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Chromosome organization and dynamics in plants
Wojciech P Pawlowski
The past few years have brought renewed interest in
understanding the dynamics of chromosomes in interphase
cells as well as during cell division, particularly meiosis. This
research has been fueled by new imaging methods,
particularly three-dimensional, high-resolution, and live
microscopy. Major contributors are also new genetic tools that
allow elucidation of mechanisms controlling chromosome
behavior. Recent studies in plants have explored chromatin
arrangement in interphase nuclei, chromosome interactions
and movement during meiotic prophase I, and mechanisms
that ensure correct segregation of chromosomes during
anaphase. These studies shed light on chromosome dynamics
in a small-genome plant Arabidopsis thaliana, as well as in
plants with large and complex genomes of polyploid origin,
such as wheat and maize.
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Introduction
Behavior of chromosomes is a result of interplay between
their two conflicting functions: firstly, providing access to
the DNA-encoded genetic information, which is required
for transcription and for exchange of genetic information
during meiotic recombination, and secondly, protecting
the structural integrity of the genome and its faithful
segregation to daughter cells during cell division. These
diverse roles of chromosomes are reflected in changes of
their appearance during the cell cycle. Although it has
been known for decades that chromosomes undergo
profound alterations in their morphology and arrangement in the nucleus, it is only recently that the dynamic
nature of these changes is being uncovered. The molecular mechanisms controlling chromosome behavior and
the consequences that chromosome dynamic patterns
have for gene expression and chromosome segregation
are also subjects of intense investigations. These studies
www.sciencedirect.com

are conducted in a variety of taxa but plants, because of
their large and conspicuous chromosomes, are excellent
systems for studying chromosome dynamics.

Chromosome organization and dynamics in
interphase cells
During interphase, chromosomes become largely decondensed but they still exhibit a high level of organization
within the nucleus. In large-genome eukaryotes, such as
mammals and plants, chromatin threads from individual
chromosomes, instead of freely mixing, form distinct
chromosome territories [1]. The existence of chromosome
territories was proposed over 100 years ago [2] but only
demonstrated conclusively with the advent of the fluorescence in situ hybridization (FISH) technology [3]. In
Arabidopsis thaliana, interphase chromosomes exhibit
rosette-like structures. In these structures, heterochromatic chromosome segments form condensed chromocenters while euchromatic segments remain as loops 0.2–
2 Mb in length that emanate from the chromocenters
(Figure 1a) [4]. The heterochromatic centromeric
regions are located within the chromocenters. The chromocenters are positioned near the nuclear periphery [4]
and their arrangement relative to each other is predominantly random [5–7] and can change following cell
division [7,8]. No evidence has been found for associations between homologous chromosomes in Arabidopsis
interphase nuclei. However, chromosomes that bear
nuclear organizer regions (NORs) tend to be associated
more often, probably by virtue of their attachment to the
nucleolus [5,7]. Telomeres in Arabidopsis interphase cells
show persistent clustering at the nucleolus [9], a unique
arrangement that has not been observed in other plants.
In contrast to Arabidopsis, in plants with large genomes,
such as wheat, chromosomes in interphase frequently
exhibit Rabl orientation, in which clustered centromeres
and telomeres are located on the opposite sides of the
nucleus (Figure 1b) [10]. This arrangement is a remnant
of the preceding anaphase. Centromere clustering in
somatic cells has been investigated in hexaploid and
tetraploid wheat, where it is regulated by the Ph1 locus
[11–13]. However, centromere clustering has also been
reported in small-genome plant species that do not exhibit Rabl orientation. For example, centromere clustering
has been found in somatic cells of rice [14]. However,
while in wheat, centromeres of non-homologous chromosomes cluster, in rice the centromere associations involve
homologous chromosomes.
Studies in Arabidopsis have shown that chromosome
organization in interphase nuclei not only is genetically
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Figure 1

Chromosome arrangement in interphase nuclei. (a) The chromocenterloop organization observed in Arabidopsis. Six chromosomes (black)
with chromocenters (black dots) are depicted. Chromocenters are
frequently located near the nuclear envelope (blue). Red = centromeres.
Green = telomeres. One of the chromosomes (boxed in purple) is
magnified in inset. (b) Rabl orientation observed in wheat and other plant
species with large genomes. Centromeres (red) of all chromosomes
(black) are located on the opposite side of the nucleus from telomeres
(green). Blue = nuclear envelope.

controlled but also changes during plant development
and as a response to environmental conditions. Chromocenters show extensive reduction in size in cells of
Arabidopsis leaves before bolting, as some heterochromatic segments relocate away from chromocenters. However, the chromocenter size recovers after elongation of
the floral stem [15]. These processes are controlled by the
light signaling pathway. Furthermore, ecotypes acclimated to different latitudes exhibit varying, genetically
programmed, levels of chromatin compaction, depending
on the light intensity in their habitats [16].
New imaging tools, such as fluorescently tagged centromeric proteins and genomic sites marked using bacterial
operator/repressor systems, have enabled investigations
of interphase chromosome dynamics in live cells
[8,17,18,19]. These studies demonstrated that Arabidopsis centromeres during interphase display a rather static
behavior, exhibiting only diffusive movements with fairly
low speeds when compared to the velocities of chromosome movements in anaphase or meiotic prophase [8].
Interstitial chromosome regions are also fairly static,
although they are less restricted in their movements than
centromeres [20].
Many tissues in plants become polyploid as a result of
DNA endoreduplication, a phenomenon observed in
species with relatively small genomes, such as Arabidopsis, as well as plants with large genomes. Endoreduplication-triggered polyploidy has been found to considerably
affect chromosome dynamics [20,21]. Coalignment of
sister chromatids decreases with the increase of ploidy
levels in cells that undergo endoreduplication [21]. The
freedom of movement of interstitial chromosome regions
(i.e. the area within the nucleus to which movement is

constrained) increases as well, although the movement
speed decreases [20]. In contrast to endoreduplication,
which increases the copy number of all chromosomes,
increasing the number of copies of individual chromosomes, that is, trisomy, does not substantially alter the
chromosome organization in interphase nuclei [22].
Overall, studies revealed a large degree of variation in the
patterns of chromosome arrangements and behavior in
interphase cells in different plant species and among
different tissues. It is quite likely that these diverse
patterns reflect diverse roles of interphase chromosome
dynamics. In yeast and mammals, detailed three-dimensional maps of chromosome arrangements in interphase
nuclei have been constructed [1,23] that allow functional analyses of interphase chromosome organization
and dynamics. However, in plants such studies are still in
their infancy and much more work is needed in this area.

Chromosome interactions in the prophase of
meiosis I
During the prophase of meiosis, a specialized cell division
leading to the production of gametes, homologous chromosomes find each other, pair, and recombine (see [24] for a
review). In contrast to the somewhat static behavior of
interphase chromosomes, chromosomes during meiotic
prophase I are extremely dynamic [25]. Meiotic prophase
chromosome interactions have two distinct functions,
firstly, facilitating genetic exchanges through the process
of crossing-over and secondly, ensuring proper chromosome segregation in anaphase I. These interactions exhibit
high levels of complexity [26].
During the past few years, several critical mechanisms
involved in controlling pairing of homologous chromosomes have been identified. In plants, similarly to mammals and yeast, homologous chromosome pairing has
been found to be tightly linked to the progression of
meiotic recombination [27]. Meiotic recombination starts
by programmed formation of double-stand breaks (DSBs)
in chromosomal DNA at the onset of meiosis [28]. Arabidopsis and maize mutations that eliminate the formation of meiotic DSBs, or affect early stages of their
processing and repair, have been shown to also cause
severe chromosome pairing defects [29–33]. For example,
Arabidopsis mutants lacking the SPO11-1 and SPO11-2
proteins, which are responsible for meiotic DSB formation, exhibit unpaired chromosomes (univalents)
during pachytene, instead of chromosome pairs (bivalents) [29,30]. phs1 mutants in maize and Arabidopsis,
which exhibit defects in early stages of DSB repair, show
frequent associations of non-homologous chromosomes
that replace homologous pairing [34,35]. In phs1 mutants,
meiotic DSBs are formed but very few of them become
resected to generate single-stranded DNA overhangs.
The DNA overhangs are essential in the single-end
invasion (SEI) process, in which a nucleoprotein filament

Current Opinion in Plant Biology 2010, 13:1–6
Please cite this article in press as: Pawlowski WP. Chromosome organization and dynamics in plants, Curr Opin Plant Biol (2010), doi:10.1016/j.pbi.2010.09.015

www.sciencedirect.com

COPLBI-811; NO. OF PAGES 6

Chromosome organization and dynamics in plants Pawlowski 3

consisting of single-stranded DNA coated with recombination proteins RAD51 and DMC1 finds and invades a
homologous double-stranded DNA region [36,37]. SEI is
hypothesized to facilitate DNA sequence-based recognition of chromosome homology [24]. However, the SEIbased interactions are rather short-distance and other
mechanisms are likely to exist that bring chromosomes
first to a close proximity [24]. Moreover, mechanisms that
coordinate pairing interactions along longer chromosome
stretches may be required to prevent ectopic pairing
between repetitive DNA regions in complex genomes.
The onset of chromosome pairing is coincident with spatial
reorganization of chromatin in the nucleus [38]. One of the
most visible aspects of this reorganization is attachment of
telomeres of all chromosomes to the nuclear envelope
(NE) followed by their clustering to form a cytological
structure known as the telomere bouquet. The bouquet
formation has been observed in a large number of species,
including several plants, such a maize, wheat, and rye [39].
In most species, telomeres cluster in early zygotene and the
bouquet persists until early pachytene. Arabidopsis, in
contrast, does not form a canonical telomere bouquet,
although premeiotic telomere clustering at the nucleolus
may play a role similar to that of the bouquet [9].
Research to conclusively determine the role that the
bouquet plays in the progression of meiosis is still in
progress. On the basis of studies of mutants defective in
bouquet formation in maize, as well as yeast and mouse, it
has been hypothesized that telomere clustering facilitates
the subsequent chromosome pairing by prealigning them
and bringing their ends together [39]. In plants, observations of subtelomeric initiation of chromosome pairing in
Arabidopsis and wheat [40–42] provide evidence for this
hypothesis.

Recent studies in maize, as well as in several species
outside of plants, show that chromosomes during zygotene and pachytene stages of prophase I exhibit very
dramatic motility [25,43,44–46]. In maize, these movements include motions of individual chromosome segments, mostly chromosome ends, as well as oscillating
rotations of the entire chromatin in the nucleus (Figure 2)
[25]. The motility patterns differ between zygotene and
pachytene, particularly the movement of individual
chromosome segments. In zygotene, the moving chromosome segments are fairly small and their motions are very
rapid. In pachytene, much longer chromosome segments,
sometimes entire chromosome arms, exhibit slow sweeping motions across large extents of the nucleus. Chromosome motility is associated with dynamic deformations of
the NE. Analyses of movement patterns of both the
chromatin and the NE suggest that the forces responsible
for these movements originate in the cytoplasm and are
transmitted through the NE and onto the telomeres
attached to the NE [25,47]. Studies in animals and
fungi led to uncovering and characterization of SUNdomain proteins that bridge the NE and link the cytoplasmic cytoskeleton with chromosome ends [47]. Homologs of SUN-domain proteins have also been identified in
Arabidopsis and shown to exhibit mobility within the NE,
which would be required for facilitating chromosome
movements [48]. Specific roles of these proteins in
facilitating chromosome movements, particularly in
meiosis, are now being examined.
The exact function of meiotic prophase movements is still
under investigation. However, most data so far suggest that
the role of the zygotene movements is facilitating chromosome pairing interactions, while the slower pachytene
movements may help resolving chromosome entanglements that remain after the conclusion of chromosome

Figure 2

Time-lapse imaging of chromosome motility in a live maize meiocyte in pachytene. (a) Rotational movements of the entire chromatin. Yellow lines mark
chromatin mass edges. (b) Cumulative tracks from (a) after 570 s. (c) Trajectories of five anonymous chromosome marks (blue, cyan, green, magenta,
and red). Bar = 5 mm.Modified from Sheehan and Pawlowski [25].
www.sciencedirect.com
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Figure 3

attachment in meiosis I [50]. Recent data from maize
suggest a specific mechanism by which the monopolar
attachment is achieved, showing that sister kinetochores
in meiosis are fused by a kinetochore protein MIS12,
which causes both kinetochores to present a shared face to
microtubule-binding proteins (Figure 3) [51].
Central for chromosome movements and their segregation in anaphase of meiosis and mitosis is also the
assembly of the microtubule spindle. The molecular
mechanisms involved in spindle formation are being
explored in many taxa, including plants. Kinesins, a group
of microtubule-based motor proteins, play key roles in
spindle assembly and dynamics. Higher plants contain a
large number of kinesins; over 60 have been identified in
Arabidopsis [52]. However, roles in mitotic and meiotic
chromosome segregation have been described for only a
few of them so far [53,54]. More data in this area should be
forthcoming in the next few years.

Chromosome segregation in anaphase I of meiosis. (a) An overview of
the reductional division event. (b) Localization of the MIS12 protein
(green) responsible for monopolar kinetochore attachment to the division
spindle in meiosis I. Bar = 1 mm.Modified from Li and Dawe [51].

pairing [25,43]. The observations of meiotic prophase
chromosome motility also shed new light on the role of the
telomere bouquet and suggest that the main role of the
bouquet may be facilitating chromosome movements
rather than prealigning chromosomes.

Chromosome segregation in mitosis and
meiosis
Chromosome segregation is a very dynamic series of
events, in which chromosomes congress to the equatorial
plane of the cell, attach to division spindle microtubules,
and become pulled to the two opposed cell poles. These
processes take place during the metaphase — anaphase
stages of mitosis as well as meiosis. Chromosome segregation is diametrically different in mitosis than in meiosis
[49]. In mitosis, chromosomes exhibit bipolar spindle
attachment (i.e. each chromatid attaches to microtubules
coming from a different pole), cohesion between sister
chromatids is released along the entire chromosome
length, and sister chromatids travel to opposing poles.
In the reductional division of meiosis, chromosomes show
monopolar spindle attachment (i.e. both chromatids
attach to microtubules coming from the same pole),
sister-chromatid cohesion (SCC) is preserved in the centromeric region of the chromosome, and both sister chromatids travel to the same pole. Mechanisms by which
kinetochores of sister chromatids limit their interactions
to a single pole in meiosis but interact with both poles in
mitosis are intensely investigated. Studies in Arabidopsis
have shown that meiosis-specific SCC mediated by the
REC8 and SCC3 proteins is required for the monopolar

Conclusions
The past decade brought a renewal of interest in understanding chromosome dynamics, particularly during
interphase and early meiosis. The work on chromosome
dynamics has been made possible by the availability of
new tools, particularly cellular markers and new imaging
methods [26]. The force driving this research is an
increasing appreciation of functional links between
chromosome dynamics in interphase cells and gene
expression, as well as links between chromosome
dynamics during nuclear division and patterns of chromosome segregation (and gene inheritance). In the future,
two areas of chromosome dynamic studies are likely to
gain prominence. The first is identifying and characterizing plant mutations that affect chromosome dynamics,
which will bring better understanding of the genetic
regulation of chromosome behavior and enable the study
of mechanisms controlling chromosome dynamics at the
molecular level. The second area is modeling chromosome dynamics, which will help elucidating the mechanistic bases of chromosome motility. Research in both
these areas will also serve a larger goal of explaining
how biochemical and physical processes become integrated in biological systems.
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