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Integrated Cytogenetic Map of Chromosome
Arm 4S of A. thaliana: Structural Organization
of Heterochromatic Knob and Centromere Region

including the transcription machinery. Either the organi-
zation of the DNA sequences, the sequence itself, or
both is responsible for the higher order organization and
thus for the main activities of the chromosome: gene
expression, DNA replication, and DNA recombination.

Paul F. Fransz,*†# Susan Armstrong,*
J. Hans de Jong,† Laurence D. Parnell,‡
Cees van Drunen,§ Caroline Dean,‖ Pim Zabel,†
Ton Bisseling,† and Gareth H. Jones*
*School of Biological Sciences

A prominent characteristic of the eukaryotic chromosomeUniversity of Birmingham
is its organization into heterochromatic and euchromaticBirmingham
regions. The former is associated with transcriptionalUnited Kingdom
inactivity, whereas the latter contains potentially active†Department of Plant Sciences
genes. As euchromatin can become heterochromaticWageningen University
under certain conditions, it is clear that the organizationWageningen
of the chromatin plays an important role in proper regu-The Netherlands
lation of gene expression (Henikoff and Matzke, 1997;‡Cold Spring Harbor Laboratory
Gasser et al., 1998). Significant properties of heterochro-Cold Spring Harbor, New York 11724
matin are replication activity during late S phase, sup-§E. C. Slater Institute
pression of meiotic recombination (Karpen and Allshire,University of Amsterdam
1997), and involvement in proper segregation of the ho-Amsterdam
mologous chromosomes during meiosis (Dernburg etThe Netherlands
al., 1996; Karpen et al., 1996). To understand the organi-‖Department of Molecular Genetics
zation of the euchromatic and heterochromatic compo-John Innes Centre
nents of a eukaryotic chromosome, it is necessary toColney, Norwich NR4 7UH
relate the morphological features of the chromosomeUnited Kingdom
with the genetic data and the molecular sequence. The
resulting integrated map will provide the tools and infor-
mation to correlate the DNA sequence with the structure

Summary and function of the chromosome.
Integration of the chromosome map and the DNA se-

We have constructed an integrated cytogenetic map quence requires a well-developed system for cytoge-
of chromosome arm 4S of Arabidopsis thaliana. The netic analysis and an extended sequence database. Ara-
map shows the detailed positions of various multicopy bidopsis thaliana has proven an excellent cytogenetic
and unique sequences relative to euchromatin and system (Ross et al., 1996; Fransz et al., 1998), in particu-
heterochromatin segments. A quantitative analysis of lar in exploiting the relatively uncondensed pachytene
the map positions at subsequent meiotic stages re- chromosomes. It is widely recognized as the prime
vealed a striking pattern of spatial and temporal varia- model system for studying the organization of dicotyle-
tion in chromatin condensation for euchromatin and donous plant genomes (Meinke et al., 1998). Its small

genome size (120 Mbp per haploid genome) and detailedheterochromatin. For example, the centromere region
genetical and physical maps have made this model spe-consists of three domains with distinguishable struc-
cies most attractive for a whole genome approach. Wetural, molecular, and functional properties. We also
have chosen the short arm of chromosome 4 of Arabi-characterized a conspicuous heterochromatic knob
dopsis to study the structural organization of a chromo-of approximately 700 kb that accommodates a tandem
some in a higher eukaryote. The entire arm spans aboutrepeat and several dispersed pericentromere-specific
9.5 Mbp and is covered by a YAC contig (Schmidt etrepeats. Moreover, our data provide evidence for an
al., 1995, 1996) of which the complete sequence hasinversion event that relocated pericentromeric se-
been recently established (Mayer et al., 1999). Chromo-quences to an interstitial position, resulting in the het-
some arm 4S contains specific euchromatic and hetero-erochromatic knob.
chromatic regions. For example, a heterochromatic
knob, hk4S, which has been discovered in the chromo-
some arm 4S of some ecotypes (Fransz et al., 1998),

Introduction resembles the heterochromatic knobs as described in
maize (McClintock, 1929; Neuffer et al., 1997). This knob

The structure and the functioning of a eukaryotic chro- provides an excellent opportunity to study cytological
mosome are basically determined by the molecular or- features of heterochromatin as well as the relationship
ganization of the DNA sequences, which not only en- between DNA sequence and heterochromatin forma-
code for the RNA transcripts but also determine the tion. A 2.1 Mbp sequenced region containing the hetero-
specificity of the binding sites for chromatin proteins, chromatic knob has been analyzed and is presented in

the accompanying paper (McCombie et al., 2000 [this
issue of Cell]). A second conspicuous heterochromatic# To whom correspondence should be addressed (e-mail: fransz@
region is the centromere region. This region representsipk-gatersleben.de). Present address: Institute of Plant Genetics and
6.5% of the length of an average pachytene chromo-Crop Plant Research (IPK), Corrensstrasse 3, D-06466 Gatersleben,

Germany. some and can be subdivided by fluorescence in situ
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Figure 1. DAPI and FISH Images of Chromo-
some Arm 4S from Pachytene Cells of WS
and Extended DNA Fibers of Columbia

(A) Subdivision of the short arm into five chro-
mosomal subregions. (B and C) From top to
bottom: CIC10C8 (red), CIC10H3 (green),
CIC4A7 (red), CIC8B1 (green), and CIC7C3
(red); (D) CIC10C8 (red) and CIC8B1 (green);
(E) CIC7C3 (red) and 5S rDNA (yellow); (F)
CIC5C6 (red); (G) ANL2 (red) and GA1 (green);
(H) ANL2 (upper red), GA1 (upper green),
mi233 (red), and mi306 (green); (I) CIC6H11
(red) and CIC11H10 (green); (J) 106B (red); (K
and L) pAL1 (red) and F17A20 (green); (M and
N) 5S rDNA (yellow), pAL1 (red), and GA1 (up-
per red); (O) T1J24 (red) and F10A2 (green).
The colored arrowheads indicate the FISH
signals on the chromosome. The white
arrows indicate the position of the knob. The
Arabic numbers indicate the centromere re-
gion of the corresponding chromosome. The
presence of FISH signals of the NOR (white
arrowhead) in (B)–(F) and (I) was due to hy-
bridization with yeast ribosomal DNA se-
quences.
(P) Fiber-FISH signals of the tandemly repeti-
tive 5S rDNA (red) reveal long continuous
stretches (long arrow), whereas those of the
dispersed repeat F17A20 (green) are shorter
(short arrow). Yellow signals or alternating
colors (brackets) denote adjacent and inter-
spersed localization of the two sequences.

hybridization (FISH) into the centromere, containing the euchromatin and heterochromatin might be related with
chromosome functioning.180 bp repeat, and two flanking pericentromeric do-

mains (Fransz et al., 1998).
Cytogenetic and molecular data have so far provided Results

valuable information about the distribution of repetitive
sequences along the chromosomes. The fact that only Construction of a Molecular Cytogenetic

Map of Chromosome Arm 4S10% of the Arabidopsis genome consists of repeats
(Leutweiler et al., 1984), which are mainly present in the As a first step in aligning cloned DNA sequences and

chromosomal structures, we applied FISH to midpro-heterochromatin regions around the centromere and the
nucleolar organizing region (NOR), implies that the eu- phase cells, including late zygotene, pachytene, and

early diplotene stages, the former and last only when achromatin contains an exceptionally low proportion of
repetitive DNA sequences. In conjunction, these devel- discernible, fully paired short arm of chromosome 4 was

observed. In addition, only cells with uniformly stretchedopments have stimulated us to create a detailed inte-
grated cytogenetic and molecular map in order to relate euchromatic and heterochromatic regions and traceable

arms were recorded. Based on the structural character-the morphological features of the chromosome, e.g.,
euchromatic and heterochromatic segments, to the un- istics of chromosome arm 4S, we defined five regions

(Figure 1A): the NOR (I), the distal euchromatic regionderlying DNA sequence. Further, we discuss how the
observed cytological and molecular characteristics of (II), the heterochromatic knob, hk4S (III), the proximal
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Table 1. Cytological and Molecular Distances of Markers in the Short Arm of Chromosome 4

Average relative Average Absolute Molecular Corresponding
Region Marker n Distance (%)a Distance (mm)b Distance (kb)c BACse

I NOR 93 100 9.6 2860 —

II CIC10C8-dd 18 97.6 6 2.3 9.4 2800 T15P10
ANL2 18 87.4 6 4.9 8.4 2640 F15P23
CIC10H3-d 4 79.8 6 7.7 8.2 2310 F2N1
CIC10C8-p 18 76.6 6 5.3 7.4 2340 F2N1
CIC10H3-p 4 66.1 6 12.4 7.3 1850 T2H3
CIC4A7-d 13 63.8 6 7.5 6.4 1800 T14P8
GA1 38 51.4 6 7.5 4.8 1520 T5J8
CIC4A7-p 13 46.4 6 5.7 4.6 1370 F4C21
CIC8B1-d 17 43.3 6 5.8 4.3 1290 F9H3
mi233 9 43.6 6 4.5 4.2 1160 F9H3

III knob-d 88 41.6 6 5.8 3.9 — —
CIC7C3-d 33 33.5 6 4.7 3.1 470 T19B17
knob-p 88 31.9 6 4.8 3.1 — —

IV mi306 5 32.1 6 2.8 3.1 400 T26N26
CIC8B1-p 17 28.4 6 6.1 2.8 310 T26N26
CIC7C3-p 33 21.1 6 3.7 2.0 0 T1J1

V pericentromere 88 16.5 6 2.9 1.6 — —
5SrRNA-d 38 15.8 6 2.4 1.5 — —
5SrRNA-p 37 6.8 6 2.6 0.7 — —
pAL1-d 14 6.2 6 2.0 0.6 — —

a Relative to centromere.
b Absolute distance to centromere in an average sized arm (CEN–NOR 5 9.58 mm) based on linear regression analysis.
c Distance to the most proximal YAC marker (CIC7C3-p) (from Schmidt et al., 1996).
d Since YAC signals display regions rather than discrete spots, a distal (d) and a proximal (p) site are distinguished.
e Determined from the physical map and the BAC tiling path (http://www.arabidopsis.org/chr4.html).

euchromatic segment (IV), and the centromere region the chromosomal position of the euchromatic YACs. To
verify the colocation of YAC clone CIC8B1 with the knob,of the short arm (V). The molecular markers were se-

lected from different regions along the short arm ac- we used the RFLP markers mi233 and mi306, which are
located close to the ends of the YAC clone CIC8B1cording to the physical map (Schmidt et al., 1996). They

include small unique DNA fragments, repetitive DNA (Schmidt et al., 1996). Their FISH signals indeed flanked
the knob (Figure 1H). We estimate the molecular size ofsequences, and YAC clones that make up a contig ex-

tending from the rDNA locus to the 180 bp repeat of the hk4S to be less than the physical distance (760 kb)
between mi233 and mi306.centromeric region, known as pAL1 (Martinez-Zapater

et al., 1986) or AtCon (Heslop-Harrison et al., 1999). Five By measuring the arm length (CEN–NOR distance)
and the distance of each marker to the centromere, aYACs spanning a region of 2.8 Mbp hybridized to the

major part of the short arm, showing a pattern of alter- cytogenetic map was constructed in two ways. At first,
average relative distances were determined by takingnating red and green fluorescent arrays (Figures 1B and

1C). Three of these YACs (CIC10C8, CIC10H3, and the ratio of the distance of each marker relative to the
CEN–NOR distance. Secondly, the average absoluteCIC4A7) cover the distal euchromatin (region II), YAC

clone CIC8B1 colocalized with the knob (region III) (Fig- distances of all markers were plotted against the arm
length in a linear regression analysis resulting in pre-ure 1D), and CIC7C3 hybridized mainly with the proximal

euchromatic region IV and slightly overlapped with the dicted positions of a marker along the chromosome arm.
The two methods gave similar map positions (Table 1).knob (Figure 1E). Two proximal YACs from the short

arm, CIC3F1 and CIC3C8, and the YAC clone CIC5C6 From the cytogenetic map, we estimated the molecular
position of the pericentromeric heterochromatin bor-in the long arm hybridized to the peripheral domains of

the pericentromeric heterochromatin of all chromosomes der in the short arm. The hybridization signal of clone
CIC7C3 was found at 0.4 mm from the heterochromatic(Figure 1F). This indicates that these YACs contain sev-

eral abundant pericentromeric repeat sequences that segment (Table 1). Based on the condensation degree
of region IV (see below), this distance correspondsimpede accurate mapping.

We verified the chromosomal position of the YACs in with approximately 160 kb. In conjunction with the se-
quence database (McCombie et al., 2000), we expectthe distal euchromatin with a l clone containing the

homeobox gene ANL2, which has been genetically the border of the pericentromeric heterochromatin at
the proximal site of YAC clone CIC3F1. FISH signals ofmapped in the region covered by CIC10C8 (Kubo et al.,

1999), and a cosmid with the gibberelin gene GA1 (Sun YACs CIC11H10 (380 kb) and CIC6H11 (460 kb) that were
physically mapped in contig 2 and contig 3, respectivelyand Kamiya, 1994) that has been physically and geneti-

cally mapped in the region covered by CIC4A7. FISH (Schmidt et al., 1996), revealed the pericentromeric bor-
der in the long arm adjacent to CIC11H10 (Figure 1I).signals of ANL2 and GA1 were found close to the NOR

and the knob, respectively, (Figure 1G) thus confirming The presented cytogenetic map thus shows a perfect
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Figure 2. Molecular Cytogenetic Map of the Centromere Region of Arabidopsis Chromosome 4

Heterochromatic segments are depicted as blue boxes, of which the dark blue box forms the centromere. Euchromatic domains are shown
in gray. The colored boxes above and below the centromere region represent tandem and dispersed repeats. The alignment with BACs is
based on the sequence map (Mayer et al., 1999). PHR, pericentromeric heterochromatin repeats. TR, 1950 bp tandem repeat of the knob
hk4S.

alignment with the physical map up to the pericentro- found on all chromosomes, suggesting all pericentro-
meric regions to contain the same repeats. This is veri-meric heterochromatin. Repeats present within this het-
fied with hybridization signals on chromosome 4 of theerochromatic segment, however, hamper the mapping
BAC clone F17A20 (Figures 1K and JL) that has beenof unique sequences. So far, all tested proximal YACs
physically mapped close to the centromere of chromo-showed hybridization signals in the distal parts of the
some 1 (Mozo et al., 1998). Sequence analysis of thepericentromeric heterochromatin and not the central
BACs T1J24 and F10A2 revealed that they consist forregion.
20% to 30% of transposon elements, of which Athila is
the most prominent. The 5S rDNA repeat, previouslyStructural Organization of the
mapped in the long arm of chromosome 4 close to pAL1(Peri)Centromeric Heterochromatin
(Schmidt et al., 1996), appears to hybridize in the peri-The (peri)centromeric heterochromatin in DAPI-stained
centromeric heterochromatin of the short arm adjacentpachytene chromosomes is visible as a bright fluores-
to the central pAL1 domain (Figures 1M and 1N). A studycent region around a central less fluorescent domain
of the molecular organization of pericentromeric repeats(Ross et al., 1996). Previous FISH studies with repeats
with extended DNA fibers revealed long tandem arraysfrom the centromere region on interphase nuclei and
of 5S rDNA genes (Figure 1P) up to several hundreds ofmetaphase chromosomes (Maluszynska and Heslop-
kilobases (not shown). A similar long tandemly arrayedHarrison, 1991; Brandes et al., 1997) were not able to
pattern has been found for pAL1 (Jackson et al., 1998).resolve the adjacent different heterochromatic domains.
In contrast, the repeats from the pericentromeric BACs

We analyzed the molecular organization of the (peri)cen-
display a dispersed pattern of hybridization signals, al-

tromeric heterochromatin in pachytene chromosomes ternated with short stretches, sometimes colocalizing
using a number of DNA clones that have been physically with the 5S rDNA arrays (Figure 1P). These data show
and genetically mapped close to the centromere (Schmidt that the centromeric and pericentromeric repeats oc-
et al., 1996; Thompson et al., 1996; Copenhaver et al., cupy separate domains (Figure 2). In all chromosomes
1998; Round et al., 1997; http://nucleus.cshl.org/protarab). the centromere contains the tandemly repetitive 180 bp
The 180 bp tandem repeat, pAL1, and the 106B repeat, repeat, interrupted with the 106B repeat and possibly
which is a diverged copy of the LTR of the Athila retro- other repetitive elements, while the pericentromere con-
transposon (Pelissier et al., 1995, 1996), occupy the cen- tains dispersed repeats consisting of transposon ele-
tral domain in all chromosomes (Figures 1J–1L). This ments. In addition, the pericentromere of chromosome
region represents the functional centromere (Fransz et 4 also contains the tandemly arrayed 5S rDNA.
al., 1998; see also Figure 4). No hybridization signals
were observed in the flanking pericentromeric domains. Chromatin (De)Condensation Patterns Reveal
In contrast, the BAC clones T1J24 and F10A2, which Spatial and Temporal Differences between and
have been physically mapped very close to the 180 bp within Eu- and Heterochromatin Segments
centromere repeat of chromosome 4, contain repeats By aligning the cytogenetic map with the physical mo-
that hybridize predominantly to the flanking domains lecular map, we are now able to quantitate the conden-
(Figure 1O). Like the proximal YACs shown above (Figure sation degree in kb/mm of heterochromatin and euchro-

matin along the chromosome arm. The heterochromatic1F), the same hybridization pattern of these BACs was
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Table 2. Condensation Characteristics of Subchromosomal Regions in the Short Arm of Chromosome 4

Cytol. Molec. Condensation DecondensationFlanking Markers
Region Size (mm) Size (kb)a Degree (kb/mm)b Factorc

I telomere NOR 1.65d 3700e 2240 ND
IIa CIC10C8-d CIC10C8-p 2.0 460 230 1.7
IIb CIC10C8-p CIC4A7-d 1.0 540 540 2.8
IIc CIC4A7-d mi233 2.4 640 270 1.2
III mi233/chrom-d mi306/chrom-p 1.1 760 700 1.1
IV mi306 CIC7C3-p 1.2 400 330 1.4
II-IV CIC10C8-d CIC7C3-p 7.4 2860 390 1.5
V CEN pericentromere-d 1.6 ND ND 1.3

a Data from Schmidt et al. (1996) and McCombie et al. (2000).
b In an average 9.6 mm arm.
c Expressed as the increase in cytological size from early/mid pachytene (CEN–NOR 5 7.5 mm) to early diplotene (CEN–NOR 5 11.4 mm).
d Data from Fransz et al. (1998).
e Data from Copenhaver and Pikaard (1996).

knob, hk4S, (700 kb/mm) and especially the NOR (2.2 the larger area that hybridizes to the YAC CIC10C8 (510
kb) compared to CIC8B1 (990 kb) in Figure 1D. AlthoughMbp/mm) are highly condensed compared to the eu-
the euchromatin region is uniformly stained by DAPI,chromatin region (330 kb/mm). This is well illustrated by
a significant variation in chromatin condensation was
observed within the distal euchromatin. A subdivision
of region II into smaller segments revealed a strong
variation in condensation degree within the euchromatic
segment. For example, the regions IIa (230 kb/mm) and
IIb (540 kb/mm) differ by a factor 2.5 (Table 2). Interest-
ingly, the less condensed area around ANL2 (170 kb/mm)
corresponds with a relatively hot spot for recombination
(Schmidt et al., 1995).

The variation in chromatin condensation between the
different regions was monitored not only spatially but
also temporally, since the arm length varied between 6
and 17 mm depending on the meiotic substage. Midpro-
phase I cells were determined by the degree of synapsis,
the rate of chromosome clustering, and the distribution
of the organelles as described previously (Ross et al.,
1996). Early pachytene chromosomes were among the
smallest and early diplotene chromosomes among the
longest, while late zygotene and late pachytene chromo-
somes were found in the medium-sized class (Figure
3A). This suggests that chromosomes condense up
to early pachytene and starts to extend from mid-
pachytene.

To investigate if this (de)condensation pattern in-
volves the entire arm or only a few specific regions, we
calculated for each region the decondensation factor
(DF), which is the increase in size from early pachytene
to early diplotene (Table 2). It appeared that the distal
euchromatin (DF 5 1.7), especially region IIb (DF 5 2.8),
is strongly subjected to decondensation and, thus, more
flexible, while the heterochromatic knob hardly shows
decondensation. The phenomenon of differential chro-

Figure 3. Length Variation of Chromosome Arm 4S and Differential
matin condensation along euchromatin and heterochro-Chromatin Condensation around CEN4 at Subsequent Prophase I
matin is clearly visualized in Figure 3B, showing theStages
positions of the YAC clone CIC7C3 and 5S rDNA in(A) Box-Whisker diagram with mean, SD, and 1.96*SD values of the
conjunction with the heterochromatic knob and the peri-CEN–NOR distance. Measurements were carried out on fully paired
centromere heterochromatin at subsequent meioticshort arms of chromosome 4. Toward pachytene the chromosome

condenses, whereas after pachytene decondensation takes place. stages. A small proximal euchromatin region is observed
(B) FISH images of subsequent prophase I stages of WS hybridized at early pachytene, whereas during zygotene, late
with CIC7C3 (red) and 5S rDNA (green). The size of the proximal pachytene, and early diplotene this region is significantly
euchromatin (distance between CIC7C3 and 5S rDNA) varies,

larger, especially compared to the heterochromaticwhereas the knob size (blue circle) remains the same. Also, note
knob and the pericentromere, represented by the 5Sthe variation of the centromere region (bracket) compared to the
rDNA signal. The relatively unchanged size of the peri-5S RDNA signal. The zygotene cells were not hybridized with 5S

rDNA. Bar 5 1 mm. centromere compared to the centromere indicates that
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Figure 4. FISH Images of Subsequent Meiotic Stages of Ler with (Peri)Centromeric Repeats

The centromere and the pericentromere, visualized with 106B (red) and F17A20 (green), respectively, condense and colocalize at diakinesis.
At prometaphase I a reversion of the domains has taken place. Red hybridization signals of the centromere repeats cover a large area of the
bivalent, including DNA-positive protrusions (arrow). At early anaphase I the red signals are at the most pole-ward positions of the bivalent,
indicating that centromeres are pulled to opposite poles. Note the contrast in size between the red and the green signals at subsequent
stages. Bar 5 5 mm.

these heterochromatic domains have different chroma- but is less pronounced and not visible during premeiotic
interphase (data not shown). During leptotene chromatintin condensation properties. This is confirmed by the

decondensation factor of the centromere and the peri- thickenings in the two nonaligned homologous chromo-
somes distal from the CIC7C3 region indicate the forma-centromere (1.7 and 1.1, respectively). The difference in

condensation patterns of centromere and pericentro- tion of the heterochromatic knob. Since the knobs of
the two homologs may differ in size, chromatin conden-mere, respectively, is also visible during later stages

of meiosis (Figure 4). After the pachytene stage, the sation in the homologs does not necessarily take place
simultaneously. Furthermore, the molecular markershomologs separate but are physically connected at the

chiasmata and condense toward diakinesis. As a result, mi233 and mi306 mark the edges of the knob throughout
midprophase I irrespective of the condensation degreethe centromere and the pericentromere colocalize. Each

bivalent has reached a maximum state of condensation of the chromosome arm. This implies that the molecular
size of the hk4S does not change significantly duringat the phase of repulsion, during prometaphase I. How-

ever, the hybridization signals (red) of the centromere this period.
FISH analysis revealed the presence of centromericrepeats cover a large area of the bivalent, including

DAPI-positive protrusions, while the pericentromere re- and pericentromeric repeats in the knob but not in the
euchromatin (Figures 1J, 1K, and 1O), indicating thesepeat signals (green) are only observed in the central

area. We did not find such extended hybridization sig- repeats to be a major difference between the hetero-
chromatic knob and the euchromatic segments. In thenals with any other DNA clone. This indicates that the

centromere has obviously decondensed during prometa- accompanying paper, McCombie et al. (2000) confirm
the presence of abundant repetitive elements in the het-phase I, in contrast to the rest of the bivalent. Finally,

establishment of the kinetochore activity is reached at erochromatic knob, of which Athila is the most promi-
nent. Moreover, their sequence analysis of a 2.1 Mbpmetaphase I. At this time the homologs are pulled to

opposite poles with the centromeres in leading position contiguous region, including the knob region, shows
that the knob is characterized by a low density of ex-as shown by the most pole-ward directed projections

of the centromere repeats. During these meiotic stages, pressed genes. We examined the repetitive nature of
the repeats in all sequenced BACs by a dot-plot analysisthe pericentromere shows no or little changes in (de)-

condensation, thus underlining the different structural and discovered a tandemly arranged repeat in the knob
region (BAC clone T5H22) with a basic unit of 1950 bpproperties of centromere and pericentromere.
that contains inverted and direct repeat elements. In
contrast, all other repeats in the euchromatin and theCytological and Molecular Characteristics

of the Heterochromatic Knob, hk4S knob show a dispersed distribution. The 1950 kb repeat
element is related to the Tam/Spm family of transposonThe heterochromatic knob, hk4S, is observed only in

the ecotypes WS and Col (Figure 5A) and is absent from elements (McCombie et al., 2000) and is reiterated 22
times spanning in total 44 kb. FISH analysis with a 417Ler (Figure 5B) and C24 (Figure 5C). It resembles the

knobs in maize (McClintock, 1929; Neuffer et al., 1997) bp fragment of the tandem repeat revealed hybridization
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Figure 5. FISH Images Showing Polymorphism around the Knob Region between Arabidopsis Ecotypes

(A) Col, hybridized with GA1 (red) and 5S rDNA (green).
(B) Ler, hybridized with 5S rDNA (red), lacks the knob.
(C) C24, hybridized with 5S rDNA (yellow) and F17A20 (green) lacks the knob and knob repeats.
(D) WS, hybridized with a 417 bp DNA fragment of the tandem repeat from the heterochromatic knob.
(E and F) WS and LER, hybridized with the BACs T1J1 (red) and T4B21 (green), show a reversed position of the hybridization signals.
The colored arrowheads indicate the FISH signals on the chromosome. The numbers indicate the centromere region of the corresponding
chromosome. White arrow, knob; white arrowhead, NOR.

signals in the distal half of the knob and in the NOR unsuccessful due to the distribution of repetitive se-
quences all over the genome (Fuchs et al., 1996). Onlysegment (Figure 5D), while faint hybridization signals
in the case of addition lines, which contain a single alienwere found in the pericentromeric heterochromatin.
chromosome, has chromosome painting been estab-The polymorphism of the hk4S knob between WS and
lished by applying alien total genomic DNA as probeCol on the one hand and Ler, LER, and C24 on the other
(Heslop-Harrison et al., 1990). Another advantage ofsuggests a chromosomal rearrangement in this area.
Arabidopsis cytogenetics is the extended pachyteneThis idea is reinforced by the absence of the pericen-
chromosomes, which have proven preeminently appro-tromeric repeats at the hk4S position in the knob-less
priate for high resolution mapping studies. The averageecotypes and the fact that the RFLP marker mi233,
length of a midprophase I chromosome after Carnoywhich flanks the knob at the distal end, is absent from
fixation is 66 mm (Fransz et al., 1998). In comparison,ecotype Ler (Liu et al., 1996). In order to obtain more
chromosome mapping in the model systems yeast (n 5information about the putative rearrangement, we hy-
16) and C. elegans (n 5 6) are performed on synaptone-bridized two contiguous BACs, T1J1 and T1B21, that
mal complexes (SCs) of pachytene cells, which span onhave been mapped proximal from the knob region of
average 1.8 mm (Loidl et al., 1991) and 6.8 mm (Goldstein,ecotype Col (McCombie et al., 2000). We found the BAC
1986), respectively. Although FISH has been appliedsignals in WS at the same position and orientation (Fig-
successfully to yeast SCs (Scherthan et al., 1992) anure 5E) as described in the sequence map of Col. Sur-
explicit differentiation between heterochromatin and eu-prisingly, in the ecotype LER the BACs T1J1 and T4B21
chromatin domains has not been made. The detailedwere at the same position but showed a reversed orien-
mapping of heterochromatic regions in Arabidopsis willtation (Figure 5F), indicating an inversion event. We
be a valuable tool to study its structure, in particularspeculate that the inversion has brought pericentro-
the organization of repeats and the sequences at themeric heterochromatin sequences to an interstitial posi-
boundaries that together are essential for its functioningtion, thus creating an interstitial heterochromatic knob.
in epigenetic mechanisms of gene regulation as shown
in Drosophila and yeast (Wallrath, 1998).

Discussion

Centromere and Pericentromere Are Structurally
Cytogenetic Reconstruction of Chromosome Arm 4S and Functionally Different Regions
The data presented in this paper show a detailed molec- The centromere region in Arabidopsis pachytene chromo-
ular cytogenetic analysis of a complete chromosome somes is confined to an intensely stained DAPI-positive
arm, resulting in an integrated cytogenetic and physical region and shows a sharp transition to the euchromatin.
map of chromosome arm 4S, including the molecular In chromosome 4 it spans 4 mm, which corresponds
markers and eu- and heterochromatic segments. In Ara- to 6.5% of the entire pachytene chromosome length
bidopsis the majority of repetitive elements is restricted (Fransz et al., 1998). Based on a 700 kb/mm condensa-
to the heterochromatic segments around the centro- tion degree for heterochromatin, we estimate the size
mere and at the NORs. This allowed the differential paint of the entire centromere region at approximately 3 Mbp,
of the major part of chromosome arm 4S, which demon- of which the centromere contains about 1 Mbp. This is
strates the molecular cytogenetic potency of the model consistent with size estimates of the 180 bp repeat in
plant Arabidopsis. The differential paint is considered a other publications (Round et al., 1997; Jackson et al.,
significant achievement in cytogenetics, especially in 1998). A close physical linkage between the 180 bp tan-

dem repeat and several middle repetitive sequencesplants, since individual chromosome painting has been
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has been reported by molecular studies (Pelissier et al., repeats is high (McCombie et al., 2000). In addition,
alignment with the genetic (ColXLer) map (Lister and1996) and FISH analysis on interphase nuclei (Brandes
Dean, 1993) demonstrates that the condensed knob re-et al., 1997). However, they were not able to discriminate
gion corresponds with a cold spot of recombination.between centromere and pericentromere. This FISH
Due to the low frequency in the region spanning thestudy has clearly distinguished the centromere from the
centromere and the hk4S locus, this segment has beentwo flanking pericentromeric domains on the basis of
assigned to the genetically defined centromere (Copen-morphological appearance, condensation properties,
haver et al., 1999). However, in these crosses it is moreand molecular composition. The three domains, which
likely that suppression of recombination is the result oftogether form the centromere region (Figure 2), are dis-
knob heterozygosity between Col and Ler, rather thantinct during meiosis, especially in pachytene cells,
the heterochromatic component alone, since the knobwhereas in somatic cells they colocalize during G1
and the repetitive sequences are absent from the eco-(P. F. F. et al., unpublished data). The centromere is
type Ler (Fransz et al., 1998). FISH analysis with thelargely composed of abundant tandemly arranged 180
BACs T1J1 and T4B21 on pachytene chromosomes ofbp repeats and dispersed repeats, such as 106B,
Ler and WS revealed an inversion in the short arm 4S.whereas the pericentromere contains mainly transposon
Although these two BACs span only 140 kb, we proposeelements, a.o. Athila. The pericentromere of chromo-
that the inversion includes the proximal euchromatinsome 4 has a predicted gene density of less than 1 per
and the heterochromatic knob. Preliminary FISH data100 kb (Mayer et al., 1999) and accommodates DNA
with several ecotypes and BACs around the hk4S locuselements that can be transcriptionally activated (Steimer
(P. F. F. et al., unpublished data) indeed suggest theet al., personal communication). In addition, the short
region covered by the BACs T5L23 to T32N4 to be in-arm contains the 5S rDNA genes, which are among the
volved in the inversion. We postulate that the hetero-most highly expressed genes. It differs from the adjacent
chromatic knob, hk4S, originates from an inversioneuchromatin in morphological appearance, gene den-
event that moved DNA sequences from the pericentro-sity, and the presence of abundant dispersed repeats.
mere to a more distal position in the euchromatin. Addi-The structural differences between the centromere
tional evidence for a pericentromeric origin of hk4Sand the pericentromere are also reflected in the spatial
comes from the molecular and cytological similaritiesposition and the condensation properties of these seg-
between the knob and the pericentromere. Both regionsments in subsequent meiotic stages. From pachytene
are heterochromatic, have a high condensation degree,to metaphase I, these heterochromatic domains change
a comparable decondensation factor, a low gene den-position in the bivalent structure. After pachytene the
sity, and the same DNA repeats. The pericentromericchromosomes have to resolve the crossovers and pre-
domain may therefore be considered as a heterochro-pare for a proper disjunction of the homologs. Conden-
matic knob or, according to the description of Lima-de-sation takes place over the entire chromosome, in par-
Faria (1983), a chromomere.ticular in the euchromatin and the centromere. However,

The question arises as to whether the repetitive natureduring prometaphase I the centromere shows a remark-
or the sequence or both is responsible for the hetero-able decondensation, covering a relatively large area
chromatic nature of the knob. Considering the fact thatof the bivalent surface. It is possible that this spatial
the tandem repeat occupies a disproportionately smallreorganization facilitates the spindle microtubules to at-
region (44 kb), compared to the size of the knob (z700tach to the bivalent, thus ensuring a proper disjunction
kb), we suggest that the organization of a tandem repeatof the homologs. This would strengthen the idea that
with flanking dispersed repeats is a prerequisite for thethe centromere might be regulated by an epigenetic
heterochromatic nature of the knob. A similar combinedmechanism, in which the higher order structure of the
organization of tandem repeats and dispersed retro-centromeric heterochromatin contributes to kinetochore
transposable elements has been described for hetero-

assembly (Karpen and Allshire, 1997). In mouse oocytes
chromatic knobs in maize (Ananiev et al., 1998). However,

it has been shown that during prometaphase I microtu-
some basic differences exist between the Arabidopsis

bules attach to the surface of the chromosomes but knob and the maize knobs. Unlike most maize knobs,
not yet to the kinetochore (Brunet et al., 1999). Stable the tandem repeat region of hk4S is continuous and not
kinetochore microtubule interactions are established at interrupted by other repeats. The knob hk4S contains
the end of congression near the equatorial plane, several pericentromeric repeats, whereas maize knobs
allowing the final alignment of the bivalents and subse- show less homology with pericentromeric repeats. Fur-
quent movement of the homologs to opposite poles. If thermore, the hk4S knob is small and has a proximal
a similar sequence of events would occur in Arabidopsis, position close to the pericentromeric heterochromatin.
then the decondensed centromere would likely be in- Finally, no neocentric activity of hk4S has been ob-
volved in the attachment of the microtubules along the served. These data and the fact that the knob is so far
surface of the bivalent. only detected in the ecotypes WS and Col suggest that

hk4S may have been formed recently. Considering the
The Heterochromatic Knob, hk4S, Originates similarity between the cytogenetic map of WS and the
from the Pericentromeric Outer Domain sequence map of Col versus the differences with Ler
Heterochromatic knobs have been associated with low and C24, our data would place WS close to Col in the
transcriptional and recombination activity. Indeed, the phylogenetic tree of ecotypes. Indeed a close relation-
complete sequence of a 2.1 Mbp region around the ship between Col and WS has been suggested on the
heterochromatin knob hk4S reveals a low gene density basis of DNA polymorphism (Hardtke et al., 1996).

In conclusion, Arabidopsis is an eukaryotic organismin the knob, while the number and variation of DNA
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fluorescence detection of the probes was performed according towith a well-defined and characteristic organization of
Fransz et al. (1998).heterochromatin and euchromatin segments. The pre-

sented integrated cytogenetic map of the short arm of
Microscopychromosome 4 permits to correlate heterochromatin
Hybridization signals were examined with a Nikon Labophot 2 or awith specific DNA elements and provides an excellent
Zeiss Axioplan. Selected images were directly photographed on a

experimental system to investigate which DNA se- 400 Provia Fujichrome film using single (for DAPI), double (for FITC
quences are responsible for heterochromatin formation and Texas red), and triple (for DAPI, FITC, and Texas red) fluores-
and which function as a chromatin domain boundary cence filter blocks. Images were further processed to enhance

brightness and contrast with Adobe Photoshop computer software.element. This will help to elucidate the role of hetero-
chromatin in epigenetic regulation of gene expression.

Measurements
The arm length is defined here as the distance between the centro-

Experimental Procedures mere and NOR. Since the NORs of chromosomes 2 and 4 are often
fused to one heterochromatic region, the telomeric end of the short

Plant Material arm can not be distinguished. Therefore, we used the transition of
Inflorescences were harvested from ecotypes Wassileskija (WS), NOR to distal euchromatin as one of the bench markers for the
Columbia (Col), C24, and Landsberg erecta (laboratory strain Ler short arm. The other bench marker is formed by the middle of the
as well as parental strain LER). Seeds from LER, obtained from Dr. pericentromeric heterochromatin, which colocalizes with a less fluo-
Rédei, were shown to be isogenic to Ler by AFLP analysis (C. rescent area and is considered in most cytogenetic studies as the
Alonso-Blanco and A.J.M. Peeters, unpublished data). Flower buds centromere. This is confirmed in this study by the hybridization
were fixed in Carnoys fluid (ethanol/acetic acid 3:1) and chromo- signals of the 180 bp pAL1 tandem repeat. The midpoint of each
some spreads prepared according to Ross et al. (1996). Extended fluorescent signal is taken to measure the position of the marker.
DNA fibers were prepared from isolated leaf nuclei of ecotype Co- In the case of hybridization signals from YACs and tandem repeats,
lumbia according to Fransz et al. (1996). the borders of the fluorescent region were used as individual mark-

ers indicated by d (distal) and p (proximal).
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