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Abstract

The centromere and telomere are universal heterochromatic domains; however, the proper positioning of those domains in
nuclear space during the mitotic interphase differs among eukaryotes. Consequently, the question arises how and why this
difference occurs. Studies over the past 2 decades have identified several nuclear membrane proteins, nucleolar proteins,
and the structural maintenance of a chromosome complex as factors involved in the positional control of centromeres and/
or telomeres during the mitotic interphase in yeasts, animals, and plants. In this review, with a primary focus on plants, the
roles of those factors are summarized, and the biological significance of proper centromere and telomere positionings during

the mitotic interphase is discussed in an effort to provide guidance for this question.
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Introduction

In eukaryotic genomes, chromatin is organized into func-
tionally and structurally distinct domains, which are directly
associated with genome functions, such as replication,
repair, and transcription. Among the chromatin domains,
the centromere and telomere are universal to all eukaryotic
chromosomes. With regard to plants, as with other eukary-
otes, some species show characteristic distributions of cen-
tromeres and telomeres in the mitotic interphase, in which
the centromeres show a clustered distribution at one side of
the nucleus whereas telomeres show a clustered distribu-
tion at the opposite side of the nucleus. Such a structure
is termed the Rabl configuration (Dong and Jiang et al.
1998; Rabl 1885) (Fig. l1a). This chromosome configura-
tion is seen in both monocots and dicots, such as Triticum
aestivum, Hordeum vulgare, Avena sativa, and Vicia faba,
whereas other species, such as Sorghum bicolar and Zea
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mays adopt a non-Rabl configuration with centromeres and
telomeres more dispersed in the nucleus (Dong and Jiang
et al. 1998; Santos and Shaw 2004) (Fig. 1¢). A model plant,
Arabidopsis thaliana, does not exhibit the Rabl configura-
tion; instead, it shows a dispersion of centromeres at the
entire nuclear periphery and a localization of telomeres at
the nucleolar periphery (Fang and Spector 2005; Roberts
et al. 2009) (Fig. 1d). Several studies, thus far, have indicated
that whether the chromosomes adopt a non-Rabl configura-
tion is not dependent on the genome size in plants (Table 1)
(Matsunaga et al. 2013; Schubert and Shaw 2011). However,
the type of configuration is considered to be likely depend-
ent on the amount and genome organization of the repeti-
tive regions, such as transposable elements, satellite DNAs,
and ribosomal DNAs, that form heterochromatin (Santos
and Shaw 2004; Schubert and Shaw 2011). For example,
in A. thaliana, which shows a non-Rabl configuration, most
of the heterochromatin is found around the centromere,
whereas in T. aestivum, which exhibits a Rabl configura-
tion, the genome predominantly consists of heterochromatin
distributed throughout the chromosome arms (Santos and
Shaw 2004). However, Z. mays, which shows a non-Rabl
configuration, has a genome organization of heterochroma-
tin similar to 7. aestivum (Choulet et al. 2010). In addition,
in Oryza sativa, most cells show a non-Rabl configuration
(Dong and Jiang et al. 1998), but premeiotic anther cells
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Fig. 1 Distribution patterns of centromeres and telomeres in the Rabl
(a, b) and the non-Rabl (¢, d) configurations. a Clustered distribu-
tions of centromeres and telomeres seen in plants such as 7. aestivum.
b Clustering of all centromeres beneath the SPB seen in S. pombe and
S. cerevisiae. ¢ Dispersed distributions of centromeres and telomeres
seen in plants such as S. bicolar. It should be noted that the periph-
eral distributions of centromeres and telomeres in plants which do
not adopt a Rabl configuration are not clearly confirmed yet. d Dis-
persed centromere distribution around nuclear periphery and nucleo-
lar peripheral distribution of telomeres in A. thaliana

and xylem-vessel precursor cells show a Rabl configuration
(Santos and Shaw 2004). Therefore, the genome organiza-
tion of heterochromatin is unlikely to be a definitive factor
that determines the type of chromosome configuration. Thus,
how the chromosomes acquire a non-Rabl configuration is
still an open question for plants as well as other eukaryotes.

Given that the Rabl configuration is the default chromo-
some configuration, as it retains the anaphase chromosome
orientation (Schubert and Shaw 2011), the acquisition of
certain systems that alter and fix the distribution of cen-
tromeres and telomeres is one potential explanation for the
establishment of a non-Rabl configuration. To date, whether
there is any biological significance to adopting a non-Rabl
instead of a Rabl configuration is unknown. The identifi-
cation and characterization of such systems will help us
to clarify the answer to this question. The distributions of
centromeres and telomeres are representative indices that
distinguish the chromosome configuration, as Rabl or non-
Rabl type. Therefore, we focus on the factors that affect the
distribution of either centromeres or telomeres during the
interphase, such as nuclear membrane proteins, nucleolar
proteins, and the structural maintenance of the chromosome
complex (Table 2). In addition, we compile the roles of those
factors in intranuclear events, such as gene expression and
chromosome organization. Through a comparison with the
findings for other eukaryotes, the mechanisms of positional
control of centromeres and telomeres and the biological
significance of the proper distribution of those domains in
plants are discussed.
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Positional control of centromeres
during the interphase

Although the distribution pattern of centromeres dif-
fers from species to species, they tend to be localized at
the nuclear periphery in plants as well as in many other
eukaryotes (Muller et al. 2019; Vanrobay et al. 2013),
suggesting that the factors around the nuclear periphery
may participate in the positional control of centromeres.
Indeed, recent studies of the interphase nuclei in Schizo-
saccharomyces pombe where chromosomes show a Rabl
configuration unveiled the functions of nuclear membrane
proteins in the clustering and tethering of centromeres at
the nuclear envelope near the spindle pole body (SPB)
(Fig. 1b). In this case, centromeres are associated with the
linker of the nucleoskeleton and cytoskeleton (LINC) com-
plex consisting of the inner nuclear membrane SUN (Sadl/
UNC-84)-domain protein Sadl and the outer nuclear mem-
brane KASH (Klarsicht/ANC-1/Syne homology)-domain
proteins Kms1 and Kms2, resulting in the clustering of
all centromeres beneath the SPB (Fernéndez-Alvarez
and Cooper 2017; Hou et al. 2012; Miki et al. 2004). The
interaction between Sadl and centromeres is redundantly
mediated by nuclear membrane protein Lem?2 and a fac-
tor involved in the centromere clustering Csil (Barrales
et al. 2016; Fernandez-Alvarez and Cooper 2017: Hou
et al. 2012). Likewise, the involvement of nuclear mem-
brane proteins in the peripheral localization and the clus-
tering of centromeres have been shown in A. thaliana in
which chromosomes show a non-Rabl configuration. In A.
thaliana, the centromeric and pericentromeric regions are
contained in densely compacted heterochromatic regions
called chromocenters. The triple mutant sunl sun4 sun5
shows an increased distance between the border of chro-
mocenters and the nuclear periphery during the interphase
(Poulet et al. 2017a). This suggests that the SUN proteins
maintain the centromere position near the nuclear periph-
ery, although it remains unknown whether or not the SUN
proteins function as a LINC complex. In addition, the
potential SUN-interacting protein CROWDED NUCLEI
1 (CRWNI1) (Graumann 2014), directly binds to hetero-
chromatic regions on chromosome arms and centromeric
and pericentromeric regions, which mediates the tethering
of those regions at the nuclear periphery (Hu et al. 2019).
In accordance with this, chromocenters positioned more in
the interior are seen in the double mutant crwnl crwn2, as
compared with the wild-type (Poulet et al. 2017a). CRWNs
known as lamin-like proteins are considered to compose
a meshwork layer termed nuclear lamina underneath the
nuclear envelope, which mechanically supports the nuclear
architecture in cooperation with other nuclear membrane
proteins, such as KAKU4 and nuclear envelope-associated
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Table 1 The type of chromosome configuration in plant species and other eukaryotes

Species Genome size (Mb) Chromosome configuration References
Arabidopsis thaliana 125% Non-Rabl Fransz et al. (2002)
Oryza sativa 372° Rabl and non-Rabl Dong and Jiang (1998)
Santos and Shaw (2004)
Hordeum vulgare 498°¢ Rabl Dong and Jiang (1998)
Sorghum bicolor 659¢ Non-Rabl Dong and Jiang (1998)
Zea mays 2,365¢ Non-Rabl Dong and Jiang (1998)
Pisum sativum 4,300f Rabl Rawlins and Shaw (1990)
Avena sativa 11,3008 Rabl Dong and Jiang (1998)
Vicia faba 15,000 Rabl Dong and Jiang (1998)
Triticum aestivum 17,0001 Rabl Santos and Shaw (2004)
Lilium longiflorum 35,9001 Non-Rabl Fujimoto et al. (2005)
Fritillaria camtschatcensis 49,800 Non-Rabl Fujimoto et al. (2005)
Saccharomyces cerevisiae 12.1 Rabl Funabiki et al. (1993)
Schizosaccharomyces pombe 13.8! Rabl Jin et al. (1998)
Drosophila melanogaster 137™ A transition from Rabl to non-Rabl Bauer et al. (2012)

(nurse cell)

Homo sapiens 3,000" Non-Rabl

e.g. Manuelidis (1984)

# Arabidopsis-Genome-Initiative (2000)
®International-Rice-Genome-Sequencing-Project (2005)
‘International-Barley-Genome-Sequencing-Consortium (2012)
dpaterson et al. (2009)

¢Schnable et al. (2009)

fMacas et al. (2007)

€Ananiev et al. (1997)

"Dong and Jiang (1998)

iBrenchley et al. (2012)

jFujimoto et al. (2005)

kGoffeau et al. (1996)

'Wood et al. (2002)

MAdams et al. (2000)

"International Human Genome Sequencing Consortium (2004)

Table 2 The factors involved in the centromere or telomere positioning introduced in this review

Domain Species Protein

Function in the positioning

Centromere A. thaliana SUN1/4/5, CRWN1/2

Condensin II complex, CRWN1/2/4

D. melanogaster (nurse cell) Condensin II complex

S. pombe LINC complex, Lem?2, Csil
Telomere A. thaliana NUC1
Z. mays ZmSUN2
S. pombe Bqt3-Bqt4 complex, Lem2, Rap1/Tazl

S. cerevisiae Escl, yMps3

D. melanogaster (nurse cell) Condensin II complex

Tethering to the nuclear periphery

Unclustering

Unclustering

Clustering beneath the SPB

Tethering to the nucleolar periphery

Tethering to the nuclear periphery
during meiosis

Tethering to the nuclear periphery

Tethering to the nuclear periphery

Unclustering
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proteins (NEAPs) (Poulet et al. 2017b). However, KAKU4
and NEAPs do not have any role in heterochromatin-
nuclear periphery tethering (Hu et al. 2019), indicating
that CRWNss are the functional basis of plant nuclear lam-
ina in chromatin positioning. Strikingly, CRWN1-bound
chromatin in the pericentromeric regions highly overlap
with those bound by NUCLEOPOLIN 1, a component of
the nuclear pore complex (Bi et al. 2017; Hu et al. 2019).
The nuclear pore complex may act in centromere position-
ing through interaction with the surrounding pericentro-
meric regions.

Recently, it has been established that CRWNs are
involved not only in the tethering but also the uncluster-
ing of centromeres. The double mutant crwnl crwn2 shows
a reduced number of chromocenters (Dittmer et al. 2007,
Poulet et al. 2017a; Wang et al. 2013). Consistent with
this, the number of microscopically distinguishable 180-
bp centromeric repeat signals is reduced in crwnl crwn2
(3-6 signals) compared with that found in the wild-type
(5-10 signals) (Wang et al. 2013). Similarly, some nuclei
in crwn4 have a reduced number of chromocenters (Wang
et al. 2013). In addition, chromosome conformation capture
(Hi-C), which provides the genome-wide characterization of
chromatin interactions, revealed that both crwnl and crwn4
causes increased interactions between the pericentromeric
regions derived from each chromosome (Grob et al. 2014).
These findings suggest that at least three out of the four
CRWN paralogues existing in A. thaliana contribute to the
avoidance of centromere hyperclustering. In contrast, the
number of chromocenters in sunl sun4 sun5 is comparable
to that found in the wild-type (Poulet et al. 2017a). Further-
more, the quintuple mutant, which lacks three KASH pro-
teins, WPP domain-interacting proteins (WIP1-WIP3), and
two KASH-interesting proteins, WPP domain-interacting
tail-anchored proteins (WIT1 and WIT2) (Zhou and Meier
2014), also did not show any changes in the number of chro-
mocenters (Poulet et al. 2017a). These suggest that the LINC
complex is unlikely to function in centromere unclustering.

In addition to nuclear membrane proteins, recently, one of
the examples of the structural maintenance of chromosome
(SMC) complexes, composed of two SMC proteins and three
non-SMC proteins, condensin II, was identified as an impor-
tant regulator of centromere distribution. In the nurse cells
of Drosophila melanogaster, in which centromeres show a
Rabl-type distribution, condensin II acts in the axial com-
paction of the chromosome, which enforces the dissociation
of pericentromeric chromatin interactions. In this case, sur-
prisingly, the increasing activity of condensin II, along with
the development of nurse cells, contributes to the transition
from Rabl to non-Rabl configuration (Bauer et al. 2012),
which indicates that condensin II plays a critical role in
establishing the interphase chromosome configuration. Con-
densin II is also conserved in plants (Sakamoto et al. 2011)
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and is indispensable for the unclustering of centromeres in
A. thaliana, as shown by the drastically reduced number
of microscopically distinguishable centromeric signals (the
lowest number is one) in condensin II mutants (Sakamoto
et al. 2019; Schubert et al. 2013). In addition, the A. thaliana
meristematic nuclei with clustered centromeres, caused by
the dysfunction of condensin II, seems to represent a Rabl-
like distribution pattern from the viewpoint of histological
analysis—polarized centromeric signals on one side of the
nucleus (Schubert et al. 2013). Therefore, it is possible that
condensin II is a crucial factor for ensuring the dispersed
centromere distribution in plants, as is the case in D. mela-
nogaster. However, it remains unknown if the molecular
action of condensin II, reported in D. melanogaster, is also
applicable to the case of A. thaliana.

Taken together, in plants, centromere tethering at the
nuclear periphery would be mediated by a LINC complex
and nuclear lamina consisting of CRWNs, whereas cen-
tromere unclustering would be regulated by CRWNs and
condensin II. The centromere tethering at the nuclear periph-
ery would contribute to maintaining the position of the cen-
tromeres during the interphase, regardless of the Rabl or
non-Rabl configuration in plants. However, the centromere
unclustering may be crucial for the establishment of dis-
persed centromere distribution observed in the non-Rabl
configuration. Considering that both CRWNs and conden-
sin II are highly conserved in plants (Poulet et al. 2017b;
Sakamoto et al. 2011), it is interesting to determine whether
the activities of those proteins are correlated with the type
of centromere distribution among the plant species.

Biological significances of proper
centromere distribution during interphase

Thus far, it is unclear whether or not there are advantages
for each centromere distribution, Rabl or non-Rabl type,
whereas the biological significance of maintaining a proper
centromere distribution has been suggested. In Saccharo-
myces cerevisiae, which exhibits a Rabl configuration, the
detachment of centromeres from the SPB on the nuclear
envelope results in the increased spatial mobility of chro-
mosomes, which would impact on the spatial organization
of chromosomes during the interphase (Verdaasdonk et al.
2013). In addition, it is proposed that the formation of cen-
tromere clusters regulates the spatial organization of chro-
mosomes in human cells that show a non-Rabl configura-
tion (Tjong et al. 2016). In A. thaliana, each chromosome is
compartmentalized into a different space within a nucleus
(Pecinka et al. 2004). Hi-C analysis indicated the weakened
compartmentalization of each chromosome within a nucleus
and of local chromatin domains, such as a loosened chro-
matin region and a condensed chromatin region within a
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chromosome in mutants crwnl and crwn4 (Hu et al. 2019).
This suggests that heterochromatin tethering and/or cen-
tromere unclustering contributes to properly maintain the
spatial and structural organization of chromosomes in plants.
It is also reported that the mutation in A. thaliana condensin
II subunit CAP-D3 causes the dispersed distribution of a cer-
tain chromosome arm (Schubert et al. 2013), supporting the
idea that centromere unclustering is involved in the spatial
organization of chromosomes. However, it should be noted
that the dispersed chromosome in the condensin II mutant
may not be a consequence of centromere hyperclustering.
As in the case of the nurse cells of D. melanogaster (Bauer
et al. 2012), it may be possible that A. thaliana condensin II
promotes the compartmentalization of each chromosome by
acting directly on the chromosome compaction and, conse-
quently, induces centromere unclustering.

A growing body of evidence suggests that the spatial
positioning of genes within a nucleus is linked to its expres-
sion and the transcriptional activity in eukaryotes (Nguyen
and Bosco 2015). Therefore, it is anticipated that the abnor-
mal centromere distribution, which is accompanied by the
alternation of the spatial organization of chromosomes, has
numerous effects on the control of gene expression. How-
ever, contrary to the anticipation, Hu et al. (2019) revealed
that there are only 14 genes differentially expressed in
mutant crwnl. In addition, they also found that the muta-
tion in crwnl causes a slight difference in the accessibility
of chromatin in the promoter region. Similar to crwnl, A.
thaliana condensin II mutant cap-d3 also has little effect on
gene expression (Municio et al. 2019). These facts suggest
that the centromere distribution does not have a massive
impact on the local chromatin organization and transcription.
Meanwhile, it is reported that the dysfunction in the LINC
complex and CRWNss alters the transcription in the vicinity
of the centromere in a distinct manner (Poulet et al. 2017a).
Triple mutant sunl sun4 sun5 demonstrates the release of
transcriptional gene silencing at centromeric and pericen-
tromeric repeats, whereas double mutant crwnl crwn2
shows enhanced silencing (Poulet et al. 2017a). The release
of transcriptional gene silencing requires the decondensa-
tion of the centromeric chromatin, whereas the enhance-
ment of transcriptional gene silencing requires the further
condensation of the centromeric chromatin. Therefore, the
failure of the centromere-nuclear periphery tethering may
cause centromere decondensation, whereas the failure of
centromere unclustering, or the simultaneous failure of cen-
tromere unclustering and tethering, may cause centromere
condensation. Interestingly, a similar phenomenon is also
seen in other organisms that show a clustered centromere
distribution. In S. pombe, the lack of MSC domain in the
nuclear membrane protein Lem?2 causes centromere unclus-
tering while simultaneously facilitating the transcription of
repetitive DNA at the pericentromere (Barrales et al. 2016).

Furthermore, in Drosophila tissue cultured cells, whose
centromere cluster is formed around the nucleolus, the fail-
ure in centromere clustering results in impaired silencing of
repetitive DNA at the pericentromere (Padeken et al. 2013).
Therefore, it is possible that the formation of a proper cen-
tromere distribution is required to maintain the constitutive
heterochromatic state around centromeres, not only in plants
but also in other organisms.

Recent studies revealed that the maintenance of the inter-
phase centromere distribution is necessary for the proper
progression of the mitotic phase in S. pombe. The failure in
centromere clustering at SPB during the interphase causes
severe mitotic defects, such as failure of spindle assembly
and chromosome missegregation (Fernandez-Alvarez et al.
2016; Hou et al. 2012), indicating that the centromere clus-
tering prior to entry into the mitotic phase is crucial for
proper cell division. In contrast, for now, no clear mitotic
chromosomal defects in crwn or condensin II mutants are
reported in A. thaliana, indicating that the centromere dis-
tribution during the interphase may not be linked to the pro-
gression of mitotic events in plants.

In summary, the proper centromere tethering to the
nuclear periphery during the interphase would be linked
to at least the maintenance of centromere condensation in
eukaryotes, although a mechanism of this mutual relation-
ship remains unclear. Meanwhile, the centromere uncluster-
ing is unlikely to involve gene expression control, despite its
impact on the regulation of the spatial and structural organi-
zations of chromosomes in plants. Thus, it is conceivable
that the proper gene expression control would have to be
robust, regardless of the alteration in centromere distribu-
tion, as it is a fundamental of life. This might be a reason
why some plants were able to acquire a non-Rabl-type cen-
tromere distribution during their evolution.

Positional control of telomeres
during the interphase and its biological
significance

Although there are exceptions, such as A. thaliana, where
telomeres are associated with the nucleolus throughout the
interphase (Roberts et al. 2009), most telomeres are local-
ized along the nuclear periphery, irrespective of the type of
chromosome configuration—Rabl or non-Rabl—in plants
(Dong and Jiang 1998). Therefore, as in the case of cen-
tromere distribution, the nuclear membrane proteins func-
tion in the telomere tethering at the nuclear periphery dur-
ing the mitotic interphase; however, to our knowledge, no
such protein has been yet identified in plants. In contrast,
the indispensable functions of nuclear membrane proteins in
the positional regulation of telomeres have been reported in
yeasts whose telomeres are localized at the nuclear periphery
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during the interphase (Ebrahimi and Cooper 2016). In S.
pombe, telomere tethering to the nuclear periphery is regu-
lated by several inner nuclear membrane proteins, such as
Bqt3-Bqt4 complex, which interacts with the telomere bind-
ing protein complex Rapl/Tazl (Chikashige et al. 2009).
Similarly, in S. cerevisiae, two redundant pathways mediated
by inner nuclear membrane proteins Escl or SUN-domain
protein yMps3, are required for the telomere tethering to
the nuclear periphery (Schober et al. 2009; Taddei et al.
2004). Whereas the homologs of Bqt and Esc proteins are
unlikely to be conserved in plants, Poulet et al. (2017b)
have shown that the homologs of SUN domain proteins are
highly conserved. In addition, a study of maize suggests the
involvement of ZmSUN?2 in anchoring a telomere to the
nuclear periphery during meiosis, even though it remains
unknown whether ZmSUN?2 performs a similar function
during the mitotic interphase (Murphy et al. 2014). There-
fore, it is worth investigating whether the plant SUN proteins
are involved in telomere tethering to the nuclear periphery
during the mitotic interphase. Meanwhile, a recent study
found that a nucleolar protein, NUCLEOLIN 1 (NUC1), is
involved in the telomere association with the nucleolus in A.
thaliana (Pontvianne et al. 2016). For instance, nucl shows
the increased dissociation of telomeres from the nucleo-
lus. In addition, the telomere length is shortened in all the
chromosomes of nucl. Therefore, it is proposed that the
maintenance of the telomere association with the nucleolus
through the NUCI function is crucial for maintaining the
telomere length (Pontvianne et al. 2016). In the case of S.
pombe, the telomere association with the nuclear periphery
is not involved in the telomere functions, such as telomere
length control and subtelomeric gene silencing during the
interphase; instead, it is required for the proper replication
of the heterochromatic chromosome regions during the S
phase (Chikashige et al. 2009, 2010; Ebrahimi et al. 2018).
The difference in the effect of telomere positioning between
A. thaliana and S. pombe might be due to the difference in
the nuclear component to which the telomere is tethered.
Taken together, in comparison with centromeres, lit-
tle is known regarding the factors involved in the proper
positioning of telomeres during the mitotic interphase in
plants. Considering the existence of protein Lem?2 in S.
pombe, which has roles in the spatial regulation of both
centromeres and telomeres during the interphase (Bar-
rales et al. 2016; Fernéndez-Alvarez and Cooper 2017), it
is tempting to speculate that the proteins involved in the
centromere positioning, such as CRWNs and condensin II,
also function in the telomere positioning in plants. Indeed,
it has been proposed that condensin II-mediated chromo-
some compaction drives the movement of telomeres along
the nuclear periphery, which results in the transition of the
Rabl to the non-Rabl-type telomere distribution in the nurse
cells of D. melanogaster (Bauer et al. 2012). Meanwhile,
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the identification of the novel telomere binding nuclear
membrane proteins and/or nucleolar proteins will expand
our understanding of telomere positioning in both Rabl and
non-Rabl configurations.

Conclusions

The identification of the factors involved in the mainte-
nance of the non-Rabl-type centromere distribution during
the interphase in A. thaliana enabled the exploration of the
biological significance of proper centromere distribution in
intranuclear events in plants. Although the studies on these
factors provided some hints, no clear answer has been found.
Given that the Lem?2 functions in the centromere cluster-
ing prevent the loss of Rabl-type centromere distribution
in S. pombe (Barrales et al. 2016; Fernandez-Alvarez and
Cooper 2017; Hou et al. 2012), there might be a system that
maintains centromere clustering in plants exhibiting Rabl-
type centromere distribution. From this point of view, the
acquisition of the mutant in other species, which is defec-
tive in the maintenance of Rabl-type centromere distribu-
tion and/or the revertant of A. thaliana mutant showing a
Rabl-type centromere distribution, such as mutant condensin
I, will strongly contribute to a better understanding of the
biological significance of proper centromere distribution.
In addition, to understand the telomere positioning and its
significance, further analyses of other species are necessary,
particularly considering that telomere localization in A.
thaliana is exceptional among plants. Finally, an integrated
understanding of the positional control of centromeres and
telomeres may help us explain the diversification of the chro-
mosome configuration among organisms beyond the plant
kingdom.
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