes) are composed mainly of amplified satellite re-

peats and ribosomal DNA, interspersed with coamplified trans-

fected foreign DNA (Csonka et al., 2000). A similar process has

been associated with the formation of a naturally occurring B

chromosome of the plant Plantago lagopus (Dhar et al., 2002).

This supernumerary chromosome, which originated from a

trisomic A chromosome, underwent a number of structural

changes combined with rDNA amplification.www.plantcell.org/cgi/doi/10.1105/tpc.107.053603
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RECENT PROGRESS IN MAIZE

Telomere-mediated chromosome truncation technology re-

cently has been adapted for maize (Figure 2; Yu et al., 2006,

2007). An array of 2.6 kb of Arabidopsis-type telomeric repeats

was used for Agrobacterium-mediated or biolistic transforma-

tion of immature maize embryos. Because sequence targeting

by homologous recombination is inefficient in seed plants

(Reiss, 2003), a targeted introgression of cloned telomeres as

used in mammals (Lim and Farr, 2004) was not yet possible.

Therefore, the sites of chromosomal truncations are random,

and in situ hybridization with chromosome-specific marker se-

quences is required for identifying the origin of the truncated

chromosomes.

The presence of telomeric sequences at the double-stranded

ends of the transgene insertion sites might be considered as

telomere seeding (Yu et al., 2006). The transgenic telomeric

sequences might recruit telomerase and telomere binding pro-

teins, thus mediating chromosome healing rather than non-

homologous end joining (Yu et al., 2006). The frequency of

chromosomal truncation is low in plants compared with mam-

malian cells, but testing different constructs and genetic back-

grounds might result in an improved truncation efficiency.

Because the truncation efficiency of mammalian chromosomes

is highest in a hyperrecombinogenic chicken cell line (Buerstedde

and Takeda, 1991), plant accessions or mutants with a high

somatic recombination frequency might be preferable host

organisms.

The lack of meiotic pairing of the derived maize minichromo-

some with its progenitors suggests that such small chromo-

somes have a minimal chance of recombination with the normal

chromosome and therefore can be used as starting material for

plant-engineered chromosomes. The generation of even smaller

minichromosomes might be prevented by the requirement of a

minimal chromosome size for stable inheritance. While too large

chromosomes (with arms longer than half of the average spindle

axis) often are not correctly transmitted through mitotic division

(Schubert and Oud, 1997), the bottleneck for transmission of too

small chromosomes seems to be meiosis. Lower limits of chro-

mosome size for correct transmission seem to vary between

species, from ;50 kb in yeast to ,5% of genome size in field

bean (Schubert, 2001), while microchromosomes of birds show

stable inheritance (Burt, 2002). At present, we do not know

whether the lack of meiotic pairing and recombination, the

absence of a lateral support for centromeres to maintain cen-

tromeric cohesion, or other reasons are responsible for impaired

transmission of very small chromosomes.

CURRENT PERSPECTIVE ESSAY

Figure 1. Telomere-Associated Chromosome Fragmentation: A Strat-

egy to Generate Minichromosomes by Truncation of Natural Chromo-

somes.

A vector containing Arabidopsis-type telomere repeats, a selectable

marker, and a homologous recombination site is used to fragment

recipient chromosomes (Yu et al., 2006, 2007). The transformation

occurs via Agrobacterium-mediated or biolistic transformation of imma-

ture embryos prior to selection of cells for antibiotic or herbicide

resistance (1 and 2). To add genes onto an engineered minichromosome,

targeted transgenes are integrated via site-specific recombinase, as

provided by the Cre/lox system, after biolistic transformation (Srivastava

and Ow, 2001) of a construct carrying a recombination site that activates

a selection marker (3 and 4). The Cre recombinase could be expressed

transiently.
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A VERSUS B CHROMOSOMES

B chromosomes, the often neglected components of the karyo-

types of numerous plant and animal species, could become a

major player for the generation of engineered chromosomes

because of their unique features. B chromosomes are dispens-

able and do not pair with any of the standard A chromosomes at

meiosis by definition. They have irregular modes of inheritance

(Jones and Houben, 2003). With respect to the possible use of

mini-B chromosomes as a vector, it is important that B chro-

mosomes have little effect on an individual’s phenotype. Only in

the case of a high number, B chromosomes can reduce vigor

(Puertas, 2002). Thus, engineered mini-Bs allow the study of

gene dosage effects. Except for the B chromosome–located

45S rRNA gene of Crepis capillaris (Leach et al., 2005) and

for transcriptionally active B-specific repetitive sequences

(Carchilan et al., 2007; Lamb et al., 2007), there has been no

direct molecular evidence for transcription of genes from plant Bs.

The survival rate after telomere-associated truncation was

higher for B than for A chromosomes (Yu et al., 2007), most likely

because most Bs are genetically inert. Constitutive transgene

expression from A and B chromosome–derived minichromo-

somes suggests that inactivation of genes on B chromosomes, if

it occurs, it is at least not a rapid process. It is of interest to

compare transgene expression on A and B chromosomes over

several generations.

To achieve viability of plants with an A chromosome–derived

minichromosome, the truncation event should take place in a

polyploid or (for the target chromosome) aneuploid background.

Maize A-derived minichromosomes were faithfully transmitted

from one generation to the next, whereas the meiotic transmis-

sion rate of B-type minichromosomes varied from 12 to 39% via

the male parent (Yu et al., 2007), comparable to the transmission

rate of mini-B chromosomes generated by breakage-fusion-

bridge cycles (Kato et al., 2005). However, due to the intrinsic

postmeiotic drive of intact B chromosomes (which includes

specific nondisjunction at pollen mitosis and preferential fertil-

ization of the egg by the sperm containing the B chromosomes;

Carlson, 1978) a B chromosome–derived vector might po-

tentially reveal an increase of transmission frequency above

Mendelian expectation. The truncation of the B eliminates

nondisjunction of the mini-B and confers inheritance character-

istics equal to any normal A chromosome. However, the non-

disjunction process can be restored by the addition of normal B

chromosomes to the genotype, which would supply the required

trans-acting factor for nondisjunction that is located at the very

tip of the chromosome. Early studies indicated that the drive

mechanisms for B chromosomes are independent of the back-

ground genotype and mitotic nondisjunction is controlled by the

B itself (Müntzing, 1970).

Since most of the engineered mammalian chromosomes have

been generated and maintained in cell culture, our knowledge

on their meiotic transmissibility is rather limited. Studies in

transchromosomal animals and nonhuman mammalian tissues

suggest a high variability as to the stability of engineered human

chromosomes between tissue types and between genetic

backgrounds. The meiotic transmission is clearly below that of

endogenous chromosomes (Irvine et al., 2005). It remains to be

tested whether microinjection or microcell-mediated transfer will

broaden the application of engineered chromosomes in cases

where the transfer of plant minichromosomes via sexual cross-

ing is not feasible.

THE NEXT STEP: MAKING USE OF ENGINEERED

PLANT MINICHROMOSOMES

How are genes of interest introduced onto engineered mini-

chromosomes? Targeted transgene integration into unique chro-

mosomal loci might be achieved using gene constructs in

combination with a site-specific recombinase cassette as

provided by the Cre/lox system. The proof of principle has

been demonstrated by Yu et al. (2007). The engineered maize

chromosome R2 provides a defined recipient locus for site-

specific integration of transgenes, enabling genetic manipula-

tion via site-specific recombination. After crossing a transgenic

plant supplying the Cre recombinase and a lox recombination

site at the terminus of chromosome 3 with a plant carrying the

minichromosome R2 with a defined recipient site, composition

of two complementary parts at the recipient locus led to

activation of the DsRed reporter gene in some tissues, indicating

CURRENT PERSPECTIVE ESSAY

Figure 2. A Chromosome Spread of Maize Is Shown with a Minichro-

mosome Produced by Truncating a B Chromosome of Maize.

The truncated B chromosome has a specific centromeric DNA sequence

that is labeled in green. A normal B chromosome is shown for

comparison (arrow). The arrowhead denotes the minichromosome

produced by telomere-mediated truncation. The addition of telomeres

to the chromosome by genetic transformation fractures the chromosome

at that site and leaves the added genes (red) at the tip of the

chromosome. The insets (enlarged below) show the added genes in

red, the specific centromere region of the minichromosome in green, and

the merged image. The chromosomes are stained blue. Modified from Yu

et al. (2007). ª2007 National Academy of Sciences, USA.
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reciprocal translocation between lox sites. Although the recom-

bination efficiency is not as high as in many nonplant organisms,

this approach offers a possible way of adding transgenes to a

minichromosome. Ayabe et al. (2005) used an engineered human

chromosome to introduce the native human HPRT gene together

with ;40 kb upstream and ;10 kb downstream regions that in-

clude all regulatory elements needed for correct expression in

Hprt-deficient cells and demonstrated functional complementa-

tion. To harness targeted gene loading onto the engineered chro-

mosome, an elegant combination of transformation-associated

recombination cloning of the gene-containing genomic fragment

into a YAC vector (Kouprina et al., 1998) and Cre/loxP-based

site-specific recombination of the circular YAC-DNA into the re-

cipient loxP site of the engineered human minichromosome has

been developed (Ayabe et al., 2005) and might be adapted for

plants as well.

In summary, the future for engineered plant chromosomes as

a fascinating new tool for basic research on chromosomes and

biotechnology is promising. The initial demonstration of their

construction and behavior provides the foundation for this

technology in plants, onto which further developments can be

built. However, an increase of truncation efficiency, the intro-

duction of multiple site-specific recombination systems, and a

demonstration of full meiotic transmissibility of site-specific

recombination products are required before engineered plant

chromosomes will enter commercial application.
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Abstract

Histones are the main protein components of chromatin: they undergo extensive post-translational modifications, particularly acetylation,
methylation, phosphorylation, ubiquitination and ADP-ribosylation which modify the structural/functional properties of chromatin. Post-
translational modifications of the N-terminal tails of the core histones within the nucleosome particle are thought to act as signals from the
chromatin to the cell, for various processes. Thus, in many ways histone tails can be viewed as complex protein–protein interaction surfaces that
are regulated by numerous post-translational modifications. Histone phosphorylation has been linked to chromosome condensation/segregation,
activation of transcription, apoptosis and DNA damage repair. In plants, the cell cycle dependent phosphorylation of histone H3 has been
described; it is hyperphosphorylated at serines 10/28 and at threonines 3/11 during both mitosis and meiosis in patterns that are specifically
coordinated in both space and time. Although this post-translational modification is highly conserved, data show that the chromosomal
distribution of individual modifications can differ between groups of eukaryotes. Initial results indicate that members of the plant Aurora kinase
family have the capacity to control cell cycle regulated histone H3 phosphorylation, and in addition we describe other potential H3 kinases and
discuss their functions.
© 2007 Elsevier B.V. All rights reserved.

Keywords: Histone phosphorylation; Chromosomes; Centromeres; Cell cycle; Aurora kinases

1. Cell-cycle dependent histone phosphorylation

The cell cycle dependent transition from decondensed
interphase chromatin to condensed metaphase chromatin, and
vice versa, is the most obvious dynamic change in chromatin
structure. Histones are among numerous DNA-binding proteins
that control the level of DNA condensation, and post-
translational modifications of histone tails play a critical role
in the dynamic condensation/decondensation process. Early
observations in several eukaryotes have shown that the level of
H3 phosphorylation, which is minimal in interphase, increases
during mitosis [1]. With the development of an antibody specific
for histone H3 phosphorylated at S10 Hendzel and colleagues
[2] were able to demonstrate, in vivo, a precise spatial and
temporal pattern of H3 phosphorylation in mammalian cells.

They found that phosphorylation of H3 is initiated in late G2,
and then spreads throughout the chromatin as it undergoes
condensation, up to the end of mitosis. The same cell-cycle
dependent histone modification was later demonstrated in plants
[3]. It is noteworthy that although the process of H3
phosphorylation is highly conserved, its significance and
chromosomal distribution may differ to some extent among
different species groups. In mammals the cell-cycle dependent
phosphorylation of H3 at serine positions 10 and 28, that
originates in the pericentromere [4] and spreads throughout the
chromosomes during the G2-M transition phase, is most likely to
be interlinked with the initiation of chromosome condensation
[5]. In yeast on the other hand, phosphorylation of S10 in H3 is
not required for cell-cycle progression, where phosphorylation
of histone H2B might replace the function of H3 phosphoryla-
tion [6]. Similarly, mitotic cells in Drosophila borr mutant
embryos display only a slight undercondensation of their
dividing chromosomes despite a substantial reduction of
H3S10 phosphorylation [7].
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In plants, the distribution of phosphorylated histone H3 at
serine 10 [3,8,9], and serine 28 [10,11], correlates with the
position of the pericentromere during mitosis and meiosis II
(Figs. 1a, 2). Immunogold scanning electron microscopy
supports the view that during the progression through the
mitotic stages phosphorylation of histone H3 at serine 10
accumulates in the pericentromeric chromatin at metaphase
[12]. The immunosignal gap observed by high resolution
scanning electron microscopy represents the core centromere
[12] , characterised by parallel chromatin fibres, reduced DNA
and enriched protein amounts compared to the chromosome
arms [13]. This agrees with the observation that histone H3 is
replaced by the evolutionarily conserved centromere-specific
histone H3-variant CENP-A within the core centromere [14].

Interestingly, during meiosis in monocentric plants the
distribution of S10 and S28 phosphorylation varies between
the two meiotic divisions [8–10] (Fig. 2). During the first
division the chromosomes are highly phosphorylated through-
out their entire length, while in the second division the H3
phosphorylation is restricted to the pericentromeric regions, as
in mitotic chromosomes (Fig. 2a, c) . Surprisingly, at the same
time, single chromatids resulting from equational division of
univalents at anaphase I show no H3 phosphorylation (Fig. 2c).
Irrespective of their low level of H3 phosphorylation, however,

prematurely separated chromatids show normal condensation
and their kinetochores interact with the microtubules. These
observations led to the hypothesis that in plants pericentromeric
H3 phosphorylation at both serine positions is required for
cohesion of sister chromatids during metaphase I, and for sister
chromatid pericentromeres during mitosis and metaphase II,
respectively [9,10] (Fig. 3). This hypothesis was further
supported by the observation that in a maize mutant (afdI)
defective in sister chromatid cohesion the univalents at
metaphase I showed strong phosphorylation only at the
pericentromeric regions [8], and that a dicentric chromosome
revealed hyperphosphorylated H3 only at the functional
centromere [3,15]. In contrast the polycentric chromosomes of
Rhynchospora tenuis [16] and of the genus Luzula [10,17]
(Fig. 1c), were labelled along the entire length of chromosomes
during mitosis. The fact that histone H3, at the positions
described, becomes dephosphorylated at interkinesis and
phosphorylated again during prophase II indicates that this
post-translational modification is reversible, and it can occur
independent of the DNA replication process.

Compared to serine phosphorylation there are fewer reports
for histone threonine phosphorylation. Phosphorylation at T3
(Fig. 1d) and T11 [18] (Fig. 1b) in plants occurs along entire
chromosome arms, and correlates with the condensation of
mitotic and meiotic chromosomes (Fig. 3). In mammals, in
contrast, where phosphorylation of T3 and T11 is most
abundant in the centromere [19–21], it may instead serve as a
recognition code for centromere assembly. The reverse may be
true for S10/28 modifications, which may provide a label for the
pericentromere region in plants (Fig. 1a, d), but has a function in
chromosome condensation in mammals.

The coincidence of H3 phosphorylation (at S10/28) with
chromosome condensation in animal cells had led to the
proposal of a causal relationship [2,4]. However, since this
correlation does not exist in plants and other organisms this
proposal has been modified to the “ready production hypoth-
esis” [22,23], meaning that H3 phosphorylation during mitosis
simply serves as a ‘memory’ that chromosomes are ready for
separation. With the finding that in plant cells phosphorylation
at T3/11, rather than S10/28, correlates with chromosome
condensation the original proposal by Hendzel et al. [2] may
well be valid, due to species-specific differences in the
biological significance of the histone code.

The dynamics of histone H3 phosphorylation has been
artificially altered by the application of phosphatase and kinase
inhibitors. The protein phosphatase inhibitor cantharidin
increases histone H3S10/28 phosphorylation along chromo-
some arms from prophase to telophase in plants [10,24]. Unlike
the situation in mammals, where phosphatase inhibitors induced
premature chromosome condensation and stimulate H3 phos-
phorylation in interphase nuclei [25], no such severe effect of
interphase histone H3 phosphorylation could be found in plants.
The H3S10 phosphorylation pattern after in vitro treatment with
cantharidin resembles that of the chromosomes at first meiotic
division in plants. It could be that the phosphorylation of the
pericentric chromatin, and of chromosome arms, is controlled
by different kinases. Alternatively, there might only be one

Fig. 1. Mitotic cell cycle regulated histone H3 phosphorylation in plants (a:
Hordeum vulgare, b: Vicia faba, c: Luzula luzuloides, d: Secale cereale). (a)
On monocentric chromosomes the pericentromeric regions show H3S10ph
(red), whereas H3S28ph (yellow) is confined to the central part of the
pericentromeric region (inset). DAPI-stained interphase nuclei (blue) display no
detectable H3 phosphorylation. (b) H3T11ph (red) correlates with condensation
of metaphase chromosomes [18]. (c) The polycentric chromosomes of
L. luzuloides are entirely labelled with H3 phosphorylated at both serine
positions (red/yellow) [10]. (d) H3T3ph (red) correlates with condensation of
metaphase chromosomes. H3S28ph (yellow) is confined to the pericentromeric
region [10]. Bars represent 5 μm.
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kinase whose activity along the chromosome is regulated
differently in mitosis and meiosis. Following cantharidin
treatment the observed meta/anaphase cells appeared normal,
with the exception of very rare lagging chromatids at anaphase,
and a delayed transition from metaphase to anaphase (Manza-
nero, A. and Houben, A., unpublished data). Inhibition of
histone deacetylation by trichostatin in Nicotiana sylvestris
protoplasts during mitosis induces the accumulation of
metaphase cells and reduces H3S10ph at anaphase and
telophase [26], which suggests a direct or indirect interaction
between H3 phosphorylation and acetylation.

For threonine 11 of histone H3 a different response to
cantharidin has been reported [18]. T11 became phosphory-
lated during interphase, but this phosphorylation was
restricted to pericentromeric regions. The simplest explanation
for this finding is that phosphorylation takes place in
interphase as well, but remains undetected because the rate
of dephosphorylation exceeds that of phosphorylation. Alter-
natively, the kinase phosphorylating T11 may be inactivated
by dephosphorylation during interphase. Thus, inhibition of
phosphatase activity could result in activation of this kinase.
Since cantharidin affects a number of different PP2A and PP1
phosphatases [27] the specific enzyme involved cannot be
deduced. It could be however, that the artificially induced

H3T11 phosphorylation of the pericentric interphase chroma-
tin and the phosphorylation of the chromosome arms is
controlled by different kinases/phosphatases.

A reduced level of H3S10/28 phosphorylation and an
aberrant segregation of mitotic chromosomes have been
revealed by varying the Aurora kinase activity of cultured
tobacco cells with the inhibitor Hesperadin [28]. Hesperadin,
which has been developed as potential anticancer drug [29], is a
small molecule that inhibits Aurora B activity. Because the
Hesperadin binding sites of Aurora B are conserved between
human and Arabidopsis, Hesperadin potentially inhibits plant
Aurora kinases in the same manner as ATP competitive
inhibitors in animals [28]. Since chromatids were normally
condensed without H3S10/S28 phosphorylation, and a high
frequency of lagging anaphase chromosomes in Hesperadin-
treated tobacco cells were found, it is likely that H3S10/S28
phosphorylation is required for the dissociation of mitotic sister
chromatid cohesion in plants. Further experiments will be
necessary to clarify the interrelationship between a reduction in
H3S10/S28ph staining and defects in chromatid segregation.

2. Proposed functions of histone H3 phosphorylation
during cell cycle

Given the varied and often conflicting data on histone H3
phosphorylation its function remains controversial. The primary
function of the cell cycle dependent histone phosphorylation
may be to identify different domains of the chromosomes, and
to mark their progress through the cell cycle [23]. Older models
proposed that histone modifications may directly influence
either the structure or the folding dynamics of nucleosomal
arrays, but there is little evidence for such models [30].
Analysing the folding patterns of synthetic in vitro assembled
nucleosomal arrays has demonstrated that arrays assembled
with homogeneously phosphorylated H3S10 do not behave any
differently from unmodified H3S10, indicating that H3S10
phosphorylation has no direct effect on inter-nucleosomal tail
interactions which are important for higher-order folding [32]. It
seems to be more likely that histone modifications control the
binding of non-histone proteins to the chromatin fibre. For
example, some chromodomains bind to methylated lysines,
whereas bromodomains specify binds to acetylated lysines
(reviewed in [30–32]. Also phosphorylation of H3S10 in
S. cerevisiae, facilitates the sequential acetylation of lysine 14
by directly enhancing the binding of the GCN5 acetyltransfer-
ase [33,34].

The reversible cycle of histone phosphorylation/depho-
sphorylation may govern the capacity of chromatin-binding
proteins to bind methylated lysines, and to re-release these
binding factors at the appropriate stage of the cell cycle. To date,
however, no protein has yet been described that could ‘read’ and
interact with the phosphorylated histone. Rather, evidence
exists that in mammals phosphorylation of H3S10 is respon-
sible for the dissociation of the methyl H3K9-binding protein
HP1 during mitosis [35,36]. Mass spectrometry data provided
some in vivo support for the ‘methyl/phos’ binary switch
hypothesis [35,37], since phosphopeptides containing lysine

Fig. 2. Distribution of phosphorylated H3S10 differs between the first and
second meiotic division [9]. At the first division (a) entire Secale cereale
chromosomes are labelled with H3S10ph-specific signals (red), whereas at
second division (b) H3S10ph is confined to the pericentromeric regions. (c)
Histone H3 of chromatids that are condensed prematurely and of separated
chromatids (arrowed) are not S10-phosphorylated at the pericentromeric region.
Note: irrespective of their low level of H3 phosphorylation prematurely
separated chromatids are normally condensed and their kinetochores interact
with microtubules (green). Bar represents 5 μm.
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methylation were often found. This suggests that these binary
switches could also possibly extended to K27/S28 and T3/K4
[38]. This finding is in contrast to earlier reports suggesting that
the coexistence of H3K9 methylation and S10 phosphorylation
was unlikely [39]. A reduction in the levels of the JIL-1 histone
H3S10 kinase resulted in the spreading of the major hetero-
chromatin markers H3K9me2 and HP1 to ectopic locations on
the chromosome arms, with the most pronounced increase on
the X chromosomes [40]. Whether a similar ‘methyl/phos
binary switch’ exists in plants remains to be studied. However,
the finding that the subnuclear localisation of HP1-like protein
was unaffected in Arabidopsis mutants displaying a significant
reduction in H3K9 methylation raises some doubt about the role
of H3-K9 methylation in HP1 recruitment to chromocentres in
plants [41]. In the same way, Arabidopsis DNA methylation
mutants (DDM1 and MET1) did not reveal any altered H3S10
phosphorylation sites at the microscopical level (Houben, A.,
unpublished data).

3. Candidate kinases involved in cell cycle-dependent
histone phosphorylation

Genetic and biochemical data indicate that members of the
Aurora kinase family, in particular Ipl1p of Saccharomyces
cerevisiae and the B-type Aurora of Caenorhabditis elegans,
Drosophila and mammals, can control cell cycle regulated
histone H3 phosphorylation at serine 10 and 28, as opposed to a
type 1 phosphatase (Glc7p in S. cerevisiae) [6,42–44]. At the
same time several other kinases, have also been reported to be
involved in the phosphorylation of H3 after mitogenic
stimulation or stress (listed in [45]). Thus many kinases,

which appear to be involved in histone H3 phosphorylation,
may be stimulus- and cell type-dependent. The first plant type
Aurora kinases have recently been characterised [46,47].
Consistent with the mitotic function of Aurora kinases
described in other systems, transcripts and proteins of
Arabidopsis Auroras are most abundant in tissues containing
actively dividing cells. Localisation of GFP-tagged AtAuroras
revealed that AtAuroras primarily associate with mitotic
structures such as microtubule spindles, centromeres and with
the emerging cell plate of dividing BY-2 culture cells of
tobacco. All three members of the Arabidopsis Aurora-like
gene family (At4g32830, At2g25880, At2g45490) phosphory-
late histone H3 at serine 10 in vitro. At Aurora-specific immu-
nosignals at the pericentromeres that are coincident with histone
H3 that is phosphorylated at serine position S10 further supports
histone H3 substrate specificity. But in contrast to the
mammalian B-type Aurora [44] recombinant AtAurora1 of
Arabidopsis reveals no in vitro kinase activity towards H3 at
position serine 28. Overexpression data of [47] indicate that
AtAurora3 also acts on gamma-tubulin disposition or recruit-
ment to promote spindle formation. The generation of knock-
down mutants will help to further define the mitotic and meiotic
function of plant Aurora kinases.

Evolutionary analysis shows that Aurora kinases, while
having a consistent sequence theme throughout eukaryotes,
have undergone lineage-specific expansions and functional
specialization in metazoans. The occurrence of two subclades in
plants raises the interesting possibility that plants possess two
different isoforms of Aurora, called plant Aurora α and Aurora
β [46].

In animals, Aurora B is an enzymatic core of chromosomal
passenger complex, which also includes the inner centromere
protein INCENP, survivin, and borealin/DasraB. The complex
localises to the centromere during prometaphase and metaphase
[48]. Members of the Aurora B complex in fission yeast and
budding yeast have been characterised and shown to have
similar functions to their animal-cell orthologues (reviewed in
[49]). However, homologues of INCENP, survivin, and
borealin/DasraB could not be found in the Arabidopsis genome
and other plant proteins using NCBI conserved domain
database and blastp [47]. Whether the plant kinetochore-
localised histone H3 variant CENH3 (CENPA) undergoes
phosphorylation by an Aurora kinase, as reported for other
organisms, remains to be answered. In human S7 of CENH3 is
phosphorylated in a temporal pattern that is similar to H3S10
[50]. In plants it is noteworthy that CENH3-S50 and H3S28 are
phosphorylated with virtually identical kinetics [11]. Based on
the temporal coordination of CENH3 and H3S28 phosphoryla-
tion Zhang et al. [11] suggest that one signal for centromere-
mediated cohesion accumulation is a histone kinase, which
binds first at CENH3 and then diffuses outwards over histone
H3 to define the boundaries of the pericentromeric domains.
Identification of additional plant Aurora kinase substrates will
be very fruitful in determining details of their molecular
function.

NIMA kinase (never in mitosis, [51]) activity is required for
both phosphorylation of histone H3 Serine 10 and chromo-

Fig. 3. Model: In plants the cell cycle dependent phosphorylation at H3T11/3
may serve as a signal for other proteins involved in chromosome condensation,
while H3S10/28ph is involved sister chromatid cohesion at the pericentromeres
of metaphase chromosomes during mitosis and meiosis II. Aurora-like kinase
phosphorylates H3 at S10/28, and Hesperadin inhibits phosphorylation activity
of Aurora.
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some condensation in Aspergillus nidulans [52]. The fission
yeast NIMA homologue, Fin1p, can induce profound chromo-
some condensation in the absence of condensin and topoi-
somerase II, indicating that Fin1p-induced condensation differs
from mitotic condensation [53]. Yet, despite similarity to
NIMA of Aspergillus, no evidence for histone H3-specific
kinase activity has been found for Fin1p [51]; although in vitro
evidence exists that the human NIMA-like kinase Nek6 has
potential histone H3 substrate specificity [54]. While yeast and
filamentous fungi have only a single NIMA-like kinase, Cae-
norhabditis elegans encodes four [55], humans encode at least
11 [56] and Arabidopsis encodes a NIMA-related gene
family with 7 members (At1g54510, At3g04810, At5g28290,
At3g63280, At3g20860, At3g44200, At3g12200) [56]. The
first plant NIMA-like kinases were described in Antirrhinum
majus [57], tomato [58] and poplar [56]; but whether histone
H3 is the substrate for any of these plant NIMA-like proteins
remains to be analysed.

The human haspin kinase (haploid germ cell-specific nuclear
protein [59]) phosphorylates histone H3 on T3 in vitro, and
probably also in vivo in human cultured cells. Haspin RNA
interference in mammals causes misalignment of metaphase
chromosomes, and overexpression delays progression through
early mitosis [60]. Genes encoding haspin homologues are
present in all major eukaryotic phyla, but not in any of the
sequenced prokaryotic or archaea genomes [61]. In mammals
haspin localises to the nucleus, to condensed chromosomes
throughout mitosis, to the centrosomes and spindle micro-
tubules during metaphase and to the midbody in telophase [19].
Despite its crucial role in mitosis, a cell cycle dependent kinase
activity could not be detected for haspin [19]. Similarly, based
on publicly available microarray datasets [62] the expression
profile of the haspin-like gene of Arabidopsis (At1g09450) does
not change during mitosis. In vitro kinase assays testing histone
substrate specificity of the Saccharomyces cerevisiae haspin-
related proteins Alk1 and Alk2 failed to identify histones as
putative substrates [63].

The potential kinase(s) involved in phosphorylation of
H3T11 in plants remain to be identified. In mammals, Dlk/
ZIP kinase seems to be a likely candidate since it phosphor-
ylates H3 at T11 in vitro and its association with centromeres
parallels precisely the appearance of T11 phosphorylation [21].
A BLAST search of the Arabidopsis databank for homologues
of DAP kinase family members [64] only revealed protein
kinases with low similarity.

The identification of different kinases with H3 substrate
specificity suggests that various kinases could function as
mitotic H3 kinases in different organisms. It is also conceivable
that within any single organism many kinases can phospho-
rylate histones during cell division.

4. Histone phosphorylation in the activation of
transcription, apoptosis and DNA damage repair

Histone phosphorylation, like other post-translational his-
tone modifications, has also been linked to the activation of
transcription, apoptosis, DNA damage repair and even sex

chromosome dosage compensation (reviewed in [23,65,66]);
although our knowledge of its involvement in these processes in
plants is limited.

Recent transcriptome analysis in yeast demonstrated that
H3S10 phosphorylation is not a general requirement for
transcription at all promoters, but it may play a role tailored to
specific promoters [67]. In addition diverse stimuli, including
salt stress [68] or treatment of cells with growth factors [69],
elicit rapid and transient phosphorylation of different serine/
threonine positions on histones. Probably H3 phosphorylation
also has a role in the transcriptional activation of plant genes
[70]. Its involvement in stress response of plants is indirectly
supported by the observation that cold, salt or hormone stress
enhances the activity of the Arabidopsis MSK homologues
ATPK6/19 kinases [71]. MSK kinases are enzymes involved in
the process of histone phosphorylation during stress conditions
[72]. In the same way, the treatment of cultured BY-2 cells of
tobacco with different concentrations of sucrose, or of NaCl, can
lead to an increase in phosphorylation of histone H3 at S10 and
T3, particularly at intermediate concentrations, independently of
any increase in the rate of cell division (Fig. 4, Demidov, D.,
unpublished data). Similar changes in the modifications of
histone H3 after salt stress were reported for a tobacco cell
culture [73]. We assume that the treatment with sucrose and
NaCl might induce in a time and concentration dependent
manner the chromatin environment of genes involved in the
processes of energy and carbohydrates metabolism and osmotic-
salt stress responsive pathway, respectively.

The correlation of H3S10 phosphorylation with gene
transcription received further support after increased phospho
H3S10-specific immunolabelling was observed in actively
transcribing shock puffs in Drosophila polytene chromosomes
following heat shock [74]. Cold treatment of plant root
meristems has also been found to result in additional chromo-
somal sites (45S rDNA loci and heterochromatic sites) of H3S10
phosphorylation, besides that in the centromeres [24]; although

Fig. 4. Western blot analysis of histone H3 phosphorylation on total protein
extracts from tobacco BY-2 cells after treatment with different concentrations of
sucrose (0, 0.1, 1 and 3%) and NaCl (0, 0.1, 0.1, 0.25 and 0.5 M). Cell
suspension was cultivated in a basic medium [87] and the treatment was
performed for 1 h. Total protein isolation and immunodetection by Western blot
was performed according [47]. Left: BY-2 suspension after treatment with 0–3%
sucrose and subjected for Western blot analysis with antibodies against
H3S10ph, H3T3ph and unmodified histone H3, respectively. Right: The same
antibodies as above were used for the Western blot on protein extracts isolated
from BY-2 cells treated with 0–0.5 M NaCl.
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it is not clear whether chromosomal cold-sensitive regions are
indirectly correlated with cold-stress activated genes.

Histone phosphorylation has also been observed in associa-
tion with the apoptosis-induced chromatin condensation process
(reviewed in [75]). Besides histone H3, there is also evidence
for a correlation between histone H2A.X phosphorylation [76]
and H2B phosphorylated at serine 14 [77] with the onset of
apoptotic chromatin condensation and DNA fragmentation in
human cells. In contrast with S10/28 phosphorylation of H3, the
H2BS14 phosphorylation mark is not detected in mitotic
chromosomes. This has led to the hypothesis of a non-
overlapping set of phosphorylation marks discriminating
mitotic from apoptotic chromatin, a ‘life versus death histone
code’ [77]. Chromatin apoptotic-like features partly similar to
mammalian cells have been observed in plants (reviewed in
[78]) but a relationship between H3 phosphorylation and
apoptosis is not yet established for plants.

In yeast and in metazoa the histone variant H2A.X becomes
phosphorylated (known as gamma-H2A.X) at its C-terminal
S139 on either side of a DNA double-strand break, induced by
ionising radiation, meiosis, replication and recombination, at a
distance of 1 to 50 kb by specific kinases (ATM, ATR).
Phosphorylated H2A.X reversibly triggers the accumulation of
components involved in DNA recombination repair, and in cell
cycle checkpoint activation including histone acetyltransferase
and cohesin (for review see [79]). In plants, phosphorylation of
H2A.X is induced by gamma-irradiation at only one third the
rate observed in yeast and mammals, suggesting that plants are
more resistant than mammals to the induction of DNA lesions
[80]. It is possible that in plants, fewer DNA lesions are formed
in response to ionising radiation, or plants possess a greater
capacity for DNA repair and/or damage tolerance than
mammals do [80].

5. Outlook

Except for centromeric histone CENPA of maize [11], plant
histone H3 investigations have not yet looked specifically at
individual H3 isoform phosphorylation. It is known however,
that Arabidopsis encodes 15 histone H3 genes, including five
H3.1, three H3.3 and five H3.3 like genes [81]. Amongst them
are H3 variants with highly similar protein sequences, but
different function, suggesting that phospho-specific antibodies
are insufficient to distinguish between the phosphorylation
status of different H3 isoforms. As mentioned by [39], future
work on histone H3 phosphorylation cannot overlook the fact
that modification differences in H3 variants may exist and
should be taken into account. Complementary approaches,
combining mass spectrometry with immunological assays, will
be necessary to decipher the meaning of the diverse combina-
tions of histone H3 modifications. Besides further research on
H3 and isoforms, the functional analysis of phosphorylation of
the other core histones including linker histones will improve
our knowledge on the complex interplay of post-translational
histone modifications in plants. Recently, chromatin condensa-
tion has been linked to phosphorylation of histone H4 [82,83],
H2A [82], H2B [84] and H1 [76] in non-plant species.

Although the components of the chromatin code are fairly
well conserved throughout eukaryotes, evidence is growing
that the interpretation of the code has diverged in different
organisms, particular in plants versus animals [85,86]. We
look forward to further exciting insights that are certain to
arise as researchers continue to investigate the function and
regulation of histone modifications in diverse model systems.
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Abstract A major sequence component of the micro B
chromosome of Brachycome dichromosomatica (2n=4)
is the tandem repeat Bdm29, which was found by in situ
hybridisation to be distributed along the entire length of
the chromosome. A high copy number of this sequence
does not occur as a regular feature of the A chromo-
somes in this species but it was found in infrequent indi-
viduals in two wild populations that were analysed. In
these instances Bdm29 is localised within heterochro-
matic, polymorphic segments on the long arm of chro-
mosome 1. The origin of the micro B chromosomes was
investigated by determining whether they are related to
this A chromosome polymorphism by simple excision
and/or integration. Results obtained by using Bdm29, to-
gether with a newly isolated repeat sequence, Bdm54,
and a number of other sequences known to occur on the
micro B chromosome, as probes in in situ hybridisation
and Southern analysis demonstrated that the formation of
micro B chromosomes is a complex multistep process.
The observation that the genomic organisation of the mi-
cro B chromosome is unlike anything found on the A
chromosomes precludes their origin by simple excision
and also indicates that micro Bs do not integrate directly
into the A complement to form polymorphic heteroch-
omatic segments.

Introduction

B chromosomes (Bs), which are supernumerary to the
basic (A) chromosome set, are capable of generating one
of the most obvious genome size polymorphisms within

a species. They differ from the A chromosomes in mor-
phology and pairing behaviour and are not required for
normal growth and development (reviewed by Jones and
Rees 1982; Beukeboom 1994; Jones 1995; Camacho et
al. 2000). Little is known about the origin of B chromo-
somes but it is likely that those of different organisms
arose in different ways. It is widely accepted that Bs
could be derived from A chromosomes (e.g. Crepis ca-
pillaris, Jamilena et al. 1994; Zea mays, Stark et al.
1996) or from sex chromosomes (e.g. Eyprepocnemis
plorans, López-León et al. 1994; Leiopelma hochstetteri,
Sharbel et al. 1998). The spontaneous generation of Bs
following interspecific crosses has been reported in hy-
brids of Coix aquaticus and Coix gigantea (Sapre and
Deshpande 1987), in Nasonia vitripennis (McAllister
and Werren 1997) and in the progeny of the fish Amazon
Molly and Black Molly (Schartl et al. 1994). The de
novo formation of Bs is most likely a rare process, as an-
alyses of different B chromosome variants within species
suggest a close relationship between different variants
(Cabrero et al. 1999; Houben et al. 1999).

Studies have revealed that the plant genome is more
dynamic than originally supposed (Meyerowitz 1999)
and some genomic changes, once thought to be long-
term evolutionary events, may occur rapidly. In addition
to DNA transposition, translocation and deletion, the se-
lective amplification of particular DNA sequences is a
hallmark of genomic instability (Flavell 1985). One spe-
cies with extraordinary genome plasticity is Brachycome
dichromosomatica (synonym Brachyscome dichromoso-
matica), an Australian member of the Asteraceae, which
is an annual outbreeder with only two pairs of A chro-
mosomes. This species occurs in four karyotypically dis-
tinct cytodemes, A1, A2, A3 and A4 (Watanabe et al.
1975), and two different types of B chromosome may be
found within populations and, rarely, within a single
plant. These are the somatically stable large B chromo-
somes and the somatically unstable dot-like micro B
chromosomes (Carter and Smith-White 1972). The ob-
served variation in number of micro Bs within plants is
caused by nondisjunction of sister chromatids during
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anaphase, suggesting that the centromere is not fully
functional (Houben et al., unpublished results).

Genome size variability between different plants of B.
dichromosomatica may also occur due to the presence or
absence of heterochromatic A chromosome segments
(Houben et al. 1997a). In some species such segments
have been called ‘supernumerary segments’ by analogy
with supernumerary (B) chromosomes as they are usually
heterochromatic and dispensable, although some polymor-
phic euchromatic segments have also been reported. One
polymorphic segment type of B. dichromosomatica is
composed mainly of the short tandem repeat Bds1 (Houben
et al. 2000). Almost half of cytodeme A2 plants analysed
by fluorescence in situ hybridisation (FISH) were hemizy-
gous or homozygous at one, two or three different Bds1-
positive loci on A chromosomes. In addition, a Bds1 clus-
ter was always present on micro B chromosomes (Houben
et al. 2000). Another tandem repeat sequence called
Bdm29 was identified as a component of the micro B of
B. dichromosomatica, as were telomere and ribosomal
DNA sequences (Houben et al. 1997b). After FISH using
Bdm29, the entire micro B was labelled, suggesting that a
high proportion of the micro B consists of this sequence
with an even distribution along the chromosome. Only
very low copy numbers of Bdm29-like sequences were
found on the A chromosomes of plants tested by Southern
hybridisation (Houben et al. 1997b).

Multiple copies of Bdm29-like sequences were found
in the larger Bs of B. dichromosomatica and in other Bs
within the genus Brachycome (Houben et al. 1997b).
This suggested that Bdm29 is a highly conserved se-
quence that may be important in the formation and be-
haviour of the B chromosomes, as it may have appeared
early in the evolution of Brachycome Bs and persisted
during subsequent speciation. Alternatively, the se-
quence may have evolved independently several times in
different lineages of the genus.

In order to study the evolutionary relationship be-
tween the micro Bs and the polymorphic A chromosome
segments, we investigated whether the micro B major
component, repeat Bdm29, could form an A chromo-
some segment polymorphism similar to that demonstrat-
ed for Bds1. To do this, members of different B. di-
chromosomatica populations without any Bs were
screened for the presence of a high copy number of
Bdm29 and a few rare plants were found with hetero-
chromatic Bdm29-positive A segments. To test whether
or not the micro B chromosome could originate from a
single excised Bdm29-positive A segment, the detailed
genomic organisation of this polymorphic A segment
was examined in different genotypes with a range of mi-
cro B chromosome localised probes.

Materials and methods

Plant material

B. dichromosomatica (2n=4) is a member of the Brachycome lin-
eariloba complex (Watanabe et al. 1975). Seeds of B. dichromoso-

matica were collected from two different wild populations in
South Australia (18.3 km south of Wild Dog Glen, 17.5 km north
of Hawker) and from laboratory lines from adjacent areas cultivat-
ed over several years. The cytodemes (A2 and A4) were character-
ised on the basis of their chromosome morphology as described by
Watanabe et al. (1975).

Cloning and selection of micro B chromosome sequences

Degenerate oligonucleotide-primed polymerase chain reaction
(DOP-PCR) amplified DNA of 20 microdissected micro B chro-
mosomes (Houben et al. 1997b) was ligated into the vector
pGEM-T Easy (Promega) and propagated in the Escherichia coli
strain DH5α. DNA from the resulting colonies was successively
hybridised with 32P-labelled total genomic DNA of plants with
and without micro B chromosomes and colonies showing differen-
tial hybridisation were selected for further study.

Sequencing and sequence data analysis

Sequence analysis of the clones was performed by the automated
dideoxynucleotide-dye termination method (Perkin-Elmer).
Searches for sequence similarity in the Genbank database were
performed using FASTA and BLASTA services (Australian Na-
tional Genomic Information Service).

Southern hybridisation

Genomic DNA was isolated from leaf material (Wienand and Feix
1980) and digested with different restriction enzymes according to
the manufacturer’s recommendations. DNA fragments were re-
solved on 0.8% agarose gels and transferred to Hybond N+ nylon
membranes (Amersham) for hybridisation. The DNA probes were
labelled with [32P]dCTP by random-primed DNA synthesis. Hy-
bridisation was carried out overnight at 65°C in 5×SSPE, 0.2%
SDS, 5×Denhardt’s reagent and 100 µg/ml salmon sperm DNA.
After hybridisation, blots were washed twice in 0.5×SSC with
0.1% SDS at 65°C (1×SSC is 0.15 M NaCl, 0.015 M sodium ci-
trate). They were then exposed at –70°C to X-ray film with en-
hancing screens or to phospho imager plates (Fuji) for appropriate
periods.

DNA probe preparation

Plasmid VER17 (Yakura and Tanifuji 1983), encoding part of the
18S, the 5.8S, most of the 25S and the internal transcribed spacers
of Vicia faba 45S rRNA, was used as an rDNA-specific probe. A
5S rDNA-specific probe was amplified from genomic DNA of B.
dichromosomatica using primers designed to the 5S rDNA se-
quence of Glycine species (Gottlub-McHugh et al. 1990). An Ar-
abidopsis-type telomere probe was synthesised by PCR according
to Ijdo et al. (1991). The inserts of the clones pBdm29, pBdm54
and pBds1 were used as Brachycome-specific probes.

Preparation of mitotic chromosomes and extended DNA fibres

Mitotic preparations for in situ hybridisation were obtained from
root tips according to Donald et al. (1997). The preparation of the
extended DNA fibres was modified from Fransz et al. (1996). Iso-
lated leaf nuclei were collected in PBS and 3 µl of suspension
were pipetted onto a glass slide and air-dried. Nuclei were disrupt-
ed for 3 min at room temperature in 20 µl of STE buffer (0.5%
SDS, 100 mM TRIS, pH 7.0, 0.5 mM EDTA). The fibres were
stretched by dropping 200 µl of freshly prepared, ice-cold etha-
nol:acetic acid (3:1) onto the slides which were then air dried, im-
mersed in ethanol:acetic acid (3:1) for 2 min, air-dried again and
baked at 60°C for 1 h.
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Fluorescence in situ hybridisation

The probes were labelled with digoxigenin (DIG)-11-dUTP or bi-
otin-17-dUTP by nick translation or PCR. Hybridisation sites of
the DIG- or biotin-labelled probes were detected using sheep anti-
DIG-rhodamine/rhodamine anti-sheep antibody or streptavidin-
fluorescein isothiocyanate (FITC)/anti-streptavidin-FITC, respec-
tively. Epifluorescence signals were recorded on Fuji 400 film or
electronically with a cooled CCD camera. The image manipula-
tions including pseudo-colouring were performed with the pro-
gram Adobe Photoshop.

Results

Detection of heterochromatic A chromosome segments
containing high copies of Bdm29

To find high copy numbers of the micro B repeat
Bdm29 in plants without B chromosomes, three differ-
ent plant populations were screened by dot-blot or
Southern hybridisation with labelled Bdm29 sequences.
The copy number of Bdm29 was very low in all 55
plants analysed from the laboratory population, but 1 of
19 and 4 of 14 plants from two wild populations showed
a high copy number of this sequence. After in situ hy-
bridisation of metaphase chromosomes, clustered
Bdm29-specific signals were identified in all these
plants on only one of the four chromosomes present.
Copy number differences of Bdm29-like sequences be-
tween the different plants analysed were indicated by
consistent differences in the size and intensity of the hy-
bridisation signal (Figs. 1a, 2d, i, j, k). The site of hy-
bridisation coincided with an interstitial polymorphic
heterochromatic segment on the long arm of chromo-
some 1 of cytodeme A2 (Fig. 1c) and cytodeme A4
(Fig. 2d, f). This region remains highly condensed at all
stages of the cell cycle in the same way as do the micro
Bs and it can be observed during interphase as a
chromocentre (Figs. 1a, 2l). Because the Bdm29 cluster
co-locates with the condensed chromatin of micro Bs
and the polymorphic A segments, it appears that this re-
peat unit contains DNA that has a propensity to form
heterochromatin. 

The karyotype of all mitotic root cells analysed was
stable within each single plant and Mendelian inherit-
ance was demonstrated for the Bdm29-positive A seg-
ments by analyses of progeny from crosses between het-
erozygous plants. Plants homozygous for the Bdm29 A
segment were observed in the progeny (Fig. 2e, f, g) at
the expected frequency, although no homozygotes were
found in the wild population.

To determine the organisation of Bdm29 in these het-
erochromatic A segments, Southern blots of genomic
DNA partially digested with EcoRI were hybridised with
labelled Bdm29. Ladders characteristic of multiples of a
0.3 kb monomer arranged in tandem arrays were ob-
served (Fig. 3). Complete digestion with EcoRI yielded
the 0.3 kb monomer, showing that the restriction site was
conserved on all copies of the sequence, consistent with
a recent evolutionary amplification event.

The copy number of Bdm29-like sequences at the A
chromosome sites varies between different plants

Comparative Southern hybridisation experiments were
performed in order to quantify the copy number of
Bdm29-like sequences in individual plants containing A
chromosome repeat clusters. To obtain comparability be-
tween different DNA loadings, 5S ribosomal DNA of B.
dichromosomatica was selected as an internal standard.
Southern hybridisations of EcoRI-digested genomic
DNA, isolated from eight plants (Fig. 1, plants A–H),
with simultaneously labelled Bdm29 and 5S rDNA
probes revealed two distinct hybridising bands of size
0.3 and 21 kb. Setting the intensity of the 21 kb 5S
rDNA signal at 100% for each sample allowed estimates
of the relative abundance of Bdm29 (0.3 kb band) in dif-
ferent plants. The histogram (Fig. 1) shows the relative
intensity of the Bdm29 signal obtained from different
DNA samples from plants that were heterozygous for the
Bdm29-positive heterochromatic segment. The Bdm29
signal intensity differed by 32-fold between plants C and
E and the copy number varied more than twofold within
the group when plant E was excluded.
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Fig. 1 Fluorescence in situ hybridisation (FISH) of Bdm29 to mi-
totic metaphase cells of different Brachycome dichromosomatica
(2n=4, cytodeme A2) plants heterozygous (a) and homozygous (b)
for a polymorphic Bdm29-positive segment on A chromosome 1.
Note the differences in the hybridisation signal size and intensity
between the different Bdm29 loci. Enlarged (c) 4′, 6-diamidino-2-
phenylindole (DAPI)-stained prometaphase chromosome 1 (het-
erochromatic region is arrowed) before (c) and after (d) FISH
with Bdm29. In e the pictures c and d were merged. The bar in b
represents 5 µm. The histogram shows the relative signal intensity
(% of 5S control) of Bdm29-like sequences to the genomic DNA
of plants A–H after Southern hybridisation with labelled Bdm29



The sequence composition of micro Bs and Bdm29-posi-
tive A chromosome segments

The detailed genomic organisation of the Bdm29-posi-
tive A segments was probed with a range of known mi-
cro B sequences to determine whether the A and B chro-
mosome structures are directly related by excision/inte-
gration. The chromosome positions of the relevant in situ
hybridisation probes used (Table 1) are shown in the
schematic karyotype of B. dichromosomatica (Fig. 4).
The micro B chromosome localised rDNA (Fig. 2a),
Bds1 (Fig. 2b) and telomere (Fig. 2c) sequences were
hybridised together with labeled Bdm29 sequences
(Fig. 2d–g, i–l) to metaphase chromosomes of different
genotypes carrying Bdm29-positive A segments. After
FISH with rDNA and Bdm29 sequences, no rDNA sig-
nals apart from those already reported on the A chromo-
somes (Houben et al. 1999) were detected (Fig. 2d–g).
One of the three possible polymorphic Bds1 A chromo-
some sites of cytodeme A2 (Houben et al. 2000) was de-
tected next to the Bdm29 segment in two plants
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Fig. 2 Fluorescence in situ hybridisation (FISH) with different
micro B chromosome and A chromosome sequences to single mi-
cro B chromosomes (a–c) and mitotic cells (d–k) of B. dichromo-
somatica (2n=4). Bar in c represents 1 µm for a–c. a–c Single mi-
cro B chromosomes of B. dichromosomatica are hybridised in situ
with a Bdm29 (green) and 18S/25S rDNA (red, arrowed), b poly-
morphic A chromosome segment sequence Bds1 (in yellow) and 
c Arabidopsis-type telomere sequences (yellow). d–l Metaphase A
chromosomes of B. dichromosomatica cytodeme A2 (e, g–k) and
a cytodeme A4/A2 hybrid (d, f) carrying a polymorphic Bdm29-
positive A chromosome segment after FISH with d–g differen-

Fig. 3 Partial and complete di-
gests of genomic DNA isolated
from a plant with a Bdm29-
positive polymorphic A chro-
mosome segment. The DNA
samples were digested with 0.5
lane 1, 1.5 lane 2 or 6 units
lane 3 of EcoRI and Southern
hybridised with Bdm29

tially labelled Bdm29 (red signals) and 18S/25S rDNA (green
signals). h FISH with an Arabidopsis-type telomere sequence. 
i–j Mitotic cells of different plants carrying polymorphic Bdm29-
positive A chromosome segments and polymorphic Bds1-positive
A segments after FISH with differentially labelled Bdm29 (green)
and Bds1 (red) sequences. k One of the three possible polymor-
phic Bds1 A chromosome sites is adjacent to the Bdm29 segment
site at metaphase. Note, these two heterochromatic regions are
clearly separated in less condensed prometaphase (k′′, k′′′′) or inter-
phase chromosomes (l). Bar in k′′′′ is representative for d–l and in-
dicates 5 µm



(Fig. 2k). However, these two heterochromatic regions
were clearly separated in less condensed prometaphase
(Fig. 2k', k'') or interphase chromosomes (Fig. 2l). This
arrangement contrasts with that in the micro B, where
the larger Bdm29 region is closely juxtaposed to the
Bds1-positive region at all stages of mitosis studied
(Fig. 2b). In addition, Bdm29-positive genotypes without
any, or with distantly located, Bds1 segments were also
found (Fig. 2i, j). No interstitial signals were detected on
any A chromosome after in situ hybridisation with Arab-
idopsis-type telomere sequences (Fig. 2h). 

Since none of the micro B chromosome probes
(rDNA, telomeres, Bds1) were detected in proximity to
the Bdm29-positive A segment, we conclude that the mi-
cro B and the A segment are not related to each other by
simple excision or integration. However, the Bdm29-

positive A region could be formed by an integrated mi-
cro B chromosome fragment lacking rDNA, telomeres
and Bds1 sequences. Additional micro B sequences were
therefore sought in order to test this possibility.

To obtain other diagnostic probes, a partial micro B
DNA library was screened with total genomic DNA of
plants with and without micro Bs. After Southern hy-
bridisation, in addition to clones showing only minor
levels of differential hybridisation, one clone (Bdm54)
with a strong and almost exclusive micro B specificity
was identified. Southern analysis of AluI-digested ge-
nomic DNA probed with Bdm54 showed intense signals
characteristic of another tandem repeat in all plant geno-
types containing micro Bs (Fig. 5a). No such hybridisa-
tion was obtained with DNA from plants containing a
Bdm29-positive A chromosome region (Fig. 5a) or large
B chromosomes (not shown). However, weak hybridis-
ing bands were detectable after extended exposure in
DNA from B. dichromosomatica without micro Bs and
the related B. lineariloba (2n=10, 12 or 16) species (re-
sult not shown). Reprobing the same Southern filter with
Bdm29 gave strongly hybridising bands in DNA from
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Fig. 4 Schematic karyotype of B. dichromosomatica (cytodeme
A2, n=2 A chromosomes + large B chromosome + micro B chro-
mosome) shows the positions of Bdm29 (green), Bds1 (yellow),
rDNA (red) and Bdm54 and other unidentified sequences (dark
blue). Bds1 forms up to three different polymorphic regions on A
chromosomes 1 and 2. The physical order of Bds1 and rDNA se-
quences at the distal end of the micro B is uncertain. The micro B
is enlarged in the inset. Bar represents 5 µm

Table 1 List of relevant sequences tested on A and micro B chromosomes of B. dichromosomatica, cytodeme A2

Sequence, reference Presence on:

A chromosome Micro B

Bdm29 repeat (accession number Y13091), Forms a rare polymorphic heterochromatic High copy 
Houben et al. (1997b) region on chromosome 1 number detected
Bds1 repeat (accession number AJ130940), Forms up to three polymorphic heterochromatic Detected
Houben et al. (2000) regions on chromosomes 1 and 2
Bdm54 repeat (accession number AJ276463), Not detected High copy 
this paper number detected
18S/25S rDNA (VER17), Detected Detected
Yakura and Tanifuji (1983)
Arabidopsis-type telomere Detected Detected

Fig. 5a, b Southern hybridisation of Bdm54 and Bdm29 to AluI-
digested genomic DNA of genotypes with micro B chromosomes
(lanes mB) or Bdm29-positive A chromosome segments (lanes
pA). a After hybridisation with Bdm54, b after hybridisation with
Bdm29



genotypes with micro Bs and Bdm29-positive A regions
(Fig. 5b). Since no Bdm54-specific signals were found in
genotypes carrying Bdm29-positive A regions, the DNA
composition of the micro Bs differs from that of the
Bdm29-positive A chromosome segment. We conclude
that the Bdm29-positive A chromosome region did not
originate by integration or excision of whole micro B
chromosomes or chromosome fragments.

The AT-rich (61%) insert of Bdm54 is 477 bp long
and contains four copies of a subrepeat unit
(TCGAAAAGTTCGAAG) as well as three perfect and
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Fig. 6 Sequence of the 477 bp
tandem repeat Bdm54 (EMBL
accession number AJ276463).
The repeat units of
TCGAAAAGTTCGAAG are
underlined; the perfect and de-
generate repeat units AGT-
TCGAA are boxed

Fig. 7a, b Genomic organisation and methylation of Bdm54. a A
partial digest of genomic DNA isolated from a plant with micro B
chromosomes. The DNA samples were digested with 0.5 lane 1,
1.5 lane 2 or 6 units lane 3 of AluI. b Genomic DNA isolated
from a plant with micro B chromosomes was digested with MspI
or HpaII. Both Southern blots were hybridised with Bdm54

Fig. 8a–h Fluorescence in situ hybridisation (FISH) of tandem re-
peats Bdm29 and Bdm54 to mitotic chromosomes and extended
DNA fibres prepared from B. dichromosomatica with micro B chro-
mosomes. DAPI-counterstained a mitotic metaphase chromosomes
and e extended DNA fibres after FISH with differentially labelled
Bdm29 (b, f) and Bdm54 sequences (c, g). The pictures were pseu-
do-coloured (a blue, b green, c red) and merged (d). In h pictures f
and g are merged. Fibres are further enlarged in the insets of f–h



four degenerate copies of a second short repeat (AGT-
TCGAA) that are embedded in the first unit (Fig. 6). 
The sequence (EMBL, Genbank accession number
AJ276463) was compared with the Genbank database
and no significant sequence homology was found. To
confirm the sequence organisation of Bdm54, it was used
as a probe to genomic DNA from a plant with micro B
chromosomes partially digested with AluI. The result
showed a pattern characteristic of tandem repetitive se-
quences (Fig. 7a). Southern analysis suggested a medium
degree of methylation of genomic Bdm54 sequences at
CmCGG sites recognised by HpaII compared with
mCCGG sites recognised by MspI (Fig. 7b). 

Tandem repeat clusters of Bdm29, Bdm54 and other se-
quences are interspersed in micro B chromosomes

Multicolour in situ hybridisation with Bdm54 and
Bdm29 sequences revealed labelling of the entire micro
Bs (Fig. 8a–d), suggesting that both sequences are dis-
persed and interspersed along the chromosome. To in-
vestigate the arrangement of the two repeats in individu-
al DNA molecules, extended DNA fibre-FISH was per-
formed with differentially labelled Bdm29 and Bdm54
probes. Figure 8h shows individual fibres with pseudo-
coloured Bdm29 (Fig. 8f) and Bdm54 signals (Fig. 8g),
showing that the two repeat clusters are interspersed ir-
regularly with each other along the fibres. Generally,
stretches of fibres hybridised with Bdm29 were longer
than those with Bdm54. Non-hybridising DNA fibre
stretches were also detected, which must contain undis-
covered micro B sequences. Therefore, the micro B-lo-
calised Bdm29-like sequence is not organised as an ex-
tended and uninterrupted tandem array but rather as clus-
ters that vary in size along the micro B. Since no internal
size marker was available, the degree of DNA fibre ex-
tension could not be estimated.

Discussion

The DNA composition and cytological appearance of the
A heterochromatic segment is similar to the Bds1-posi-
tive segments of B. dichromosomatica recently described
by Houben et al. (2000) and the polymorphic heterochro-
matic knobs of maize (Peacock et al. 1981). In maize
(Peacock et al. 1981; Ananiev et al. 1998) and in B. di-
chromosomatica, the heterochromatic segments appear
to be predominantly composed of tandem sequence ar-
rays. In both species, these sequences are also related to
high copy sequences located in B chromosomes (Alfen-
ito and Birchler 1993; Houben et al. 2000). However, the
frequency of appearance of Bdm29-positive A segments
is lower than the frequency of Bds1-positive A seg-
ments. Furthermore, Bds1 segments were found at three
different possible A chromosome sites (Houben et al.
2000), whereas the Bdm29-positive segments were
found only at a single A chromosome site. Therefore, the

Bdm29-positive A chromosome segment polymorphism
represents a new type of chromosome feature in B. di-
chromosomatica.

The question remains as to the nature of the mecha-
nism responsible for the formation and maintenance of
the Bdm29-positive segment polymorphism in natural
populations and its relationship to the micro B chromo-
somes. There are a number of possible evolutionary in-
terpretations of this situation. One explanation for the
polymorphic status of the A segments in B. dichromoso-
matica populations is that they are advantageous or dis-
advantageous for plants within the population under spe-
cific environmental conditions. If Bdm29-positive A
segments are a recent addition to the genome then homo-
genisation/stabilisation of the chromosome distribution
may be expected later. However, as all cytodemes analy-
sed carry a small number of Bdm29-like sequences on
the large B chromosomes (Houben et al. 1997b), it is
likely that Bdm29 was already present before the cytode-
mes diverged.

Rapid and ongoing spontaneous amplification/dele-
tion processes may explain the Bdm29 copy number dif-
ferences detected between genotypes with Bdm29-posi-
tive A segments. Differential DNA amplification, in vit-
ro, has been reported for high copy sequences in plants
(Arnhold-Schmitt 1993) and repeats arranged in tandem
arrays are particularly prone to molecular events that al-
ter their number (Flavell 1985).

It is striking that the major component of the micro B
is composed of a tandem repeat (Bdm29) that is also able
to form a heterochromatic A chromosome segment. The
Bdm29-positive A segment shows similar structures to
those described as interchromosomal “homogeneously
staining regions” (HSRs) in mammalian cells (Cowell
1982). As in Brachycome, repeated sequences are found
in these condensed HSR chromosome segments (Smith
et al. 1990) and the amplified sequences are often vari-
able in repeat number and organised as tandem arrays
(Ma et al. 1993). However, it must be noted that the HSR
regions observed in mammalian karyotypes are a result
of strong selective pressure (i.e. for drug resistance),
which, although it may exist, is not identifiable in these
wild populations.

There is clearly an evolutionary relationship between
the polymorphic A chromosome sites of Bdm29 and the
micro B chromosomes and this relationship has been rig-
orously scrutinised in this paper. The approach was to
determine the sequence architecture of Bdm29 at the two
sites with respect to other sequences known to occur on
the micro B chromosome. The results indicate that the
relationship between the A and micro B sites is complex
and cannot be explained by simple integration and/or ex-
cision. Since no ribosomal DNA, telomeres or Bds1 seg-
ments were detected in proximity to the Bdm29-positive
A segment (Fig. 4), it is unlikely that any of the plants
analysed showing a Bdm29-positive A segment repre-
sents a direct forerunner or integration product of the
particular micro Bs that were characterised. Furthermore,
it is only in micro Bs that the Bdm29 tandem arrays are
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intermingled with the tandem repetitive sequence
Bdm54, such that the Bdm29-like sequences of the mi-
cro B do not consist entirely of an extended and uninter-
rupted tandem array of the repeat unit. Nevertheless the
sequence blocks are quite long, as Southern analysis of
partially digested DNA of genotypes with micro Bs
shows a ladder with large numbers of rungs (Houben et
al. 1997b). Interspersion of this nature appears to be a
rare feature of tandemly repeated DNA. In most plant
and animal species, long uninterrupted single repeat-type
arrays of several hundred kilobases to several megabases
in length are most commonly described (examples com-
piled in Zinic et al. 2000) but mosaic structures have
been observed among tandem arrays of A chromosome
satellite DNA (Zinic et al. 2000) and B chromosome-
specific repeats (Franks et al. 1996; McAllister and 
Werren 1999; Langdon et al. 2000).

It is not clear how the interspersion of arrays of dif-
ferent sequences has occurred. Although Bdm54 shows
no sequence similarity to known transposable DNA ele-
ments, we cannot exclude the possibility that the flank-
ing sequences form part of a transposable element and
that the Bdm54 sequences associated with the flanking
sequences have been inserted by a transposition mecha-
nism. Under the selfish DNA hypothesis, Bdm54 ele-
ments would accumulate in micro Bs because they are
less likely to be deleterious to the host genome. A rapid
accumulation of Bdm54-like sequences on a de novo mi-
cro B may have been under initial strong selection be-
cause of the necessity to reduce the sequence similarity
to the Bdm29-positive. These changes would reduce the
competence of meiotic pairing between the ancestral and
derived segments, such that the newly formed B may
survive and begin its independent evolution. The chro-
mosome-specific accumulation of Bdm54 elements may
represent a crucial step in a ratchet-like (Green 1990)
chromosome evolution mechanism.

Because evolutionary processes cannot be repro-
duced experimentally, the course of B chromosome for-
mation can only be tentatively reconstructed. However,
considering that high copy numbers of Bdm29 are con-
served on other types of B chromosomes of Brachycome
(Houben et al. 1997b) and the Bdm29-positive A seg-
ments appear to be in constant flux, it is still feasible
that this repeat may represent one of the micro B foun-
der sequences. Our data are consistent with the hypothe-
sis that the B. dichromosomatica micro B originated
from the standard genome but did not derive from a
simple chromosome excision of part of one of the A
chromosomes.

The findings presented here highlight that caution
needs to be exercised when analysing karyotype evolution
with a low number of chromosomal probes and also rein-
force the point that it is vital to consider a sufficient num-
ber of plants to ensure that the full range of genome varia-
tion present is detected. The experiments also demonstrate
that laboratory collections must be expected to be serious-
ly unrepresentative of the level of genomic variation and
dynamic structure present in wild populations.
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Abstract. After selective enrichment and differential hy-
bridisation of Cot-1 DNA fractions of plants with and
without polymorphic heterochromatic segments, a repet-
itive sequence (called Bds1) specific to the polymorphic
chromosome segments of Brachycome dichromosomat-
ica (Brachyscome dichromosomatica) was isolated. A
single repeat unit of Bds1 is 92 bp long and is organised
in tandem arrays at three different polymorphic segment
sites on the chromosomes of cytodeme A2. Although all
three sites showed extensive polymorphism between
plants, the karyotypes of all analysed mitotic root cells
were stable within a single plant. Electron microscopy
revealed heavily condensed chromatin structures at the
most obvious polymorphic site. The mechanisms that
generate and maintain the observed chromosome struc-
ture polymorphisms are discussed.

Introduction

Most eukaryotic chromosomes consist of both euchro-
matic and heterochromatic segments, which are general-
ly identical between homologous chromosomes. With
differential chromosome staining methods it is possible
to visualize the different chromatin types and to use the
resulting lengthwise chromosome differentiation as a
tool to distinguish homologous pairs of chromosomes.
The expectation is that the succession of positive- and
negative-staining chromosome bands will be essentially
identical between homologous chromosomes in a popu-
lation. However, intraspecific variations in size and
number of the bands between homologous chromosomes
have frequently been found in animals, e.g. Eyprepocne-
mis (Martin-Alganza et al. 1997); and plant species, e.g.
Alstroemeria (Buitendijk et al. 1998), Scilla (Vosa 1973),

(Greilhuber and Speta 1976), Triticum araraticum
(Badaeva et al. 1994), Tulipa australis (Ruiz Rejon et al.
1985), Secale cereale (Vinikka and Kavander 1986) and
Allium subvillosum (Jamilena et al. 1990). In some spe-
cies such bands are also called ‘supernumerary seg-
ments’, e.g. Rumex (Wilby and Parker 1988), grasshop-
per (Hewitt 1979; Camacho et al. 1984), by analogy
with supernumerary (B) chromosomes, with which they
share several characteristics, i.e. they are often hetero-
chromatic and dispensable, although some polymorphic
euchromatic segments have also been found (e.g. Ains-
worth et al. 1983; Camacho et al. 1984). Individuals pos-
sessing them are phenotypically indistinguishable from
those lacking the segments. In maize, variable hetero-
chromatic segments (called ‘knobs’) have been found in
23 possible locations on the 10 maize chromosomes
(Rhoades and Dempsey 1966).

Chromosome band polymorphisms range from
changes in the size of pre-existing bands (Vosa 1973) to
the addition of truly supernumerary segments (Hewitt
1979). Different patterns of inheritance have been deter-
mined for these polymorphic segments. In some species
meiotic drive was shown to play a role in their mainte-
nance (Ainsworth et al. 1983; Wilby and Parker 1988),
while in another species the segments were found to be
inherited in a normal Mendelian fashion (Ruiz Rejon et
al. 1985). In addition different patterns of inheritance
have been reported for different polymorphic segments
of the same species (Wilby and Parker 1988; Lopez-
Leon et al. 1992). In maize, the knobs are centromerical-
ly inactive under normal conditions, but in the presence
of an abnormal chromosome 10, they acquire centromer-
ic functions during meiosis and override the function of
normal centromeres (Rhoades and Vilkomerson 1942).
The reported band polymorphisms will also generate in-
traspecific variation in nuclear DNA amount as already
reported in numerous other angiosperm species (re-
viewed by Bennett and Leitch 1995).

Recently a striking chromosome structure polymor-
phism in the plant Brachycome dichromosomatica was
described (Houben et al. 1997a). C-banding revealed
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one or two additional terminal heterochromatic segments
on a single chromosome of one homologous pair in a
number of plants analysed. Brachycome dichromosomat-
ica is an outbreeder with only two pairs of A chromo-
somes. Within the species there are four different cy-
todemes (A1, A2, A3 and A4) each of which contains
large B chromosomes (Bs) and dot-like micro B chro-
mosomes (micro Bs) (Carter and Smith-White 1972).

The aim of the present investigation was to characte-
rise the structure and DNA composition of the highly
polymorphic heterochromatic segments of B. dichromo-
somatica.

Materials and methods

Plant material and cytogenetic preparation

Brachycome dichromosomatica (also called Brachyscome di-
chromosomatica) (2n=4) is a member of the Brachycome lineari-
loba complex (Watanabe et al. 1994). Plants of the cytodemes A1
and A2 of B. dichromosomatica were characterised on the basis of
their chromosome morphology as described by Watanabe et al.
(1975). Mitotic preparations for in situ hybridisation were ob-
tained from root tips according to Houben et al. (1997b).

Isolation, cloning and selection of Cot-1 DNA

Genomic DNA was isolated from leaf material using the proce-
dure described by Wienand and Feix (1980). The Cot-1 fraction of
B. dichromosomatica DNA was prepared using the procedure de-
scribed by Zwick et al. (1997). In brief, DNA was sheared to a
length of between 0.1 and 1 kb and dissolved in 0.3 M NaCl at a
concentration of 0.5 mg/ml. The resulting DNA was denatured for
10 min at 95°C and immediately chilled in an ice bath for 10 s.
For reannealing the single-stranded DNA was incubated for 11.2
min at 65°C. Unannealed, single-stranded DNA was digested by
adding 1 U S1 nuclease (Boehringer) per 1 µg DNA in the appro-
priate buffer. The samples were gently mixed and incubated at
37°C for 8 min and the DNA was purified by phenol/chloroform
extraction. After ethanol precipitation and centrifugation, the
DNA was resuspended in TE buffer. For cloning, the 3’ termini of
the Cot-1 DNA fragments were end-filled by using the Klenow
fragment of Escherichia coli DNA polymerase I. The blunt-ended
DNA fragments were ligated into the SmaI restriction site of the
plasmid pBluescript (Stratagene) and propagated in the E. coli
DH5α strain. The resulting transformants were successively colo-
ny hybridised with 32P-labelled total Cot-1 DNA of plants with
and without polymorphic segments.

Sequencing and sequence data analysis

Sequence analysis of the clones was performed by the automated
dideoxynucleotide-dye termination method (Perkin-Elmer).
Searches for sequence similarity in the Genbank database were
performed using FASTA and BLASTA services (Australian Na-
tional Genomic Information Service).

Polymerase chain reaction (PCR) with Bds1-specific primers

The PCR was performed in a 25 µl volume using 20 ng of genom-
ic DNA as the template. The other components of the reaction
were 0.2 mM dNTPs, 0.3 U Taq polymerase (Bresatec), 0.2 mM
primers (5’-GCTTTATGGAGGCTCGTGTG-3’ and 5’-CATTTC-
GATTCCCATGGTTG-3’), 2 mM MgCl2, 50 mM KCl, 10 mM

TRIS-HCl and 0.1% (v/v) Triton X-100. After denaturation for
2 min at 94°C, 20 cycles of amplification were performed under
the following conditions: 94°C, 1 min; 45°C, 1 min; 72°C, 1 min
followed by a final primer extension step of 5 min at 72°C. The
PCR products were ligated into the vector pGEM-T Easy (Prome-
ga) and propagated in the E. coli DH5α strain.

Southern hybridisation

Genomic DNA was digested with restriction enzymes according
to the manufacturer’s recommendations. For partial digestions,
5 µg of DNA was cut with successively diluted amounts of the en-
zyme for 4 h. DNA fragments were resolved on 0.8% agarose gels
in TAE buffer and subsequently transferred to Hybond N+ nylon
membranes (Amersham). For hybridisation, the DNA probes were
labelled with [α-32P]dCTP by random primed DNA synthesis.
Hybridisation was carried out overnight at 65°C in 5×SSPE, 0.2%
SDS, 5×Denhardt’s reagent, 100 µg/ml single-stranded salmon
sperm DNA. Blots were washed successively in 0.1×SSC and
0.1% SDS and then exposed to X-ray film with intensifying
screens at –70°C for appropriate periods. (1×SSC is 0.15 M NaCl,
0.015 M sodium citrate.)

Estimation of the genomic DNA content of B. dichromosomatica
and determination of repeat unit copy number

Feulgen microdensitometry was performed to estimate DNA
amounts in B. dichromosomatica. Seeds of B. dichromosomatica
and Vigna radiata cv. Berken (the calibration standard) were ger-
minated on moist filter paper. Once germinated, the root tips from
each species were simultaneously placed into vials containing
freshly prepared fixative (3:1 ethanol:glacial acetic acid). After at
least 24 h, but not more than 3 weeks, in fixative, the roots were
rinsed in distilled water, then hydrolysed in vials of 5 N HCl for
40 min at 25°C. Once hydrolysed, the root tips were stained,
washed and stored in distilled water. On the following day, the
slides were prepared and stain absorbency was measured using a
Vickers M85a Microdensitometer (all as described in Rudall et al.
1998). To estimate the 4C values of each sample, arbitrary read-
ings of nuclei judged to be at mid-prophase of mitosis were mea-
sured from each slide and three integrated values were taken from
each nucleus. To estimate the size of the B chromosomes, arbi-
trary readings of individual standard B and micro B chromosomes
were taken from well-spread metaphase cells. The arbitrary values
were converted to picograms from the ratio of the mean absorb-
ancy of the nuclei of the test species to that of the calibration stan-
dard, which has a known 4C DNA amount (2.12 pg, Bennett and
Leitch 1995). Standard deviations and standard errors were then
calculated.

The determination of copy number was performed by quantita-
tive slot-blot hybridisation. Genomic DNA was applied in differ-
ent concentrations together with a dilution series of the DNA of
clone Bds1 to Hybond N+ using a slot-blot apparatus. Hybridisa-
tion of the filter was performed with 32P-labelled (see above)
probe Bds1. After hybridisation the relative radioactivity was
measured with a phosphoimager (Fuji) and copy number estimat-
ed by comparison of radioactivity, genome size of plant and clone,
and slot-blot sample loading.

Fluorescence in situ hybridisation (FISH)

An Arabidopsis-type telomeric probe was synthesised using PCR
according to Ijdo et al. (1991). The probes (Bds1, telomere) were
labelled with digoxigenin-11-dUTP (DIG-11-dUTP) by nick
translation. Hybridisation sites of the DIG-labelled probe were de-
tected using sheep anti-digoxigenin-rhodamine/rhodamine anti-
sheep antibody. Epifluorescence signals were recorded on Fuji
400 film or electronically with a CCD camera. The image manip-
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ulations including pseudocolouring were performed with the pro-
gram Adobe Photoshop.

Electron microscopic studies

Chromosomes for high-resolution scanning electron microscopy
were prepared and stained with platinum blue as described by
Wanner and Formanek (1995). The preparations were analysed
with a Hitachi S-4100 field emission scanning electron micro-
scope. Back-scattered electrons (BSE) were monitored at 15 kV
with an Autrata detector (Plano, Germany) of the YAG type.

Results

Isolation and characterisation of the polymorphic
heterochromatic segment-specific sequence Bds1

As constitutive heterochromatin is composed mainly of
rapidly reannealing, highly repetitive DNA (Rae 1970),
it was assumed that the heterochromatic polymorphic re-

gions of B. dichromosomatica would be composed of
DNA within the Cot-1 fraction. This DNA fraction was
selected from a plant with a polymorphic heterochromat-
ic segment and cloned. The success of the Cot-1 frac-
tionation was confirmed by in situ hybridisation. After
FISH with labelled Cot-1 DNA, an intensely fluorescent
signal was detected specifically at the telomeric poly-
morphic segment of chromosome 1, while the remaining
chromosome regions were weakly labelled with no obvi-
ous localisation of the signal (Fig. 1a, a’). The sequence
responsible for the segment-specific FISH signals was
identified after cloning of the Cot-1 fraction and sequen-
tial hybridisation of individual clones with labelled total
Cot-1 DNA of plants with and without polymorphic seg-
ments. One clone (called Bds1), of the 60 clones hybrid-
ised, showed strongly preferential hybridisation with la-
belled Cot-1 DNA of a plant with polymorphic seg-
ments.

After in situ hybridisation with clone Bds1, the site of
hybridisation was coincident with the position of the ma-

Fig. 1. a Metaphase cell of Brachycome dichromosomatica (cyto-
deme A1, 2n=4+3Bs) after 4’,6-diamidino-2-phenylindole (DAPI)
staining and a’ after fluorescence in situ hybridisation (FISH)
with labelled Cot-1 DNA isolated from a plant carrying the poly-
morphic segment 1. The polymorphic segment is indicated with
an arrow. The metaphase shows a strong hybridisation at the
polymorphic segment, the other chromosome regions are faintly
labelled. b–f Metaphase cells of different plants of cytodeme A2
after FISH with labelled Bds1 sequences. The three different hy-

bridisation sites are numbered 1, 2 and 3. In a, c and e the large B
chromosome and micro B chromosomes are labelled B and mB,
respectively. The micro Bs are further enlarged in the inset of e’.
Interphase, prophase (g) and prometaphase (f’) cells after DAPI
staining and (g’) after FISH with Bds1. The position of segment 1
is arrowed in g. h The Bds1-hybridising chromatin fibre between
two chromosomes 1 is indicated with two arrows. Bar in a repre-
sents 10 µm. All panels are at the same magnification except the
inset in e
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jor polymorphic heterochromatic segment in the distal
position of the long arm of chromosome 1 (position 1).
Two additional polymorphic Bds1 sites were also re-
vealed after FISH analysis of a number of B. dichromo-
somatica (cytodeme A2) plants (Fig. 1b–f). Interstitial
minor hybridisation sites were found on the same chro-
mosome arm (position 2) and on the long arm of chro-
mosome 2 (position 3) (Fig. 1d). After 4’,6-diamidino-2-
phenylindole (DAPI) counterstaining, all polymorphic
chromosome regions revealed the typical staining behav-
iour of heterochromatin (Fig. 1f’).

There were no Bds1 hybridisation sites detectable on
the larger B chromosomes of cytodemes A1 and A2
(Fig. 1a’, c). However, on the micro B chromosomes,
weak Bds1 signals were detected on one telomeric end
in all instances (Fig. 1e, e’).

After Southern hybridisation of genomic DNA of
48 randomly selected plants of cytodeme A2, 48% of the
plants analysed showed a strong Bds1-specific hybrid-
isation signal (data not shown). The distribution of the
different chromosome positions of Bds1 was analysed
for a number of plants by FISH using labelled Bds1 se-
quences. Plants hemizygous for one (Fig. 1b), two (Fig.
1e) or all three different Bds1 positions (Fig. 1d, f) were
observed as well as plants that were homozygous for a
chromocentre at position 1 (Fig. 1c) and position 2. Also
plants homozygous for position 2 and hemizygous for
position 3 were detected. Although all three sites
showed extensive polymorphism between plants, the
karyotypes of all analysed mitotic root cells were stable
within a single plant.

The insert of clone Bds1 is 78 bp long and contains
no significant subrepeats (Fig. 2). The imperfect palin-
dromic structure of a 37 bp motif (5’-TTTTGCTTCCT-
TGACCCAACATGGGAATCGAAA-3’) between nucle-
otides 33 and 69 is the most striking feature of this se-
quence. This sequence could form dyad intrastrand DNA
structures. The sequence (EMBL accession number
AJ130940) was compared with the Genbank database
and no significant sequence homology was detected. We
have found no evidence for the presence of Bds1-like
transcripts using blot hybridisation analysis of total
RNA prepared from leaf tissue (data not shown).

To determine whether the sequence is organized in a
tandem array or whether it is part of a repeat unit with
nonhomologous flanking regions, partially AluI-digested
genomic DNA from a plant with the polymorphic seg-
ment 1 was Southern hybridised with Bds1. The result

showed a polymeric ladder characteristic of sequences
arranged in tandem arrays (Fig. 3). After complete di-
gestion, AluI yielded a single band of about 92 bp, indi-
cating that the AluI site is conserved in all repeat units.

In order to characterise the missing nucleotides of
the entire Bds1 repeat unit and also to compare the re-
peat organisation of Bds1 at the different chromosome
sites, Bds1-specific PCR primers were designed. The
PCRs were performed separately with genomic DNA of
plants with polymorphic segments at chromosome posi-
tion 2 or 3, and all three different positions (Fig. 4,
lanes 1–3). Equivalent PCRs were also performed with
DNA of plants without detectable Bds1-specific in situ
hybridisation and slot-blot hybridisation signals (Fig. 4,
lanes 4, 5). After gel separation of the PCR-generated

Fig. 2. Sequence relationships within the Bds1-like family and the
consensus sequence of Bds1. Comparison of Bds1 (cytodeme A2)
with polymerase chain reaction (PCR)-derived sequences Bds1-3,

-6, -7, -11, -12. The two primer regions are underlined. A dot in-
dicates identity with Bds1. The potential stem/loop structure-
forming sequence is printed in italics

Fig. 3. Partial and complete restriction digest of genomic DNA of
a plant with the polymorphic segment 1. The DNA samples were
partially (lanes 1–3) and completely (lane 4) digested with AluI,
Southern blotted and probed with Bds1
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DNA fragments a typical tandem repeat ladder was seen
with bands between 65 bp and several kilobases of
DNA (Fig. 4). The resulting DNA fragment patterns of
the Bds1 sequences were identical between plants hav-
ing the repeat at different chromosome positions. A
similar tandem organisation of Bds1 sequences was as-
sumed to be present at each of the different chromo-
some sites. The PCR showed also that, in plants without
detectable Bds1 FISH signals, Bds1 is present in low
copy number. The PCR with genomic DNA of plants
without detectable Bds1 FISH signals resulted in a
DNA fragment ladder of between 66 bp and approxi-
mately 500 bp (Fig. 4, lanes 4, 5). Hence, Bds1 is or-
ganised as a tandem repeat in all B. dichromosomatica

plants analysed but it is present in very low copy num-
bers in some individuals.

The PCR product derived from a plant carrying the
polymorphic segment 1 was cloned and the inserts of
five clones (Bds1-3, -6, -7, -11, -12), with insert sizes
between 450 and 800 bp, were sequenced. Multiple tan-
demly organised Bds1-like units were identified after
comparison with the sequence of Bds1. The missing
14 nucleotides of the entire Bds1 repeat unit were identi-
fied at the 3’ end of the Bds1-like sequences (Fig. 2).
Comparison of the aligned sequences of the five PCR-
generated clones and Bds1 revealed a low level of het-
erogeneity between the different Bds1-like sequences
(Fig. 2). A small number of single base pair substitutions
compared with Bds1 was found for the Bds1-like PCR-
generated sequences, suggesting that Bds1-like sequenc-
es are a recently amplified portion of the genome.

Characterisation of the structure of the polymorphic
heterochromatic segment 1

The polymorphic segment 1 of chromosome 1 is the
most obvious heterochromatic region (Fig. 5a). This re-
gion remains highly condensed at all stages of the cell
cycle and can be identified during interphase as a
chromocentre (Fig. 1g, g’). The heteropycnotic character
was even more obvious after analysis by scanning elec-
tron microscopy (Fig. 5b). In contrast to the rest of the
nucleus, it appears that the chromatin of this region is
highly condensed and compact at prometaphase and
metaphase.

After staining of the chromosomes with the DNA-
specific dye platinum blue (Wanner and Formanek
1995), the DNA distribution within the chromosomes
was analysed by BSE electron microscopy (Fig. 5c, d).
The BSE image of segment 1 appears much brighter
than other prometaphase chromosome regions (Fig. 5e),
indicating a higher DNA concentration within this re-
gion. Differences in DNA concentration are likely to re-
flect the different degree of condensation of DNA in dif-
ferent types of chromatin.

Fig. 4. Separated DNA products of a PCR using Bds1-specific
primers and templates of genomic DNA of plants with polymor-
phic segments 1, 2 and 3 (lane 1), segment 2 (lane 2), segment 3
(lane 3) and without segments detectable by FISH with Bds1
(lanes 4, 5)

Fig. 5a–e. Structural analysis of the polymorphic heterochromatic
segment 1 by FISH and electron microscopy. a Chromosome 1 of
Brachycome dichromosomatica (cytodeme A2) after FISH with
telomere-specific sequences (red signals). The inset shows an en-
largement of segment 1. The internal constriction of segment 1 is
indicated with a bar. b Scanning electron micrograph of chromo-
some 1. The chromatin of segment 1 appears highly condensed.

c Secondary electron (SE) image (DNA + protein) and d, e back-
scattered electron (BSE) image (only DNA) of the polymorphic
segment 1-bearing chromosome 1 stained with the DNA-specific
dye platinum blue. The internal constriction of segment 1 is
marked with an arrow in e. In all panels the position of the hetero-
chromatic segment 1 is indicated with an arrow. Bar in b repre-
sents 1 µm



In all the polymorphic heterochromatic segments of
region 1 analysed, no gaps between sister chromatids
were distinguishable at metaphase (Fig. 5b, d). At pro-
metaphase a constriction was visible in the middle of
segment 1 after DAPI and platinum blue staining (Fig.
5a, e). Also, at early prophase, in a number of cells anal-
ysed, segment 1 showed a connection with the euchro-
matic telomeric regions of another chromosome (Fig.
1g, g’). Later, in metaphase, both chromosomes were
still connected by a thin chromatin fibre (Fig. 1h). How-
ever, no chromosome bridges were observed at ana-
phase. It is likely that the constricted, polymorphic seg-
ment 1 is a duplicated band that arose from a chromo-
some fusion and breakage event between chromosomes,
such that the daughter cells gained or lost some or all of
segment 1. To test this possibility, in situ hybridisation
with a telomere-specific probe was performed. If fusion
and breakage had occurred the expection was to find in-
terstitial telomeric signals at the constriction of segment
1. However, telomeric sequences were localised only at
the very ends of all the chromosomes observed (Fig. 5a
and inset).

After Feulgen microdensitometry of prophase nuclei
without B chromosomes of B. dichromosomatica, a 4C
nuclear DNA content of 4.47 pg (SE=0.12 pg) was esti-
mated. In addition, the DNA amount of a standard B
chromosome and a micro B chromosome at metaphase
was estimated to be 0.49 pg (SE=0.06 pg) and 0.12 pg
(SE=0.008 pg), respectively. This is in reasonable agree-
ment with that of John et al. (1991) who estimated a 4C
DNA value of 5.8 pg by chromosome length compari-
sons of plants without B chromosomes. Quantitative
analysis gave estimates of 1.09×105 copies of Bds1-re-
lated sequences in the diploid genome hemizygous for
the Bds1-positive heterochromatic segment 1.

Discussion

The DNA cloning and screening strategy employed in
these experiments is simple and efficient and could be
adapted for the isolation of polymorphic heterochromat-
ic segment-specific sequences in other species. Due to
the preselection of the highly repetitive DNA, the com-
plexity of the hybridising DNA is reduced, and so the
differential hybridisation screening approach is more ef-
fective.

The sequence Bds1 is the second polymorphic chro-
mosome segment-specific DNA to be reported. The
DNA composition of the polymorphic segment of B. di-
chromosomatica, which is composed of a high copy tan-
dem repeat, is similar to the DNA composition of the
polymorphic heterochromatic segments (knobs) of
maize. Peacock et al. (1981) found that a 180 bp repeat-
ing unit arranged in tandem arrays is the major compo-
nent of maize knob regions. More recently Ananiev et
al. (1998) discovered that, in addition to the 180 bp re-
peat, other types of DNA sequences such as retro-
transposons and non-180 bp tandem repeats are also in-
volved in the formation of knob heterochromatin. This
could also be true for the DNA composition of the het-

erochromatic segments of B. dichromosomatica since,
after FISH with labelled genomic DNA of a plant with
only very few copies of the Bds1 repeat, the entire chro-
mosome complement was labelled, including the posi-
tions of the polymorphic segments (data not shown).

We propose that the Bds1 repeat unit contains DNA
that has a propensity to form heterochromatin. There is
a correlation between the size of the detectable hetero-
chromatic regions and the size of in situ regions hybrid-
ised with Bds1. Segment 1 is the most obvious hetero-
chromatic region (Fig. 1f’), and because of its high
copy number it also shows a strong hybridisation signal
after FISH with Bds1 (Fig. 1f). Consistently, the less
obvious heterochromatic segments 2 and 3 are weakly
labelled after FISH with Bds1 (Fig. 1f, f’). This obser-
vation supports the assumption of Kunze et al. (1996)
that DNA sequences with heterochromatin-forming ca-
pacity must reach a certain threshold amount before
they can be recognized as heterochromatin by differen-
tial chromosome staining techniques. The potential dy-
ad intrastrand DNA structures of Bds1 could function as
protein binding sites that may be involved in hetero-
chromatin formation or other functions. The potential
stem-loop structures identified in Bds1 are good candi-
dates for protein binding sites (Sierzputowska-Gracz et
al. 1995) and have been shown to be associated with
heterochromatin formation in Hymenopteran insects
(Bigot et al. 1990). The sister chromatid cohesion of the
polymorphic segment 1 (see Fig. 5d) could be caused
by its special chromatin topology as suggested for cohe-
sive chromatids observed in other organisms (reviewed
in Miyazaki and Orr-Weaver 1994). In a number of pro-
metaphase cells analysed, an interconnection of seg-
ment 1 with the telomeric chromosome regions of other
chromosomes was observed. The close chromosome as-
sociation could be a reflection of late-resolved ectopic
chromosome pairing (Yoon and Richardson 1978). In
B. dichromosomatica association of the chromosomes
between eu- and heterochromatic segments has been ob-
served, in contrast to the observations in metaphase
cells of cereals, where Gustafson et al. (1983) observed
somatic chromosome bridges between terminal hetero-
chromatic regions.

In contrast to the Bds1-carrying micro B chromo-
somes, the larger B chromosomes had no detectable hy-
bridisation after FISH with labelled Bds1 sequences.
This suggests that, if the larger B chromosomes originat-
ed from the micro B chromosomes as proposed by
Houben et al. (1997b), the sequence Bds1 must be lost
during subsequent chromosome evolution. Alternatively
some micro B chromosomes may not have the sequence
and some large B chromosomes might do so as we anal-
ysed only limited number of plants of a population.

The question remains concerning the nature of the
mechanism that has resulted in the maintenance of chro-
mosome segment polymorphism in natural populations.
Different plants showed different combinations of the
three polymorphic heterochromatic segments. The Bds1
segment polymorphism could be responsible for the
chromosome length polymorphism observed in the dif-
ferent cytodemes (Houben et al. 1999). There appear to
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be a number of possible evolutionary interpretations of
this situation. One possibility is that the Bds1 tandem re-
peat sequence is a recent addition to the genome and ho-
mogenisation/stabilisation of the chromosome distribu-
tion may be expected later. However, as both cytodemes
analysed carry Bds1 sequences, it is likely that Bds1 was
already present before the differentiation of the cytode-
mes occurred. It can be also assumed that the cytodemes
of B. dichromosomatica diverged some considerable
time ago since the different cytodemes are characterized
by a number of karyotype differences (Houben et al.
1999). The observed patterns of variation suggest that
strong selection pressures acting on the chromosome
complement in these wild populations are more likely to
explain the polymorphisms. We have to consider each
population as a balanced genotype/environment interac-
tion with its genetic components in a state of rapid flux
influenced by a fluctuating, sometimes extreme, envi-
ronment. One explanation for the polymorphic status of
Bds1 segments in B. dichromosomatica populations is
that the homozygous state of the Bds1 segments is dis-
advantageous for plants within the population whereas
heterozygotes can survive and are maintained in the pop-
ulation. Alternatively, the polymorphic segments could
be of benefit when they occur in specific combinations
and under specific environmental conditions. This latter
interpretation is likely to apply to maize where hetero-
chromatic knobs in certain chromosomes have been
demonstrated to have an influence on the flowering time
(Chughtai and Steffensen 1987). The heterochromatin
variation may play an indirect role in genome variation
through its meiotic effects on chiasma distribution and
frequency (Hewitt and John 1968; Jones and Rees 1982;
Navas-Castillo et al. 1987; Lopez-Leon et al. 1992). The
structural heterozygosity could be maintained by meiotic
drive (Jones 1991), pollen-tube competition (Carlson
1969) or assortative gametic fertilization (Hewitt 1979).
In Zea mays the neocentric activity of K10 leads to an
enhanced recovery of the knobbed chromosome in the
offspring (Rhoades and Vilkomerson 1942). Finally,
there is a distinct possibility that repetitive sequence
Bds1 is ‘selfish DNA’ (Orgel and Crick 1980). In this
scenario Bds1 is in constant competition with the ‘host’
DNA of B. dichromosomatica.
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Abstract. The A and B chromosomes of different 
karyotype variants (cytodemes A1, A2, A3 and A4) 
of Brachycome dichromosomatica were analysed 
by computer-aided chromosome image analysis 
and fluorescence in situ hybridisation (FISH). 
Ribosomal DNA and the B chromosome-specific 
sequence Bd49 were detected on all B chromo- 
somes. In addition to minor size variation of the 
Bs, polymorphism of the rDNA and Bd49 position 
and copy number revealed two major types of B 
chromosomes. The B chromosomes of all the 
cytodemes were indistinguishable from each other 
in length, but that of A3 showed evidence of 
rearrangements consistent with its long-term geo- 
graphic isolation. The results presented suggest a 
monophyletic origin of the B chromosomes of B. 
dichromosomatica. 

Key words: Asteraceae, Brachycome. B chromo- 
some, polymorphism, evolution, karyotyping, 
c e n t r o m e r e .  

B chromosomes (Bs) occur in many organisms 
as numerically variable chromosomes, extra to 
the standard complement (A chromosomes). 
As B chromosomes are mainly transcription- 
ally inactive, a greater tolerance is expected 

to deletions and rearrangements of the genetic 
material within the Bs compared with the A 
chromosomes. B chromosome structural poly- 
morphism has been reported in a number of 
different species (see review Jones and Rees 
1982). For example thirteen morphologically 
different types of Bs are known in Allium 
schoenoprasum (Holmes and Bougourd 1991) 
and 40 different B chromosome variants were 
described for the B chromosomes of the 
grasshopper Eyprepocnemis pIorans (Lopez- 
Leon et al. 1993, Cabrero et al. 1997). 
However, there are also species with little 
structural variation in their B chromosomes 
(listed in Jones 1995). 

The ephemeral daisy, Brachycome dichro- 
mosomatica, native to the arid regions of 
Australia, has two pairs of A chromosomes. 
Within the species there are four different 
cytodemes (A1, A2, A3 and A4) based on their 
karyotypes and geographical distribution 
(Watanabe et al. 1975, Carter 1978). In 
addition to the A chromosome complement, 
two different types of B chromosomes have 
been reported; the large B chromosome 
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(or "standard" B) and the micro B chromo- 
some. The standard B chromosomes are 
mitotically stable whereas the micro B chro- 
mosomes behave irregularly at mitosis (Carter 
and Smith-White 1972). 

Hitherto the majority of molecular and 
cytological studies were carried out with the 
larger B chromosome of cytodeme A1. A high 
copy number tandem repeat sequence (Bd49), 
specific to the B chromosome, was described 
(John et al. 1991, Leach et al. 1995, Franks 
et al. 1996) and its was also shown that the 
standard B chromosomes contain rDNA 
sequences which are transcriptionally inactive 
(Donald et al. 1995, 1997). However, nothing 
is known about the molecular organisation of 
the standard B chromosomes of A2, A3 and 
A4 cytodemes. In this study the A and B 
chromosomes of all four cytodemes of B. 
dichromosomatica were analysed by compu- 
ter-aided image analyses, in situ and Southern 
hybridisation and DNA sequence comparison, 
in order to determine whether the standard B 
chromosomes are identical or divergent at the 
chromosomal and molecular levels. 

Materials and methods 

Plant material and cytogenetic preparation. 
Brachycome dichromosomatica (2n = 4) is a mem- 
ber of the B. lineariloba complex (Watanabe et al. 
1996). Plants and seeds of B. dichromosomatica 
were collected from wild populations in Australia. 
The different cytodemes (A1, A2, A3, and A4) of 
B. dichromosomatica were characterised on the 
basis of their chromosome morphology as 
described by Watanabe et al. (1975). Mitotic 
preparations for in situ hybridisation were obtained 
from root tips according to Houben et al. 
(1997a). 

Computer aided image analyses. Feulgen 
stained metaphase cells were photographed and 
their images were digitised. For karyotype analysis, 
chromosome pictures were analysed on a computer 
using the UNICHRO program (Ahne et al. 1989). 
The average chromosome lengths were calculated 
from at least 12 metaphase chromosomes of each 
cytodeme. 

Southern hybridisation. Genomic DNA was 
isolated from leaf material by the procedure 
described by Wienand and Feix (1980) and 
digested with different restriction enzymes accord- 
ing to the manufacturer's recommendations. DNA 
fragments were resolved on 0.8% agarose gels and 
transferred to Hybond N÷nylon membranes 
(Amersham) for hybridisation. The DNA probes 
were labelled with (c~-32p)dCTP by random primed 
DNA synthesis. Hybridisation was carried out 
overnight at 65 °C in 5 x SSPE, 0.2% SDS, 5 x 
Denhardts reagent, 100 gg/ml salmon sperm DNA. 
Blots were washed successively in 0.5 x SSC and 
0.1% SDS and then exposed to X-ray film with 
enhancing screens at -70°C  for appropriate 
periods. 

Amplification, cloning and sequence analysis of 
Bd49-1ike sequences from B. dichromosomatica 
cytodemes. Primers used for PCR amplification of 
the Bd49-1ike sequences and cloning procedure of 
PCR fragments were the same as described by 
Leach et al. (1995). Sequencing was by the 
Sequenase (Version 2.0) system (United States 
Biochemical). 

Fluorescence in situ hybridisation (FISH). A 
plasmid (VER17, Yakura and Tanifuji 1983) 
containing part of the 18S, and 5.8S, most of the 
25S rRNA sequences and the internal transcribed 
spacers of the Viciafaba 45S rRNA gene, was used 
as an rDNA-specific probe. A 5S rDNA-specific 
probe was amplified from genomic DNA of V. faba 
using primers designed according to the 5S rDNA 
sequence of Glycine species (Gottlob-McHugh et 
al. 1990). The insert of the clone Bd49 (John et al. 
1991) was used as B chromosome-specific probe. 
An Arabidopsis-type telomere probe was synthe- 
sised using PCR according to Ijdo et al. (1991). 
Probes (5S, rDNA, Bd49 and telomere) were 
labelled with biotin-16-dUTP by nick translation. 
Hybridisation of the biotinylated probes was 
detected by the use of a streptavidin-FITC-anti- 
streptavidin-FITC system. Epifluorescence signals 
were recorded on Fuji 400 film or by confocal 
microscopy. 

Results 

To characterise the morphology of the A and B 
chromosomes of the different cytodemes, 
mitotic chromosomes were karyotyped with 
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A1 A2 A3 A4 

/ 

@ telomere 

@ 5S rDNA 
45S rDNA 

Bd49 

1 1 2 B 1 2 B 1 2 B 2 B 

5urn 

p 2.05 2.71 2.00 4.12 1,84 1.82 3.68 1.54 1.79 2.97 1.74 1.78 
s.d. 0.50 0.60 0.33 0.80 0.26 0.28 0.63 0,20 0.22 0.43 0.27 0.25 

s 2.59 2.71 2,46 
s.d. 0.86 0.82 0.35 

q 4.16 4.32 2.39 4.65 3.59 2,44 5,20 4,34 2.36 7.14 4.13 2.20 
s.d. 1.01 1.09 0.42 0.97 0.73 0.47 0,60 0.45 0.26 0.61 0.49 0,31 

n 17 16 14 25 22 12 17 17 12 21 22 16 

Fig. 1. Karyotypes of the haploid chromosome set (A and B chromosomes) at mitotic metaphase and the 
chromosomal location of the centromeres, telomeres, 45S and 5S rDNA and B chromosome-specific 
sequence Bd49 loci of Brachycorne dichromosomatica (cytodemes A1, A2, A3 and A4). (p) indicates the 
mean length of the short arm. (s) shows the mean length of the "satellite" distal to the NOR (only shown 
for the satellites of chromosome 1), (q) indicates the mean length of the long chromosome arm. (s.d.) are 
the standard deviations. (n) is the number of chromosomes measured. The bar represents 5 gm 

a computer-aided image analysis program. No 
significant differences in mean length were 
observed between the different B chromo- 
somes. In contrast, differences in mean length 
of the A chromosome types were found within 
the different cytodemes (mean length compar- 
ison of chromosome 1: A 4 > A 3 > A 2 = A 1 ,  
comparison of chromosome 2: A I > A 2 =  
A3 = A4) (Fig. 1) which may reflect parallel 
variation in genome size between the four 
cytodemes. This suggests that reciprocal 
translocations considered by Watanabe et al. 
(1975) contribute to, but are not sufficient to 
account for, the different chromosome 

morphologies. The chromosome rearrange- 
ments suggested by Watanabe et al. (1975) 
may be expected to result in interstitial 
telomeric sequences. To test this possibility, 
in situ hybridisation with a telomere-specific 
probe was applied to mitotic metaphase 
chromosomes. Signals were localised on the 
ends of all the A and B chromosomes but no 
interstitial telomere signals were observed in 
any of the cytodemes (Figs. 1, 2). 

In addition to the previously-reported 
intercalary position of rDNA on the larger A 
chromosome and the end of the shorter arm of 
the B chromosome of cytodeme A1 (Donald 
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Fig. 2. Fluorescence in situ hybridisation of metaphase chromosomes of Brachycome dichromosomatica 
with probes specific for Bd49, telomere sequences and 5S and 45S rDNA. (A) cytodeme A2 (2n = 4+2B) 
showing hybridisation of the B chromosome-specific probe Bd49 specifically to the centromeric region of 
each of the two B chromosomes. (B) cytodeme A4 (2n = 4 + 2B) showing hybridisation signals of the 
telomere probe on all chromosome ends. (C) cytodeme A1 (2n = 4 + 2B) showing hybridisation signals of 
the 5S rDNA probe on A chromosome 1. The NOR-region of A chromosome 1 is marked with a 
arrowhead. (D) cytodeme A4 (2n = 4 + 3B) showing hybridisation signals specific for 45S rDNA. Note two 
hybridisation sites on the B chromosomes. All B chromosomes are arrowed 

et al. 1995), a minor locus adjacent to the 
centromere on the short arm of the B chromo- 
some was also detected. Similar rDNA posi- 
tions were found on B chromosomes of  the 
cytodemes A2 and A4 (Figs. 2, 3), but the B 
chromosome of cytodeme A3 showed an 
intense signal near the centromere of  the short 
arm with no evidence of  a subterminal rDNA 
cluster (Fig. 3). The rDNA signals on the A 
chromosomes were co-located with the NOR- 
regions on chromosome 2 of cytodeme A2, on 
chromosome 1 of  A3 and on both A chromo- 

somes of  cytodeme A4 (Figs. 2, 3). Chromo- 
some 1 of cytodeme A2 showed an ill-defined 
secondary constriction, visible at prophase at 
the same position as the rDNA cluster on 
chromosome 1 of  cytodeme A1. This con- 
striction is not visible at metaphase and 
suppression rather than loss of r D N A  
sequences was suggested by Watanabe et al. 
(1975) to account this observation. However, 
after FISH with rDNA sequences, no signal 
was detectable at this position. Therefore the 
constriction on chromosome 1 of cytodeme A2 
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Fig. 3. Fluorescence in situ hybridisation of B chromosomes of Brachycome dichromosomatica (cytodemes 
A1, A2, A3 and A4) with the B chromosome-specific probe Bd49 and 45S rDNA analysed conventional 
epifluorescence microscopy. (1) selected B chromosomes after FISH with Bd49. The B chromosome 
pictures of cytodeme A1 shows (left) horizontal and (right) longitudinal optical sectioning by methods of 
the confocal microscopy. Note the entire centromere region is labelled with Bd49-specific signals. (2) 
selected B chromosomes after FISH with 45S rDNA. The positions of the hybridisation signals are 
arrowed. After FISH with Bd49 only the B chromosome of cytodeme A1 was analysed by confocal 
microscopy, all other pictures were examined by conventional epifluorescence microscopy 

must be caused by sequences other than rDNA 
or by a very low copy number of ribosomal 
sequences that cannot be detected by FISH. 

The 5S rDNA-specific probe revealed a 
cluster of genes on A chromosome 1, on the 
long arm near the centromere in all four 
cytodemes (Figs. 1, 2). The position of the 5S 
rDNA in cytodeme A1 contrasted with that 
reported in the karyotype analysis of Adachi 
et al. (1997) where the signal was localised on 
A chromosome 2. As the 5S rDNA location is 
consistent in all our experiments, the 5S rDNA 
location identified by Adachi et al. (l 997) may 
reflect a rare karyotype polymorphism. 

The previously-reported centromeric loca- 
tion of the B chromosome-specific tandem 
repeat, Bd49, (Leach et al. 1995) was confir- 
med and more closely resolved by confocal 
microscopy. The repeat was found on both B 
chromosome arms, overlapping the centro- 
mere in cytodeme AI (Figs. 2, 3). The same 
intense hybridisation site of Bd49 was found 

on the Bs of cytodemes A2 and A4, but a faint 
fluorescence signal only was located on the 
end of the long arm of the B chromosome in 
cytodeme A3 with no evidence of proximal 
hybridisation (Fig. 3). 

Consistent with an evolutionary change in 
the location and amount of Bd49, Southern 
hybridisation to genomic DNA of plants with 
and without B chromosomes also revealed 
significant differences between the cytodemes 
(Fig. 4). A hybridisation pattern characteristic 
of a tandem repeat sequence was detected in 
HinfI partial genomic digestions of cytodeme 
A1, A2, A3 and A4 DNA. With DNA of 
cytodeme A1, A2 and A4 also the same ladder 
pattern of hybridisation was observed after 
complete digestion with MspI (Fig. 4). Cyto- 
deme A3 showed a weaker hybridisation 
signal (Fig. 4) and no clear banding pattern, 
probably because of extensive polymorphism 
of C-methylation at MspI restriction sites and 
a lower copy number of the Bd49 repeat 
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Fig. 4. Restriction analysis of Bd49-homologous sequences. Samples of genomic 0B and +B DNA of B. 
dichromosomatica (cytodemes A1, A2, A3 and A4) were digested with restriction enzymes MspI and 
HinyI, transferred to a nylon membrane and probed with the labelled insert of clone pBd49 (John et al. 
1991) 

homologs. The reduced level of hybridisation 
in A3 is unlikely to be due to sequence 
divergence because the HinJI site appears 
relatively conserved (Fig. 4, lane 7). 

Comparison of Bd49-1ike sequences from 
the different cytodemes could provide clues 
about the similarity of the different B chromo- 
somes. Sequences were cloned after PCR 
amplification using a Bd49-specific primer pair. 
Comparison of two aligned sequences from 
each cytodeme revealed a level of heterogene- 
ity within and between the different cytodemes 
(Fig. 5) that was extensive, but no greater than 
the variation already demonstrated within a 
single B chromosome from cytodeme A1 
(Leach et al. 1995). A minor number of single 
base pair insertions, deletions and substitutions 
compared with Bd49 were found for the Bd49- 
like sequences of cytodeme A2 and A4. In one 

clone from cytodeme A3 a 10 bp long sequence 
insertion, predominantly of C residues, was 
detected in addition to a few sequence modi- 
fications. 

Discussion 

Seeds of the plants in these experiments were 
collected in the areas reported by Watanabe 
et al. (1975) and germinated and screened to 
find karyotypes which matched those of the 
four cytodemes described by these workers. 
However during these and other cytogenetic 
analyses over the last 8 years, many karyotype 
variants have been observed which do not 
clearly fit the model of four cytodemes. Whilst 
some of these plants may be explained as 
hybrids, polyploids or aneuploids of the A1, 
A2, A3 and A4 cytodemes, there is certainly no 
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bp ! 30 60 

Bd49 ATCAGGAGGTCCGGGATTCGT`<~A~<~C~hAAGTCATAGGTA~TCCTCACCGTXXXXXX~XXXTT~-hxAAATT~h 

Bd49A21 ........... T ................ TG ........................ XXXXXXXXXX ..... X .... *- 

Bd49A22 .................... A ................................ XXXXXXXXXX ..... X---A-- 

Bd49A31 ............................................. T-GATCGACCCCCCCCCCG .... X---X-X 

Bd49A32 ...................................................... XXXXXXXXXX ..... A ...... 

Bd49A41 ............................................... T---XXXXXXXXXX .......... X- 

Bd49A42 ....... CC ...................................... GT---XXXXXXXXXX ..... X---A-- 

bp 90 114 

Bd49 CCCTACTTATATTTTCAGTTCGGAA'TGTATTCXXAXA 

Bd49A21 ................... TAGCATGCAGTTACAT 

Bd49A22 ............................... XX--- 

Bd49A31 --X ..... T--A ..... *---TCGTCGGTATCATCTG 

Bd49A32 ............................... XX--- 

Bd49A41 ....... *G ....... A---A-CG ..... TTC-G- 

Bd49A42 .............. * ................. XX--- 

Fig. 5. Sequence relationships within the Bd49-like family. Comparison of Bd49 (cytodeme AI) with 
PCR-derived relative sequences from cytodemes A2 (Bd49A21, Bd49A22), A3 (Bd49A31, Bd49A32) and 
A4 (Bd49A41, Bd49A42) excluding the primer regions. ( - )  indicates identity with Bd49. ( × ) and (*) 
respectively indicate insertions and deletions compared with Bd49 

reason to suggest that the chromosome system 
of B. dichromosomatica is fully described. We 
have already described extensive heterozygous- 
ity for a C-band (Houben et al. 1997b) and 
polymorphic arrangements of Bd49 on indi- 
vidual B chromosomes (Leach et al. 1995) and 
we suspect that both the A and B chromosomes 
are very much more variable at the sequence 
level than has currently been described. 

It is uncertain when the four different B. 
dichromosomatica cytodemes diverged. How- 
ever it is remarkable that the variation between 
the A chromosomes is more striking than the 
few structural changes observed in the differ- 
ent B chromosomes. As the Bs are considered 
to be genetically inert, they have a potential 
for greater structural polymorphism and it is 
surprising to find relatively high conservation 
of structure. One explanation for the observed 
uniformity is that the A chromosome geno- 
types have a low genetic tolerance which 
limits B chromosome variation to only minor 
changes. This suggests the existence of an A 
and/or B chromosome-derived control mecha- 
nism for the maintenance of a "standard" B 
chromosome. 

Our observations show that the Bs of 
cytodemes A 1, A2 and A4 group into a single 
class and the B of cytodeme A3 is the only 
variant. In A3, the B-specific sequence Bd49 is 
localised outside the centromeric region and 
probably occurs in a low copy number 
compared with the other cytodemes. The 
observed difference is consistent with the 
geographical locations of the cytodemes: A1, 
A2 and A4 are found in close proximity to 
each other, whilst A3 is found in a region 
1000km distant. Cytodeme A4 has been 
suggested to be the most primitive form. It 
occurs in the centre of the distribution of the 
whole species and the other cytodemes have 
been suggested to be derived from A4 by 
chromosome rearrangements (Watanabe et al. 
1975). 

As the B chromosomes in all the cyto- 
demes contain Bd49 and rDNA sequences, it 
is likely that all types are derived from a 
common ancestral B chromosome. We have 
described a highly repetitive micro B chromo- 
some sequence (Bdm 29), which is also 
present at low copy number on all the standard 
Bs (Houben et al. 1997a), further suggesting a 
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common origin for all these supernumerary 
chromosomes. 

It is possible that the B chromosome 
progenitor initially had a structure similar to 
that of A1, A2 and A4. After the geographic 
isolation of cytodeme A3 and B chromosome 
underwent a rearrangement, such as a para- 
centric inversion of the long chromosome arm, 
to give the extant supernumerary B that we 
have characterised. This scenario is consistent 
with the relocation of the sequence Bd49 near 
to the end of the long arm of the B 
chromosome and a reduction in copy number 
or elimination on the short arm. However the 
change is more complex as it must also have 
included amplification of the proximal rDNA 
and a reduction in the number of the distal 
rDNA repeats. Ribosomal DNA has been 
described as a very dynamic sequence capable 
of changing in copy number (Cullis 1979, 
Martinez et al. 1993). An alternative explana- 
tion for the evolution of the variant Bs is that 
those of cytodeme A3 are more primitive and 
evolved into those found in the other cyto- 
demes. A less likely explanation is that 
morphologically similar B chromosomes arose 
independently in different plant populations, 
driven by common selection pressures on 
chromosome organisation and behaviour. 

We favour a monophyletic origin of the B 
chromosome at a time prior to the divergence 
of the cytodemes. A monophyletic origin has 
also been proposed for the rye B chromosomes 
of plants from different geographic areas and 
different taxa (Niwa and Sakamoto 1995). 

It is remarkable that the sequence Bd49 is 
only specific for the B chromosome centro- 
meres of cytodemes A1, A2, and A4. The 
heterogeneity of the tandem repeat Bd49 within 
each cytodeme makes this repeat unsuitable for 
phylogenetic analysis. A comparable high level 
of heterogeneity has already been described for 
Bd49-1ike sequences of cytodeme A1 and of 
other related Brachycome species (Leach et al. 
1995). Sequence comparison based on PCR- 
based strategies for recovering Bd49-1ike 
sequences are likely to be unproductive because 

of selection by the primers of non-random 
sequences during amplification. 

It is not known whether the tandem repeat 
Bd49 has an important function within the B 
chromosome centromere. Optical sectioning 
using methods of the confocal microscopy 
demonstrated that the B-centromere region of 
cytodeme A1 is flanked by Bd49 hybridisation 
signals after FISH with Bd49 (Fig. 2). In many 
organisms, tandem repeats are localised close 
to the centromere region, but a true centro- 
mere function is not yet demonstrated in any 
case. If Bd49 has a centromere function, it 
must have been taken over by another 
sequence(s) in cytodeme A3, after the rear- 
rangement of the B chromosome. However, 
the de novo formation of a former non- 
centromeric region into an active centromeric 
region is already reported for several chromo- 
somes (Choo 1997). 

We thank C. R. Carter for providing seed 
material of cytodeme A3 and R Kolesik for 
assistance on the confocal microscope. A. H. was 
supported by the Deutsche Forschungsge- 
meinschaft (Ho 1779/1-1) and by the Australian 
Research Council. 
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Abstract. Dot-like micro B chromosomes of Brachy-
come dichromosomatica were analysed for their sequence
composition. Southern hybridization patterns of a total
micro B probe to genomic DNA from plants with and
without micro Bs demonstrated that the micro Bs shared
sequences with the A chromosomes. In addition to telo-
mere, rDNA and common A and B chromosome sequenc-
es, a new B-specific, highly methylated tandem repeat
(Bdm29) was detected. After in situ hybridization with
Bdm29 the entire micro B chromosome was labelled
and clustering of the condensed micro Bs could be ob-
served at interphase. A high number of Bdm29-like se-
quences were also found in the larger B chromosomes
of B. dichromosomatica and in other Bs within the genus
Brachycome.

Introduction

B chromosomes (Bs), which are supernumerary to the ba-
sic (A) chromosome set, are common in many groups of
plants and animals. They differ from the A chromosomes
in morphology and pairing behaviour and are fully dis-
pensable, indicating that they are not required for normal
growth and development. In most cases, a small number
of Bs are selectively neutral in their effect on phenotype,
but they are deleterious in high numbers. To date little is
known about the origin and biological significance of B
chromosomes. It is generally accepted that B chromo-
somes arise from the A chromosomes because of the large
number of shared sequences (for reviews see Beukeboom
1994; Jones 1995). In general only one type of B chromo-
some is found in a given species, but two or more mor-
phological forms of Bs are known in at least 65 plant spe-
cies (Jones 1995).

In the plant Brachycome dichromosomatica, in addi-
tion to the large B chromosome (4 �m in length), dot-like
micro B chromosomes (micro Bs) less than 1 �m in diam-
eter have been described (Carter and Smith-White 1972).
In contrast to the larger Bs, the micro Bs are mitotically
unstable. They can vary in number in somatic tissues of
a plant and they do not pair with other micro Bs or with
the A or B chromosomes at meiosis (Carter and Smith-
White 1972). Irregular chromosome segregation at mitot-
ic anaphase is probably responsible for the variation in
number of B chromosomes in different cells. A sequence
(Bd49) specific to the larger B chromosome of B. di-
chromosomatica, has been described (John et al. 1991;
Leach et al. 1995; Franks et al. 1996). It has been shown
that these chromosomes contain rDNA sequences that are
transcriptionally inactive (Donald et al. 1997), consistent
with the observation that the chromatin composition is
different between As and Bs (Houben et al. 1997).

In this study, we used a number of molecular and cy-
togenetic techniques to investigate the sequences compo-
sition and organisation of the micro B chromosomes. Our
results indicate that the micro B contains a number of
DNA sequences that are also present on the A chromo-
somes. From amongst these, we have isolated a sequence
that is highly repeated on the micro B chromosome, and
also present in lower copy number on the larger B chro-
mosome, but that is found only in very low numbers on
the A chromosomes of the plants tested.

Materials and methods

Plant material and cytogenetic preparation. Brachycome dichromo-
somatica (2n=4) is a member of the B. lineariloba complex with the
other members B. breviscapis (2n=8), B. lineariloba E (2n=10), B
(2n=12) and C (2n=16) (Watanabe et al. 1994). Plants and seeds
of B. dichromosomatica, B. lineariloba, B. dentata and B. curvi-
carpa were collected from wild populations in Australia. The differ-
ent cytodemes (A1, A2, A3, and A4) of B. dichromosomatica were
characterised on the basis of their chromosome morphology as de-
scribed by Watanabe et al. (1975). Mitotic preparations for in situ
hybridization and chromosome microdissection were obtained from
root tips according to Donald et al. (1997).
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Microdissection and DOP-PCR. B chromosomes were microisolat-
ed from mitotic preparations using an inverted microscope with a
micromanipulation system. The DNA of 20 microisolated Bs was
amplified by the polymerase chain reaction (PCR) according to Pich
et al. (1994) using the degenerate oligonucleotide primer (DOP) 6-
MW (Telenius et al. 1992). This primer has a random hexamer se-
quence in between defined sequences at the 5© and 3© ends. The first
cycles of the DOP-PCR consist of low stringency annealing, fol-
lowed by cycles with more stringent annealing conditions. It cannot
be assumed that the DOP-PCR-amplified DNA is a full representa-
tion of the chromosome region isolated by microdissection. The size
of the PCR products was monitored by gel electrophoresis, and after
Southern transfer, hybridized with labelled total genomic DNA of
plants with micro Bs.

Southern hybridization. Genomic DNA was isolated from leaf ma-
terial by the procedure described by Wienand and Feix (1980) and
digested with different restriction enzymes according to the manu-
facturer�s recommendations. For partial digestions, 5 �g of DNA
was cut with decreasing amounts of the enzyme for 4 h. DNA frag-
ments were resolved on 0.8% agarose gels in TAE buffer and sub-
sequently transferred to Hybond N+ nylon membranes (Amersham).
For hybridization, the DNA probes were labelled with ( a-32P)dCTP
by random-primed DNA synthesis. Hybridization was carried out
overnight at 65� C in 5�SSPE, 0.2% SDS, 5�Denhardt�s reagent,
100 �g/ml salmon sperm DNA. Blots were washed successively
in 0.1�SSC (1�SSC is 0.15 M NaCl, 0.015 M sodium citrate) and
0.1% SDS and then exposed to X-ray film at �70� C for appropriate
periods.

Sequencing and sequence analysis. Sequencing was done by the Se-
quenase (Version 2.0) system (United States Biochemical). Search-
es for sequence similarity in the Genbank database were performed
using FASTA and BLASTA services (Australian National Genomic
Information Service).

Fluorescence in situ hybridization (FISH). A clone VER17 (Yakura
and Tanifuji 1983) containing part of the 18S, the 5.8S, most of the
25S rDNA sequence and the internal transcribed spacer of Vicia fa-
ba, was used as a nucleolus organiser (NOR)-specific probe. An Ar-
abidopsis-type telomere probe was synthesised using PCR accord-
ing to Ijdo et al. (1991). Probes (18S/25S rDNA, telomere, micro
B DOP-PCR product) were labelled with biotin-16-dUTP by nick
translation. Probe Bdm29 was labelled with digoxigenin-(DIG)-
11-dUTP by PCR with vector pBluescript (Stratagene) specific
primers. FISH was carried out as described by Fuchs and Schubert
(1995). Hybridization of the biotinylated probes was detected by the
use of a streptavidin-FITC/anti-streptavidin-FITC (fluorescein iso-
thiocynate) system. Hybridization sites of the DIG-labelled probe
were detected using anti-digoxigenin-rhodamine/rhodamine anti-
sheep antibody. Epifluorescence signals were recorded by Fuji
400 film.

Results

The micro B chromosomes contain specific
and common repeats

The configurations of mitotic micro B chromosomes of B.
dichromosomatica (cytodeme A2) at different stages of
mitosis are shown in Fig. 1a±c. Doublet associations of
micro Bs and, to a lesser extent, chain-like formations
of several micro Bs were regularly found (Fig. 1). A fine
chromatin fibre was often observed between the micro Bs
(Fig. 1b, c). In contrast to the A chromosomes, which
showed specific condensation patterns during the differ-
ent stages of the mitotic cell cycle, the dot-like micro
Bs always appeared highly condensed. Differential chro-

matin condensation behaviour has also been reported for
the larger B chromosome of B. dichromosomatica (Wata-
nabe et al. 1976). After reciprocal crosses of plants with
and without micro Bs we found that the micro B can be
consistently inherited by male or female gametes. Further

Fig. 1a±c. Feulgen-stained mitotic chromosomes of Brachycome di-
chromosomatica (2n=4 plus micro B chromosomes). The micro B
chromosomes are very condensed at all stages of the cell cycle and
able to form double micro B chromosomes (a arrows) or chain-like
formations (b, c arrows) at mitotic metaphase. Bar represents 10 �m

Fig. 2a, b. Visualisation of a micro B chromosome-specific DNA
fragment. a Ethidium bromide-stained gel of 5 �g EcoRI-digested
genomic DNA from a plant with (lane 2) and without (lane 2) micro
B chromosomes b Southern hybridization of EcoRI-digested DNA
with labelled degenerate oligonucleotide-primed polymerase chain
reaction (DOP-PCR)-amplified micro B chromosome DNA. The
micro B-specific bands are marked with arrowheads
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crosses showed that micro Bs and the larger B chromo-
somes are able to coexist in a single plant.

To obtaine DNA from micro Bs, microdissection and
DOP-PCR were carried out. The amplified DNA from
the isolated chromosomes showed a smear ranging in size
from 0.1 to 1.8 kb after gel electrophoresis and Southern
hybridization probed with total genomic DNA from a
plant with micro Bs (data not shown). To examine the
similarity between the DNA of micro Bs and that of A
chromosomes, labelled DNA from the DOP-PCR-ampli-
fied micro Bs was used for Southern hybridization and
FISH experiments. The Southern hybridization of
EcoRI-digested DNA from 0B and +micro B plants re-
sulted in a specific hybridization pattern for each geno-
type but with a prominent band of 0.3 kb in +micro B ge-
notypes (Fig. 2b, arrowed). This band was also visible on
the ethidium bromide-stained gels of EcoRI-digested
DNA of +micro B genotypes (Fig. 2a, arrowed). No B
chromosome-specific band was obvious after Southern
hybridization of the DOP-PCR-micro B probe to genomic
DNA of plants with the larger B chromosome (data not
shown).

The presence, in the microdissected DNA, of a high
copy micro B-specific sequence and sequences that are
also shared with the A chromosome complement was
confirmed by in situ hybridization. After FISH using
the labelled DOP-PCR product on metaphase spreads of
+micro B genotypes, the micro Bs showed preferential
hybridization compared with a weak dispersed signal
along the entire length of the two A chromosome pairs
(Fig. 3a).

The micro B contains a high proportion
of a specific tandem repeat sequence

To isolate the micro B-specific sequence, the 0.3 kb
EcoRI fragment was eluted from a preparative gel and li-
gated into pBluescript (Stratagene) and the inserts were
hybridized sequentially with genomic DNA of 0B and
+micro B genotypes. A number of clones (Bdm5, 14,
22, 23, 29, 55) that hybridized only with +micro B ge-
nomic DNA were sequenced and aligned (Fig. 4). The se-
quences showed a high degree of similarity and were thus
considered as members of a single repeat family. The
clone Bdm29 was chosen for further investigation. The
AT-rich (62%) insert of Bdm29 is 290 bp long and con-
tains no significant subrepeats. The sequence (EMBL,
Genbank accession number, Y13091) was compared with
the Genbank database and no sequence homology was
found.

Hybridization of Bdm29 with EcoRI-digested genomic
DNA of genotypes with micro Bs revealed a strongly hy-
bridizing band of 0.3 kb after only a few hours exposure
of the film (Fig. 5, lane 12 U). Faint bands of 0.3 kb and 5
kb were also detected in material with no micro B chro-
mosomes after exposing the film for 10 days (data not
shown). To determine whether the sequence is organised
in a randem array or whether it is part of a repeat unit
with nonhomologous flanking regions, we hybridized
EcoRI partially digested genomic micro B DNA with
Bdm29. The result showed a ladder characteristic of mul-

tiples of the 0.3 kb monomer arranged in tandem arrays
(Fig. 5). Since many repetitive DNA sequences are
known to be subject to hypermethylation, we investigated
the methylation status of these repeats at the sequenc
CCGG. Genomic DNA of plants with micro Bs was di-
gested with the differentially methylation-sensitive en-
zymes MspI or HpaII and Southern blots were hybridized
with labelled Bdm29. MspI digests from +micro B ge-
nomic DNA showed a hybridization ladder ranging from
0.3 to 23 kb in length. In contrast HpaII showed little or
no digestion, indicative of a high degree of methylation of
genomic DNA at CmCGG sites recognised by HpaII com-

Fig. 3a±e. Characterisation of micro B chromosomes by fluores-
cence in situ hybridization (FISH) with different probes. a FISH
of the labelled DOP-PCR products to a mitotic metaphase spread
of B. dichromosomatica, cytodeme A2 (2n=4 plus 5 micro Bs)
showing preferential hybridization to the micro Bs (arrows) and ad-
ditional signals of lower intensity on the A chromosomes. Unla-
belled satellites of the smaller A chromosome pair, separated during
the squash preparation, are marked with arrowheads. b FISH with
an 18S/25S rDNA clone to mitotic metaphase chromosomes. The
nucleolus organiser regions of the smaller A chromosome pair are
strongly labelled (arrows) and signals of weaker intensity appear
on the micro B chromosomes (arrowheads). c Hybridization with
an Arabidopsis telomere-specific sequence showing two signals
on each end of the A and micro B chromosomes. The bar in c rep-
resents 10 �m for a, b and c. d Physically associated micro B chro-
mosomes stained with propidium iodide showing the connection site
(indicated with an arrow). e Telomere signals for each micro B
chromatid are indicated with arrows. The chromosomes of d and
e are at a greater magnification
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pared with mCCGG sites recognised by MspI (Fig. 6).
Lanes 2 and 4 show no hybridization, confirming that
the A chromosomes contain no high copy number repeats
of Bdm29.

After in situ hybridization of metaphase spreads from
plants with micro B chromosomes with Bdm2, the entire
micro Bs were strongly labelled (Fig. 7a, b). The whole
micro B metaphase chromosomes were labelled with
Bdm29, suggesting that the sequence was dispersed along

Fig. 4. Comparison of Bdm29-like sequences of B. dichromosomatica. Differences from the Bdm29 sequence (top line) are shown for the
other four clones. Asterisks indicate gaps introduced for maximum alignment

Fig. 5. Partial and complete restriction digest of genomic DNA
with micro Bs. The DNA samples (5 �g) were partially (0.5, 1.5,
6 U of enzyme) or completely (12 U of enzyme) digested with
EcoRI and Southern blots probed with Bdm29. The autoradiograph
was exposed for 5 h

Fig. 6. Methylation status of Bdm29. Genomic DNA was prepared
from duplicate plants with (lanes 1, 3) and without micro Bs (lanes
2, 4). Samples of DNA (5 �g) were digested with MspI (lanes 1, 2)
or HpaII (lanes 3, 4). Southern blots were hybridized with Bdm29
and autoradiographed with an exposure time of 5 h
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the chromosome, making it feasible to characterise the or-
ganisation of the micro Bs at interphase with Bdm29. Fig-
ure 7c shows compact foci of hybridization that were
clearly seen at all stages of the cell cycle. Observation
of 200 different labelled interphase cells indicated that
85% of the micro Bs in squash preparations were clus-
tered and 15% were arranged in a more random distribu-
tion within the nucleus.

Bdm29 is also present on other B chromosomes

To determine whether the sequence of Bdm29 is present
on other larger B chromosome types in the genus Brachy-
come, we examined the 0B and B-containing genomes of
B. dichromosomatica (cytodemes A1, A2, A3 and A4), B.
dentata and B. curvicarpa in Southern hybridization ex-
periments with Bdm29. B chromosome-specific hybrid-
ization of Bdm29 was found for each of these (Fig. 8).
MspI digestion (Fig. 8a) of DNA from A1, A2, and A4
cytodemes of B. dichromosomatica with and without B
chromosomes showed evidence of an array of tandem re-
peats similar in size of Bdm29 but not as repetitious as on
the micro B. Cytodeme A3 (lanes 5, 6) showed a very
much reduced degree of hybridization at 300 bp. Hybrid-
ization of Bdm29 to EcoRI-digested DNA from plants of
B. dentata with and without B chromosomes indicated the

presence of a large population of Bdm29-like tandem re-
peats on the B chromosome and evidence of some hybrid-
ization to the A chromosomes. Corresponding experi-
ments with B. curvicarpa showed reduced hybridization
to four bands between 2 and 5 kb in size that appeared
to be confined to the B chromosomes of this species
(Fig. 8b).

Since it is known that B. lineariloba (2n=10, 12 or 16)
and B. eriogona form hybrids with B. dichromosomatica
(Smith-White and Carter 1970), we included these close-
ly related species in Southern hybridization experiments
but no cross hybridization of Bdm29 was observed (result
not shown). However a small amount of cross hybridiza-
tion of Bdm29 was found between genomic DNA of the
more distantly related species B. ciliaris (result not
shown).

The micro B chromosome carries 18S/25S rDNA
and telomere sequences

In order to obtain more information about the structure of
the micro Bs, in situ hybridization experiments were car-
ried out with telomere and rDNA probes. The in situ hy-
bridization of Arabidopsis-type telomeric sequences, to A
and micro B chromosomes revealed two signals on each
end (Fig. 3c). The finding of four hybridization signals
per micro B indicates the presence of normally replicated
sister chromatids at metaphase (Fig. 3c, e), although these
are not resolved by light microscopy analysis prior to in
situ hybridization (Fig. 1). The hybridization signal on
A and micro B chromosomes appeared to be of the same
intensity, suggesting that the number of telomere repeat

Fig. 7a±c©. Mitotic interphase and metaphase nuclei of B. dichromo-
somatica, 2n=4 plus micro B chromosomes, after staining with 4�,6-
diamidino-2-phenylindole (a±c). In situ hybridization of a tandem
repeat (Bdm29) to the corresponding chromosome preparations
(a©, b©). The metaphase cells show hybridization of the probe specif-
ically to the entire micro B chromosomes and no detectable hybrid-
ization to the two pairs of A chromosomes. c Interphase cells show-
ing condensed and clustered hybridization foci after FISH with
Bdm29

Fig. 8a, b. Southern hybridization of Bdm29 to genomic DNA of
various species within the genus Brachycome with and without B
chromosomes. a MspI-digested DNA of the different cytodemes
(A1, A2, A3, and A4) of B. dichromosomatica with (lanes 2, 4, 6,
8) and without B chromosomes (lanes 1, 3, 5, 7). b EcoRI-digested
DNA of B. dentata (lanes 1, 2) and B. curvicarpa (lanes 3, 4) with
(lanes 2, 4) and without B chromosomes (lanes 1, 3). The autoradio-
graphs were exposed for 2 days
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units is similar. This is in contrast to the situation in Cre-
pis capillaris, where the B chromosome appears to have a
higher telomere repeat copy number than the As (Jamile-
na et al. 1994).

Using the 18S/25S rDNA probe, FISH signals were
detected on the short arms of the smaller A chromosomes
in cytodeme A2 and on one end of the micro Bs (Fig. 3b).
No association of the interphase micro Bs with the nucle-
olus was observed, suggesting that the micro B rDNA se-
quence is not transcriptionally active.

Discussion

In this study we describe the isolation and characterisa-
tion of a repetitive element that is present on the micro
B chromosome of B. dichromosomatica. The Southern
hybridization experiments showed that Bdm29 is present
in low copy number on the A chromosomes and in very
high copy number on the micro Bs. The other known B
chromosome-localised sequence (Bd49) is likewise pres-
ent in low copy number on the A chromosome comple-
ment (Leach et al. 1995). Analogous high copy, tandemly
repeated B-specific sequences have been found on B
chromosomes of various other species, including rye
(Sandery et al. 1990; Blunden et al. 1993; Houben et al.
1996) wasp (Eickbush et al. 1992) and maize (Alfenito
and Birchler 1993).

How and why the amplification of Bdm29 on B chro-
mosomes occurred is unknown. Generally DNA amplifi-
cation occurs during periods of genomic instability and
several amplification mechanisms have been suggested
(for review see Wintersberger 1994). Because of the dis-
pensable nature of Bs, sequences unconstrained by selec-
tion are likely to be prone to particularly rapid sequence
evolution, as predicted by Muller�s Ratchet (Green 1990).

The finding of rDNA sequences on micro Bs (Fig. 3b)
may be significant in a consideration of the origin of B
chromosomes as ribosomal sequences are also present
on the larger B of B. dichromosomatica (Donald et al.
1995). As assessed by the intensity of the fluorescence
signal the rDNA copy number was lower on the micro
B than on the larger B chromosome. Ribosomal DNA
is known to be carried on B chromosomes of many spe-
cies (Green 1990; Jones 1995) but it is uncertain whether
rDNA is involved in the formation of B chromosomes or
if they are incorporated into the chromosome later in evo-
lution. The ability of rDNA to move into other genomic
regions has been discussed (Schubert and Wobus 1985;
Dubcovsky and Dvorak 1995). Nevertheless, the chromo-
somes of B. dichromosomatica are in a period of rapid
evolution to the extent that the species is characterised
by different cytodemes (Watanabe et a. 1975), probably
differing from one another by several structural rear-
rangements of the A chromosomes. Different positions
of the NOR can be observed in the different cytodemes
(Houben et al. in preparation) and it is therefore tempting
to speculate on the origin of the rDNA-carrying micro Bs
as fragmentation products of convoluted meiotic pairing
in structural hybrids. On the other hand an rDNA tran-
scription event may itself generate chromosomal breaks
that may play a role in the origin of micro Bs.

It is generally accepted that the chromatin of transcrip-
tionally inactive chromosome domains is more condensed
than active chromatin at interphase. After chromosome
painting of the micro Bs with Bdm29 we found very con-
densed signal clusters in interphase cells (Fig. 7c). Al-
though condensed interphase Bs (or chromocentres) were
also found in a number of other plants, this is not a gen-
eral characteristic of B chromosomes (for review see
Jones 1995). Furthermore, Morais-Cecilio et al. (1996)
suggested, from interphase in situ hybridization experi-
ments, that rye B chromosome chromatin is organised
in an extended string-like form and concluded that their
interphase organisation was similar to the cereal A chro-
mosomes. Grouping of micro B chromosomes was also
found in metaphase cells. Contiguous pairs of micro Bs
and, to a lesser extent, chain-like formations of several
micro Bs were regularly found (Fig. 1b, c).

Unlike the end-to-end association of chromosomes in
the sperm heads of monotreme mammals (Watson et al.
1996), separate telomere signals were seen on each of
the associated micro Bs after FISH with a telomere-spe-
cific probe (Fig. 3d, e). The optical appearance of paired
micro Bs is very similar to double minutes (DMs) in
drug-resistant mammalian cells in culture (see review
by Hahn 1993). However micro Bs have telomeric se-
quences, whereas there is none on the circular chromatin
bodies of the DMs (Furuya et al. 1993).

Another possible explanation for the adhesive behav-
iour and heteropycnotic character of micro B is the meth-
ylated state of Bdm29. Miniou et al. (1994) demonstrated
that hyerpmethylation of a human satellite sequence cor-
relates with a condensed chromatin structure, presumably
via differential binding of proteins. Hypermethylation is
also considered to be an important mechanism of tran-
scription inactivation (Finnegan et al. 1996) and we have
found no evidence for the presence of Bdm29-like tran-
scripts using Northern blot hybridization analysis of total
RNA prepared from leaf and young flower bud tissue (da-
ta not shown).

Bdm29 showed hybridization to the large B chromo-
some DNA of B. dichromosomatica, B. dentata and to a
lesser extent, B. curvicarpa. This indicates that the
Bdm29 sequence is highly conserved and high numbers
correlate with B chromosomes of both types. Southern
emphasising 20- to 30-fold difference between micro B
and large Bs. Perhaps this sequence is important for the
function of the B chromosome itself and was indepen-
dently involved several times in the formation of different
B chromosomes. Alternatively the sequence evolved ear-
ly in the evolution of Brachycome B chromosomes and
has been maintained in several lineages, with or without
any functional significance. As both, the micro B and
the larger B chromosomes contain Bdm29 and rDNA se-
quences, it is possible that both types of Bs were derived
from a common ancestral B chromosome. Alternatively
the micro B may represent a forerunner of the larger B
chromosome into which it evolved by the amplification
and addition of more DNA. During this process the se-
quence Bd49 (John et al. 1991) presumably accumulated
on the larger B chromosome of B. dichromosomatica but
not on other B chromosomes within the genus Brachy-
come.
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Micro and larger B chromosomes have been also re-
ported for other species. The micro Bs of Calyadenia
multiglandulosa (Carr and Carr 1982) appear to be simi-
larly mitotically unstable with numbers ranging from 0 to
about 10 in different cells, whereas the larger B is stable.
Parallels can also be drawn between the micro Bs of B.
dichromosomatica and the dot-like B chromosomes of
Drosophila subsilvestris described by Gutknecht et al.
(1995). These authors have also suggested that the larger
B chromosome of Drosophila may have originated from a
dot-like B chromosome, since FISH with a specific satel-
lite sequence (pSsP216) from the dot-like B chromosome
showed signals on the large B chromosomes. It was con-
cluded that these sequences carry information necessary
for establishing a chromosome-like structure (Gutknecht
et al. 1995).
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&p.1:Abstract. The terminal heterochromatic segments of the
long arms of 20 rye B-chromosomes were isolated by
means of laser microdissection technology. Also the re-
maining portions of the long arms, along with the short
arms of the same chromosomes were isolated. Each
sample was used for degenerate oligonucleotide primer-
polymerase chain reaction (DOP-PCR) amplification re-
actions. The resulting products were used as probes for
chromosome in situ hybridisation experiments, and in
Southern hybridisation to digests of 0B and +B DNA.
Competition hybridisation of these probes with 0B DNA
allowed the detection of B-specific sequences. The ter-
minal heterochromatin of the rye B-chromosome con-
tains both B-specific sequences and sequences also pres-
ent on the A-chromosomes of rye. The B-specific D1100
family is the major repeat species located in the terminal
heterochromatin. Primers designed to the cloned se-
quence (E1100) were used to search for related low copy
sequences in 0B DNA. The sequences of the PCR prod-
ucts revealed no similarities to that of the clone E1100
except for the primer sequences. The possible origin of
this sequence is discussed in the context of models for
the evolution of the rye B-chromosome.

Introduction

B-chromosomes (Bs) occur in many species of higher
plants and animals over a wide geographical distribution
(Jones and Rees 1982; Jones 1995). Although Bs have
been well described cytologically, the origin and mode
of evolution of these supernumerary chromosomes re-

mains unknown. They differ from the normal (A-chro-
mosome) nuclear complement in morphology and pair-
ing behaviour, and are fully dispensable for growth and
development. In most cases, the phenotypic effects of Bs
are either selectively neutral or deleterious in high num-
bers. However, in the wild chive species Allium
schoenoprasumthey may show some adaptive functions
(Plowman and Bougourd 1994).

Rye provides one of the best examples of studies of
B-chromosome polymorphisms. On the basis of pairing
studies in F1 hybrids between Bs of rye lines of different
origin, Niwa and Sakamoto (1995) suggested a mono-
phyletic origin for the Bs of rye. The DNA composition
of rye Bs has been extensively investigated in recent
years, in order to explain their origin and genetic proper-
ties. Timmis et al. (1975) demonstrated identical GC
content and reassociation kinetics of DNA from plants
with and without Bs. Rimpau and Flavell (1975) ob-
served similar quantities and complexity of repetitive
DNA in As and Bs of rye. However, in situ hybridisation
studies (Appels et al. 1978; Cuadrado and Jouve 1994;
Wilkes et al. 1995) have demonstrated that certain repet-
itive sequence families, which are characteristic of the
rye As, are not regularly present on the Bs. Specific se-
quences for the rye B were identified as intense bands in
restriction digests of DNA from B-carrying genotypes,
and are designated as D1100 (Sandery et al. 1990) and
E3900 repetitive families (Blunden et al. 1993).

A direct approach to the isolation of sequences from
the rye B is by microdissection. This technique, linked
to microcloning into phage vectors, allowed the isolation
of a sequence common to As and Bs (Sandery et al.
1991). More recently, microdissection followed by link-
er-adaptor polymerase chain reaction (PCR) amplifica-
tion generated a small library of B-derived sequences,
which is substantially composed of A+B sequences (A.
Houben, R.N. Jones, R. Schlegel, R. Blunden, H.M. Wil-
liams, J.W. Forster, unpublished). Therefore, the avail-
able molecular evidence suggests that the rye Bs are pre-
dominantly composed of sequences shared with the As,
but also contain some specific sequences.
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Several studies have used the genomic in situ hybrid-
isation (GISH) technique to probe B-chromosome prepa-
rations with labelled 0B genomic DNA (Tsujimoto and
Niwa 1992; Wilkes et al. 1995). The majority of the Bs
is labelled by this approach except for the terminal het-
erochromatic region, which is the known location of the
D1100 and E3900 family sequences. For this reason, we
have targetted this chromosomal region by microisola-
tion in order to determine the presence of both B-specif-
ic and A+B sequences. To explore the origin of B-spe-
cific sequences, PCR amplification products recovered
from genomic 0B DNA using specific primers for the
E1100 clone were sequenced.

Materials and methods

Plant material and cytological analysis. &p.2:The plant material was
derived from the Aberystwyth experimental rye B population.
Plants carrying 0, 2 and 4 Bs were identified by cytological analy-
sis and cultivated in the greenhouse. The distribution and intensity
of Giemsa bands on C-banded chromosomes were determined
with an interactive computer-assisted image processing system
(UNICHRO; Ahne et al. 1989) as described by Houben et al.
(1990).

Laser microdissection, degenerate oligonucleotide primed PCR
(DOP-PCR) and DNA cloning. &p.2:In order to arrest cell divisions in
root tip meristems, mitoses were synchronised according to the
method of Pan et al. (1993). After fixation for 5 min in 45% acetic
acid, root tips were rinsed in water and the meristematic tips were
removed and digested using an enzyme mixture of 2.5% (w/v)
pectolyase Y-23 and 2.5% (w/v) cellulase Onozuka R10 in 75 mM
KCl, 7.5 mM EDTA, pH 4.0 at room temperature (Kakeda et al.
1991). After maceration for 30 min, the root tips were briefly
washed in 45% acetic acid and squashed on coverslips using the
dry ice technique. Air-dried preparations were used immediately
or stored in 98% ethanol at –70°C for up to several weeks.

A Zeiss Axiovert 35 inverted microscope equipped with a mi-
cromanipulator (5170, Eppendorf), a stepping motor driven x, y
stage (Maerzhauser), a pulsed nitrogen laser with adaptation op-
tics (SL Microtest) and an image analysis control unit (CUT and
RUB; Tech. Hand.) was used for chromosome microdissection
(Houben et al. 1996). The terminal heterochromatic part (Fig. 1)
was dissected from 20 Bs to generate DNA pool I, while the com-
plementary portions of the Bs formed DNA pool II.

Both pools were collected in a 1 ml droplet containing protein-
ase K (Boehringer, 0.5 mg/ml) in 10 mM TRIS-HCl, pH 8.0,
10 mM NaCl, 0.1% (w/v) SDS and overlaid with water-saturated
paraffin oil (Schondelmaier et al. 1993). The DNA was amplified
according to Pich et al. (1994) using the degenerate oligonucleo-
tide primer MW-6 (Telenius et al. 1992).

The PCR amplification products of pools I and II were sepa-
rated by electrophoresis on 1.2% (w/v) agarose gels and trans-
ferred by alkaline blotting (Reed 1986) to Hybond N+ nylon
membranes (Amersham). The remaining PCR products of pool I
were digested with Sau3A and purified using a QIAquick-spin
column (QIAGEN). The digested PCR products were cloned into
the BamHI site of the vector Bluescript KS+ (Stratagene) and
propagated in the Escherichia colistrain DH5a.

Eighty colonies were selected for the isolation of recombinant
clones. The sizes of the inserts were determined on agarose gels.
Two milligrams of DNA from each undigested recombinant plas-
mid was dot-blotted onto membranes using the alkaline method.
To estimate the ratio of relative abundance of high and low copy
sequences and the presence of B-specific repetitive sequences, the
membranes were sequentially probed with 0B and 2B rye genom-
ic DNA oligo-labelled in the presence of [32P]dCTP (Feinberg and
Vogelstein 1984).

Genomic DNA isolation and Southern blotting. &p.2:Genomic DNA
was isolated from leaf tissue. DNA samples from rye plants with
0, 2 and 4 Bs were digested with the restriction endonucleases
HindIII, DraI, RsaI, EcoRI and EcoRV, electrophoresed in a 0.8%
(w/v) agarose gel and transferred by alkaline transfer to Hybond
N+ membranes.

Competition hybridisation. &p.2:In order to detect B-specific DNA se-
quences among blotted total genomic DNA, labelled DNA from
the entire microisolated B was hybridised together with unlabelled
total 0B rye DNA to the 0B/+B digests. The unlabelled DNA was
present in a 25-fold excess over the labelled DNA. For labelling
and detection the ECL-direct system (Amersham) was used ac-
cording to the manufacturer’s instructions, with the following
modifications:

a. The B-chromosome DNA was labelled for 20 min at 37°C.
b. The filters were treated with 250 ml/cm2 of ready-to-use gold
buffer (Amersham) supplemented with Na+ for 30 min at 42°C to
fix the stringency at 85% (Meinkoth and Wahl 1984).
c. The filter bound DNA was hybridised with unlabelled rye 0B
DNA (250 ng/cm2) for 30 min at 42°C in the same buffer.
d. Hybridisation was overnight at 42°C in the same buffer with the
additional presence of 10 ng/cm2 labelled probe DNA.
e. The filters were washed at 42°C in the presence of 6 M urea to
a stringency of 92%.
f. Luminography was performed by exposure for 80 min to ECL-
Hyperfilm.

PCR with E1100-specific primers. &p.2:The PCR was performed in a
50 µl volume using 20 ng of genomic DNA (0B or +B) as the
template. The other components of the reaction were 0.2 mM
dNTPs, 0.2µM primers (5′-GCTTGCACCGGCTTCGTCCCG-3′
and 5′-GTGTACTTGAGACACGCAAGC-3′), 2 mM MgCl2,
50 mM KCl, 10 mM TRIS-HCl and 0.1% (v/v) Triton X-100. Af-
ter denaturation 2.5 U TaqDNA polymerase (Promega) was added
and five cycles of amplification were performed under the follow-
ing conditions: 94°C, 0.5 min; 57°C, 1.2 min; 72°C, 1.2 min. Sub-
sequently, 25 cycles at 94°C, 0.2 min; 60°C, 1 min; 72°C,
0.25 min were followed by a final primer extension step for 5 min.

The blunt-ended PCR products from 0B DNA were ligated in-
to the SmaI site of the Bluescript KS+ vector and sequenced.

Sequence analysis. &p.2:DNA clones were sequenced using an Auto-
mated Laser Fluorescent (A.L.F.) DNA Sequencer (Pharmacia
LKB Biotechnology). The nucleotide sequences appeared in the
EMBL, GenBank databases under the accession numbers Z54196
(E1100) and Z54278 (B1). The EMBL database was screened for
homology to other sequences. The computer program PC/Gene
(Release 6.8, IntelliGenetics) was used for sequence comparison.

Fluorescence in situ hybridisation (FISH). &p.2:The B-chromosome
DNAs of pools I and II were labelled separately by PCR using
MW-6 primers and biotin-16-dUTP according to the method of
Fuchs et al. (1994). The insert of clone B1, obtained from pool I
DNA, was biotinylated by nick-translation. FISH was carried out
as described by Fuchs and Schubert (1995). Hybridisation of the
biotinylated probes was detected by the use of a streptavidin-
FITC-antistreptavidin-FITC system (Camon). (ATC is fluorescein
isothiocyanate.) Epifluorescence signals were recorded on Kodak
Ektachrome 400 film.

Results and discussion

Isolation and characterisation of microclones

The distal part of the long arm of the rye B (pool I), cor-
responding to the large Giemsa C-band (Fig. 1) and the



complementary part of this chromosome (pool II) were
reciprocally isolated by microdissection (Fig. 2). The
DNA of the isolated chromosome segments was ampli-
fied by DOP-PCR, which provides a simpler alternative
to other microcloning methods. The amplification prod-
ucts from both pools formed smears of 0.1–1.8 kb after
gel electrophoresis. The B-specific clones E1100 (San-
dery et al. 1990) and E3900 (Blunden et al. 1993; Blun-
den 1994) hybridised to the pool I PCR products, indi-
cating that representative B-terminal DNA amplification
has occurred.

A selected set of approximately 1000 microclones de-
rived from pool I PCR products were analysed to deter-
mine the average insert size, which was 340 bp. Sequen-
tial dot-blot hybridisation with labelled total genomic
rye DNA was performed to analyse further the composi-
tion of this clone collection.

Although the sequence families D1100 and E3900
occur in this chromosomal region , after sequential hy-
bridisation with genomic 0B and +B DNA all these mi-
croclones hybridised with comparable intensity. This in-
dicates that, even in this microclone library, the sequenc-
es D1100 and E3900 are less than l% representative.

After 1 day of exposure, 96% of the plasmids showed
medium to strong signals due to the presence of repeti-
tive sequences. This is in contrast to the behaviour of a
whole B-chromosome microclone library, in which 49%
of the clones showed weak or no signals, and 51% a
moderate to strong signal when hybridised with labelled
genomic 0B/+B rye DNA (Houben 1993). The higher
proportion of microclones with moderate to strong sig-
nals indicates that the distal portion of the long arm is al-
most exclusively composed of repetitive sequences, but
there is no evidence of B-chromosome specificity.

Hybridisation of DOP-PCR products 
to 0B/+B genomic digests

The labelled DNA probes derived from PCR-amplified
DNAs of pools I and II were used to probe digested
0B/+ B rye genomic DNA. As the probes contain se-
quence mixtures of varying copy number, the resulting
hybridisation patterns are dominated by the highly re-
peated sequences. Hybridisation of labelled pool I PCR
products to DraI and EcoRI digests revealed hybridisa-
tion to 0B and +B DNA, but with additional B-specific
sites of hybridisation (Fig. 3B). RsaI- and HindIII-di-
gested genomic DNA failed to show such differences.
With both DraI and EcoRI, specific bands of 1–2 kb in
size were apparent. The intensity of these bands is posi-
tively correlated with the number of Bs, especially in the
EcoRI digests. Hybridisation of the B-specific clones
E1100 (Fig. 3C) and E3900 (Fig. 3D) to the same filters
shows B-specific bands, which in some cases correspond
to those seen with the pool I probe. The pool II PCR
products also produce some specific bands in the
1.0–1.2 kb region in EcoRI and DraI digests, although
the overall hybridisation pattern show greater similarity
between 0B and +B digests (Fig. 3A). This may indicate
that copies of the known B-specific repeat families are
present at locations on the B other than the terminal het-
erochromatin, but are not detectable by FISH.

Detection of B-specific sequences
by competition hybridisation

PCR amplification products from both pools were mixed
and labelled using the ECL system and hybridised to
0B/+B digests in the presence of a 25-fold excess of un-
labelled 0B genomic rye DNA. The resulting lumino-
graph (Fig. 4) showed prominent bands with greater in-
tensity at approximately 0.8, 0.9 and 1.6 kb in DraI di-
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Fig. 2A–D. Microdissection of the distal end of the
long arm of the rye B-chromosome to generate pool I
DNA. A Before, B during and C after the oblation of
the remaining portion of the chromosome by the UV-
microlaser beam and D the isolation of the remaining
chromosome segment using a microneedle. Bar repre-
sents 10µm&/fig.c:

Fig. 1A–C. The Giemsa C-banded rye B-chromosome. A The dis-
tribution of bands after analysis of a digitised picture B of a single
B-chromosome using the programme UNICHRO. C Scheme of
the microisolated parts (pools I and II) of the chromosome&/fig.c:
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gests, and 1.6 kb in HindIII digests, with higher number
of Bs. These fragments correspond to B-specific frag-
ments probed by pool I PCR products, and possibly to
fragments detected by the E1100 clone. In the HindIII
digests were apparently revealed a small amount of
1.6 kb sequence present in 0B DNA, although such se-
quences are not detected in the other digests. Weak sig-
nals are also detected between 0.9 kb and 3.5 kb on hy-
bridisation of 2B as well as 4B DNA digested by EcoRI
and EcoRV, apparently indicating lower copy number.
The fragment sizes obtained are not clearly attributable
to the D1100 or E3900 family sequence.

The experiments with direct and competition hybrid-
isation demonstrate the feasibility of identifying chro-
mosome-specific sequences directly by the use of PCR-
amplified microisolated DNA as a probe. In the terminal
heterochromatin of the B-chromosome, some of the spe-
cific sequences seem to correspond in part to the known
D1100 and E3900 families. The distal portion of the
long arm of the B may also contain other B-specific re-
peat familes, and microdissection may be employed to
identify and isolate them in due course. At the same
time, it is clear that the pool I microisolated DNA con-
tains substantial numbers of A+B repetitive sequences,

Fig. 3A–D. Sequential Southern hybridisation of 0B, 2B and 4B
DNA digested with A RsaI, B EcoRI, C DraI and D HindIII with
labelled I pool II PCR (polymerase chain reaction) DNA, (arrow

headsmark B-chromosome specific fragments), II pool I PCR
DNA (arrow headsmark B-chromosome specific fragments), III
E1100 DNA and IV E3900 DNA&/fig.c:



despite the exclusion of this region during GISH using
0B DNA (Tsujimoto and Niwa 1992). Shared repeated
sequences may be interspersed among the B-specific se-
quences.

FISH using complex probes derived from different parts
of the rye Bs

The pool I PCR product was used as a probe for in situ
hybridisation to metaphase spreads from root tips of +B
plants and it shows preferential hybridisation to the het-
erochromatic end of the long arm of the Bs (Fig. 5). Ad-
ditional signals of lower intensity were also detected in
As in Giemsa C-band positive regions. These regions,
both on the As and Bs, correspond to sites of highly re-
petitive DNA content (Cuadrado and Jouve 1994). In
situ hybridisation of pool II PCR product produced a
dispersed signal on all As and Bs (data not shown). This
confirms that high copy B-specific sequences are con-
fined to the terminal locus only.

Characterisation of B-derived cloned sequences

The sequences of two B-derived clones were deter-
mined. Clone B1 was randomly selected from the pool I
microlibrary. It shows an A+T content of 53%, and no
significant match to known sequences in the EMBL dat-
abase. Southern hybridisation of this cloned sequence to
0B/+B DNA digests shows a pattern consistent with an
A+B dispersed repetitive sequence. This was further
confirmed by using in situ hybridisation, in which both
As and Bs showed a faint homogenous signal (data not
shown).

The B-specific clone E1100 (Sandery et al. 1990) was
also sequenced. The 1047 bp insert contained one direct
repeat and two inverted repeats longer than 10 bp. No
known transposable genetic elements are associated with
the sequence. No sequence similarity to other B-specific
sequences of plants (John et al. 1991; Alfenito and
Birchler 1993) or to other sequences in the EMBL dat-
abase was detected.

Search for E1100-related sequences in As

Although the D1100 and E3900 repeat families show B
specificity in Southern hybridisations, it is possible that
related sequences are present at low copy number in the
As of rye. Primers were designed using the E1100 se-
quence, and used to perform PCR on 0B DNA in order
to detect E1100-related sequences in As. A faint band at
1.2 kb was obtained (Fig. 6I), and filter hybridisation of
labelled 0B DNA to the same PCR products revealed
bands of 1.2 kb and larger.

PCR amplification of +B DNA using the same prim-
ers produced amplification products of 0.4 and 1.8 kb.
The signals after filter hybridisation with rye 0B DNA
showed a size distribution of 1.2 kb and larger (Fig. 6II).
The hybridisation of the labelled E1100 clone insert to
the +B PCR products produced a different hybridisation
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Fig. 4. A Electrophoretogram of 0B, 2B and 4B rye genomic
DNA digested with EcoRI, EcoRV, HindIII and DraI. B Southern
hybridisation of the digests using the ECL system. Labelled PCR-
amplified DNA from the entire B-chromosome was used as the
probe, after pre-hybridisation of the filter with 0B rye genomic
DNA &/fig.c:

Fig. 5. In situ hybridisation of labelled pool I PCR products to a
mitotic metaphase spread from a rye plant with 14 A-chromo-
somes plus 3 B-chromosomes. Metaphase cell showing preferen-
tial hybridisation to the heterochromatic end of the long arm of
the B-chromosomes and additional signals of lower intensity to
the Giemsa C-band positive regions of the A-chromosomes. Bar
represents 10µm&/fig.c:
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pattern with strong signals between 0.2 and 1.2 kb, while
the PCR products obtained with 0B DNA showed no sig-
nals after hybridisation with the clone (Fig. 6III).

The PCR products obtained from E1100 primer - spe-
cific amplification of 0B rye DNA were cloned and four
of the resulting clones, designated 0B-2, 0B-6, 0B-8 and
0B-9, were sequenced. The sequence of a representative
clone was compared with that of E1100. The sequence
similarity was less than 50%, suggesting that no direct
ancestral sequence to the D1100 family was detectable
in A-chromosome DNA with the chosen primer combi-
nation.

Most models for the origin of supernumerary chro-
mosomes are based on an origin from within the ge-
nome, perhaps through chromosome fragmentation (Wi-
ebe et al. 1974) . This is compatible with the observation
of the high level of sequence identity between the rye As
and Bs. However, these models present a problem when
explaining the evolution of B-specific sequences such as
the D1100 family. One possibility is that the D1100 fam-
ily is descended from an ancient ancestral sequence that
was present on the As, but has diverged on both As and
Bs since the origin of the B. Because of the dispensable
nature of Bs, sequences are likely to be prone to particu-
larly rapid sequence evolution unconstrained by selec-
tion, as predicted by Muller’s Ratchet (Green 1990). In
the case of the D1100 family, divergence may have been
accelerated by a combination of mutation, replication
slippage and unequal sister chromatid exchange. The lat-
ter process could account for the amplification of these
sequence families from their putative low copy precur-
sors, to generate the existing tandem arrays at the termi-
nal heterochromatic locus (Smith 1973). Alternatively,
saltatory amplification may have arisen through mecha-
nisms such as ‘rolling circle’ replication (Hourcade et al.
1973). Another possible source of Bs is interspecific hy-
bridisation (Leach et al. 1995).

In summary, the results presented here demonstrate
the value of the microisolation technique for the identifi-
cation of chromosome-specific sequences in particular
cytological locations, along with the sequence character-

istics of both B-specific and common cloned sequences.
Future work in this area will concentrate on the identifi-
cation of further elements of B-chromosome structure, in
particular low copy sequences that may be used to de-
duce the detailed origin of the B.
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B chromosomes are dispensable elements that do not

recombine with the A chromosomes of the regular

complement and that follow their own evolutionary

track. In some cases, they are known to be nuclear para-

sites with autonomous modes of inheritance, exploiting

‘drive’ to ensure their survival in populations. Their

‘selfishness’ brings them into conflict with their host

nuclear genome and generates a host–parasite relation-

ship, with anti-B-chromosome genes working to ame-

liorate the worst of their excesses in depriving their

hosts of genetic resources. Molecular studies are hom-

ing in on their sequence organization to give us an

insight into the origin and evolution of these enigmatic

chromosomes, which are, with rare exceptions, without

active genes.

Supernumerary B chromosomes are recognized by three
criteria: (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; and
(iii) their inheritance is non-mendelian and irregular.
These criteria were embodied into the definition of a B
chromosome as a ‘dispensable supernumerary chromo-
some that does not recombine with the A chromosomes and
which follows its own evolutionary pathway’, which arose
out of the First B-Chromosome Conference, held in Madrid
in 1993 [1]. The simplicity of the definition belies the
complexity of a diverse range of B-chromosome systems,
which are found in many of the major groups of plants and
animals. Earlier reviews (Table 1) contain the full story
from the 1920s to the present but, to give this article some
context, we profile the properties of B chromosomes, with
their many generalities and exceptions (Box 1), and then
deal with the more recent work that focuses on the
question of the origin of B chromosomes and on aspects of
their transmission and population dynamics.

Significance of B chromosomes

The significance of B chromosomes is to be found in their
widespread occurrence in hundreds of flowering plants,
and also in gymnosperms and in some lower forms such as
ferns, bryophytes and fungi (they are also common in
animals, including mammals) [2]. Owing to their particu-
lar properties, B chromosomes have been used to elucidate

the function of post-translational histone modifications,
such as histone H3 phosphorylation [3] and methylation
[4]. They are of particular interest in maize (Zea mays), in
which they have been extensively used in genetic analysis
involving A–B translocations for mapping [5,6] and for the
identification of centromere structure and size [7,8]. In
other species, there is interest in their capacity to behave
as diploidizing agents for chromosome pairing in certain
allopolyploid hybrids [9,10] and their influence on recom-
bination through the modulation of chiasma frequency and
distribution in the A chromosomes (e.g. in rye) [2].

The question of their adaptive significance in natural
populations has been argued over for decades, with the
final position showing little if any substantial evidence to
support such a role, with the possible exception of chives
(Allium schoenoprasum) [11–13] and the fungal pathogen
Nectria haematococca [14]. The emerging view in plants,
principally from rye and maize, is that the B chromosomes
are parasitic elements that maintain their polymorphism
by DRIVE (see Glossary) and that there is a host–parasite
relationship between the A and B chromosomes. The idea
that B chromosomes are nuclear parasites is fascinating.
It places them in the arena with other forms of selfish DNA

Table 1. Chronological list of selected reviews of B

chromosomes

Date Content of review

1982 Research monograph based on the world literature in plants

and animals up to 1980, including references to all earlier

reviews and an atlas of species with B chromosomes [2]

1982 B chromosomes in plants, particularly good on effects on

chiasma frequency and chromosome pairing in hybrids [9]

1986 General review of the B chromosome of maize [59]

1988 The maize B chromosome as a model system for

nondisjunction [60]

1990 Muller’s Ratchet and the evolution of B chromosomes [61]

1990 Review of the Red Queen theory in the context of B

chromosomes as parasites that induce changes in host

recombination [62]

1991 Cytogenetics and plant breeding applications of B–A

translocations in maize [5]

1991 B–A translocations and chromosome manipulations in maize

[6]

1991 Cytogenetics of B chromosomes in crop plants, including

species hybrids [63]

1991 Review of B chromosome ‘drive’ [64]

1993 B chromosomes of rye, Secale cereale [65]

1995 B chromosomes in plants [48]

2000 B chromosome evolution [32]

2002 Recent advances and insights on origin and evolution [26]
Corresponding author: Neil Jones (rnj@aber.ac.uk).
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in A-chromosome genomes (e.g. retro-elements), the
difference being that they are autonomous in their
inheritance and not constrained by the normal rules of
chromosome behaviour. Little wonder, then, that interest
is now focusing on ‘transmission genes’ and that a cocktail
of molecular technologies is being thrown at B chromo-
somes in an attempt to make sense of them, especially
their structure, origin and evolution.

Transmission genotypes

Östergren [15] first proposed that B chromosomes in
plants could be viewed as parasitic chromosomes, based on
his observations that progeny had more B chromosomes

than their parents in crossing experiments. This idea did
not meet with enthusiasm and much energy was invested
in trying to show that their population polymorphisms
could be explained in terms of Darwinian fitness and
selection based on phenotypic effects. Much later, Kimura
and Kayano [16] proposed an elegant model of the selfish
nature of the B chromosomes of Lillium callosum based on
meiotic drive in the female, and Nur provided convincing
evidence of their parasitic nature in the grasshopper
Melanoplus femur-rubrum [17] and the mealy bug
Pseudococcus affinis [18,19]. Studies of the genetic control
of transmission properties are best developed in rye and
maize. In rye, the drive mechanism based on directed
nondisjunction in gametophytes is strong and is under the
control of the B chromosome itself (Figs 1,2). A computer

Glossary

Electrophoretic karyotypes: Descriptions of chromosome number and size

produced by pulse-field gel electrophoresis in species with chromosomes that

are too small to be seen by light microscopy (e.g. fungi).

Isochromosome: A chromosome with two genetically identical arms that are

mirror images of each other.

Drive: With reference to B chromosomes, drive occurs when chromosome

number in the gametes is greater than mendelian expectations (i.e. .0.5). In

some cases, this can occur at meiosis, when the B chromosomes can migrate

to one pole of the spindle during the first anaphase and then pass

preferentially into the nucleus that is destined to form the egg cell (particularly

where the spindle is asymmetrical). Alternatively, drive can occur in the first

pollen grain mitosis, when the B-chromatids fail to separate and both pass into

the generative nucleus. Nondisjunction at the second pollen mitosis followed

by preferential fertilization of the egg by the B-containing sperm is another

drive mechanism.

Microchromosomes: Tiny dot-like chromosomes that are too small for their

centromeres and individual arms to be resolved under the light microscope

(Fig. 2).

Telocentrics: Chromosomes that have their centromere at one end.Fig. 1. The sequence, genetic and chromatin organization of the B chromosome of

rye. The lower chromatid indicates C-band heterochromatic regions [65]. Refer-

ences: E3900 C-chromosome-specific sequence [45]; centromere-associated tan-

dem repeats and pAWRC.1 dispersed repeats [66]. Abbreviations: ndj,

nondisjunction; pgm, pollen grain mitosis.
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E3900 B-chromosome-specific
sequence

Arabidopsis-type telomeric repeats
D1100 B-chromosome-specific
sequence

dpTa1 – present in subtelomeric
regions of A chromosomes

trans-acting controlling
element for ndj

Receptors or sticking
sites for ndj in pgm

Centromere-associated
tandem repeats and pAWRC.1
dispersed repeats

R173 dispersed repeat. GISH with total
genomic DNA does not distinguish
between A and B chromosomes

Fig. 2. B chromosomes in rye and in an Australian member of the Asteraceae, Brachycome dichromosomatica (synonym Brachyscome dichromosomatica), which has

extraordinary genome plasticity. B. dichromosomatica is an annual outbreeder with only two pairs of A chromosomes, and it occurs in four karyotypically distinct

cytodemes. In some cases, supernumerary A chromosome fragments can be present as well as different types of B chromosomes within a single plant; these are the soma-

tically stable large B chromosomes and the somatically unstable dot-like micro-B chromosomes. (a) A mitotic cell of B. dichromosomatica (2n ¼ four A chromosomes þ

two standard B chromosomes þ two iso-micro-B chromosomes) after fluorescence in situ hybridization performed with a micro-B-chromosome-specific probe {Bdm29

[67], yellow (arrowed)} and a standard B-chromosome centromere-specific probe {Bd49 [68], blue (arrowed)}. (b) C metaphase in a root meristem cell of rye with two B

chromosomes (arrowed) and 14 normal A chromosomes, after fluorescence in situ hybridization using the pSc200 probe for subtelomeric repeats, which marks the ends of

the A chromosomes, and the B-chromosome-specific probe D1100 (red), which marks the end of the long arm of the B chromosomes. Notice the absence of the A chromo-

some subtelomeric sequences on the B chromosomes (photographs courtesy of Robert Hasterok, and reproduced, with permission, of Ref. [56]). (c) Metaphase I of meiosis

in a rye plant with single B chromosome (arrowed) and seven A chromosome bivalents. (d) First pollen grain mitosis in rye, showing directed nondisjunction of a single B

chromosome towards the generative nucleus. The two chromatids of the B are held together at two sensitive sticking sites, one on each side of the centromere, and the

centromeres are being pulled towards the poles. The spindle is asymmetrical and B chromatids are transiently held together in such a way that they become passively

included in the generative nucleus. Because the same process happens on the female side in rye, the progeny will carry four B chromosomes in a 2B £ 2B cross. The broken

line represents the equator of the spindle. Arrows indicate sticking sites. Scale bars ¼ 5 mm.

(a) (b) (d)

(c)
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simulation of B-chromosome transmission in rye
suggested that the main factor contributing to equilibrium
B-chromosome frequencies in populations is the level of
meiotic pairing among B chromosomes themselves, and is
not determined solely by their negative phenotypic effects
[20,21]. Subsequently, Puertas and colleagues identified
high and low transmission lines from different rye
populations, and developed the concept of ‘high’ and ‘low’
transmission genotypes [22]. An elegant set of exper-
iments confirmed that the level of meiotic pairing was
indeed the main factor influencing equilibrium B-chromo-
some frequencies in populations [23,24] and that the
‘genes’ controlling B-transmission rate are located on the B
chromosomes themselves and that such ‘genes’ are the
sites for chiasma formation [25,26].

The B chromosome of maize has a more complex genetic
organization than that of rye, with at least four different
regions (Fig. 3) that influence the nondisjunction process,
which happens on the male side only. In addition, unpaired
univalent B chromosomes can suppress their meiotic loss

and enhance their transmission potential [27]. Trans-
mission genotypes were first demonstrated by Rosato et al.
[28], and it was later suggested that the genetic elements

Box 1. General properties of B chromosomes and exceptions to them

Form and size

B chromosomes are smaller than A chromosomes (Fig. 2) except in a

few cases, in which they are of equal size. They often have distinct

centromere positions and can be readily identified at mitosis. Variants

include B chromosomes as ISOCHROMOSOMES or TELOCENTRICS, and, in a

few species, they appear as MICROCHROMOSOMES.

Structural polymorphism
The normal situation is for only one form of a B chromosome, with

variants arising at mutation frequency. However, in at least 65 plant

species, two or more polymorphic forms are known.

Chromatin
B chromosomes are described as heterochromatic in about half of

plants that carry them [e.g. maize (Zea mays)]. In general, their

heterochromatic content is similar to that of their A chromosomes

(Figs 1,3–5).

Gene content and sequence organization
No B-chromosome-localized gene has been isolated in plants yet but

they might have ribosomal DNA, some organize nucleoli and some have

genetic information controlling their own transmission (e.g. in rye and

maize). The strongest evidence to date for genes on B chromosomes

comes from the fungal plant pathogen Nectria haematococca, which

infects peas. Several genes determining pathogenicity have been

identified and located to the 1.6 Mb supernumerary B chromosome in

this fungus [14], and ELECTROPHORETIC KARYOTYPES indicate that several

fungal species carry dispensable supernumerary B chromosomes [71].

The chromosomes of these fungi are too small to be resolved by light

microscopy and so we have no information about how they behave at

meiosis.

Mitotic stability
B chromosomes show a constant number in all somatic tissues in about

a third of species for which information is available (i.e. 60 out of 180

species). Where there is instability, this can take the form of cell-to-cell

variation in number or of absence from certain tissues (e.g. as in

Aegilops mutica, in which there are no B chromosomes in the roots).

Meiotic behaviour
The only fixed rule is that, by definition, B chromosomes never pair or

recombine with A chromosomes (Fig. 2c). Where they do pair, it is

among themselves, forming multivalents when more than two are

present. Two B chromosomes can have a regular meiotic process but, as

univalents, they suffer elimination. There are more than 20 cases known

in which B chromosomes are described as nonpairing (e.g. Allium

cernuum and Centauria scabiosa) and, surprisingly, this does not lead to

their loss from the populations. The meiotic properties of some B

chromosomes endow them with ‘drive’, which is the case in female

meiosis in Lillium callosum.

Inheritance
The inheritance of B chromosomes is non-mendelian and irregular

owing to vagaries in the levels of paring, to degrees of meiotic

elimination and to various drive processes. Drive is mostly caused by

directed nondisjunction of sister chromatids at the first pollen mitosis,

such that the generative nucleus carries the unreduced number, which

then forms the sperm (e.g. many species of Gramineae). In rye,

unusually, this drive happens on both the male (Fig. 2d) and the female

side, and, in maize, the nondisjunction happens at the second pollen

mitosis, followed by preferential fertilization by the B-chromosome-

containing sperm. Meiotic drive and accumulation at earlier develop-

mental stages in the germ line operate in a few cases. These

irregularities in transmission generate a numerical polymorphism in

populations, with a spectrum of B chromosome numbers including

individuals with none. There is usually a modal number and an

equilibrium frequency based on a balance between drive and the

harmful effects caused by high numbers. Drive is by no means a

universal process: it is known in ,60% of species for which

transmission data are available. In the others, there is no known drive

and no real understanding of how the population equilibrium

frequencies are maintained.

Phenotypic effects
B chromosomes tend to be neutral in their phenotypic effects in low

numbers and harmful in high numbers, affecting a wide range of nuclear

[72] and exophenotypic characters. They are particularly detrimental to

fertility and also have the enigmatic effect of influencing phenotype in

certain cases according to their presence in odd or even-numbered

combinations. Visualizing rye B chromosomes carried as an additional

line in a wheat background with in situ hybridization probes indicates

that they have a dose-dependent association at interphase, with even

numbers (2B, 4B) having a greater preference for being physically

associated than odd ones [72]. There might therefore be some

relationship between their nuclear disposition and their phenotypic

effects.

Fig. 3. The genetic, sequence and chromatin organization of the B chromosome of

maize. (a) Distal euchromatic tip is trans-acting and essential for nondisjunction.

(b) Proximal euchromatin is trans-acting and essential for nondisjunction. (c) Cen-

tromeric chromatin is a cis-acting receptor for nondisjunction. (d) Short arm and

centromere region enhances nondisjunction. Loss of short arm reduces the rate of

nondisjunction but does not prevent it. Regions controlling nondisjunction were

identified by deletion studies [60]. References: PREM-1 retroelement family [37];

centromeric pZmBs sequence [53,54].
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controlling transmission rate are located on the A
chromosomes [29]. Subsequent experiments [30] deter-
mined that a single major gene in an A chromosome
controls B-chromosome transmission rate in maize, and
that it acts in the haploid egg cell at the time of
fertilization. In high transmission lines, the H (high
transmission) allele allows the B chromosome opportunis-
tically to use the fertilization process to promote its own
accumulation within populations, and the L allele works in
the opposite direction to reduce B-chromosome trans-
mission and to serve essentially as an anti-B-chromosome
gene. The way that the maize B chromosome interacts with
its host genome therefore constitutes a co-evolutionary
host–parasite system [31]. A wider view of this topic,
including some interesting animal systems, is found in two
reviews [32,33].

A patchwork of A-chromosome sequences?

The origin of B chromosomes has remained a mystery since
their description in the early part of the past century but
the B chromosomes of different organisms probably arose
in various ways. The de novo formation of B chromosomes
must be a rare process because analyses of different
B-chromosome variants within a species suggests a
common origin of different B-chromosome forms [34,35].
It is widely accepted that B chromosomes could be derived
from the A chromosomes (e.g. Crepis capillaries [36],
Z. mays [37]) and/or from sex chromosomes in animals
(e.g. Eyprepocnemis plorans [38]). However, there is also
evidence suggesting that B chromosomes can be generated
spontaneously in response to the new genome conditions
following interspecific hybridization (e.g. Coix aquaticus
and Coix gigantea [39], and in the parasitic wasp Nasonia
vitripennis [40]). This view derives from new knowledge
that allopolyploidization induces structural rearrange-
ments at the chromosome level, as well as the elimination,
reorganization or amplification of sequences [41,42], and
there is every reason to believe that this restructuring of
the genome could generate sequences that have the
potential to form B chromosomes. In addition, spon-
taneous amplification of coding and noncoding tandem
repeat sequences derived from A chromosomes seem to be
strongly associated with the origin and evolution of plant B
chromosomes [43–45]. Repeats arranged in tandem
arrays are particularly prone to molecular events that
alter the number of repeats [46], such as unequal crossing
over between the sister chromatids, replication slippage
and replication on a rolling circle [47].

The involvement of ribosomal RNA coding repeats does
not appear to be accidental because ribosomal DNA
(rDNA) loci have been detected on B chromosomes of
many species [48]. In the herb Plantago lagopus, the origin
of a B chromosome seems to be associated with massive
amplification of 5S rDNA sequences after chromosome
fragmentation of an aneuploid A chromosome [43].
Alternatively, but less likely, B-chromosome-localized
rDNA sites could be a consequence of the reported mobile
nature of rDNA [49,50], with B chromosomes as the
preferred ‘landing sites’ owing to their neutral character.

The origin of the dot-like micro-B chromosomes of
Brachycome dichromosomatica has also been linked to

rapidly evolving tandem repeat sequences [44] (Figs 2,4).
In Brachycome, there is an evolutionary relationship
between different types of polymorphic and heterochro-
matic A-chromosome regions (‘supernumerary segments’)
and B chromosomes. The supernumerary segments are
often heterochromatic and dispensable, and provide a
natural platform from which B chromosomes could be
formed. However, because the genomic organization of the
micro-B chromosome is a patchwork or conglomerate
of repetitive sequences from different polymorphic
A-chromosome sites, the present micro-B chromosomes
could not have originated by simple excision of an
A-chromosome fragment. We propose instead that
B-chromosome founder sequences were ‘released’ from a
polymorphic A-chromosome region and were then stabil-
ized by the addition of telomeric repeats and other
sequences. The rapid accumulation of other sequences
on a de novo micro-B chromosome would present a barrier
to the similarity between the ‘parent’ homologous chromo-
some regions and thus interfere with the competence for
meiotic pairing between the ‘parental’ and derived
segments. The newly formed B chromosome can then
start its independent evolution. This, of course, begs the
question of how a centromere appears in a newly formed
chromosome. Transposition or activation of a cryptic

Fig. 4. The sequence and chromatin organization of the B chromosomes of Brachy-

come dichromosomatica. (a) Large B-chromosomes contain euchromatic and

heterochromatic DNA, and are late replicating and hypoacetylated on histone H4

[69]. (b) Micro-B chromosomes contain heterochromatic DNA, replicate through-

out S-phase, and are hypomethylated on histone H3 Lys4 and hypermethylated on

H3 Lys9 [4]. The Bdm29 repeat forms a rare polymorphic heterochromatic region

on A chromosome 1 [44]. 18S/25S ribosomal DNA repeats on the large B chromo-

somes are transcriptionally inactive [70]. Reference: centromere-specific tandem

repeat Bd49 [68]. Abbreviation: GISH, genome in situ hybridization.
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centromere sequence is possible, but it is more likely that
an epigenetic event induced centromere activity [51].

The genetic and sequence organization of the maize B
chromosome has been intensively studied (Fig. 3), as
indicated earlier. Interestingly, the maize B chromosome
has many sequences that originate from different A
chromosomes [52,53], and also from polymorphic and
heterochromatic A chromosome regions (often called
‘knobs’) [54] (Fig. 3). Because no such knobs are found
adjacent to centromeres of A chromosomes in any
karyotype of maize or its relatives [55], the B chromosome
of maize could also be an amalgamation of sequences from
several A chromosomes. The sequence organization of the
B chromosomes of rye (Fig. 1), maize (Fig. 3) and
Brachycome dichromosomatica (Fig. 4) can be usefully
compared with the sequence organization of a representa-
tive plant A chromosome (Fig. 5).

B chromosomes are mainly transcriptionally inactive,
so a greater tolerance is expected to modifications of the B
chromosomes than of the A chromosomes, and B-chromo-
some structural polymorphisms have been reported in
several different species [2]. However, there are also
species (e.g. B. dichromosomatica [35]) with little struc-
tural variation in their B chromosomes [48]. One expla-
nation for the observed uniformity is that the A
chromosome genotypes have a low tolerance, which limits
B chromosome variation to only minor changes. This
suggests the existence of an A- and/or B-chromosome-
derived control mechanism for the maintenance of
‘suitable’ B chromosomes. Also, stable B–A translocations
seldom occur and it seems that there can be no crossing of
the chromosome-type barrier in rye [56]. By contrast,
stable B–A translocations in maize are widely used for
experimental mapping purposes [57] and also to manip-
ulate the dosage of chromosomal segments on gene
expression [58], but we do not know of the existence of
any such translocations in natural maize populations.

The B-chromosome centromere of maize has also been
used as a model to study the DNA organization of a
functional centromere. Changes in the physical structure
of the B-chromosome repeat array are correlated with
altered meiotic transmission [7]. There is a correlation
between the size of a centromere and meiotic transmission.
It is proposed that at least 55 kb is crucial for full meiotic
transmission, and that the surrounding DNA, which leads

to a larger fragment of 370 kb, provides additional
stabilizing DNA. Healing of broken centromeres can be
achieved through the addition or fusion of telomeric
repeats to the broken chromosome [8]. The elegant studies
of the centromere structure of maize B chromosomes
provide a convincing example of the usefulness of B
chromosomes for research into genome organization.

Afterthoughts

The thrust of current research on the biology of plant B
chromosomes has a sharp point. It penetrates only a
handful of species and we do not know whether they are
widely representative. Nonetheless, some truths are
evident. We are confident that B chromosomes arise
because of errors during meiosis that generate A-chromo-
some fragments, and that interspecific hybridization and
allopolyploidization cause a plethora of genome rearrange-
ments that provide the platform from which autonomous
selfish elements can emerge. We know, too, that there are
methods of sequence amplification and rearrangement
that can affect A as well as B chromosomes, and that these
activities can inflate genome size and provide sequence
resources to make some B chromosomes ‘grow’. When a B
chromosome is born complete with a centromere (e.g. from
a trisomic), we are confident of its developmental
progression. Beyond this level, there are uncertainties
yet to be resolved. How does the capacity for mitotic and
meiotic drive arise, as it must do in the early post-natal
phase, and what sequence information encodes such
processes? What is the meaning of a ‘genetic element’ or
a ‘region of a chromosome’ that controls nondisjunction?
Transmission genotypes have ‘genes’ controlling rates of
transmission, but there is still much to be learned about
these ‘genes’ and how they act to determine the various
processes that they control and how they interact and co-
evolve with their A-chromosome counterparts. There is a
good story unfolding here (albeit told briefly), and not just
about B chromosomes themselves but also about how we
might use them as tools to investigate wider issues of
genome organization and evolution in plants.
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ABSTRACT

Dispensable, supernumerary (B) chromosomes are found in diverse eukaryotic species. The origin and
genetic consequences of B chromosomes have been the subjects of speculation for more than a century.
Until now, there has been no molecular evidence that B chromosome DNA is transcribed and there is no
unequivocal evidence as to their origin. B chromosomes are considered to be genetically inert although
they appear to cause a variety of phenotypic effects. We report that members of one of two ribosomal RNA
gene families that are confined to the B chromosomes of a plant, Crepis capillaris, are transcribed—thus
providing the first molecular evidence of gene activity on B chromosomes. Sequence analysis of part of the
A and B chromosome rRNA genes, together with comparisons with related species, indicates that the B
chromosome rRNA genes originate from the A chromosome.

Bchromosomes (B’s) are among the oldest conun-
drums in genetics and evolution (Wilson 1907).

These chromosomes are supernumerary to the basic (A
chromosome) set and variation in their numbers pro-
duces major intraspecific genome size polymorphism. B
chromosomes differ from A chromosomes in morphol-
ogy and pairing behavior and are not required for nor-
mal growth and development (reviewed by Jones and
Rees 1982; Jones 1995; Jones and Houben 2003). The
origin of B chromosomes remains obscure but it is likely
that they arose in different ways in different organisms.
It has been argued that B’s could be derived from
A chromosomes in, e.g., Crepis capillaris ( Jamilena et al.
1994), or from sex chromosomes in, e.g., Leiopelma
hochstetteri(Sharbel etal. 1998).Thespontaneousgenera-
tion of B’s following interspecific crosses has been
reported in, e.g., hybrids of Coix aquaticus and C. gigantea
(Sapre and Deshpande 1987). The de novo formation of
B’s is most likely a rare event, as analyses of different
B chromosome variants within species suggest a close
relationship among different variants (Houben et al.
1999).

Most supposed B-specific sequences have been found
subsequently, at least in low copy numbers, on the A’s of
the host species or in a close relative and probably it
would be more accurate to describe these as B-amplified
sequences. One possible exception to this generality
comes from a recent detailed study using amplified
fragment length polymorphism analyses (AFLP) and
fluorescence in situ hybridization (FISH) in the cyprinid
fishAlburnus alburnuswhich has one of the largest super-
numerary chromosomes in vertebrates. This B chromo-
some contains specific sequences with strong homology
to a retrotransposon from Drosophila and medaka
(Oryzias latipes). The sequence is highly abundant on the
B chromosome but undetectable in the normal A chro-
mosome complement or in the B chromosome of the
closely related species, Rutilus rutilus. These results sug-
gest that the supernumerary chromosome of A. alburnus
is not derived from the normal chromosome com-
plement (Ziegler et al. 2003). In contrast, Page et al.
(2001), investigating sequences isolated from the maize
B chromosome (Alfenito and Birchler 1993), found
that homologous sequences were confined to the
centromere of chromosome 4 in the A genome. This
indicates that a diversity of sequences compose centro-
meric regions in maize and also suggests that the
centromere of chromosome 4 is related to that of the
B chromosome (Page et al. 2001).

B chromosomes appear to carry very few identified
genes other than commonly occurring clusters of 18S,
5.8S, and 25S ribosomal RNA (rRNA) genes (here
referred to as 45S rDNA as this is the size of the
unprocessed RNA transcript). These genes have been

Sequence data from this article have been deposited with EMBL/
GenBank Data libraries under the following accession numbers:
C. capillaris ITS-B2 (AJ876602), C. capillaris ITS-A (AJ876603), C. capillaris
ITS-B1 (AJ876604), C. alpestris (AJ876605), C. tectorum (AJ876606),
C. nicaeensis (AJ876607), C. taraxacifolia (AJ876608), C. aspera (AJ876609),
C. rhoeadifolia (AJ876610), C. foetida (AJ876611), C. rubra (AJ876612), C.
praemorsa (AJ876613), C. paludosa (AJ876614), C. dioscoridis (AJ876615), C.
setosa (AJ876616), and C. mollis (AJ876617).
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recognized on B’s by their capacity to organize extra
nucleoli (Green 1990), by in situ hybridization, and, in a
few instances, their activity has been inferred from
positive silver nitrate staining (Jones 1995). It has been
argued that active nucleolus organizing regions (NORs)
are visualized by silver staining (e.g., Hubbell 1985) and
more recently Sirri et al. (2000) identified subunits of
RNA polymerase I and a transcription factor (UBF) as
the silver-staining proteins that remain associated with
NORs at the metaphase of mitosis. Until now there has
been no direct molecular evidence of transcription of
B chromosome DNA in any species.
In situ hybridization demonstrated the presence of

ribosomal genes dispersed throughout the B chromo-
somes of Rattus rattus but despite the clear demonstra-
tion of silver-staining NORs on the A chromosomes, no
signal is apparent on the B chromosomes. The authors
suggest that the accessory chromosomes of this species
originated from one of the smaller NOR-carrying chro-
mosome pairs and that, in the course of evolution,
repetitive sequences invaded this supernumerary ele-
ment. They suggest that its ribosomal DNA content was
dispersed throughout the chromosome where it was
inactivated by heterochromatinization that precluded
access by transcription factors (Stitou et al. 2000).

The B chromosomes of the Australian daisyBrachycome
dichromosomatica C. R. Carter have a clear secondary con-
striction and a cluster of rRNA genes detectable by FISH
that is often seen associated with a nucleolus at mitotic
prophase (Donald et al. 1995). These loci do not silver
stain and Donald et al. (1997) were unable to detect a
transcription product using PCR, of reverse-transcribed
total RNA from leaf tissue of plants containing B
chromosomes, with primers specific to the internal tran-
scribed spacer 2 (ITS2) of the B chromosome rRNA gene.

The B chromosomes ofC. capillaris (L.) Wallr (2n¼ 6)
were first described and investigated by Rutishauser

(1960), who recognized two B types termed monocen-
tric and dicentric. An accession derived from the original
collection contains only one type of B, a small meta-
centric chromosome (Małuszyńska and Schweizer

1989), which is morphologically identical to the B
chromosome present in natural populations in Britain
(Parker et al. 1989). Jones et al. (1989) studied synapto-
nemal complexes in C. capillaris plants derived from two
British populations and found that single B chromo-
somes showed predominantly foldback meiotic pairing
resulting in a symmetrical univalent hairpin loop, which
suggests that the B is an isochromosome. The B chromo-
somes paired freely and extensively within and among
themselves but there was no indication of pairing with
the A chromosomes ( Jones et al. 1989). The C. capillaris
B may have originated from the standard genome
because any repeated DNA sequences that they contain
are also present on the A chromosomes ( Jamilena et al.
1994, 1995). Histochemical silver staining and in situ
hybridization of mitotic chromosomes suggested the

presence of active rDNA on both ends of the B chromo-
somes of C. capillaris, as well as the major functional
NORs located on chromosome 3 (Małuszyńska and
Schweizer 1989; Małuszyńska 1990).

In this article we report twoC. capillarisB-chromosome-
specific rRNA gene types that differ substantially in
sequence from those located on the A chromosomes.
We present the first evidence that some of these rRNA
genes are transcribed in leaf and flower bud tissues. We
also report the outcome of an extensive search for a
possible donor species for this unique B chromosome
rDNA.

MATERIALS AND METHODS

Plant material: Achene samples of C. capillaris that origi-
nated from a C. capillaris population near Schaffhausen,
Switzerland, in which B chromosomes were first identified
(Rutishauser 1960; D. Schweizer, personal communica-
tion) were provided by J. Małuszyńska (Poland). Leaf tissue
of living plants was collected directly from sites in the
northeastern Harz region of Germany and documented by
voucher specimens (Table 1). Herbarium material was selected
from the collection of the Institute of Plant Genetics and Crop
Plant Research Gatersleben (GAT), including those species
naturally occurring in the surroundings of Schaffhausen,
northernmost Switzerland (Hess et al. 1972). The classification
follows Babcock (1947a,b), Sell (1976), and Jäger and
Werner (2002).

Isolation of RNA and DNA: Total cellular RNA and DNA
of C. capillaris were prepared from young leaves and flower
buds as previously described (Donald et al. 1997). DNA of
herbarium specimens of Crepis species was isolated by using a
DNeasy plant kit (QIAGEN, Chatsworth, CA).

Chromosome microdissection, PCR isolation, and cloning
of rRNA gene sequences: DNA was prepared from 15 micro-
dissected B chromosomes according to Houben et al. (2001).
PCR was used to amplify the ITS1-5.8S-ITS2 region (the two
internal transcribed spacers and the 5.8S encoding region of
the rRNA gene) from microisolated B chromosome DNA and
from total genomic DNA of 0B C. capillaris plants using the
primers ITS4 (59-TCC TCC GCT TAT TGA TAT GC) and ITS5
(59-GGA AGT AAA AGT CGTAAC AAG G) (White et al. 1990).
PCR products were ligated into pGEM-T Easy (Promega,
Madison, WI) and propagated in Escherichia coli strain DH5a.
PCR was used to amplify the C. capillaris ITS1 region. Primer
P1 (59-GGA AGG ATC ATT GTC GAA CCC TGC) spanned the
junction of 18S and ITS1 and primer P2 (59-GGG ATT CTG
CAA TTC ACA CCA G) was located in the central region of the
5.8S sequence (see Figure 2). The PCR conditions for primers
P1 and P2 were 94�, 2 min (94�, 30 sec; 59�, 1 min; 72�, 5 min)
for 30 cycles.

Primers were designed to be specific for ITS-B1 (59-ACA
CCA AAA CAA ACC GTT AGG ATG) (see Figure 2 and the text
for explanation) and ITS-A (59-A-CC CTA GCA GCT CAC AAC
ACA CGG C) (see Figure 2 and the text for explanation) se-
quences when used in conjunction with P1 above (see Figure 2).
The PCR conditions for these primers were 94�, 2 min (94�, 30
sec; 61�, 1 min; 72�, 5 min) for 30 cycles.

The ITS2 region was PCR amplified using the primers
XF58S (59-CTT CTA GAG CCT GGG CGT CAC G) and ER25S
(59-CGG AAT TCT GAC CTG GGG TCG C) for heterologous
comparisons within the genus Crepis. The PCR conditions
were 94�, 2 min (94�, 30 sec; 59�, 1 min; 72�, 5 min) for 30
cycles. The primer positions are shown in Figure 2.
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Sequencing and sequence data analysis: Sequence analysis
of the clones was performed by the dideoxynucleotide-dye
termination method. A neighbor-joining tree was calculated
with maximum-likelihood distances (corresponding to the
HKY85 1 G 1 I model of sequence evolution) in PAUP*4.0
(Swofford 2002). Bootstrap values were calculated from
200 resamples using identical settings as in the initial
neighbor-joining analysis.

RT-PCR: Total RNA isolated from leaves and young flower
buds was DNased with electrophoretically pure DNase (Ambion,
Austin, TX) and 60 ng of RNA was reverse transcribed with
random primers. Primers P1 and A and primers P1 and B1
were used to amplify the reverse-transcribed RNA as described
above.

FISH: The plasmid VER17 (Yakura and Tanifuji 1983)
containing part of the 18S, the 5.8S, most of the 25S, and the
internal transcribed spacers of the Vicia faba rRNA gene was
used as an rDNA-specific probe. An Arabidopsis-type telomere
probe was synthesized using PCR according to Ijdo et al.
(1991). In situ hybridization probes were labeled by PCR with
biotin-16-dUTP or digeoxigenin-11-dUTP. Young seedlings
were pretreated in iced water for 16 hr, fixed in ethanol-
glacial acetic acid (3:1, v/v) for 4 days at 4�, and stored at 4� in
70% ethanol. Preparation of mitotic chromosomes and FISH

were performed as described by Leach et al. (1995) and
Houben et al. (2001). Hybridization sites of digeoxigenin-
labeled or biotin-labeled probes were detected using sheep
antidigeoxigenin-rhodamine-rhodamine anti-sheep antibody
or the streptavidin-Alexa 488 system, respectively. Epifluo-
rescence signals were recorded with a cooled CCD camera and
image manipulations were performed using Adobe Photoshop
software.

RESULTS

Fluorescence in situ hybridization confirmed clusters
of 45S rRNA genes on both ends of the B chromosomes
as well on chromosome 3 of C. capillaris (Figure 1). The
B chromosome signal strength was considerably lower
than that on chromosome 3, suggesting that the B’s con-
tribute a minority of additional rRNA genes to the cell.
The rDNA signals were immediately proximal to telo-
mere signals on the B chromosomes, which were con-
sistently brighter than those seen on the A’s, indicating a
higher number of (AGGGTTT)n repeats on B’s (Figure 1).

TABLE 1

Crepis specimens from the herbarium of the Institute of Plant Genetics and Crop Plant Research (GAT) of which dry leaf material
has been analyzed and the voucher specimens of the living material from the northeastern Harz region investigated in 2004

C. alpestris ( Jacq.) Tausch GAT 3686 Alpbach (Tirol): Gratspitz, leg. N. Reich 20.6.1934 (8.10.2004:11)
C. aspera L. GAT 3667 Jerusalem: Mt. Scopus, leg. I. Amdurski 30.4.1931 (10.12.2004)
C. biennis L. GAT 3636, 3637, 3638 northeastern Harz foreland: Gatersleben, railway station, leg. K. Pistrick

(K.P.), A. Houben (A.H.) et J. Timmis ( J.T.) 30.9.2004 (l, 30.9.2004:3, 4, 5)
GAT 3646, 3647, 3648 northeastern Harz foreland: Schadeleben, leg. K.P., A.H. et J.T. 30.9.2004

(l, 30.9.2004:11, 12, 13)
GAT 3654, 3655, 3656 northeastern Harz foreland: Warnstedt, leg. K.P., A.H. et J.T. 30.9.2004

(l, 30.9.2004:19, 20, 21)
GAT 3664 Harz: Kreuztal, leg. K.P., A.H. et J.T. 30.9.2004 (l, 30.9.2004:29)

C. capillaris (L.) Wallr. GAT 3634, 3635 northeastern Harz foreland: Gatersleben, Gutspark, leg. K.P., A.H. et J.T.
30.9.2004 (l, 30.9.2004:1, 2)

GAT 3639, 3640, 3641/3642 northeastern Harz foreland: Gatersleben, cemetery, leg. K.P., A.H.
et J.T. 30.9.2004 (l, 30.9.2004:6, 7, 8)

GAT 3643, 3644/3645 northeastern Harz foreland: Concordia-lake, leg. K.P., A.H. et J.T.
30.9.2004 (l, 30.9.2004:9, 10)

GAT 3649, 3650 northeastern Harz foreland: Cochstedt, leg. K.P., A.H. et J.T. 30.9.2004
(l, 30.9.2004:14, 15)

GAT 3651, 3652, 3653 northeastern Harz foreland: Westerhausen, Königstein, leg. K.P., A.H.
et J.T. 30.9.2004 (l, 30.9.2004:16, 17, 18)

GAT 3660 Harz: Neuwerk, Krockstein, leg. K.P., A.H. et J.T. 30.9.2004 (l, 30.9.2004:25)
C. dioscoridis L. GAT 3674 Genbank Gatersleben: CRE 2 (D 2544/79) leg. H. Ohle 23.7.1979 (8.10.2004:20)
C. foetida L. subsp. foetida GAT 3676 Könnern, leg. P. Schuster 23.7.1952 (8.10.2004:1)
C. foetida subsp. rhoeadifolia

(M. Bieb.) Celak.
GAT 3688 Ungarn: Bács. Kysáč, leg. S. Kupčok 7.1909 (8.10.2004:15)

C. mollis ( Jacq.) Asch. GAT 3680 Altvater mountains: Grosser Kessel, leg. H. Laus 7.1930 (8.10.2004:6)
C. nicaeensis Balb. GAT 3665 Aveyron: St. Paul les Fonto, leg. A. Bec 20.6.1910 (4.1.2005)
C. paludosa (L.) Moench GAT 3658, 3659 Harz: Treseburg, leg. K.P., A.H. et J.T. 30.9.2004 (l, 30.9.2004:23, 24)
C. praemorsa (L.) Walther GAT 3683 Wiener Wald: Mödling, leg. O. Schwarz 21.5.1944 (8.10.2004:8)
C. rubra L. GAT 3691 Italien, leg. V. Engelhardt 15.5.1935 (8.10.2004:16)
C. setosa Haller f. GAT 3692 Slowakei: Nová Baňa, leg. K. Hammer (K.H.), P. Hanelt (P.H.) et F. Kühn (F.K.)

1.8.1974 (8.10.2004:17)
C. taraxacifolia Thuill. GAT 3694 Rheinland: Bingen, leg. P. Schuster 22.6.1938 (8.10.2004:19)
C. tectorum L. GAT 3679 Spremberg: Slamener Heide, leg. R. Fritsch 8.7.1971 (8.10.2004:4)
Hieracium spec. GAT 3685 Taunus: Eggenheim, leg. M. Schuster 8.1956 (8.10.2004:10)

Dates (DD.MM.Y Y Y Y) when the material was collected and sample number are in parentheses.

B Chromosome Ribosomal RNA Genes Are Transcribed 271



The ITS1, 5.8S, and ITS2 rDNA regions differ
between A and B chromosomes: One type of rDNA
sequence, derived from the A chromosomes, was re-
covered from plants without B chromosomes, while two
additional types of sequences were recovered from
microcloned B chromosome DNA. The nucleotide se-
quences of the ITS1, 5.8S, and ITS2 regions from 11
cloned inserts derived by PCR from DNA of microdis-
sected B chromosomes of C. capillaris were determined
and compared with four comparable A chromosome
sequences isolated from plants that did not contain B
chromosomes. A single type of rDNA sequence was
found on the A chromosomes and two different ones
were identified on the B chromosomes. The A chromo-
some sequences (called ITS-A) contained 643 bp, of
which 265 bp were in ITS1, 152 encoded the 5.8S
rRNA, and 226 bp were in ITS2. The corresponding
consensus B chromosome sequences were 1 bp shorter,
and one cloned insert was 676 bp long. Alignment re-
vealed considerable sequence polymorphism between
the ITS-A rDNA and the two distinct B sequences. Nine
of the B chromosome clones were of one type, named
ITS-B1, and the other two were a second type that
was designated ITS-B2. Consensus sequences were
determined for the three distinct types of sequences
(Figure 2).

The ITS-A consensus sequence was 94.4% similar to
ITS-B1, differing by 20 nucleotides in ITS1 and 18 in
ITS2, and 95.6% similar to ITS-B2, differing by 13 nu-
cleotides in ITS1 and 12 in ITS2. The 5.8S regions were
identical in ITS-A and ITS-B1 and differed in this region
from ITS-B2 by three nucleotides. The two B chromo-

some consensus sequences showed only 91.3% se-
quence identity. In addition to the three differences in
5.8S, ITS-B1 and ITS-B2 sequences differed by 26 nu-
cleotides in ITS1 and 27 nucleotides in ITS2. An NsiI
restriction site was unique to ITS1 of ITS-B1. We ana-
lyzed the mutational profile of these clones assuming
the B chromosome rDNA is derived from that on the A
chromosome. Among the 12 possible kinds of point
mutations, C/T and G/T substitutions were the
most prevalent types in A/B1 comparisons, accounting
for almost half of all the mutations. They are signifi-
cantly (P , 0.001) more frequent than any other types
of substitution, including the reverse transitions T/C
and T/G. C/T transitions (and G/A transitions
on the opposite strand) are the hallmark of spontane-
ous deamination of 5-methylcytosine (5mC), which pro-
duces a G-T mismatch at the deaminated site. The
mismatch can be restored to the G-C pair in one di-
rection, but creates an A-T pair in the other direction
(Holliday and Grigg 1993; Finnegan et al. 1998),
resulting in T/C transitions (and A/G on the
opposite strand). This observation is consistent with
the known high level of C methylation in plant nuclear
DNA (Ayliffe et al. 1998) and with assuming no
purifying selection on the sequence of ITS2 as may be
expected if the ITS-B1-type genes do not contribute to
the ribosome population. The origin of the G/T
substitutions is not clear and G/A is not overrepre-
sented. Nonetheless, these distortions suggest that some
nucleotides in the rDNA of the B chromosome are
modified and have been subject to hypermutation—
assuming that they are derived from the A chromosome
copies. Comparison of the ITS-A and ITS-B2 sequences
indicates that the mutations are more randomly distrib-
uted among the 12 possible types.

Specific PCR amplification of B chromosome rDNA:
Primer P1 was used with primer B1 or primer A to deter-
mine specificity for their target sequences (Figure 3).
Primers P1 and B1 amplified the expected product of
476 bp only from templates containing B chromosome
DNA from either positive control clones of microdis-
sected B rDNA (Figure 3, lanes 14 and 16) or total
cellular DNA isolated from plants with two B chromo-
somes (lanes 6 and 8). This primer pair was unable to
amplify any product from cloned A chromosome rDNA
(lanes 2 and 4) or from total DNA isolated from plants
lacking B chromosomes (lanes 10 and 12). It was con-
cluded that primer B1 was specific for the ITS-B1-type
ribosomal repeats that contribute the majority of rDNA
that is present on the B chromosome. In contrast, the
primer pair P1 and A amplified a product of 608 bp from
all the plant DNA samples (odd-numbered lanes),
including all the control plasmid DNAs (lanes 9, 11,
13, and 15), indicating that the 39 mismatch incorpo-
rated into primer A was insufficient, at the stringency of
annealing used here, to differentiate the two types of
sequence. The reliability and universality of the specific

Figure 1.—The location of rDNA and telomeres on the A
and B chromosomes of C. capillaris. Telomeres are labeled in
green and 45S rRNA gene clusters in red. The chromosomal
DNA is stained with DAPI. Bar, 5 mm. The inset shows an en-
larged B chromosome.
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amplification of B chromosome rDNA was confirmed
when the P1 and B1 primers were applied to four
independently isolated samples of DNA from 0B plants
(i.e., plants containing no B chromosomes) and four
plants containing two B chromosomes (2B plants) as
well as positive and negative controls of cloned B
chromosome and A chromosome rDNA sequences. In

all cases complete specificity of the B1 primer for B
chromosome rDNA was confirmed (data not shown).

The B chromosome rDNA is transcriptionally active
in leaves and flower buds: The availability of specific
primers made possible a sensitive assay for transcription
of the B-chromosome-located rRNA genes by probing
total reverse-transcribed cellular RNA for the 45S

Figure 2.—Alignment of
the consensus sequences of part
of the A and B chromosome
rRNA genes. The dark shading
indicates the NsiI restriction
site and the primer sequences
and their corresponding labels.
The light shading indicates
the 5.8S rRNA encoding se-
quence. Asterisks (*) indicate
conservation of the sequence
in the three gene types.
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precursor rRNA, which is the initial product of plant
rRNA genes by RNA polymerase I (Kavanagh and
Timmis 1988). Total RNA was isolated from leaves and
young flower buds of individual 0B (Figure 4, lanes 5–
12) and 2B (lanes 13–20) plants. The samples were
DNased with electrophoretically pure DNase and 60 ng
of RNA was reverse transcribed with random primers.
Primers P1 and A (Figure 4, odd-numbered lanes) and
primers P1 and B1 (Figure 4, even-numbered lanes)
were used to amplify the reverse-transcribed RNA. In
each sample derived from RNA of B-chromosome-
containing plants, a product was amplified by primers
P1 and B1 that was not present in any sample derived
from the RNA of plants lacking B chromosomes. This
result indicates that the B chromosome rDNA is
transcribed because the 45S precursor is detectable in
the total RNA of leaf and flower bud tissue.

Control experiments with and without DNase treat-
ment, and with and without an initial reverse transcrip-
tion step, confirmed that the PCR products in Figure 4
(lanes 14, 16, 18, and 20) are unequivocally dependent
upon reverse transcription of RNA molecules originat-
ing from rRNA genes on B chromosomes (results not
shown).

Having established that the B chromosome rRNA
genes are transcribed, we determined the level of tran-
script relative to the number of ITS-B1 sequences present
in the genomes. This was achieved by PCR amplification
using primers P1 and P2 to amplify 353 bp spanning ITS1
and part of the 5.8S gene, followed by digestion of the

products with NsiI for which there is a recognition site in
ITS-B1 that is lacking in ITS-A. Figure 5 shows the PCR
products before (odd-numbered lanes) and after (even-
numbered lanes) complete NsiI digestion. The primers
were applied to genomic DNA templates of 0B (Figure 6,
lanes 1 and 2) and two independent 2B (lanes 3–6)
plants. The product of the 0B plant is not digested byNsiI
whereas a proportion of those of the two 2B plants is
cleaved into the predicted fragments of 241 and 112 bp.
Quantitative analysis of the Gel Doc (Bio-Rad, Hercules,
CA) data file of Figure 5 (lanes 4 and 6) with the software
Quantity One (Bio-Rad) indicated that 20.8 and 22.1%
of the total product derived from the B-chromosome-
containing genomes was digested byNsiI, consistent with
each B chromosome contributing �10% of ITS-B1-type
rRNA genes to the composite genome, assuming that the
primers amplify the A and B chromosome sequences with
equal efficiency. As controls to ensure that NsiI digestion
was complete and specific, DNA from an ITS-A clone
(lane 7) and an ITS-B1 clone (lane 9) was amplified and
digested. As predicted, the products from the former
were undigested byNsiI (lane 8) and those from the latter
were completely digested into the expected fragments
(lane 10). Similar experiments were performed with
three of the DNased and reverse-transcribed RNA sam-
ples used in Figure 4 and the results are shown in Figure 5
(lanes 11–16). In no case was any NsiI digestion of the
products observable. We conclude that, while there is
demonstrable transcription of the B chromosome rDNA,
the transcripts are present in the final 45S precursor pool
at undetectable levels that are therefore disproportion-
ately low compared with the number of genes present on
the supernumerary B (�10% of the total gene number
per cell). Therefore, in the cellular RNA of leaves and
flower buds of a 2B plant, nearly all the pre-rRNA
molecules are derived from the A chromosome NOR.

A search for a donor of the B chromosome rDNA:
The observation that the B1 and B2 ITS regions were
very significantly different from those of the A chromo-
some NOR suggested a search of species in central
Europe that may have hybridized with C. capillaris and
donated these rDNA types. The assumption was that, as
in Hordeum interspecies (Kasha and Kao 1970) and
some Poaceae (LaurieandBennett 1989) orother inter-
generic crosses, the chromosomes of one parent may
be eliminated during embryogenesis. In most systems
this leads to the formation of haploids containing only

Figure 3.—Gel electrophoresis of PCR-amplified DNA test-
ing the specificity of the A and B1 primers. PCR products were
amplified using P1 and A as primers from 0B total plant DNA
(lanes 1 and 3), 2B total plant DNA (lanes 5 and 7), clones de-
rived from 0B total plant DNA (lanes 9 and 11), and clones de-
rived from microdissected B chromosome DNA (lanes 13 and
15) and using P1 and B1 as primers from 0B total plant DNA
(lanes 2 and 4), 2B total plant DNA (lanes 6 and 8), clones de-
rived from 0B total plant DNA (lanes 10 and12), and clones
derived from microdissected B chromosome DNA (lanes 14
and 16). Fragment sizes are indicated in base pairs.

Figure 4.—Gel electrophoresis of PCR-amplified
products testing for transcription of rRNA genes
from A and B chromosome DNA. PCR products
were amplified using P1 and A as primers from
0B total plant DNA (lane 1), 2B total plant DNA
(lane 3), 0B total flower bud RNA (lanes 5 and
9), 0B total leaf RNA (lanes 7 and 11), 2B total

flower bud RNA (lanes 13 and 17), and 2B total leaf RNA (lanes 15 and 19) and using P1 and B1 as primers from 0B total plant
DNA (lane 2), 0B total flower bud RNA (lanes 6 and 10), 0B total leaf RNA (lanes 8 and 12), 2B total flower bud RNA (lanes 14 and
18), and 2B total leaf RNA (lanes 16 and 20). Fragment sizes are indicated in base pairs.
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the chromosomes of one parent, but the process of
elimination takes some time (Thomas and Pickering

1983; Pickering 1985) and some chromatin may
survive provided that it becomes mitotically stable. If
this event is followed by spontaneous chromosome
doubling or backcrossing to one of the parents, then
diploids may result in the formation of supernumerary
chromosomes that may be genetically suppressed
(Sapre and Deshpande 1987). We prepared DNA
from herbarium specimens of 10 species and fresh
tissue from 3 additional species collected in the
northeastern Harz region in Germany, from which we
amplified ITS2, which was sequenced and compared

with ITS2 sequences of 18 additional Crepis species,
available from the EMBL databases. In particular, we
included those species occurring in the vicinity of
Schaffhausen, in northernmost Switzerland (Hess et al.
1972), where the B-chromosome-positive C. capillaris
population was first identified (Rutishauser 1960).
We focused particularly on C. dioscoridis, C. tectorum,
C. nicaeensis, C. leontodontoides, and C. aspera because
chromosome fragments in artificially induced species
hybrids have been described in crosses with C. capillaris
(Navashin 1927; Avery 1930; Hollingshead 1930;
Grob 1966; Doerschug and Miksche 1976).

Neighbor-joining phylogenetic analyses (Swofford

2002) of the sequence data (Figure 6) did not identify a
species that contained an ITS2 sequence that was more
similar to either of the B chromosome sequences than
that of the C. capillaris A chromosomes. This reinforces
the mutational analysis and suggests strongly that the
B chromosome rDNA was derived from the A chromo-
some followed by divergence over time into major (ITS-
B1) and minor (ITS-B2) gene clusters. A parsimony
analysis of the ITS sequences resulted in identical taxon
groups as found in the neighbor-joining tree (data not
shown).

DISCUSSION

These experiments provide the first molecular dem-
onstration of the transcription of B chromosome DNA.
These chromosomes, which have the capacity to accu-
mulate through generations or during mitosis, have
generally been considered to be genetically, although
not functionally, inert. There is ample evidence that
they have a great variety of exo- and endo-phenotypic
effects (Jones and Rees 1982; Puertas 2002).

Here we have shown that B chromosomes are not
genetically inert but it appears unlikely, in the case of
these rDNA clusters, that they make a pro rata contribu-
tion to the functional ribosome population. We cannot
distinguish whether all the ITS-B1-type genes are tran-
scribed at a low level or whether a few are transcribed
and others are inactive. Of course, this same uncertainty
applies for the A chromosome NOR, and it appears that
most plants have a large excess of rRNA genes above the
number that is capable of producing the amount of RNA
required by somatic cells (Kavanagh and Timmis 1986).

Togby (1943) described the evolution of C. fuliginosa
Sibth. & Sm. (C. neglecta subsp. fuliginosa (Sibth. & Sm.)
Vierh. (2n¼ 6) from C. neglecta L. (2n¼ 8) as a result of
unequal interchange and loss, subsequently, of a small
dispensable centric fragment. If this centric fragment is
retained rather than lost, it could evolve into a B chromo-
some. Babcock (1942) presented an extensive analysis
of the systematics, cytogenetics, and evolution in Crepis
species and argued that species with lower chromosome
numbers appeared to be derived from species with
higher numbers. C. fuliginosa and C. capillaris are both

Figure 5.—Gel electrophoresis of PCR-amplified products
to quantify the level of transcription from the B chromosome.
All PCR products were amplified using P1 and P2 with the re-
verse transcriptase step included for samples in lanes 11–16
and all RNA samples digested with DNase. All samples are
in pairs not digested (odd numbers) and digested with Nsi I
(even numbers). Total plant DNA from 0B (lanes 1 and 2),
2B (lanes 3–6), clone 10 DNA from 0B (lanes 7 and 8), clone 3
from microdissected B chromosome DNA (lanes 9 and 10),
total flower bud RNA from 2B plant (lanes 11 and 12), and
total leaf RNA from 2B plant (lanes 13–16). Fragment sizes
are indicated in base pairs.

Figure 6.—The phylogenetic relationships between the
ITS2 sequences of 29 species within the genus Crepis and
the corresponding sequences on the B chromosome of
C. capillaris. The tree was prepared using neighbor-joining
analysis. Numbers depict bootstrap values (.50%) derived
from 200 bootstrap resamples.
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species with the lowest diploid number found in the
genus: 2n ¼ 6.

If a similar kind of chromosome rearrangement was
responsible for the evolution of the B chromosome in
C. capillaris, it is still necessary to provide an explanation
for the source, location, and activity of the rRNA genes
found on the B chromosomes. First, it possible that the
NOR-bearing chromosome was involved in the inter-
change and that the remaining centric fragment carried
rRNA genes. This chromosome would have to undergo
a misdivision of the centromere to generate the isochro-
mosome now found inC. capillaris and such centromeric
misdivisions are not uncommon in B chromosomes (see
Jones and Rees 1982 for numerous examples). Second,
most, if not all, Crepis species have distal rRNA gene
clusters (see Jones 1995 for list) so that the position of
this locus is not unusual. Finally, as the rRNA genes
probably derive from the A genome, nucleolar domi-
nance as seen, if only cytologically, in Crepis hybrids
(Navashin 1934; Doerschug and Miksche 1976)
would not be predicted in the nascent B chromosome.
Sequence divergence may occur due to the relaxation of
the constraints of concerted evolution due to lack of
pairing of the B chromosome with the A’s. However,
there are a number of examples of either concerted evo-
lution of different arrays of rRNA genes (Joly et al.
2004; Kovarik et al. 2004) or maintenance of different
arrays (Rauscher et al. 2004) in various polyploid spe-
cies. Thus either maintenance of sequence identity
or sequence divergence is equally likely even in the
absence of detectable pairing.

Jamilena et al. (1994) endeavored to determine the
origin of the B chromosome of C. capillaris using in situ
hybridization with a range of probes. Genomic in situ
hybridization with DNA from plants with and without
B’s as probe indicated that the B chromosome had many
DNA sequences in common with the A chromosomes,
but showed no region rich in B-specific sequences.
Additional DNA probes derived from the NOR chro-
mosome (chromosome 3) were also used to test the
possible origin of the B from this chromosome and only
the 18S 1 25S rDNA and the telomeric sequences were
found to hybridize to the B’s. Jamilena et al. (1994,
p. 703) concluded that ‘‘the entire B of C. capillaris,
although possibly having originated from the standard
genome, did not derive directly from the NOR
chromosome.’’

If the B was derived from a centric fragment lacking
rRNA genes, it is possible that the latter relocated as a
result of a transposition event (Schubert and Wobus

1985). B chromosomes carry many transposable ele-
ments and numerous reports of variation in NOR
location within individuals (Hall and Parker 1995)
suggest that rRNA genes are mobile.

Babcock (1942) also reports that many variations
from the typical diploid number are found in Crepis,
including both trisomics and polyploids in C. capillaris

and C. tectorum. Furthermore, Babcock and Navashin

(1930) described a trisomic plant in C. tectorum in which
the extra member was an atypical satellited chromo-
some. It is possible that this chromosome was in fact a B
chromosome, although not recognized as such. The
cohabitation of diploids and tetraploids of the same or
closely related species provides an ideal environment
for a scenario similar to that described by Sapre and
Deshpande (1987) in Coix L. where a B chromosome
was generated spontaneously as a result of the crossing
of two allopatric species, C. gigantica (2n ¼ 20) and C.
aquatica (2n ¼ 10), followed by natural backcrossing of
the hybrid yielding a C. aquatica (2n ¼ 10 1 1B) where
the B was derived as a relic from C. gigantica. Crossing
of diploid and tetraploid C. capillaris plants or crosses
with C. tectorum (with which it forms hybrids; Babcock

1942) plants followed by natural backcrossing to the
diploid could readily lead to the formation of a B chro-
mosome. However, the phylogenetic analysis of the
ITS2 regions from 28 other Crepis species, including
C. nicaeensis (Grob 1966), C. leontodontoides (Avery

1930), C. aspera (Navashin 1927), C. tectorum, and
C. dioscoridis (Doerschug and Miksche 1976) with which
C. capillaris forms hybrids, did not indicate that any of
them was a more likely donor of the B chromosome
rRNA genes than was the A genome of C. capillaris.

As suggested above, a possible explanation for the
extensive sequence variation between the ITS1 and ITS2
regions of the A and B chromosomes is that lack of
meiotic pairing of the A’s and B’s and the stability of B’s
as univalents releases them from concerted evolution
with the A chromosome rDNA (Liao 1999). This is
further supported by the lack of identification of a
donor species for the very different rRNA gene types
that are present on the B chromosome, suggesting that
the B genes have evolved from those on the A chromo-
some under different selection pressures and/or ho-
mogenizing mechanisms.

The presence of a transcript from the B chromosome
rRNA genes indicates that these genes at least are not
completely suppressed. However, transcripts are rare
when compared with the number of rRNA genes on the
B, suggesting that transcription is suppressed or the
transcripts are quickly degraded compared with those
arising from the A chromosomes. The lack of any detect-
able association of the B’s with a nucleolus may be
attributable to the low level of transcription or, consistent
with intermittent silver staining, the fact that transcrip-
tion is confined to a few cells. The search for a possible
donor of the B chromosome did not identify any candi-
date species. Rather, the phylogenetic analysis shows that
the B’s are more closely related to theC. capillarisA’s than
to those of any other species tested and this is consistent
with mutational analyses of the A and B rDNA.
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Navashin, M., 1927 Über die Veränderung von Zhal und der Chro-
mosomen infolge der Hybridisierung. Zeitschr. Zellforschung
Mikroskopische Anatomie 19: 195–233.

Navashin, M., 1934 Chromosomal alterations caused by hybridisa-
tion and their bearing upon certain general genetic problems.
Cytologia 5: 169–203.

Page, B. T., M. K. Wanous and J. A. Birchler, 2001 Characteriza-
tion of a maize chromosome 4 centromeric sequence: evidence
for an evolutionary relationship with the B chromosome centro-
mere. Genetics 159: 291–302.

Parker, J. S., G. H. Jones, L. A. Edgar and C. L. Whitehouse,
1989 The population cytogenetics of Crepis capillaris. II. The
stability and inheritance of B chromosomes. Heredity 63: 19–27.

Pickering, R. A., 1985 Partial control of chromosome elimination
by temperature in immature embryos of Hordeum vulgare L. 3

H. bulbosum. Euphytica 14: 869–874.
Puertas, M. J., 2002 Nature and evolution of B chromosomes in

plants: a non-coding but information-rich part of plant genomes.
Cytogenet. Genome Res. 198: 198–205.

Rauscher, J. T., J. J. Doyle and A. H. D. Brown, 2004 Multiple
origins and rDNA internal transcribed spacer homeologue
evolution in the Glycine tomentella (Leguminosae) allopolyploid
complex. Genetics 166: 987–998.

Rutishauser, A., 1960 Fragmentchromosomen bei Crepis capillaris.
Beih. Z. Schweiz. Forstvereins 30: 93–106.

Sapre, A. B., and D. Deshpande, 1987 Origin of B chromosomes
in Coix L. through spontaneous interspecific hybridisation.
J. Hered. 78: 191–196.

Schubert, I., and U. Wobus, 1985 In situ hybridization confirms
jumping nucleolus organizing regions in Allium. Chromosoma
92: 143–148.

Sell, P. D., 1976 Crepis, pp. 344–357 in Flora Europaea, Vol. 4, edited
by T. G. Tutin, V. H. Heywood, N. A. Burges, D. M. Moore,
D. H. Valentine et al. Cambridge University Press, Cambridge,
UK/London/New York.

B Chromosome Ribosomal RNA Genes Are Transcribed 277



Sharbel, T. F., D. M. Green and A. Houben, 1998 B-chromosome
origin in the endemic New Zealand frog Leiopelma hochstetteri
through sex chromosome devolution. Genome 41: 14–22.

Sirri, V., P. Roussel and D. Hernandez-Verdun, 2000 The AgNOR
proteins: qualitative and quantitative changes during the cell
cycle. Micron 31: 121–126.

Stitou, S., R. Jimenez, R. D. de la Guardia and M. Burgos,
2000 Sex-chromosome pairing through heterochromatin in
the African rodent Lemniscomys barbarus (Rodentia, Muridae).
A synaptonemal complex study. Chromosome Res. 8: 277–283.

Swofford, D., 2002 PAUP* Phylogenetic Analysis Using Parsimony (*and
Other Methods). Version 4. Sinauer Associates, Sunderland, MA.

Thomas, H. M., and R. A. Pickering, 1983 Chromosome elimina-
tion in Hordeum vulgare 3 Hordeum bulbosum hybrids. 2. Chromo-
some behaviour in secondary hybrids. Theor. Appl. Genet. 66:
141–146.

Togby, H.A., 1943 A cytological study of Crepis fuliginosa, C. neglecta
and their F1 hybrids and its bearing on a mechanism of phy-

togenetic reduction in chromosome number. J. Genet. 45:
67–111.

White, T. J., T. Bruns, S. Lee and J. Taylor, 1990 Amplification and
direct sequencing of fungal ribosomal RNA genes for phylo-
genetics, pp. 315–322 in PCR Protocols: A Guide to Methods and
Applications, edited by M. A. Innis, D. H. Gelfand, J. J. Sninsky

and T. J. White. Academic Press, San Diego.
Wilson, E. B., 1907 The supernumerary chromosomes of Hemiptera.

Science 26: 870.
Yakura, K., and S. Tanifuji, 1983 Molecular cloning and restriction

analysis of Eco R I fragments from Vicia faba rDNA. Plant Cell
Physiol. 24: 1327–1330.

Ziegler, C. G., D. K. Lamatsch, C. Steinlein, W. Engel, M. Schartl

et al., 2003 The giant B chromosome of the cyprinid fish Albu-
rnus alburnus harbours a retrotransposon-derived repetitive
DNA sequence. Chromosome Res. 11: 23–35.

Communicating editor: J. Birchler

278 C. R. Leach et al.



 

 

A18 Manzanero, S., Arana, P., Puertas, M.J., and Houben, A. (2000). The 

chromosomal distribution of phosphorylated histone H3 differs between plants 

and animals at meiosis. Chromosoma 109, 308-317. 

 26



Abstract Plant (Secale cereale, Triticum aestivum) and
animal (Eyprepocnemis plorans) meiocytes were ana-
lyzed by indirect immunostaining with an antibody rec-
ognizing histone H3 phosphorylated at serine 10, to
study the relationship between H3 phosphorylation and
chromosome condensation at meiosis. To investigate
whether the dynamics of histone H3 phosphorylation dif-
fers between chromosomes with a different mode of seg-
regation, we included in this study mitotic cells and also
meiotic cells of individuals forming bivalents plus three
different types of univalents (A chromosomes, B chro-
mosomes and X chromosome). During the first meiotic
division, the H3 phosphorylation of the entire chromo-
somes initiates at the transition from leptotene to zygo-
tene in rye and wheat, whereas in E. plorans it does so at
diplotene. In all species analyzed H3 phosphorylation
terminates toward interkinesis. The immunosignals at
first meiotic division are identical in bivalents and univa-
lents of A and B chromosomes, irrespective of their
equational or reductional segregation at anaphase I. The
grasshopper X chromosome, which always segregates
reductionally, also shows the same pattern. Remarkable
differences were found at second meiotic division be-
tween plant and animal material. In E. plorans H3 phos-
phorylation occurred all along the chromosomes, where-
as in plants only the pericentromeric regions showed
strong immunosignals from prophase II until telophase
II. In addition, no immunolabeling was detectable on
single chromatids resulting from equational segregation
of plant A or B chromosome univalents during the pre-
ceding anaphase I. Simultaneous immunostaining with
anti-tubulin and anti-phosphorylated H3 antibodies dem-

onstrated that the kinetochores of all chromosomes inter-
act with microtubules, even in the absence of detectable
phosphorylated H3 immunosignals. The different pattern
of H3 phosphorylation in plant and animal meiocytes
suggests that this evolutionarily conserved post-transla-
tional chromatin modification might be involved in dif-
ferent roles in both types of organisms. The possibility
that in plants H3 phosphorylation is related to sister
chromatid cohesion is discussed.

Introduction

During mitotic and meiotic cell division, the chromatin
becomes remarkably condensed to facilitate chromo-
some segregation. In order to accomplish the structural
and functional requirements for alignment, pairing and
recombination of homologous chromosomes, the chro-
mosome condensation process at meiosis most likely dif-
fers from that at mitosis.

One of the phenomena that correlates with the initia-
tion and maintenance of mitotic chromosome condensa-
tion is the phosphorylation of the core histone H3 at
Ser10 (Gurtley et al. 1975; Ajiro et al. 1983, 1996), close
to its flexible N-terminal end (Paulson and Taylor 1982).
While only a few H3 molecules are phosphorylated at in-
terphase, nearly all become phosphorylated during mito-
sis (Gurtley et al. 1987). The interrelation of H3 phos-
phorylation and chromatin condensation is not under-
stood. It has been proposed that phosphorylation of the
H3 N-terminal tail might reduce its affinity for DNA, fa-
cilitating the movement of nucleosomes and the access
of condensation factors to the chromatin (Roth and Allis
1992; Hendzel et al. 1997; Sauvé et al. 1999). With an
antiserum against phosphorylated H3, Hendzel et al.
(1997) demonstrated H3 phosphorylation of mammalian
mitotic chromosomes initiating in pericentromeric het-
erochromatin in late G2 interphase cells, spreading
throughout the condensing chromatin, and completing
just prior to the formation of prophase chromosomes.
Coincidence of H3 phosphorylation and mitotic chromo-
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some condensation has meanwhile been reported for a
broad spectrum of eukaryotes, such as protozoa (Tetra-
hymena thermophila; Wei et al. 1998), fungi, worms and
insects (Aspergillus nidulans, Caenorhabditis elegans,
Drosophila melanogaster; Wei and Allis 1998), as well
as mono- and dicot plants (Hordeum vulgare, Secale
cereale, Vicia faba; Houben et al. 1999).

Recently, H3 phosphorylation has also been described
for meiotic chromosomes of Tetrahymena (Wei et al.
1998, 1999) and mice (Cobb et al. 1999a, b). In Tetrahy-
mena mutants with unphosphorylatable histone H3, Wei
et al. (1999) observed disturbed chromosome segrega-
tion during micronuclear mitosis and meiosis. This was
interpreted as a consequence of impaired chromosome
condensation.

The present study describes the chromosomal distri-
bution of phosphorylated histone H3 during both meiotic
divisions in various types of plant and animal bivalents
and univalents: (1) bivalent-forming chromosomes with
normal meiotic behavior, such as the chromosomes of
the normal set (A chromosomes, As) or pairs of supernu-
merary B chromosomes (Bs); (2) chromosomes forming
natural univalents such as the X chromosome or non-
associated Bs at metaphase I; (3) univalents in haploids
or monosomic addition lines, and (4) artificially induced
autosomal univalents. The univalents may show either
unipolar (syntelic) or bipolar (amphitelic) orientation at
metaphase I and, consequently, reductional or equational
segregation at anaphase I. Plant and animal materials are
compared and the relationship between histone H3 phos-
phorylation, meiotic chromosome condensation and sis-
ter chromatid cohesion is discussed.

Materials and methods

The following materials were used: (1) Rye (S. cereale)
2n=14+Bs, from the Korean population Paldang, which contains B
chromosomes in 20% of the individuals. (2) Haploid plants of
wheat (Triticum aestivum, 2n=6x=42, var. Chinese Spring). (3) A
monotelosomic addition line consisting of the 42 chromosomes of
wheat plus the long arm of chromosome 5 of rye (5RL). (4) The
grasshopper Eyprepocnemis plorans (2n=22+XX-X0).

All these materials share the feature of forming univalents: two
types of natural univalents, such as the X chromosome in the male
grasshopper and the rye B chromosomes; univalents produced by
lack of homologous pairing, such as those in the haploids or in the
monosomic addition line; and artificially induced autosomal
univalents as is explained below.

Living spermatocyte cultures and univalent induction
in E. plorans

Living spermatocyte cultures were made following the technique
described by Nicklas et al. (1982) from testicular follicles ob-
tained by biopsy from young adult males of the grasshopper E.
plorans. In the testicular follicles of grasshoppers, cells are ar-
ranged in cysts of rather synchronous cells, in various stages of
meiosis and spermatogenesis. Cysts from premeiotic mitosis to
mature sperm can be found. In this species, the X chromosome ap-
pears as a univalent in male meiosis and shows regular behavior,
migrating undivided to one pole at anaphase I and separating chro-
matids at anaphase II.

Autosomal univalents were induced by heat treatment of
young adult males at 44°C for 4 days, followed by recovery in
normal laboratory conditions (Rebollo and Arana 1995). The mei-
otic behavior of autosomal univalents is highly irregular (Rebollo
and Arana 1995, 1997; Rebollo et al. 1998), showing a great vari-
ety of segregation abnormalities.

Plant chromosome preparation

Anthers were fixed for 30 min in freshly prepared 4% (w/v) para-
formaldehyde solution containing phosphate-buffered saline (PBS,
pH 7.3), washed for 45 min in PBS and digested at 37°C for
25 min in a mixture of 2.5% pectinase, 2.5% cellulase Onozuka R-
10 and 2.5% pectolyase Y-23 (w/v) dissolved in PBS. Anthers
were then washed for 15 min in PBS and squashed between a
glass slide and coverslip in PBS. After freezing in liquid nitrogen,
the coverslips were removed and the slides were transferred im-
mediately into PBS.

For routine controls and quantitative estimations of configura-
tion frequencies, anther squashes were made in 1% acetocarmine.

Mitotic chromosomes of rye were prepared from root tips ac-
cording to Houben et al. (1999).

Plant immunostaining techniques

To avoid nonspecific antibody binding, slides were incubated for
30 min in 8% BSA (w/v), 0.1% Triton X100 in PBS at room tem-
perature prior to two washes in PBS for 5 min each, and incubated
with the primary antibody in a humidified chamber. The primary
antibodies of a polyclonal rabbit antiserum that specifically recog-
nized histone H3 phosphorylated at Ser 10 (Upstate Biotechnolo-
gy, USA) were diluted 1:500 in PBS, 3% BSA. After 12 h incuba-
tion at 4°C and washing for 15 min in PBS, the slides were incu-
bated in rhodamine-conjugated anti-rabbit IgG (Dianova) diluted
1:200 in PBS, 3% BSA for 3 h at room temperature. After final
washes in PBS, the preparations were mounted in antifade con-
taining 4′,6-diamidino-2-phenylindole (DAPI) as counterstain.

For simultaneous immunostaining with anti-α-tubulin, a mi-
crotubule stabilizing buffer (50 mM PIPES, 5 mM MgSO4, 5 mM
EGTA, pH 6.9) was used instead of PBS. The anti-α-tubulin anti-
body (N356, Amersham) diluted 1:50 was detected after incuba-
tion with fluorescein isothiocyanate (FITC)-conjugated anti-
mouse antibody (Dianova) diluted 1:100. Fluorescent signals were
observed using a microscope equipped with epifluorescence op-
tics. The images, recorded with a cooled CCD camera, were pseu-
do-colored and merged with the program Adobe Photoshop 4.0.

Animal immunostaining techniques

Immunostaining was carried out on cultured spermatocytes previ-
ously tracked in vivo. Cells were labeled following the technique
employed by Nicklas et al. (1995) for kinetochore staining with
3F3/2 antibody (Gorbsky and Ricketts 1993), without microcystin
LR in the lysis/fixative buffer. A monoclonal anti-α-tubulin anti-
body (Boehringer) and the anti-phosphorylated H3 serum were
used as primary antibodies at 1:50 and 1:100 dilutions in PBS, 1%
BSA, respectively. FITC-conjugated anti-mouse (Boehringer) for
tubulin, and rhodamine-conjugated anti-rabbit (Dianova) for phos-
phorylated H3 were used as secondary antibodies at 1:25 and 1:50
dilutions, respectively. Preparations were counterstained with
DAPI before mounting in Vectashield. Cells were examined in an
Olympus BX-60 epifluorescence microscope, photographed on
400 ISO color negative film, and the negatives scanned at
1340 dpi. The images were optimized for best contrast and bright-
ness with Adobe Photoshop 4.0.
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Results

A summary of the immunolabeling patterns obtained
with antibodies against phosphorylated H3 during the
different stages of meiosis in plant and animal meiocytes
is presented in Table 1.

In plants the phosphorylation pattern of chromosomal
histone H3 alters during meiosis

The immunolabeling patterns obtained with antibodies
against phosphorylated H3 during the different stages of
meiosis were similar for the chromosomes of the mono-
cot species S. cereale and T. aestivum. Immunostaining
of interphase cells was hardly observed. The first diffuse
immunosignals were detectable during the transition
from leptotene to zygotene (Fig. 1A, B). Strong im-
munosignals appeared to be dispersed randomly through-
out the nuclei from zygotene to diplotene (Fig. 1C, D).
With the further compaction of chromosomes during dia-
kinesis, immunosignals were scattered over the chromo-
somes (Fig. 1E). At metaphase I, congressed rye and
wheat bivalents (Figs. 1F, 2A), rye Bs (not shown) and
wheat univalents (Fig. 2A, B) were entirely and strongly
immunolabeled. During diakinesis and metaphase I, the
histone H3 of the centromeric regions appeared slightly
more strongly phosphorylated than the rest of the chro-
mosomes (Fig. 1E, F, arrowed). At metaphase I, all biva-
lents were syntelically oriented, and the chromosomes
migrated reductionally to the poles at anaphase I
(Fig. 1G), still homogeneously labeled. 

At telophase I (Fig. 1H), the phosphorylation of his-
tone H3 gradually disappeared. At interkinesis, the short
stage between the first and second meiotic divisions, in
which no DNA replication occurs, the chromatin dis-
played only faint immunostaining (Fig. 1I). At the light

microscopy level, it seems that the degree of chromatin
condensation at interkinesis is higher than at mitotic in-
terphase (Fig. 1O).

The H3 phosphorylation pattern at second meiotic di-
vision was similar to that observed in mitotic cells
(Houben et al. 1999), where mainly the pericentromeric
regions are immunolabeled at metaphase and anaphase
(Fig. 1P, Q). At early prophase II, the recondensation of
the chromosomes coincided with renewed phosphoryla-
tion of histone H3. The phosphorylation initiated in dis-
crete areas and pronounced immunofluorescent spots be-
came visible, while other areas were less intense and
more diffusely labeled (Figs. 1J, 3A, upper cell). At late
prophase II and metaphase II, the centromeric regions
were phosphorylated, whereas the chromatid arms were
very weakly labeled (Figs. 1K; 3A, lower cell, B, C).

The status of phosphorylation remained unchanged
after the separation of the sister chromatids at anaphase
II (Fig. 1L). At telophase II (Fig. 1M), the phosphoryla-
tion of histone H3 disappeared gradually with the decon-
densation of the chromosomes (Fig. 1N).

Histone H3 phosphorylation patterns differ between
formerly reductionally and equationally divided plant
univalents during the second meiotic division

At metaphase I, most chromosomes in the haploid wheat
(Fig. 2A, B), and 66% of rye B chromosomes, form
univalents. A high proportion of wheat univalents, 50%
of B univalents and 75.2% of rye univalent 5RL of the
wheat-rye addition line were syntelically oriented and
migrated reductionally to the poles at anaphase I, still
homogeneously labeled. The amphitelically oriented
univalents divided equationally at anaphase I, their sister
chromatids separating to different poles (Fig. 2C, one
chromatid arrowed). Phosphorylation of H3 at first mei-

Table 1 Chromosomal distribution of phosphorylated histone H3
at mitosis and meiosis. (P, pericentromeric distribution of the im-
munolabeling; +, immunolabeling visible along the entire chromo-
some; –, immunolabeling not detectable; R, reductional segrega-

tion; E, equational segregation; L, leptotene; Z, zygotene; P,
pachytene; D-Dk, diplotene-diakinesis; MI, metaphase I; AI, ana-
phase I; I, interkinesis; PII, prophase II; MII, metaphase II; AII,
anaphase II; TII/In, telophase II/interphase transition)

Material Type of Mitosis First meiotic division Second meiotic division
chromosome

L Z P D–DK MI AI I PII MII AII TII/In

Rye As P Bivalents R – + + + + + – P P P –
Bs P Bivalents R – + + + + + – P P P –

Univalents R – + + + + + – P P P –
E – + + + + + – – – – –

Haploid wheat As P Bivalents R – + + + + + – P P P –
Univalents R – + + + + + – P P P –

E – + + + + + – – – – –
Wheat-5RL Mono 5RL P Univalent R – + + + + + – P P P –
addition line E – + + + + + – – – – –
Eyprepocnemis As + Bivalents R – – – + + + – + + + –
plorans Univalents R – – – + + + – + + + –

E – – – + + + – + + + –
X + Univalent R – – – + + + – + + + –
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Fig. 1 Immunolocalization of phosphorylated histone H3 during
meiosis (A–N) and mitosis (O–Q) of Secale cereale without B
chromosomes. The different meiotic and mitotic stages were dis-
tinguished according to the morphology of the chromosomes. First
meiotic division: A preleptotene-leptotene, B leptotene, C zygo-
tene-pachytene, D diplotene, E diakinesis, F metaphase I, G ana-
phase I, H telophase I, I interkinesis. Second meiotic division: J

prophase II, K metaphase II, L anaphase II, M telophase II, N in-
terphase (tetrads). Mitosis: O interphase, P metaphase, Q ana-
phase. DNA column DAPI staining; phH3 column phosphorylated
H3 labeling; in the mix column, the images of the DNA stained
(red) and immunolabeled (green) cells are merged. Bar represents
5 µm (Q)
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Fig. 2 Immunolocalization of phosphorylated histone H3 on
meiocytes of haploid Triticum aestivum at metaphase I (A, B), and
anaphase I (C). In A bivalents as well as univalents are shown,
whereas in B there are only univalents. Note the prematurely sepa-
rated sister chromatid arrowed in C. DNA column DAPI staining;
phH3 column phosphorylated H3 labeling; mix column merged
DNA staining (red) and immunolabeling (green) images

otic division was identical for equationally and reduc-
tionally dividing chromosomes.

To ascertain the fate of the equationally divided
univalents, the frequency of cells with equationally di-
viding rye B univalents at anaphase I, the frequency of
cells with uncoupled B chromatids at metaphase II and
the frequency of cells with laggards at anaphase II were
scored in 100 cells of ten rye anthers stained with aceto-
carmine. The frequencies coincided (33%), indicating
that single chromatids at metaphase II and chromatid
laggards at anaphase II are products of equational divi-
sion of univalents at first meiotic division.

The frequency of cells with uncoupled chromatids at
metaphase II was 25% for rye A chromosomes in the ad-
dition line, and more than 95% for haploid wheat. As in
the case of rye Bs, single chromatids are easily detected

Fig. 3A–E Simultaneous immunostaining of phosphorylated his-
tone H3 and α-tubulin on meiocytes of haploid Triticum aestivum
during the second meiotic division. A Prophase II, B, C metaphase
II, D early anaphase II, E late anaphase II. Single chromatids are
arrowed. C The interaction between tubulin fibers and the kineto-
chore of a single chromatid is illustrated. DNA column DAPI
staining; phH3 column phosphorylated H3 labeling; tubulin col-
umn α-tubulin labeling; mix column merged DNA (blue), phH3
(red) and tubulin (green) images

▲
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by their faulty congression at the metaphase II plate
(Fig. 3C) or by their impaired segregation at anaphase II,
where they often appear as laggards (Figs. 3E; 4). They
were condensed in a similar manner to the sister chro-
matids of reductionally divided chromosomes (Fig. 3, 4).
However, the immunostaining revealed that, within the
same metaphase II cell, only chromosomes consisting of
two sister chromatids had strong signals at their pericen-
tromeric regions, whereas single chromatids showed no
immunosignal (Fig. 3A, B, C, arrowed). At anaphase II,
these single A and B chromatids also revealed unphos-
phorylated H3 (Figs. 3D, E; 4, arrowed).

To analyze whether the different H3 phosphorylation
status of the pericentromeric chromatin affects the ability
of the kinetochore to attach to spindle microtubules, tri-
ple-staining with anti-phosphorylated H3, anti-tubulin an-
tibodies and DAPI was performed (Figs. 3; 4A, B). Anti-
tubulin staining also confirmed the affiliation of single
chromatids lacking phosphorylated H3 to the cells ana-
lyzed. The triple-staining experiment demonstrated that
the kinetochores interact with microtubules, irrespective
of their level of H3 phosphorylation. Figures 3C, E and
4A, B show single A and B chromatids without phos-
phorylated H3 at the pericentromeric chromatin, in inter-
action with apparently normal chromosomal fibers. The
centromeric regions of such single chromatids appear to
have a normal degree of condensation.

Histone H3 phosphorylation patterns in E. plorans
at meiosis and mitosis

In E. plorans, the meiotic H3 phosphorylation pattern
obtained (Fig. 5) coincided with that previously reported
by Cobb et al. (1999a, b) for Mus musculus. The onset of
phosphorylation was detected at diplotene (Fig. 5C, C′,

D, D′, a) and the immunosignals were distributed all
over the condensed chromosomes. At metaphase I, both
the autosomal bivalents and the X univalent were strong-
ly immunolabeled (Fig. 5D, D′, b, X arrowed).

At anaphase I the condensed chromosomes showed
strong immunolabeling, which gradually disappeared
during telophase I, and was not observed at interkinesis
(Fig. 5D, D′, c, d, e). The immunosignals reappeared at
prophase II, and were distributed over the entire length
of the condensed chromosomes during the second meiot-
ic division.

This behavior was the same for all types of chromo-
somes studied, i.e., the autosomal bivalents, the X chro-
mosome, and the induced autosomal univalents, irrespec-
tive of their reductional or equational segregation at ana-
phase I (Fig. 5E, E′, F, F′, G, G′, G′′ ). Also, in the case
of E. plorans, there is evidence that the single chromat-
ids at metaphase II or lagging chromosomes at anaphase
II are the result of equationally dividing univalents at
first division (Rebollo and Arana 1997).

The mitotic H3 phosphorylation pattern was observed
in mitosis in those testicular follicles where spermatogo-
nial cells were dividing. The immunosignals appeared
not at the initiation of chromosome condensation, but at
mid-prophase (Fig. 5A, A′). It was not possible to deter-
mine whether the H3 phosphorylation initiates on the
pericentromeric regions or scattered along the chromo-
somes. At metaphase and anaphase, the whole chromo-
some showed strong immunolabeling, which disappeared
during telophase (Fig. 5B, B′).

Discussion

Histone H3 phosphorylation at Ser10, associated with
chromatin condensation in mitosis and meiosis, has been
described in species ranging from Tetrahymena (Wei et
al. 1998) to mammals (Hendzel et al. 1997; Cobb et al.
1999a, b), indicating that H3 phosphorylation during nu-
clear division is a highly conserved process among eu-
karyotes. However, the immunolabeling patterns ob-
tained with antibodies against phosphorylated H3 in the
present work show that there are remarkable differences
in the chromosomal distribution of phosphorylated H3

Fig. 4A–D Histone H3 of condensed prematurely separated A or
B chromatids is not phosphorylated at the centromeric region. A,
B Anaphase II cells of rye showing lagging B chromatids (ar-
rowed); DNA blue, phosphorylated H3 labeling red, α-tubulin la-
beling green. C, D Anaphase II chromosomes (red) of a wheat
5RL monosomic addition line after immunostaining of phosphory-
lated H3 (yellow). The lagging rye chromatids are arrowed
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between animal and plant cells, and between mitosis and
the first and second meiotic divisions.

Unlike mitosis, where the phosphorylation of H3
starts distinctly in the pericentromeric chromatin of
mammals (Hendzel et al. 1997) and plants (Houben et al.
1999), at first meiotic division the phosphorylation of H3
initiates, and remains uniform, along the chromosomes.
In plants, the first immunosignals were observed when
the initiation of chromosome condensation began during
the transition from leptotene to zygotene. At this stage,
chromosomes undergo a global structural reorganization,

Fig. 5A–G Immunostaining of phosphorylated H3 and α-tubulin
during mitosis and meiosis of Eyprepocnemis plorans. A–G DAPI
and α-tubulin staining; A′′–G′′ phosphorylated H3 labeling. A, A′′
early (left) and late (right) mitotic prophase; B, B′′ mitotic ana-
phase (left) and telophase (right); C, C′′ diplotene; D, D′′ a diakine-
sis, b metaphase I (X arrowed), c anaphase I, d telophase I, e cyto-
kinesis; asterisks indicate the poles; E, E′′ anaphase I with two lag-
ging univalents amphitelically oriented; F, F′′ metaphase II with a
single chromatid out of the plate; G, G′′, G′′′′ anaphase II with two
lagging chromatids (G′′ and G′′′′ are two focal planes of the same
cell). E–G Cells from heat-treated individuals. Bar represents
5 µm (G′′′′)
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the chromatids separate slightly and the chromosome
volume increases (Dawe et al. 1994). By contrast, in E.
plorans, the onset of phosphorylation was detected at
diplotene, as it was in M. musculus (Cobb et al. 1999a, b).

From metaphase I to interkinesis, the H3 phosphoryla-
tion patterns were similar in E. plorans and plant meio-
cytes. In both cases, the condensed chromosomes showed
strong immunolabeling that gradually disappeared during
telophase I. At the light microscopy level, it seems that
the degree of chromatin condensation at interkinesis is
higher than at mitotic interphase for the species analyzed.
In most animals, telophase I and interkinesis are absent,
and the anaphase chromosomes pass directly to late pro-
phase II. The contraction of chromosomes is retained; in
fact, it persists until the whole meiotic cycle is completed
(Swanson et al. 1981). The fact that histone H3 becomes
dephosphorylated at interkinesis and phosphorylated
again during prophase II, indicates that this post-transla-
tional modification is reversible and can occur indepen-
dently of the DNA replication process.

The spatial and temporal course of H3 phosphoryla-
tion during the second meiotic division resembles that of
mitosis of the same species. In rye and wheat the immu-
nolabeling was restricted to pericentromeric positions,
whereas in E. plorans, the chromosomes or chromatids
were labeled throughout their length.

Surprisingly, the single chromatids of equationally
segregated A or B chromosome univalents, of both grass
species analyzed, revealed no detectable phosphorylated
histone H3 during the entire second meiotic division. In
E. plorans, however, this phenomenon was not observed,
and the single chromatids, resulting from heat-induced
univalents, showed the same immunolabeling as the nor-
mally dividing chromosomes.

It should be noted that normal plant chromosome arms
were condensed at second meiotic division in the absence
of detectable levels of phosphorylated H3. Furthermore,
those single chromatids lacking immunosignals even at
the pericentromeric region, were equally condensed.
These observations prompt the question of whether or not
phosphorylation of histone H3 is an absolute requirement
for the initiation and/or maintenance of chromosome con-
densation. Van Hooser et al. (1998) have already ob-
served that hypotonic treatment of mitotic mammalian
cells can cause H3 dephosphorylation without chromo-
some decondensation, and suggested that H3 phosphory-
lation is not required for the maintenance of high levels
of chromosome condensation. Also, in Tetrahymena mu-
tants with unphosphorylatable H3, the condensation of
chromosomes during mitosis and meiosis did not fail
completely (Wei et al. 1999). At mitosis, such cells ex-
hibited difficulty in passing out of anaphase, and some
chromosomes could not segregate properly and lagged
between the two daughter nuclei (Wei et al. 1999). Also,
the condensation status of early prophase chromosomes
of mice spermatocytes was unaffected after artificial in-
duction of precocious histone H3 phosphorylation by ok-
adaic acid treatment. Further histone H3 phosphorylation
was not inhibited, even though chromosome condensa-

tion was artificially inhibited, demonstrating that the
phosphorylation of histone H3 can be uncoupled from
meiotic chromosome condensation (Cobb et al. 1999a, b).
Thus, histone H3 phosphorylation is not sufficient for the
condensation of mitotic and meiotic chromosomes. Per-
haps the phosphorylation at Ser10 of histone H3 is not
necessary at all for the condensation of meiotic plant
chromosomes, and other chromosomal components are
more important in this process.

Alternatively, the phosphorylation of H3 might be
necessary for condensation, but only a few phosphorylat-
ed H3 molecules, not detectable by epifluorescence mi-
croscopy, would be sufficient to initiate the condensation
of chromosomes during the second meiotic division. In
any case, the different longitudinal phosphorylation of
the chromosomes remains unexplained. Also, it cannot
be ruled out that in plant chromosomes the pericentro-
meric regions and chromosome arms use different con-
densation mechanisms.

Since, in our experiments, H3 phosphorylated and
nonphosphorylated chromatids showed a normal degree
of condensation during the second meiotic division, it is
tempting to speculate that the phosphorylation of H3 may
play different roles affecting chromatin structure in plants
and animals. One possible assumption would be that the
pattern of phosphorylated histone H3 found in plant cells
is closer to that of sister chromatid cohesion than to chro-
mosome condensation in both meiotic divisions. At first
meiotic division, the condensed sister chromatids are en-
tirely H3 phosphorylated and closely associated along
their entire length (Fig. 1C–F). Cohesion along the chro-
matid arms serves to keep the bivalents intact by counter-
acting the spindle forces that act at the kinetochores. This
association along the chromosome arms disappears at
anaphase I, allowing the homologs to segregate to oppo-
site poles (Bickel and Orr-Weaver 1996).

At second meiotic division, as in mitosis, the phos-
phorylation of histone H3 occurs only at the pericentro-
meric regions (Fig. 1K–M), where sister chromatids co-
here until the onset of anaphase II. The situation is dif-
ferent for chromatids already separated by equational
segregation of univalents during the first division. Since
no chromosome reduplication occurs at interkinesis,
such chromatids lack a sister to cohere with and there-
fore need not, or cannot, get H3 phosphorylated at the
pericentromeric chromatin. Since the kinetochores of
such chromatids interact with microtubules, it can also
be concluded that the phosphorylation of H3 of the peri-
centromeric chromatin is not essential for the successful
interaction between microtubules and kinetochores.

However, the correlation between sister chromatid co-
hesion and phosphorylation of H3 is not perfect because
the processes do not begin or end simultaneously. Firstly,
it is generally assumed that sister chromatid cohesion is
already established during S-phase (Uhlmann and
Nasmyth 1998) and is maintained during interkinesis
(Bickel and Orr-Weaver 1996). Secondly, sister chromat-
ids eventually separate at the arm region at anaphase I,
and along the entire chromatid length during anaphase of
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mitosis and second meiotic division, without observable
dephosphorylation of histone H3 until telophase.

It is possible that the phosphorylation of histone H3
has a more complex role, including both condensation
and sister chromatid cohesion. A mechanistic link be-
tween cohesion and condensation has been proposed re-
cently (Biggins and Murray 1999). Guacci et al. (1997)
have demonstrated that the product of the MCD1 gene
physically links sister chromatids, and also recruits con-
densation proteins to condense the chromosomes of bud-
ding yeast. The evolutionarily conserved SMC family,
with the related but distinct condensin and cohesin pro-
tein complexes, is apparently also involved in sister
chromatid cohesion and chromosome condensation
(Hirano 1999), as is topoisomerase II (Rose et al. 1990;
Anderson and Roberge 1996; Cobb et al. 1999b).

Taken together, our results indicate that the changes
in chromosome structure during the cell mitotic and mei-
otic cycles are not universal. Further research will be
needed to reach a deeper understanding of the mecha-
nisms governing these complex changes.
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Abstract

B chromosomes (Bs) are dispensable, less-transcriptionally active components of the genomes of numerous

species. Little information is available on the chromatin composition of Bs and whether it differs in any way

from that of the A chromosomes. Methylated isoforms of histone H3 are of particular interest because of their

role in eu/heterochromatin formation. Immunofluorescence using site-specific antibodies demonstrates that the

chromatin in A and both types of Bs of B. dichromosomatica differs markedly in euchromatic histone H3

methylation marks. While A chromosomes are labelled brightly, the micro B and large B chromosomes are

faintly labelled with antibodies against H3K4me2/3, H3K9me3 and H3K27me2/3. The heteropycnotic, tandem-

repeat enriched micro Bs were even less labelled with euchromatic histone H3 methylation marks than large Bs,

most probably due to different DNA composition. No differences in immunolabelling intensity between A and B

chromosomes were found as to the heterochromatic marks H3K9me1/2 and H3K27me1, indicating that Bs are

not additionally labelled by heterochromatin typical histone H3 modifications. Analysis of DNA replication

timing suggests that micro Bs are replicating throughout S-phase.

Introduction

B chromosomes (Bs) are dispensable components of

the genomes of numerous species of both plants and

animals. They do not pair with any of the standard A

chromosomes at meiosis, by definition, and have

irregular modes of inheritance. Bs are generally

assumed to be genetically inactive, because no major

genes with specific phenotypic effects, necessary for

normal development, are known. Except for the B

chromosome-located 45s rRNA gene of Crepis capil-
laris, there has been no direct molecular evidence of

transcription of B chromosome DNA in any plant

species (Leach et al. 1995). Little is known about the

origin of Bs, but it is most likely that those of

different organisms arise in various ways. It is widely

accepted that Bs could be derived from A chromo-

somes and/or from sex chromosomes (reviewed in

Jones & Rees 1982, Jones 1995, Camacho et al.
2000, Jones & Houben 2003). Due to the fact that the

Bs of maize (Page et al. 2001, Cheng & Lin 2003)

and Brachycome dichromosomatica (Houben et al.
2001) have a major representation of sequences that

originate from different A chromosomes, Bs could

represent an amalgamation of sequences coming

from several chromosomes. Bs are of particular

interest in maize where they have been used in

genetic analysis involving A/B translocations for

mapping and A chromosome segment dosage analy-

ses (Birchler et al. 1990).
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Most of the molecular studies have been focused

on the DNA composition of Bs and with the excep-

tion of mainly repetitive B chromosome-specific

sequences, no major differences have been found

between A and B chromosomes at the DNA level. On

the other hand, there is little information available on

the chromatin composition of Bs. Based on classical

cytological observations an early survey suggested

that the Bs in about half of plant species which carry

them are described as being heterochromatic (Jones

1975). Heterochromatin was recognized, in Bs as in

other chromosomes, by its intensely compacted state

during interphase and early prophase of mitosis and

meiosis and/or after applying a Giemsa C-banding

method. Because no genes with specific phenotypic

effects, necessary for normal development are known

for Bs, the finding of non-heterochromatic Bs is

puzzling.

More recent advances in chromatin characterization,

in terms of epigenetic marks, showed the involve-

ment of DNA methylation and post-translational

histone modifications (reviewed in Richards & Elgin

2002, Craig 2005). Methylation of histone H3 at

lysine residues 4, 9 and 27 has become the best-

studied epigenetic (reviewed by Martin & Zhang

2005). Whereas euchromatin-specific methylation of

H3K4 is highly conserved among eukaryotes, hetero-

chromatin indexing by methylation marks at H3K9/27

and H4K20 is more variable (Fuchs et al. 2006).

Several studies have shown that modification of the

histone H3 tail by methylation of lysine residues 9

and 27 negatively regulates transcription by pro-

moting a compact chromatin structure (Bannister et al.
2001, Jacobs et al. 2001, Cao et al. 2002, Czermin

et al. 2002, Francis et al. 2004). In contrast, euchro-

matin is marked by methylation of lysine residue 4

(Noma et al. 2001, Santos-Rosa et al. 2002, Zegerman

et al. 2002). The identification of a H3K4-specific

histone demethylase (Shi et al. 2004) challenged the

view that histone methylations are permanent and

non-reversible.

In order to test whether genetically active A

chromosomes and genetically inactive Bs differ as

to their content of euchromatin and heterochromatin-

specific histone marks, A chromosomes and two

different types of Bs of the plant Brachycome
dichromosomatica (synonym Brachyscome) were

comparatively analysed in this study.

Bs of B. dichromosomatica (2n = 4) are among the

most extensively studied Bs of higher plants (Leach

et al. 2004). In the central localities of the species

distribution the frequency of Bs tends to be higher in

populations in marginal environments, suggesting

that under these conditions plus B plants have an

increased fitness (Carter 1978). Plants of B. dichro-
mosomatica cytodeme A2 may carry large Bs and

micro Bs. Large Bs have a similar amount of

heterochromatin as A chromosomes, are mitotically

stable, show meiotic irregularity and replicate later in

S-phase than A chromosomes (Houben et al. 1997a).

The dot-like accessory chromosomes, called micro

Bs are highly heterochromatic and show extreme

irregularity in both mitotic and meiotic behavior

(Houben et al. 1997b). In terms of DNA organiza-

tion, large Bs of B. dichromosomatica are composed

of high-copy B chromosome-specific DNA sequen-

ces and of sequences in common with the A

chromosomes. The genomic organization of the

micro B is a conglomerate, of different types of

repetitive repeats coming from different polymorphic

A chromosome sites. Therefore an evolutionary

relationship exists between different types of poly-

morphic A chromosome regions and micro Bs

(Houben et al. 2001). The tandem repeat Bd49 has

been mapped to the centromere of the large B

chromosome (John et al. 1991, Leach et al. 1995).

Except for the 45S rDNA of micro Bs (Houben et al.
1997b) and the large Bs of all four cytodemes

(Donald et al. 1995, 1997, Houben et al. 1999) no

other genes were found on Bs of B. dichromosoma-
tica. The rRNA genes of this species are inactive,

because reverse transcriptase-PCR failed to detect

any transcripts originated from 45S rDNA of large

Bs (Donald et al. 1997).

Large Bs of B. dichromosomatica are character-

ized by a different level of histone H4 acetylation

(Houben et al. 1997a). In contrast to the A

chromosomes, which are labelled brightly in their

entirety, the large Bs are faintly labelled with

antibodies against acetylated histone H4 at lysine

positions 5 and 8. No difference between the two

types of chromosomes was found for the acetylated

histone H4 at lysine positions 12 and 16. Association

of histone acetylation with transcriptional activation

of promoters and of deacetylation with silencing of

repetitive transgenes and rDNA has been confirmed

for plants (Probst et al. 2004, Tian et al. 2005), but

no correlation was observed between the distribution

of immunosignals for acetylated H4 isoforms and

transcriptional activity at the chromosomal level. At
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the chromosomal level, DNA replication associated

stronger with H4 acetylation and this post-transla-

tional modification might be required for post-

replicational repair (reviewed in Fuchs et al. 2006).

The euchromatinYheterochromatin-specific distribu-

tion of histone H3K4me2 and H3K9me2 is similar

between A and B chromosomes of Crepis capillaris,

Secale cereale and B. dichromosomatica, suggesting,

that eu- and heterochromatin of Bs are subject to

dimethylation at lysines 4 and 9 of histone H3 in a

similar way as the standard set of A chromosomes

(Houben et al. 2003).

In the present study we extend our comparative study

of epigenetic marks on Bs and we disclose that the

histone H3 methylation pattern partly differs between

A and B chromosomes as well as between different

types of Bs. Furthermore, we show that the heterochro-

matic micro Bs replicate throughout the S-phase.

Materials and methods

Plant material, chromosome preparation
and immunostaining

The methods for germination of B. dichromosomatica
(cytodeme A2) were as described (Donald et al.
1995). Root meristems were fixed for 30 min in

freshly prepared 4% (w/v) formaldehyde solution

containing phosphate-buffered saline (PBS, pH 7.3),

washed for 45 min in PBS and digested at 37-C for 25

min in a mixture of 2.5% pectinase, 2.5% cellulase

FOnozuka R-10_ and 2.5% pectolyase Y-23 (w/v)

dissolved in PBS. Meristems were then washed for

15 min in PBS and squashed between a glass slide and

coverslip in PBS. After freezing in liquid nitrogen the

coverslips were removed and the slides were trans-

ferred immediately into PBS. To avoid non-specific

antibody-binding, slides were incubated for 30 min in

8% BSA (w/v), 0.1% Triton X100 in PBS at room

temperature prior to two washes in PBS for 5 min

each, and incubated with the primary antibody in a

humidified chamber. The primary antibodies (Abcam

Ltd, UK and Upstate Biotechnology, USA) were used

in the following dilutions: 1:2000 (anti-H3K4me3),

1:500 (anti-H3K9me2), 1:200 (anti-H3K4me1,2;

anti-H3K9me1,3; anti-H3K27me1,2,3) and 1:100

(anti-H4K20me1,2,3) in PBS, 1% BSA. After 12

h incubation at 4-C and washing for 15 min in PBS,

the slides were incubated in Cy3-conjugated anti-rabbit

IgG (Dianova) diluted 1:100 in PBS, 1% BSA for 1 h at

37-C. After final washes in PBS, the preparations were

mounted in antifade containing 40,6-diamidino-2-phe-

nylindole DAPI as counterstain.

DNA replication banding by in-vivo pulse-labelling
with 5-bromo-20-deoxyuridine

Roots were incubated with 1 mg/ml 5-bromo-20-
deoxyuridine (BrdU) in aerated water for 10 min,

washed thoroughly and then grown for 1Y8 h in

aerated water. After this the roots were fixed in 3:1

(ethanol:acetic acid) and chromosomes were pre-

pared. To denature chromosomal DNA the slides

were treated with 70% formamide in 2� SSC for 5

min at 70-C and air-dried. For detection of incorpo-

rated BrdU the slides were incubated with a FITC-

conjugated anti-BrdU (Becton Dickinson) diluted

1:3 in PBS, 1% BSA for 1 h at 37-C. After final

washes in PBS the preparations were mounted in

antifade containing DAPI as counterstain.

Microscopic analysis

Fluorescence signals were observed using an epi-

fluorescence microscope BX61 (Olympus). The

images, recorded with a cooled CCD camera, were

pseudo-coloured and merged using the program

Adobe Photoshop 6.0.

Results and discussion

B chromosomes are characterized by a reduced level
of euchromatic histone H3 methylation marks

Mitotic metaphase cells of several plants were stained

with antisera that discriminate between mono-, di- and

trimethylated lysines at position K4, K9 and K27 of

histone H3 and for each type of antibody a reproducible

distribution of histone marks was detected (Figure 1,

summarized in Table 1). Both types of Bs of B.
dichromosomatica are morphologically distinguishable

after DAPI staining. The euchromatic mono-, di- and

trimethylation marks of H3K4 revealed differences

between transcriptionally active A chromosomes and

less-transcriptionally active Bs. Large Bs are weaker

labelled than A chromosomes. Micro Bs, which are

heteropycnotic and mainly composed of tandem-repeats

(Houben et al. 2001), were free of signals.
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The chromosomal distribution patterns observed

for the heterochromatin marks H3K9me1 and 2 on A

chromosomes, large Bs and micro Bs were as

reported for plants with large genomes (Houben

et al. 2003), having a uniform distribution throughout

chromosomes of the same immunofluorescence in-

tensity. The trimethylation mark at lysine 9 of H3

revealed a B chromosome-specific distribution pat-

tern. Micro Bs revealed no, and large Bs displayed

very weak immunosignals for H3K9me3, while

strong, disperse signals were detected along the A

chromosomes except at the brightly DAPI-stained

heterochromatic regions around the centromeres.

This modification is a typical mark for euchromatin

of Arabidopsis (Naumann et al. 2005) and barley

(Fuchs et al. 2006), but labels constitutive hetero-

chromatin in mammals (Peters et al. 2003).

A similar degree of H3K27 monomethylation was

found along A and both B type chromosomes. A

heterochromatin-specific distribution was reported

for other plant species with large genomes (Fuchs

et al. 2006). The level of dimethylated H3K27 differs

between large Bs and micro Bs. Micro Bs are weakly

labelled, large Bs, like A chromosomes, are uniform-

ly labelled except at pericentromeric regions. Immu-

nodetection of histone H3 trimethylated at lysine 27

revealed the same distribution pattern of signals for

the A chromosomes and large Bs. There is a decrease

of labelling in pericentromeric regions. No

H3K27me3-labelling was found for micro Bs.

The micro B chromosome replicates throughout S-phase

To test whether the DNA replication behaviour

differs between the different types of chromosomes,

BrdU incorporation experiments were conducted.

The BrdU incorporation of non-synchronized cells

resulted in chromosomes with different replication

patterns (Figure 2). The DNA replication pattern

could be classified into three main types according to

the distribution and intensity of the anti-BrdU signals

along the A chromosomes. A chromosomes with the

type 1 replication pattern were intensely labelled

throughout their length, the type 2 pattern was

characterized by intense bands at interstitial regions

and the type 3 pattern revealed bands visible in

defined regions including the pericentromeres. The

replication pattern type 1 most probably reflects

chromosomal regions undergoing early replication.

The type 3 pattern mainly overlaps with the position

of pericentromeric heterochromatin and should there-

fore be typical for late-replicating regions. The type 2

pattern is in between the other two patterns and

therefore indicates a region replicating in mid S-

phase. A similar sequence of replication patterns has

been described for other plant species (e.g. Fujishige

& Taniguchi 1998). Remarkably, although

heterochromatic regions are generally late-replicat-

ing (Dimitri et al. 2005), the heterochromatic micro

Bs were replicating not only during late S-phase but

throughout S-phase. However, the anti-BrdU signal

intensity was strongest during late S-phase. This

observation suggests the presence of micro B

sequences which undergo replication at different

phases of the S-phase. A similar uncommon DNA

replication behaviour has been observed for the

heterochromatic regions of Allium fistulosum chro-

mosomes (Fujishige & Taniguchi 1998). Contrary to

micro Bs, large Bs of B. dichromosomatica undergo

replication during late S-phase (Houben et al.
1997a).

Table 1. Distribution of methylated histone H3 marks along A chromosomes, large Bs and micro Bs of B. dichromosomatica

A chromosomes Large Bs Micro Bs

H3K4me1 Clustered Weak disperse Very weak disperse

H3K4me2 Clustered Weak disperse Unlabelled

H3K4me3 Clustered Weak disperse Unlabelled

H3K9me1 Disperse Disperse Disperse

H3K9me2 Disperse Disperse Disperse

H3K9me3 Disperse Very weak disperse Unlabelled

H3K27me1 Disperse Disperse Disperse

H3K27me2 Disperse except pericentromere Disperse except pericentromere Very weak disperse

H3K27me3 Disperse except pericentromere Disperse except pericentromere Unlabelled
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Conclusion

Our observation indicates that eu- and heterochro-

matin of Bs are subject to histone H3 methylation at

lysines 4, 9 and 27 as the standard set of A chromo-

somes. Although C-banding and DAPI staining

results suggest a similar eu- and heterochromatin

composition of large B and A chromosomes of B.
dichromosomatica (Houben et al. 1997a), large Bs

are characterized by a reduced level of the euchro-

matic histone marks H3K4me1,2,3 and H3K9me3.

As expected, heteropycnotic, tandem-repeat enriched

micro Bs revealed only traces of these histone

modifications. No differences of immunolabelling

intensity between A and B chromosomes were found

for the heterochromatic marks H3K9me1/2 and

H3K27me1, indicating that Bs are not marked by

an enriched level of heterochromatic histone marks,

but specifically marked by a reduced level of

euchromatin-associated histone modifications. The

reduced level of histone H3K4 di/trimethylation, a

modification that has been linked to transcriptionally

active chromatin, corresponds with the observation

that Bs are generally transcriptionally inactive.

Although the biology of B and sex chromosomes

differs, in this context, it is interesting to note that

sex chromosome inactivation in mammals is associ-

ated with heterochromatin-specific histone modifica-

tions, e.g. dimethylation of H3K9 and H3K27

(reviewed in Heard 2005). Probably, because of the

general absence of functional genes on Bs, the

chromatin of Bs does not need to be enriched with

heterochromatin-specific histone modifications,

which are involved in gene inactivation.

Our results suggest that H4 underacetylation

(Houben et al. 1997a), and H3 undermethylation at

Figure 2. Micro B chromosomes replicate throughout S-phase. (a) A chromosomes labelled with dense anti-BrdU signals (in yellow)

throughout their length (replication pattern type 1). (b, c) A chromosomes with medium signal intensity and same intensely labelled bands

(replication pattern type 2). (d) Signal bands mainly near the centromeres (replication pattern type 3 pattern). Micro Bs (arrows) are labelled

at all stages of the S-phase. The satellite of NOR-bearing chromosome 2 is indicated with an arrow head. Bar represents 5 mm.
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certain lysine positions and late or throughout

S-phase replication of DNA may play complementary,

and possibly interacting, roles in the formation of B

chromosome chromatin of B. dichromosomatica, and

that these features may be significant in controlling

the behaviour of supernumerary chromosomes. More

comparative studies are needed before a general B

chromosome-specific pattern of histone modifications

can been concluded.

The analysis of species in which the Bs are less

heterochromatic than the A chromosomes, e.g. Scilla
vvedenskyi (Greilhuber & Septa 1976), would help to

analyse the relationship between post-translational

histone marks and the chromatin composition of B

chromosomes.
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3. Zusammenfassende Diskussion 
In den nachfolgenden Abschnitten werden die wichtigsten Ergebnisse der eigenen 

Arbeiten (A1-A20) zusammenfassend dargestellt und deren Relevanz im 

übergeordneten Kontext diskutiert. Auf eine detaillierte Diskussion der Ergebnisse sei 

an dieser Stelle verzichtet. Hierfür wird auf die entsprechenden Originalarbeiten 

verwiesen. Ebenso sind Hintergrund bzw. Zielstellung, Material und Methoden sowie 

die ausführliche Beschreibung der Ergebnisse den entsprechenden Originalarbeiten 

zu entnehmen. 

 

3.1. Ursprung und Evolution von B-Chromosomen 
Der Ursprung der B-Chromosomen ist noch nicht vollständig geklärt, aber es ist 

wahrscheinlich, dass sie in den unterschiedlichen Organismen über verschiedene 

Mechanismen entstehen (Camacho et al., 2000; Jones and Houben, 2003). Eine 

Möglichkeit besteht darin, dass B-Chromosomen von den A-Chromosomen der 

gleichen Art abstammen und das Ergebnis  duplizierter oder fragmentierter A-

Chromosomenteile darstellen, wie z. B. postuliert für Crepis capillaris (Jamilena et al., 

1994). Beim Vergleich der Sequenzen der A- und B-Chromosomen von Mais  wurde 

festgestellt, dass deren B-Chromosomen viele Sequenzen besitzen, die  auch auf 

unterschiedlichen A-Chromosomen und polymorphen heterochromatischen A-

Chromosomenregionen vorliegen (Alfenito and Birchler, 1993; Cheng and Lin, 2003). 

Es wird angenommen, dass B-Chromosomen in Mais Fusionsprodukte von 

Sequenzen mehrerer A-Chromosomen darstellen  (Buckler et al., 1999; Page et al., 

2001). Für B. dichromosomatica gibt es ebenfalls eine Ähnlichkeit zwischen 

polymorphen und heterochromatischen A-Chromosomenregionen und den B-

Chromosomen. Die genomische Organisation der Mikro-B-Chromosomen dieser Art 

wird als ein Konglomerat aus repetetiven Sequenzen von unterschiedlichen 

polymorphen A-Chromosomensegmenten und anderen A-Chromosomensequenzen 

betrachtet (Houben et al., 2001). Eine hohe Sequenzähnlichkeit zwischen A- and B-

Chromosomen konnte gleichfalls für den Roggen nachgewiesen werden. Nur die 

heterochromatische Domäne am Ende des langen B-Chromosomenarms zeigte eine 

Anreicherung von B-spezifischen repetetiven Sequenzen (Houben et al., 1996b).  

Unlängst wurde in der Nachkommenschaft einer triploiden Reispflanze ein 

neugebildetes B-Chromosom nachgewiesen. Der Einsatz von 72 unterschiedlichen 

Chromosomenarm-spezifischen single copy Markern  demonstrierte, dass auch 
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dieses B-Chromosom sich nicht aus einem einzelnen A-Chromosom entwickelt 

haben kann  (Cheng et al., 2000).   

 

Für einige nicht-pflanzliche Organismen, wie für den Frosch Leiopelma hochstetteri, 

wurde  die Abstammung der B-Chromosomen von Sexchromosomen postuliert 

(Sharbel et al., 1998). Eine weitere Möglichkeit ist die spontane Bildung von  B-

Chromosomen als Folge interspezifischer Kreuzungen, wie sie z. B. in Hybriden von 

Coix aquaticus und C. gigantea beobachtet wurde (Sapre and Deshpande, 1987). So 

konnte in embryonalen Weizen x Hirse-Hybridzellen neben der  Eliminierung von 

Hirse-Chromosomen beobachtet werden, dass zentromerische Fragmente der Hirse 

erst am Ende der Genomeliminierung abgebaut werden. Nach Stabilisierung  der 

Enden durch Telomersequenzen könnte ein derartiges Zentromerfragment den 

Ausgangspunkt  für die Entstehung eines B-Chromosoms darstellen (Gernand et al., 

2005).  Die Entstehung von B-Chromosomen  ist höchstwahrscheinlich ein seltener 

Vorgang, da in engverwandten Arten, z. B. unterschiedliche Brachycome-Arten 

(Houben et al., 1999), oder Roggen-Arten (Jones and Puertas, 1993) ähnliche B-

Chromosomen nachgewiesen werden konnten.   

 

Der molekulare Prozess der B-Chromosomen-spezifischen Sequenzakkumulation ist 

erst wenig verstanden. Es kann aber davon ausgegangen werden, dass der Transfer 

von transposablen Elementen eine Rolle spielt. So konnte für Mais ein 

transkriptionsaktives Prem-1 Retroelement (Stark et al., 1996; Lamb et al., 2007) auf 

den B-Chromosomen nachgewiesen werden. Basierend auf LTR-Sequenzdaten 

konnte für das Mais B-Chromosom ein Alter von zumindest 2 Millionen Jahren 

abgeleitet werden (Lamb et al., 2007). Eine Anreicherung von mobilen Elementen 

wie für Sexchromosomen beschrieben (Steinemann and Steinemann, 2005) konnte 

nur für einige Roggen B-lokalisierte mobile Elemente (Carchilan et al., in 

Vorbereitung) nachgewiesen werden. Green (1990) macht die  Akkumulation von 

mobilen Elementen und Mutationen auf  B-Chromosomen in einem Prozess analog 

zu „Muller’s ratchet“ für die Evolution der B-Chromosomen mitverantwortlich. Da eine 

der Haupteigenschaften von B-Chromosomen ist, nicht mit den Chromosomen des  

A-Komplementes zu paaren, ist eine Korrektur von Mutationen durch Rekombination 

wenig wahrscheinlich, so dass die B-Chromosomen insgesamt  dem „Muller’s 

ratchet“-Mechanismus unterliegen könnten.   

 30



 

 

Für eine Reihe von B-Chromosomen konnten 45S rDNA-Sequenzen wie z. B. 

beschrieben für C. capillaris (Maluszynska and Schweizer, 1989; Leach et al., 2005), 

Plantago lagopus (Dhar et al., 2002) und B. dichromosomatica (Houben et al., 1997b; 

Marschner et al., 2007b) nachgewiesen werden. 45S rDNA kann zufällig und/oder als 

Resultat interchromosomaler Transposition auf B-Chromosomen gelangen (Jones 

and Houben, 2003). Da die Nukleolus-organisierende Regionen relativ leicht mit Hilfe 

der in situ Hybridisierung und der Silberfärbung nachgewiesen werden können, 

wurden diese Untersuchungen oft zur Analyse von B-Chromosomen eingesetzt und 

rDNA somit entsprechend häufig nachgewiesen. Eine andere Möglichkeit ist, dass der 

Ursprung eines rDNA tragenden B-Chromosomes aus einem A-

Chromosomenfragment, das rDNA-Gene enthielt hervorging, oder  nach der 

Fragmentierung eine massive Akkumulation von  rDNA erfolgte. Bei P. lagopus wurde  

neben der 45S rDNA eine massive Akkumulation von 5S rDNA auf den B-

Chromosomen nachgewiesen (Dhar et al., 2002).  

 

Der Vergleich der ribosomalen ITS2-Sequenzen der A- und B-Chromosomen von C. 

capillaris (Leach et al., 2005) und B. dichromosomatica (Donald et al., 1997; Field et 

al., 2006; Marschner et al., 2007b) demonstrierte eine relativ hohe Ähnlichkeit dieser 

Sequenzen zueinander innerhalb der entsprechenden Art. Damit konnte gefolgert 

werden, dass die ribosomale DNA der  B-Chromosomen von der 45S rDNA der  A-

Chromosomen der gleichen Art abstammt, oder beide Chromosomentypen einen 

gemeinsamen Vorgänger haben. 

 

Basierend auf neuen Einsichten zur Karyotypevolution (Schubert, 2007) ist  die 

Formierung von B-Chromosomen nach einer Robertsonschen Translokation 

vorstellbar. Bei dieser Chromosomenmutation werden die langen Arme der 

beteiligten Chromosomen in einem Translokationsprodukt rekombiniert, während das 

zweite Translokationsprodukt im wesentlichen aus einem Zentromer, zwei Telomeren 

und gegebenenfalls aus perizentromerischen repetetiven Sequenzen besteht. Ein 

derartiges Minichromosom könnte als Ausgangspunkt für die Bildung eines B-

Chromosoms dienen. Ergebnisse von Hall et al.  (2006), Lysak et al. (2006), Gaut et 

al. (2007) demonstrierten unlängst, dass (peri)zentromerische Bereiche sich 

dynamisch verhalten und durch eine hohe Frequenz von Umbauten gekennzeichnet 
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sind. Ferner tolerieren diese Segmente B-typische Sequenzen wie mobile Elemente 

oder rDNA. Durch die hohe Reorganisationsfrequenz (peri)zentromerischer Bereiche 

könnte das meiotische Paarungsvermögen mit den A-Chromosomen verhindert 

werden und nach Anreicherung anderer Sequenzen, wie z. B. Telomeren könnte sich 

daraus, wie in der Abbildung 1 dargestellt, ein proto-B-Chromosom formieren. 

 

 

 
 

x +

Robertsonsche Translokation 

Formierung eines Bs durch  
Amplifikation und Reorganisation 

 von DNA  

 

 

Abbildung 1 

Postulierter Mechanismus zur Bildung von proto-B-Chromosomen. 

Durch Translokation von zwei Chromosomen mit Bruchpunkt im Zentromerbereich 

bzw. Chromosomenende entsteht ein großes  Chromosom und ein kleines, 

genarmes  Minichromosom welches oftmals verloren geht. Durch die hohe 

Reorganisationsfrequenz (peri)zentromerischer Bereiche könnte das meiotische 

Paarungsvermögen mit den A-Chromosomen verhindert werden und nach weiterer 

Reorganisation und Anreicherung anderer Sequenzen könnte sich daraus ein proto-

B-Chromosom bilden.  
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3.2. A- und B-Chromosomen können sich in der Verteilung von Eu- und 
Heterochromatin-typischen Histonveränderungen unterscheiden  

Obgleich die Erkenntnisse zur Funktion und Struktur von Chromatin sich in den 

letzten Jahren signifikant erweitert haben, ist unser Wissen zur 

Chromatinkomposition von B-Chromosomen noch relativ begrenzt. Basierend auf 

frühen zytologischen Arbeiten werden ca. 50% aller B-Chromosomen als 

heterochromatisch eingestuft (Jones, 1975). Dieser relativ geringe Prozentsatz ist 

überraschend, da B-Chromosomen bislang als transkriptionsinaktive Komponenten 

des Genoms charakterisiert werden. Die Methylierung von Histonen sind in  der 

Ausprägung von Eu- und Heterochromatin involviert. Während die Methylierung von 

Histon H3 an der Position Lysin 4 (H3K4me) mit einer Aktivierung der Gene in 

Verbindung gebracht wird und in Eukaryoten hoch konserviert ist, können die 

Methylierungsfunktionen an den  Positionen H3 Lysin 9 (H3K9me), H3 Lysin 27 

(H3K27me) und  H4 Lysin 20 (H4K20me) in unterschiedlichen Arten variieren (Fuchs 

et al., 2006). 

 

Unterschiede in der Histonmethylierung an Histon H3K4, H3K9 und H3K27 zwischen 

A- und B-Chromosomen können Hinweise über die unterschiedliche 

Transkriptionsaktivität und Chromatinzusammensetzung der jeweiligen 

Chromosomen liefern. Nach der erstmaligen Etablierung der indirekten 

Immunfluoreszenz für pflanzliche Chromosomen wurde die Verteilung einzelner 

Histonmodifizierungen vergleichend beschrieben (Houben et al., 1996a).  A- und B-

Chromosomen des Roggens (Houben et al., 2003; Carchilan et al., 2007), C. 

capillaris (Houben et al., 2003), B. dichromosomatica (Marschner et al., 2007a) und 

P. libanotica (Kumke et al., 2008) zeigten für die Heterochomatin-typischen 

Histonveränderungen H3K9me1/2 and H3K27me1 keine Unterschiede. Die 

einheitliche Verteilung der Methylierung von H3K9me2 auf den A- und Standard-B-

Chromosomen korreliert mit den Ergebnissen für Pflanzen mit großen Genomen. 

Untersuchungen an 24 Pflanzenarten mit unterschiedlicher Genomgröße zeigten, 

dass bei Pflanzen mit einer Genomgröße unter 500 Mbp die Dimethylierung von 

H3K9 sich auf die heterochromatischen Chromozentren beschränkt. Bei einer 

Genomgröße von mehr als 500 Mbp verteilt sich die Histon H3K9-Dimethylierung 

wahrscheinlich auf Grund der hohen Dichte von transposablen Elementen dispers 

über alle Chromosomen (Houben et al., 2003). Die chromosomale Verteilung von 
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Histon H3K3me2 ist unabhängig von der Genomgröße und entspricht weitgehend 

den Giemsa-banding negativen Banden.  

 

Die Euchromatin-spezifische Methylierung an Histon H3K4 ergaben für die A-

Chromosomen von B. dichromosomatica eine disperse Markierung mit Ausnahme 

des Perizentromers und einer heterochromatischen Region (Abbildung 2). Während 

an den Standard-B-Chromosomen noch eine sehr schwache Markierung mit den 

Antikörpern für die drei Methylierungstypen von H3K4 erfolgte, zeigte sich an den 

Mikro-B-Chromosomen nur noch für H3K4me1 eine schwache disperse Markierung. 

Di- und Trimethylierungen wurden bei diesem B-Chromosomentyp nicht 

nachgewiesen (Marschner et al., 2007a). Die Abwesenheit dieser Euchromatin-

spezifischen Markierungen ist mit der Mikro-B-Chromosomen-spezifisichen 

Anreicherung von repetetiven Sequenzen erklärbar.  

 

Die Methylierungen an Histon H4K20 unterschieden sich nicht zwischen A- und B-

Chromosomen von B. dichromosomatica (Marschner et al., 2007a). Bei A. thaliana 

gelten H4K20me2, 3 als typisch euchromatische Marker, während H4K20me1 

sowohl in A. thaliana als auch in H. vulgare als heterochromatischer Marker auftritt 

(Naumann et al., 2005; Fuchs et al., 2006). Methylierungen an Histon H4K20 im 

menschlichen Genom stehen mit der Transkriptionsunterdrückung von Genen in 

Verbindung (Miao and Natarajan, 2005) sowie in D. melanogaster als Kennzeichen 

für Heterochromatin (Ebert et al., 2006). 

 

Roggen B-Chromosomen sind durch eine unikale Kombination von 

Histonmodifizierungen gekennzeichnet (Carchilan et al., 2007). Der 

heterochromatische Bereich des langen B-Chromosomenarms weist  sowohl 

H3K4me3- als auch H3K27me3-Modifikationen auf (Abbildung 2). Da die 

Methylierung von H3K4 generell mit Transkriptionsaktivität korreliert, wurde der 

Transkriptionszustand der B-lokalisierten repetetiven Sequenzen E3900 und D1100 

evaluiert. Es konnte erstmals eine  Expression von nicht-kodierender RNA für B-

Chromosomen nachgewiesen werden. 
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Abbildung 2 

Chromosomale Verteilung der Euchromatin-typischen Histonmodifikation H3K4me3 

entlang A- und B-Chromosomen. B-Chromosomen von  B. dichromosomatica zeigen 

eine reduzierte H3K4me3-Markierung, dagegen zeigt der heterochromatische Bereich 

des langen B-Chromosomenarms des  Roggens eine intensive H3K4me3-Markierung.  

B-Chromosomen sind mit Pfeilen gekennzeichnet. 

 

Zusätzlich wurde für B. dichromosomatica eine reduzierte Acetylierung der Standard-

B-Chromosomen an Lysin 5 und Lysin 8 im Histon H4 nachgewiesen (Houben et al., 

1997a). Diese Histonmodifikation korreliert mit dem Replikationsverhalten der spät-

replizierenden B-Chromosomen. Diese reduzierte Acetylierung von  Histon H4 und 

die schwache Methylierung von H3K4 könnten möglicherweise eine gemeinsame 

Rolle in der Bildung des B-Chromosomen-Chromatins spielen.  

 

Damit kann gefolgert werden, dass ähnliche epigenetische Markierungen in 

heterochromatischen Bereichen beider Chromosomentypen auftreten, während 

Euchromatin-typische Markierungen in den B-Chromosomen (außer Roggen) 

reduziert auftreten. Ähnliche Beobachtungen gibt es für inaktive X-Chromosomen in 

Säugern, in denen ebenfalls ein Verlust der Euchromatin-assoziierten 

Histonmethylierung an H3K4 nachgewiesen wurde. Zusätzlich existiert jedoch eine 
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Anreicherung von Methylierungen an H3K9 und H3K27, die mit Heterochromatin und 

Geninaktivierung korrelieren (Cohen and Lee, 2002; Silva et al., 2003; Heard, 2005).  

 

3.3. Meiotische B-Chromosomen zeigen eine veränderte Zellzyklus-abhängige 
Histon H3-Phosphorylierung  
Der Zusammenhang zwischen der Zellzyklus-abhängigen Phosphorylierung von 

Histon H3 und der Veränderung  der Chromosomenstruktur bzw. dem 

Segregationsverhalten von Chromosomen  konnte mit Hilfe von B-Chromosomen 

demonstriert werden (Houben et al., 2007). Dabei wurde dargestellt, dass das 

Phosphorylierungsmuster von Histon H3 an den Positionen Serin 10 und 28  sich 

zwischen der ersten und zweiten meiotischen Teilung unterscheidet. Während der 

ersten meiotischen Zellteilung ist Histon H3 entlang des Chromosoms phosphoryliert. 

Die zweite meiotische Zellteilung ähnelt der Mitose, hier zeigt nur der 

perizentromerische Chromosomenbereich H3S10ph und H3S28ph. Es konnte 

demonstriert werden, dass Schwesterchromatiden von A- und B-Chromosomen die 

bereits in der ersten meiotischen Teilung getrennt wurden kein phosphoryliertes 

Histon H3 mehr aufweisen (Manzanero et al., 2000; Gernand et al., 2003). Der 

Kondensationszustand von Chromatiden ohne H3S10ph/S28ph-Signalen ist 

vergleichbar mit dem Kondensationszustand von Chromatiden mit 

Phosporylierungssignalen in der zweiten meiotischen Teilung. Unabhängig vom Grad 

der H3-Phosphorylierung erfolgt eine Interaktion zwischen Tubulin-Spindelfasern und 

dem Zentromer.  

 

Die Dynamik der Histon H3-Phosphorylierung korreliert mit der Etablierung/Auflösung 

der Schwesterchromatiden-Verklebung kondensierender Chromosomen. Während 

der ersten meiotischen Teilung bleiben die  Schwesterchromatiden über ihre 

gesamte Länge verbunden. Die H3-Phosphorylierung erfolgt ebenfalls über die 

gesamte Chromosomenlänge. Im zweiten Abschnitt der Meiose sind die 

Schwesterchromatiden nur im perizentromerischen Bereich kohäsiv und die H3-

Phosphorylierung erfolgt ebenso nur im perizentromerischen Bereich. Somit kann für 

Pflanzen postuliert werden, dass die Phosphorylierung von  Histon H3S10 und S28 

mit der Etablierung der Schwesterchromatiden-Verklebung in der Meiose korreliert 

und eine untergeordnete Rolle in der Kondensation von meiotischen Chromosomen 

spielt. Diese Annahme  wurde durch die Analyse von afd1-Mutanten (Mais Mutanten 
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ohne erste meiotische Teilung)  bestätigt (Kaszas and Cande, 2000). Die evolutionär 

hoch konservierte Aurora-Kinase konnte als Histon H3S10-spezifische Kinase in A. 

thaliana identifiziert werden (Demidov et al., 2005). Die Zellzyklus-abhängige 

Phosphorylierung von Histon H3 an den Positionen Threonin 3, 11 und 32 korreliert 

hingegen bei Pflanzen mit dem Kondensationsverhalten mitotischer und meiotischer 

Chromosomen (Houben et al., 2005; Caperta et al., 2008)  

 

3.4. Segregationsverhalten und Zentromere von B-Chromosomen 
Drive ist das Hauptmerkmal  von B-Chromosomen. Dieser tritt auf, wenn die Anzahl 

von B-Chromosomen in den Keimzellen größer ist, als die nach den Mendelschen 

Gesetzen erwartete Anzahl. Die Regulatoren des  drive-Prozesses von B-

Chromosomen sind unbekannt. Drive kann in der Meiose auftreten, wenn die  B-

Chromosomen während der ersten Anaphase zu einem Spindelpol wandern und 

dann bevorzugt in den Kern gehen, der für die spätere Bildung der Eizellen bestimmt 

ist. Drive kann auch in der ersten oder zweiten Pollenkorn-Mitose auftreten, wenn die 

Chromatiden der B-Chromosomen nicht separieren (nondisjunction)  und beide B-

Chromatiden in den generativen Kern wandern (Jones and Houben, 2003). Roggen 

B-Chromosomen separieren nicht während der ersten Pollenkorn- bzw. Eizellen-

Mitose und werden deshalb nur einem Pol zugeteilt (Jones, 1991b; Jones, 2004) 

(Abbildung 3). In Mais findet nondisjunction in der zweiten Pollenkorn-Mitose statt. Es 

folgt eine bevorzugte Befruchtung von Eizellen durch  B-Chromosomen tragende 

Pollenzellen (Carlson, 1988; Jones, 2004). Der drive Mechanismus von B-

Chromosomen  wurde  auch in Weizen (Müntzing, 1970; Niwa et al., 1997; Endo et 

al., 2008) und Wildroggen S. vavilovii (Puertas et al., 1985) mit zusätzlichen Roggen 

B-Chromosomen beobachtet. Mit Hilfe von B-Chromosomen mit einer Deletion am 

langen Arm konnte nachgewiesen werden, dass der terminale heterochromatische 

Bereich des langen B-Chromosomenarms  für die Kontrolle des nondisjunction 

Prozesses essentiell ist (Müntzing, 1948; Endo et al., 2008). Wenn dieser 

heterochromatische Bereich durch chromosomale Umbauten auf ein A-Chromosom 

gelangt, sind die Faktoren an der Regulation des nondisjunction von B-

Chromosomen dennoch aktiv (Lima-de-Faria, 1962; Endo et al., 2008).  
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Abbildung 3 

Drive Verhalten von Roggen B-Chromosomen. (A) Struktur von normalen und 

deletierten B-Chromosomen. (B) Schematische Darstellung des drive Verhaltens von 

normalen und deletierten B-Chromosomen während der ersten Pollenmitose. 

 

Die molekularen Mechanismen der nondisjunction Kontrolle sind noch unbekannt,  

aber es ist vorstellbar, dass B-Chromosomen-spezifische nichtkodierende RNA, wie 

unlängst für Roggen B-Chromosomen identifiziert, an der Regulierung des drive-

Prozesses involviert ist (Carchilan et al., 2007). Diese Annahme wird unterstützt 

durch die Beobachtung, dass die Überexpression von nichtkodierender Satelliten 

DNA mit einem fehlerhaften Separieren von Schwesterchromatiden des Menschen 

während der Mitose korreliert (Bouzinba-Segard et al., 2006). Die Expression 

zentromerischer Satelliten DNA konnte auch für Arabidopsis thaliana nachgewiesen 

werden (May et al., 2005).  Inwieweit eine Transkriptionsinaktivierung von 

centromerischen repetetiven Sequenzen in eine fehlerhafte Zellteilung resultiert, ist 

aber für Pflanzen noch unbekannt. 

 

Ein grundlegendes Verständnis über die Funktion und Organisation von Zentromeren 

ist notwendig um den drive Mechanismus von B-Chromosomen  besser zu 

verstehen. Mais B-Chromosomen besitzen, das bisher am besten untersuchte B-
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Zentromer (Alfenito and Birchler, 1993; Kaszas and Birchler, 1996, 1998; Kaszas et 

al., 2002).  So wie die Zentromere der A-Chromosomen,  besteht auch diese aus 

repeats wie, ZmBs-, CentC-repeats und Zentromer-spezifische Retroelemente. Zirka 

700 kb lange DNA Bereiche bestehend aus  ZmBs- und  CentC-Elementen 

interagieren mit dem Kinetochorprotein CENH3 (Jin et al., 2005).  

 

Die Aktivität von Zentromeren ist  epigenetisch reguliert, da dizentrische A/B-

Translokationschromosomen nur ein aktives Zentromer besitzen und somit stabil 

segregieren (Han et al., 2006). Der (peri)zentromerische Bereich von A- und B-

Chromosomen scheint sich in der DNA-Zusammensetzung zu unterscheiden. B-

Chromosomen von Mais (Lamb et al., 2005) and Roggen (Wilkes et al., 1995; 

Francki, 2001) sind durch eine Anreicherung von zentromerischen Sequenzen 

gekennzeichnet. Im Gegensatz zu Mais B-Chromosomen (Lamb et al., 2005), zeigen 

Roggen B-Chromosomen keine verstärkten CENH3-spezifischen 

Immunfluoreszenzsignale (Houben et al. unveröffentlicht). 

 

Die Zentromere der Standard B-Chromosomen von B. dichromosomatica (Cytodeme 

A1, A2 und A4) sind durch B-spezifische Sequenzkluster gekennzeichnet. In diesen 

Zentromeren wurden die  tandem repeats Bd49 in hohen Kopiezahlen nachgewiesen 

(Leach et al., 1995). Ähnliche Fragmente wurden  auf den A-Chromosomen der 

gleichen und verwandter Arten nachgewiesen. Da Bd49 repeats auf den B-

Chromosomen der B. dichromosomatica Cytodeme A3 eine nichtzentromerische 

Position besitzen ist es fraglich,  inwieweit dieses repeat einen funktionellen 

Zentromerbaustein darstellt (Houben et al., 1999).  

 

3.5. B-Chromosomen zeigen eine schwache Transkriptionsaktivität 
Obgleich B-Chromosomen als nicht-funktionelle Zusatzchromosomen eingestuft 

werden, zeigen Individuen mit hoher Anzahl von B-Chromosomen phänotypische 

Effekte. So sind z. B. Roggenpflanzen mit hoher Anzahl von B-Chromosomen durch 

geringe Wüchsigkeit und schlechte Fertilität gekennzeichnet (Jimenez et al., 1994; 

Jones, 1995; Schmitt et al., 1997). 

 

Außer für C. capillaris, wurde bisher noch kein transkriptionsaktives Gen auf einem 

B-Chromosomen nachgewiesen. Anders als in B. dichromosomatica (Donald et al., 
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1997; Marschner et al., 2007b), ist die B-Chromosomen-lokalisierte  45S rDNA  von 

C. capillaris transkriptionsaktiv (Leach et al., 2005). Da bisher für Pflanzen keine  

generelle Charakterisierung des  Transkriptionszustandes  von B-Chromosomen 

durchgeführt wurde,  wurde das Transkriptionsverhalten von B-Chromosomen mit 

Hilfe der  cDNA-AFLP Methode  an Roggenpflanzen mit und ohne B-Chromosomen 

bestimmt. Dazu wurden drei semi-isogene Roggenlinien eingesetzt. 63 

Primerkombination wurden getestet und 2286 unterschiedliche Transkripte 

vergleichend analysiert (Carchilan et al., in Vorbereitung). Wie erwartet, 

unterschieden sich die Transkriptionsprofile von Genotypen mit oder ohne B-

Chromosomen minimal. Somit kann die Annahme bestätigt werden, dass B-

Chromosomen weitgehend genetisch inaktiv sind.  Trotzdem konnten 16 B-

Chromosomen-assoziierte Transkripte (0,7% aller Transkripte) identifiziert werden. 

Für alle B-spezifischen Transkripte konnten ähnliche A-lokalisierte Sequenzen 

nachgewiesen werden. Die B-spezifischen Transkripte B 1134, B 8149 und B 2465 

sind Mitglieder repetetiver Sequenzfamilien. Diese zeigen Ähnlichkeit zu mobilen 

Sequenzelementen wie, Gypsy-Retrotransposons und LINE-Elemente. Die hohe 

Sequenzähnlichkeit zwischen A- und B-lokalisierten Sequenzen  bestätigte auch die 

Annahme, dass Roggen B-Chromosomen aus den A-Chromosomen der gleichen Art 

entstanden. 
 

3.6. Brachycome dichromosomatica, eine Modellart für die Analyse von B-
Chromosomen  
Die Forschung an B-Chromosomen profitiert von den besonderen Eigenschaften der 

australischen Asteraceae  Brachycome dichromosomatica  (Synonym: Brachyscome 

dichromosomatica). Diese Art zeichnet sich neben einer geringen A-

Chromosomenzahl (2n = 4) durch eine extrem hohe Genomplastizität aus. Zusätzlich 

zu  verschiedenen Cytodemen (A1, A2, A3 und A4, (Houben et al., 1999), existieren 

zwei B-Chromosomentypen (Standard B-Chromosomen und Mikro B-Chromosomen 

(Franks et al., 1996; Houben et al., 2001; Leach et al., 2004) und polymorphe, aus 

Satelliten-DNA bestehende, heterochromatische A-Chromosomensegmente  (Houben 

et al., 2000) siehe Abbildung 4.  

 

 

 

 40



 

 

 

 
 

Abbildung 4 

Schematische Karyogramme  der vier verschiedenen Cytodeme von B. 

dichromosomatica (2n = 4 A-Chromosomen + Standard B-Chromosom (B) + Mikro B-

Chromosom (micro B)). Die Positionen verschiedener repetetiver Sequenzen ist 

farblich gekennzeichnet. Der haploide A-Chromosomensatz der vier Cytodeme ist in 

dunkelblau dargestellt. Größenmarker = 5 µm.  

 

Ein evolutionärer Zusammenhang zwischen  DNA-Amplifikation und der Entstehung 

von Mikro B-Chromosomen kann postuliert werden. So existieren in B. 

dichromosomatica zwei verschiedene Typen von polymorphen, heterochromatischen,  

aus Satelliten-DNA bestehende A-Chromosomensegmente (Bds1- und Bdm29-

Segmente, siehe Abbildung 4). Bds1-positive A-Chromosomensegmente wurden in 

ca. 50% aller analysierten Pflanzen an drei möglichen A-Chromosomenpositionen 

(homozygot und heterozygot)  nachgewiesen. Aber auch für Pflanzen ohne 

mikroskopisch nachweisbare Bds1-Segmente konnte mit Hilfe der PCR diese 

Sequenz in geringer Kopienzahl detektiert werden (Houben et al. 2000). Das 

heterochromatische, Bdm29-positive A-Chromosomensegment konnte nur in wenigen 

Genotypen nachgewiesen werden.  

 

Mikro B-Chromosomen bestehen hauptsächlich aus polymorphen Komponenten der  

A-Chromosomen (Bdm29, Bds1, (Houben et al., 2001)). Zusätzlich wurden auf 

beiden B-Chromosomentypen transkriptionsinaktive ribosomale 45S rDNA 
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Sequenzen nachgewiesen (Donald et al., 1997; Houben et al., 1997b; Marschner et 

al., 2007b). Trotz morphologisch  hoher Ähnlichkeit zwischen Mikro B-Chromosomen 

und den Bdm29-positiven A-Chromosomensegmenten, konnte demonstriert werden, 

dass Mikro B-Chromosomen  nicht nur aus A-Chromosomen lokalisierten,  

repetetiven Sequenzen bestehen. So werden die Mikro B-Chromosomen lokalisierten 

Bdm29-tandem repeats von dem Mikro B-spezifischen tandem repeat Bdm54 

unterbrochen. Damit ist es eher unwahrscheinlich, dass Bdm29-positive A-

Chromosomensegmente durch die Integration von Mikro B-Chromosomen 

entstanden (Houben et al. 2001). Es ist vorstellbar, dass die Gründersequenzen der 

Mikro B-Chromosomen durch genomischen Stress aus dem Standard-

Chromosomenkomplement freigesetzt wurden. Dabei können die in ihren 

Kopienzahlen variablen repeats Bdm29, Bds1 und ribosomale DNA Sequenzen eine 

”Gründerrolle” gespielt haben. Solche extrachromosomale DNA könnte durch 

Kombination mit Telomer-  und Zentromersequenzen stabilisiert werden. Es ist 

möglich, dass durch Mutationen oder epigenetische Ereignisse eine bisher nicht-

zentromerische Sequenzen in eine aktive Zentromersequenz  umgebildet wird.  

Extrachromosomale zirkuläre DNA (eccDNA) mit hoher Ähnlichkeit zu A- und B-

lokalisierten tandem repeat  Sequenz konnten nachgewiesen werden (Cohen et al., 

2008).  Ähnlich wie in nicht-pflanzlichen Organismen (Cohen et al., 1999; Cohen and 

Mechali, 2001; Cohen et al., 2005) lag die Größe pflanzlicher  eccDNA zwischen  >2 

kb und <20 kb.  

 

Außerdem wurden Bdm29-ähnliche Sequenzen in den Standard B-Chromosomen 

der Cytodeme A1, A2, A3 und A4 und der verwandten Arten B. curvicarpa und B. 

dentata nachgewiesen (Houben et al., 1997b). Somit kann davon ausgegangen 

werden, dass diese Sequenz für die Entstehung eines B-Chromosoms wichtig ist und  

evtl. mehrmals unabhängig  bei der B-Chromosomenbildung eine Rolle gespielt hat. 

Es ist aber auch möglich, dass Mikro B- und B-Chromosomen der verschiedenen 

Cytodeme von B. dichromosomatica einen gemeinsamen Ursprung haben oder sich 

der Standard B-Chromosomentyp aus dem Mikro B-Chromosom entwickelt hat. Die 

Entstehung von Brachycome B-Chromosomen im Rahmen der  Artbildung durch 

Alloployploidisierung kann angenommen werden, da mehrere potentiell allopolyploide 

Brachycome-Arten (z. B. B. marginata, B. nivalis ) mit B-Chromsomen existieren. 
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3.7. Potentielle Anwendung von B-Chromosomen in der Biotechnologie 
Neben der Aufklärung von Mechanismen der Genomevolution und 

Chromosomenbiologie könnten B-Chromosomen eine Rolle in der Biotechnologie 

spielen. In Zukunft werden effiziente, gezielte und sichere Verfahren der 

Genübertragung für Züchtungsprozesse unverzichtbar sein. „Künstliche“ 

Chromosomen u. a. als Vektoren für den Gentransfer werden auch bei Pflanzen in 

Grundlagenforschung und Biotechnologie eine zunehmende Rolle spielen (Houben 

and Schubert, 2007). Sie bieten eine nahezu unbegrenzte Aufnahmekapazität für 

Gene und Genkomplexe und umgehen einige Probleme, die im Falle konventioneller 

Gentransfertechniken auftreten können und durch DNA-Integration an zufälligen 

Positionen bedingt sind, z. B. Positionseffekte hinsichtlich der Transgenexpression 

bzw. Insertionsmutagenese. Minichromosomen können je nach Bedarf stabil von 

Generation zu Generation übertragen, auf dem Wege der genetischen Segregation 

entfernt, oder durch Kreuzung in andere Zielorganismen überführt werden. Sie 

ermöglichen darüber hinaus die Untersuchung der Funktionsweise spezifischer 

Chromatindomänen (z.B. Zentromerkomponenten). In Kombination mit Kassetten zur 

wiederholten Zielsequenz-spezifischen Integration von DNA-Fragmenten bieten sie 

die optimale Strategie zum Transfer komplexer Merkmale. Prinzipiell können 

Minichromosomen durch konventionelle Gattungskreuzung auch in verwandte, 

ökonomisch relevante Arten überführt und dort genutzt werden. Trotz international 

intensiver Bemühungen (z. B. Phan et al. (2007)) konnten im Gegensatz zu Hefen  

und Säugern bis vor kurzem keine künstlichen Chromosomen für Pflanzen entwickelt 

werden.  

 

Künstliche Chromosomen können aus einzelnen Komponenten in vitro bzw. 

innerhalb von Zielzellen zusammengesetzt werden. Diese 'bottom up' Strategie ist 

schwer zu kontrollieren und wegen der unbekannten Mechanismen zur Bildung von 

funktionalen Zentromeren für Pflanzen wenig aussichtsreich (Houben and Schubert, 

2003). Alternativ können durch die experimentelle Verkürzung von natürlichen 

Chromosomen in vivo Minichromosomen generiert werden, die noch alle 

Sequenzkomponenten für eine stabile Replikation und Segregation enthalten, aber 

(weitgehend) frei von endogenen kodierenden Sequenzen sind. Zusätzlich sollen sie 

über eine Kassette für die gezielte Integration von DNA-Sequenzen verfügen. Eine 
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Methode hierfür beruht auf der Transformation mit Telomersequenz-haltigen 

Konstrukten, die am Integrationsort ein neues Chromosomenende für den 

betroffenen Arm bilden und so Chromosomen verkürzen können. Diese Methode, 

ursprünglich für Säuger entwickelt (Farr et al., 1991), wurde unlängst als prinzipiell 

gangbar für die Generierung von potentiell biotechnologisch relevanten 

Minichromosomen beim Mais beschrieben (Yu et al., 2006; Yu et al., 2007). Zur 

gezielten nachfolgenden „Beladung“ von Minichromosomen wurden u.a. 

Sequenzelemente für ein Cre/loxP-Rekombinationssystem co-integriert. Solche 

Systeme erlauben, im Gegensatz zu konventionellen Transformationsmethoden, eine 

zielgerichtete Integration von DNA-Sequenzen in die Minichromosomen. Die ersten 

biotechnologisch-relevanten pflanzlichen Minichromosomen wurden aus Mais B-

Chromosomen mit Hilfe der „telomere trunction“ Technik  generiert (Yu et al., 2006). 

B-Chromosomen sind  dafür besonders geeignet, da diese relativ wenige Gene 

besitzen und die Kopienzahl von B-Chromosomen unter  Nutzung des post-

meiotischen Akkumulationsmechanismus erhöht werden können. Obgleich B-

Chromosomen generell eine geringe Transkriptionsaktivität besitzen, zeigte das im 

Rahmen der Chromosomenverkürzung co-integrierte GFP-Reporterkonstrukt 

funktionelle Aktivität. Es ist aber abzuwarten, inwieweit B -lokaliserte Transgene über 

mehrere Generationen stabil transkribiert werden. 

 

4. Zusammenfassung 
B-Chromosomen sind genetische Elemente, welche in manchen Arten zusätzlich zu 

den A-Chromosomen auftreten. Diese Zusatzchromosomen unterscheiden sich von 

den A-Chromosomen dadurch, dass diese keine essentiellen Erbinformationen 

besitzen und ein nicht-mendelndes Segregationsverhalten zeigen. Ihre Anzahl kann 

innerhalb und zwischen Individuen variieren. Abhängig davon, wie viele zusätzliche 

Chromosomen eine bestimmte Art tolerieren kann, können B-Chromosomen hohe 

Zahlen in natürlichen Populationen erreichen. Da in der überwiegenden Mehrzahl die 

Gegenwart von B-Chromosomen, vor allem in höherer Kopienzahl, sich negativ auf 

die Vitalität und Fruchtbarkeit des Trägerorganismus auswirken kann, werden B-

Chromosomen oftmals als parasitäre Bestandteile des Genoms eingestuft.  

 

Es ist wahrscheinlich, dass B-Chromosomen in den unterschiedlichen Organismen 

über verschiedene Mechanismen entweder aus A- oder Sex-Chromosomen der 
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Trägerart entstanden. Beim Vergleich der Sequenzen der A- und B-Chromosomen 

von B. dichromosomatica  wurde nachgewiesen, dass deren B-Chromosomen viele 

Sequenzen besitzen, die  auch auf unterschiedlichen A-Chromosomen und 

polymorphen heterochromatischen A-Chromosomenregionen vorliegen. Die 

genomische Organisation der Mikro-B-Chromosomen dieser Art wird als ein 

Konglomerat aus repetetiven Sequenzen von unterschiedlichen polymorphen A-

Chromosomensegmenten und anderen A-Chromosomensequenzen betrachtet. Eine 

hohe Sequenzähnlichkeit zwischen beiden Chromosomentypen konnte gleichfalls für 

den Roggen nachgewiesen werden. Nur die heterochromatische Domäne am Ende 

des langen B-Chromosomenarms zeigte eine Anreicherung von B-spezifischen 

repetetiven Sequenzen.  

 

Eine weitere Möglichkeit besteht in der spontanen Bildung von B-Chromosomen als 

Folge interspezifischer Kreuzungen und dem Verlust elterlicher Chromosomen, wie 

sie z. B. in Hybridzellen von Weizen x Hirse Embryonen. So konnten in embryonalen 

Zellen zentromerische Fragmente der Hirse nachgewiesen werden, obgleich andere 

Bereiche des Hirsegenoms bereits eliminiert waren. Nach Stabilisierung  könnte ein 

derartiges Zentromerfragment, den Ausgangspunkt  für die Entstehung eines B-

Chromosoms darstellen.  

 

Die Entstehung von B-Chromosomen ist höchstwahrscheinlich ein seltener Vorgang, 

da in engverwandten Arten, z. B. unterschiedliche Brachycome-Arten ähnliche B-

Chromosomen nachgewiesen werden konnten. 

 

Eine Anreicherung von mobilen Elementen auf B-Chromosomen könnte in einem 

Prozess analog zu „Muller’s ratchet“ für die Evolution der B-Chromosomen 

mitverantwortlich sein. Eine ratchet oder Sperrklinke lässt sich nur in eine Richtung 

drehen. Genauso lässt sich die Muller-Rätsche nur in die "Richtung" von 

zusätzlichen, schädlichen Genmutationen drehen. So wurden für Roggen B-

Chromosomen transposable Elemente nachgewiesen. Da eine der 

Haupteigenschaften von B-Chromosomen ist, nicht mit den Chromosomen des A-

Komplementes zu paaren, ist eine Korrektur von Mutationen durch Rekombination 

wenig wahrscheinlich, so dass die B-Chromosomen insgesamt dem „Muller’s 

ratchet“-Mechanismus unterliegt. 
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Für B-Chromosomen von C. capillaris und B. dichromosomatica konnten 45S rDNA-

Sequenzen nachgewiesen werden. Der Vergleich der ribosomalen ITS2-Sequenzen 

der A- und B-Chromosomen demonstrierte eine hohe Ähnlichkeit dieser Sequenzen 

zueinander innerhalb der entsprechenden Art. Damit konnte gefolgert werden, dass 

die ribosomale DNA der B-Chromosomen von der 45S rDNA der  A-Chromosomen 

der gleichen Art abstammt, oder beide Chromosomentypen einen gemeinsamen 

Vorgänger haben. Anders als in B. dichromosomatica, ist die B- lokalisierte 45S rDNA  

von C. capillaris transkriptionsaktiv. 

 

Nach der Etablierung der indirekten Immunfluoreszenz für pflanzliche Chromosomen 

wurde die Verteilung einzelner Histonmodifizierungen für A- und B-Chromosomen 

vergleichend beschrieben. A- und B-Chromosomen des Roggens, C. capillaris, B. 

dichromosomatica und P. libanotica  zeigten für die Heterochomatin-typischen 

Histonmodifikationen Histon H3K9me1/2 und H3K27me1 keine Unterschiede. Die 

einheitliche Verteilung der Methylierung von H3K9me2 auf den A- und Standard-B-

Chromosomen korreliert mit der Genomgröße dieser Arten. Bei Pflanzen mit einer 

Genomgröße unter 500 Mbp beschränkt sich die Dimethylierung von H3K9 auf die 

heterochromatischen Chromozentren. Bei einer Größe von mehr als 500 Mbp verteilt 

sich die Histon H3K9-Dimethylierung wahrscheinlich auf Grund der hohen Dichte von 

transposablen Elementen dispers über alle Chromosomen. 

 

Die Euchromatin-spezifische Methylierung an H3K4 ergab für die A-Chromosomen 

von B. dichromosomatica eine disperse Markierung mit Ausnahme des 

Perizentromers und einer heterochromatischen Region. Während an den Standard-

B-Chromosomen noch eine sehr schwache H3K4me1,2,3-Markierung erfolgte, zeigte 

sich an den Mikro-B-Chromosomen nur noch für H3K4me1 eine schwache 

Markierung. H3K4 Di- und Trimethylierungen wurden bei diesem B-Chromosomentyp 

nicht nachgewiesen. Zusätzlich wurde für B. dichromosomatica eine reduzierte 

Acetylierung der Standard-B-Chromosomen an K5 und K8 im Histon H4 detektiert. 

Diese reduzierte Acetylierung von Histon H4 und die schwache Methylierung von 

H3K4 könnten eine gemeinsame Rolle in der Bildung des B-Chromosomen-

Chromatins spielen.  

 

 46



 

Der Zusammenhang zwischen der Zellzyklus-abhängigen Phosphorylierung von 

Histon H3 und der Veränderung  der Chromosomenstruktur bzw. dem 

Segregationsverhalten von Chromosomen wurde mit Hilfe von B-Chromosomen 

demonstriert. Die Dynamik der H3S10 und H3S28-Phosphorylierung korreliert mit der 

Etablierung/Auflösung der Schwesterchromatiden-Verklebung kondensierender 

Chromosomen. Während der ersten meiotischen Teilung bleiben die  

Schwesterchromatiden über ihre gesamte Länge verbunden. Die H3-

Phosphorylierung erfolgt ebenfalls über die gesamte Chromosomenlänge. Im zweiten 

Abschnitt der Meiose sind die Schwesterchromatiden nur im perizentromerischen 

Bereich kohäsiv und die H3-Phosphorylierung erfolgt ebenso nur im 

perizentromerischen Bereich. Es kann postuliert werden, dass die Phosphorylierung 

von Histon H3S10 und S28 mit der Schwesterchromatiden-Verklebung in der Meiose 

korreliert und eine untergeordnete Rolle in der Kondensation von meiotischen 

Chromosomen spielt. Die Zellzyklus-abhängige Phosphorylierung von H3 an den 

Positionen T3, T11 und T32 korreliert mit dem Kondensationsverhalten mitotischer 

und meiotischer Chromosomen. Die evolutionär hoch konservierte Aurora-Kinase 

konnte als Histon H3S10-spezifische Kinase in A. thaliana identifiziert werden. 

 

Der heterochromatische Bereich des langen Roggen B-Chromosomenarms weist  

sowohl H3K4me3- als auch H3K27me3-Modifikationen auf. Da die Methylierung von 

H3K4 generell mit der Transkriptionsaktivität korreliert, wurde der 

Transkriptionszustand der B-lokalisierten repetetiven Sequenzen E3900 und D1100 

evaluiert. Es konnte eine Expression von nicht-kodierender RNA für B-Chromosomen 

nachgewiesen werden. Es wird postuliert, dass diese RNA an der Regulierung des B-

spezifischen nondisjunction Prozesses involviert ist. 

 

Das Transkriptionsverhalten von Roggen B-Chromosomen wurde erstmals molekular  

charakterisiert. Die Transkriptionsprofile von Genotypen mit oder ohne B-

Chromosomen unterscheiden sich minimal, was darauf hindeutet, dass B-

Chromosomen weitgehend genetisch inaktiv sind. Für B-spezifische Transkripte 

konnten ähnliche A-lokalisierte Sequenzen nachgewiesen werden. Die hohe 

Sequenzähnlichkeit zwischen A- und B-lokalisierten Sequenzen bestätigt die 

Annahme, dass Roggen B-Chromosomen aus den A-Chromosomen der gleichen Art 

entstanden. 
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Summary 
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. The upper limit of the B chromosome 

number within the population is species dependent. The effects of B chromosomes 

are usually cumulative, depending upon their number and not their presence or 

absence. Different phenotypic effects were correlated with presence of a high 

number of Bs. In general, Bs influence negatively the fitness and fertility of the plants. 

Therefore, often Bs are characterised as a parasitic component of the genome. 

 

It is widely accepted that B chromosomes could be derived from the A chromosomes 

and/or from sex chromosomes of the host species. The genomic organisation of B. 

dichromosomatica micro Bs could be considered as patchwork, or conglomerate, of 

repetitive sequences coming from different polymorphic A chromosome sites. 

Similarly, a high sequence similarity was revealed between As and Bs of rye. Only 

the terminal heterochromatic regions of the long B chromosome arm is characterized 

as an accumulation of specific repetitive sequences. However, there is also evidence 

suggesting that Bs  can be spontaneously generated in response to the new genome 

conditions following interspecific hybridisation. In hybrid cells of wheat x pearl millet 

embryos  which are undergoing elimination of the pollinator genome  pearl millet-

specific centromeric sequences were detectable. If during elimination of parental 

chromosomes such a centric fragment is retained rather than lost, a subsequent 

spontaneous chromosome doubling could provide an ideal prerequisite for the de 

novo formation of supernumerary chromosomes. 

  

The formation of a new B chromosome must be a rare event, as closely related 

Brachycome-species carrying similar B chromosomes. Sequence comparison of A 

and B chromosome- sequences of B. dichromosomatica  demonstrate that Bs 

harbour sequences derived from different polymorphic heterochromatic A 

chromosome regions.   
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The accumulation of mobile elements analogues to the process of ‘Muller’s ratchet’ 

for the evolution of sex chromosomes could play a role in evolution of B 

chromosomes. Transcription active mobile elements were demonstrated for rye Bs. 

As Bs do not pair or recombine with any members of the standard diploid (or 

polyploid) set of A chromosomes at meiosis a correction of mutations is unlikely. The  

accumulation of irreversible deleterious mutations will drive the evolution of Bs. 

 

B-specific 45SrDNA sequences were identified for C. capillaris and B. 

dichromosomatica. Comparison of A- and B-type ribosomal ITS2 sequences revealed 

high sequence similarity within the species. Therefore, it is concluded that B 

chromosome-localized 45SrDNA originated from the A chromosome complement of 

the same species, or both types of chromosomes share a common ancestor. Unlike 

for B. dichromosomatica, B-localized 45S rDNA of C. capillaris is transcriptionally 

active.   

 

The chromosomal distribution patterns of different histone modification marks were 

studied for A and B chromosomes after the method of indirect immunostaining was 

established for plant chromosomes. The distribution of the heterochromatin-typical 

histone marks H3K9me1/2 and H3K27me1 did not differ between A and B 

chromosomes of rye, C. capillaris, B. dichromosomatica and P. libanotica. The 

uniform distribution of these histone marks along A and B chromosomes correlate 

with the genome size of these species. Two different distribution patterns of 

dimethylated H3K9 were found that depend on genome size. For most species with 

small genomes (1C<500 Mbp), including Arabidopsis thaliana, strong methylation of 

H3K9me2 was restricted to constitutive heterochromatin. Species with larger 

genomes showed a uniform distribution of dimethylated H3K9. Contrary to this and 

regardless of the genome size, dimethylated H3K4 was found to be enriched within 

the euchromatin of all species. I propose that large genomes with high amounts of 

dispersed repetitive sequences (mainly retroelements) have to silence these 

sequences and therefore display epigenetic modifications such as methylation of 

DNA and H3K9 also within euchromatic regions. 
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The interrelationship was analysed between the cell cycle-dependent 

phosphorylation of histone H3 and  the segregation and condensation behaviour of 

chromosomes. The dynamic phosphorylation of H3S10 and H3S28 correlates with 

the process of sister chromatid cohesion during mitosis and meiosis. Interestingly, 

during meiosis in monocentric plants the distribution of S10 and S28 phosphorylation 

varies between the two meiotic divisions. During the first division the chromosomes 

are highly phosphorylated throughout their entire length, while in the second division 

the H3 phosphorylation is restricted to the pericentromeric regions, as in mitotic 

chromosomes. Surprisingly, at the same time, single chromatids resulting from 

equational division of univalents (e.g. a single B chromosome) at anaphase I show 

no H3 phosphorylation. Irrespective of their low level of H3 phosphorylation, however, 

prematurely separated chromatids show normal condensation and their kinetochores 

interact with the microtubules. These observations led to the hypothesis that in plants 

pericentromeric H3 phosphorylation at both serine positions is required for cohesion 

of sister chromatids during metaphase I, and for sister chromatid pericentromeres 

during mitosis and metaphase II, respectively.  

 

Phosphorylation at T3, T11  and  T32 of histone H3  in plants occurs along entire 

chromosome arms, and correlates with the condensation of mitotic and meiotic 

chromosomes.  In mammals, in contrast, where phosphorylation of T3 and T11 is 

most abundant in the centromere, it may instead serve as a recognition code for 

centromere assembly. The reverse may be true for S10/28 modifications, which may 

provide a label for the pericentromere region in plants, but has a function in 

chromosome condensation in mammals.  

 

A chromosomes of B. dichromosomatica revealed a disperse distribution of 

methylated histone H3K4 except in  pericentromeric regions. In difference, the large 

B chromosomes of the same species displayed very weak signals specific for 

H3K4me1,2 or 3. Micro Bs showed only very weak H3K4me1-specific signals and no 

signals specific for  histone di- and trimethylated K4.  In addition, B chromosomes are 

characterized by reduced level of histone H3 lysine 5 and lysine 8 acetylation. Weak 

acetylation of histone H4 and reduced methylation of H3K4 seems to be involved in 

the formation of B chromosome chromatin. 
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The histone H3K4me3-positive B-terminal region of rye is mainly composed of the B 

chromosome-specific DNA 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. It is tempting to 

hypothesize that these transcripts could serve some structural function in the 

organization and regulation of B chromosome nondisjunction.  

 

The general transcription behaviour of rye B chromosomes was characterised by 

molecular means. Despite that the transcription profile of the rye inbred lines with and 

without B chromosomes is highly similar, sixteen putative B chromosome-associated 

transcripts were identified. 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. These results 

support the hypothesis that the rye B chromosomes are originated from A 

chromosomes of the same species.   
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