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Abstract

For normal transition through meiosis, chromosomes rely on
pairing with their homologues. Chromosomes which fail to
pair, univalents, behave irregularly and may undergo various
types of breakage across their centromeres. Here, we ana-
lyzed the meiotic behavior of misdivision products them-
selves: isochromosomes and telocentrics in wheat. Both
types of chromosomes behaved in the same fashion as stan-
dard 2-armed chromosomes. The 2 most frequent scenarios
were separation of sister chromatids in anaphase | or mono-
polar/bipolar attachment of the univalent to the spindle ap-
paratus with unseparated chromatids. Misdivision was rare,
and its frequency appeared directly related to the size of the
centromere. The previously deduced relationship between
misdivision frequency and chromosome size was likely erro-
neous and can be explained by a general relationship be-
tween chromosome length and the size of its centromere.
Pairing of identical arms in isochromosomes did not protect
them from misdivision. It is not chiasmate pairing that pro-
tects from misdivision but mechanistic issues that arise

through that pairing. ©2019S. Karger AG, Basel

In a typical meiotic anaphase I (AI), paired chromo-
somes (homologues) separate to the poles in an orderly
fashion, with one member of a bivalent traveling to one
pole while the other travels to the opposite pole. The fate
of unpaired chromosomes, univalents, is more compli-
cated. Often, they can lag in the division and fail to be
included into daughter nuclei, and thus, are eliminated
from the nuclear genome. Alternatively, a univalent lag-
ging on the metaphase I (MI) plate may separate sister
chromatids in AI followed by several different scenarios
in anaphase II (AII), including misdivision of single chro-
matid chromosomes into separate arms [Lukaszewski,
2010]. A univalent may also be subject to misdivision in
AT when pulling forces from both poles of the karyoki-
netic spindle tear the chromosome across the centromere.
In special cases, segments of the centromere itself may
become separated from the chromosome arms [Darling-
ton, 1939; Lukaszewski, 2010]. In all cases, breakage
across the centromere, misdivision, is a consequence of
the absence of pairing in MI.

The actual fate of a univalent in meiotic divisions ap-
pears to depend on the behavior of the centromeres/ki-
netochores of its sister chromatids and the interactions of
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these sister centromeres with the karyokinetic spindle. In
paired chromosomes, such as in bivalents and multiva-
lents, centromeres of sister chromatids remain fused
throughout the first meiotic division; they act as single
units and, as a general rule, interact with only 1 pole of
the karyokinetic spindle. These sister centromeres sepa-
rate only prior to the second division [Dawe, 1998; Yu
and Dawe, 2000; Paliulis and Nicklas, 2005]. This behav-
ior promotes normal reduction of the chromosome num-
ber in Al and orderly separation of sister chromatids in
AIL In chromosomes not involved in normal chiasmate
pairing with their homologues, sister centromeres in the
first division may remain fused into single units or be-
come separated in a mitotic-like fashion. With its centro-
meres fused, a univalent may interact in a monopolar or
a bipolar fashion with the karyokinetic spindle; the for-
mer promotes random movement of the chromosome
between the poles and at times may deliver the chromo-
some into a daughter nucleus; the latter fixes the chromo-
some on the metaphase plate and may lead to separation
of sister chromatids in AL, or to misdivision. The proba-
bility of sister chromatid separation in Al in univalents
immobilized on the MI plate appears to be a function of
time: the longer a chromosome lingers on the MI plate,
the more likely it is to separate sister chromatids [Lu-
kaszewski, 2010]. Misdivision, or breakage across the
centromere, usually occurs earlier. Univalents positioned
away from the MI plate do not appear to separate sister
chromatids in the first meiotic division.

Telocentrics and isochromosomes in wheat are prod-
ucts of univalent misdivision. Most, but not all, were se-
lected among progenies of monosomics [Sears and Sears,
1978]. Telocentrics are generally assumed to be cytologi-
cally stable; there is no systematic record of their misdivi-
sion even though Sears [1952] reported the creation of an
isochromosome from telocentric 5AL. However, when
present in single copy, telocentric chromosomes should
be subject to misdivision in the same fashion as any uni-
valent. Absence of the record may only reflect a technical
difficulty in identification of such misdivision. On the
other hand, isochromosomes are known to misdivide,
and 9 telocentrics in wheat were derived via the isochro-
mosome step [Sears and Sears, 1978].

An interesting context of centric misdivision is the
possible relationship between chiasmate pairing and cen-
tromere breakage [Lukaszewski, 2013]. Chromosomes in
bivalents and multivalents do not misdivide, raising the
question if it is the presence of chiasmate pairing itself or
mechanical issues associated with normal chiasmate pair-
ing (such as positioning of centromeres away from the

180 Cytogenet Genome Res 2019;157:179-188
DOI: \QL150/00049730]

Fig. 1. Telocentrics and isochromosomes 1RS (top) and 5B (bot-
tom). Top, from left to right: C-banded t1RS+ (with a segment of
the 1BS centromere, dark band at the bottom); t1RS+ after in situ
probing with centromeric probes of wheat (green signal) and rye
(red signal); t1RS after C-banding, 1BS centromeric fragment de-
leted; isochromosome 1RS without the 1BS centromeric fragment.
Bottom, from left to right: 5B labeled with the GAA probe (red)
and the wheat centromeric probe (green), counterstained with
DAPI (blue). The same chromosome with only the centromeric
signal (green). Telocentrics 5BL and 5BS show very little centro-
meric signal (green); isochromosome 5BL has the centromeric sig-
nal even smaller than t5BL.

metaphase plate) that protect a chromosome from misdi-
vision. Isochromosomes offer an opportunity to discrim-
inate between the 2 possibilities: they are composed of 2
identical arms and as such they are fully capable of chias-
mate pairing. However, mechanically isochromosomes
behave as univalents, as they lack independent pairing
partners to properly position themselves on the meta-
phase plate in MI. As described by Sears [1952], isochro-
mosomes do misdivide, but low chiasmate pairing in
these reported cases does not preclude the possibility that
only the non-pairing fraction contributes to misdivision.
A similar case is a chromosome arm with a duplication.
Reverse tandem duplication (rtd) permits chiasmate pair-
ing in MI within a chromosome arm, but if an rtd chro-
mosome is present in a single dose, it behaves like a uni-
valent [Lukaszewski, 1995; Lukaszewski et al., 2012].
Misdivision of chromosomes has been recognized
quite early in the history of cytogenetics [Darlington,
1939]. The process has been extensively studied in wheat
[Sears, 1952], so its general features are well known. How-
ever, new techniques offer better insights into the me-
chanics of misdivision. This study addresses 2 specific
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Table 1. Configurations of isochromosomes in metaphase I of meiosis

Chromosome Arms paired, 7 (%) Arms not paired, n (%)
attachment monopolar attachment bipolar attachment monopolar attachment bipolar
centromeres  centromeres centromeres  centromeres centromeres  centromeres centromeres  centromeres
fused separated fused separated fused separated fused separated

i5BL? 127 (67.6) 51 (27.1) 10 (5.3) 0

i1RS 44 (64.7) 5(7.4) 1(1.5) 13 (19.1) 2(2.9) 3 (4.4) 0 0

i6RL 196 (70.8) 16 (5.8) 12 (4.3) 49 (17.7) 2(0.7) 2(0.7) 0 0

Total (rye) 240 (69.5) 21 (6.1) 13 (3.8) 62 (18.0) 4(1.2) 5(1.4) 0 0

2 Very weak signal of the centromeric probe precluded reliable observation of the centromere.

questions of centric misdivision: the stability of telocen-
tric chromosomes and isochromosomes, themselves
products of misdivision, and the possible relationship be-
tween chiasmate pairing and misdivision.

Materials and Methods

Plant Material

Telocentrics and isochromosomes of rye (Secale cereale L.)
chromosome arm 1RS (t1RS and i1RS, respectively) were isolated
during separation of chromosome arms of centric translocations
1RS.1AL and 1RS.1BL originally from wheat (Triticum aestivum
L.) cv. “Amigo” [Sebesta and Wood, 1978] and a “Veery” line,
respectively [Lukaszewski, 1997a,2017]. Among telocentrics 1RS
from the Amigo source, a version was recovered with a portion
of 1B centromere distal to its rye centromere (Fig. 1). This chro-
mosome was labeled t1RS+. Isochromosomes i1RS do not show
the presence of a wheat segment in their centromeres. In one
combination, i1RS from the Veery source was present with iso-
chromosome i1BLrtd, where rtd indicates the presence of reverse
tandem duplications at the ends of both arms. Isochromosome
6RL (i6RL) was recovered during the development of disomic
single chromosome addition lines of rye chromosomes from
hexaploid triticale (x Triticosecale Wittmack) cv. Presto to cv.
Pavon 76 [Lukaszewski, unpublished]. Telocentrics 1BL (t1BL),
5BL (t5BL) and isochromosomes 2BL (i2BL) and 5BL (i5BL)
were taken from the E.R. Sears collection of wheat aneuploids
maintained by the second author. It appears that t5BL and i5BL,
as they are maintained in the collection, were derived from 2 in-
dependent misdivision events of chromosome 5B even though
another telocentric 5BL was also produced from i5BL [Sears and
Sears, 1978].

In situ Hybridization

Anthers in appropriate stages of meiosis were fixed in a mix-
ture of 3 parts absolute alcohol:1 part glacial acetic acid at 37°C
for a week and frozen at -20°C. Mitotic chromosomes 1RS were
observed on root tip squashes prepared according to previously
described protocols [Lukaszewski, 1997a, b, 2010]. Squash prepa-
rations and in situ hybridization were done following the protocol
of Massoudi-Nejad et al. [2002]. Depending on the material, chro-
mosomes were labeled in situ using 1 or 2 of 3 probes: total ge-
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nomic DNA of rye, the Bilby probe [Francki, 2001] specific to rye
centromeres, both labeled with digoxigenin using the DIG-Nick
Translation Mix and detected with anti-DIG-FITC (Roche), and/
or probe pAct6-09 from Aegilops squarrosa labeled with biotin
and detected with streptavidin-Cy3 (Roche). Probe pAct6-09 hy-
bridizes to all wheat and rye centromeres. Clone pAct6-09 was
kindly provided by Dr. B. Friebe, Kansas State University, Man-
hattan, KS, USA. All labeling was done according to the manufac-
turer’s instructions (Roche). Total genomic DNA of bread wheat
was sheared to 200-500-bp fragments and used as a block. The
probe to block ratio was about 1:150. Chromosomes were coun-
terstained either with 1.5 ug/mL DAPI or with 1.5 ug/mL prop-
idium iodide in Vectashield antifade solution (Vector Laborato-
ries). Observations were made under a Zeiss Axioscope 20
equipped with epi-fluorescence, recorded with a SPOT RT Color
digital camera (Diagnostic Instruments Inc.), and processed using
SPOT Advanced and Adobe Photoshop v.6 software. All images
were manipulated to enhance contrast and resolution, as well as
to minimize background noise and were rotated for better presen-
tation.

Results

With the exception of i2BL, all stages of meiosis neces-
sary for this study were collected and fixed. For i2BL, no
adequate number of pollen mother cells (PMCs) under-
going second division could be found, and no data for this
stage are presented. Likewise, no data are given on the
behavior of i1BLrtd. While on conventionally stained
preparations the frequency of intra-arm pairing in MI can
be scored with good accuracy [Lukaszewski, 1995] and
verified by the observations of “fragment” and “bridge”
configurations in Al and AII, a similar resolution was not
possible using protocols employed in this study. While
i1BLrtd did not appear to differ in its behavior from oth-
er isochromosomes, detailed data are fragmentary and
unreliable. The chromosome is listed among the materi-
als because it offered clear observations on the timing of
centric fusions.

Cytogenet Genome Res 2019;157:179-188 181
DOI: 1Q.L1L29/000407301

20z udy Gz uo 1senb Aq ypd° | 0€26+000/666968E/6. L/S/LS | 4Pd-8l0IE/160/W0d 18613 MMM//:dRy Wl papeojumoq


http://dx.doi.org/10.1159%2F000497301

Table 2. Behavior of 4 isochromosomes and 3 telocentrics in anaphase I and II of meiosis

ilRS i2BL i5BL i6RL t1RS+ t1BL t5BL
Anaphase I
Bipolar, lagging 25 (12.3%) 7 (30.5%) 27 (28.4%) 29 (13.9%) 75 (23.8%) 30 (29.7%) 28 (25.9%)
Monopolar, lagging 28 (13.8%) 1(4.3%)  27(28.4%)  26(12.4%) 59 (18.7%) 21 (20.8%) 22 (20.4%)
Sister chromatid separation 114 (56.2%) 14 (60.9%) 36 (37.9%) 150 (71.8) 176 (55.9%) 50 (49.5%) 58 (53.7%)
Misdivision 36 (17.7%) 1 (4.3%) 5 (5.3%) 4(1.9%) 5 (1.6%) 0 0
Total 203 23 95 209 315 101 108
Anaphase I1
Bipolar, lagging 53 (72.6%) na 40 (70.2%) 182 (82.0%) 254 (64.5%) 62 (78.5) 22 (66.7%)
Monopolar, lagging 3 (4.1%) na 2 (3.5%) 11 (5.0%) 116 (29.4%) 0 0
Sister chromatid separation® 17 (23.3%) na 15 (26.3%) 26 (11.7%) 9(23%) 17 (21.5%) 11(33.3%)
Misdivision 0 na 0 3(1.3%) 15 (3.8%) 0 0
Total 73 57 222 394 79 33

Total counts and frequencies (in parentheses) are given.

2 Two-chromatid chromosomes transmitted normally to the second division.

Metaphase I

Univalent telocentrics in MI behaved in the same fash-
ion as univalents of standard 2-armed chromosomes in
the previous study [Lukaszewski, 2010], and so the fre-
quencies of specific positions of these telocentrics were
not noted. In most cases, these univalent telocentrics were
positioned off the metaphase plate, caught by fixation in
various positions in their migration between the poles of
the division. While the actual proportions were not not-
ed, some telocentric chromosomes showed separation of
the sister chromatid centromeres.

A total of 533 MI PMCs with isochromosomes were
scored. In all cases, pairing of the arms of an isochromo-
some was very high, ranging from 92.6% for i1RS to 98.6%
for i6RL (Table 1). A single plant was studied which, in
addition to i6RL, also had t6RL, both originating from the
same 2-armed chromosome 6R (data not included in Ta-
ble 1). Among 67 PMCs of this plant, in 45 PMCs (67%)
pairing was between the arms of the isochromosome leav-
ing t6RL unpaired. In 18 PMCs (27%), one of the arms of
the isochromosome was paired with the telocentric, and
in 4 PMCs (6%), there was no pairing at all. These fre-
quencies show clear preference for pairing within the iso-
chromosome. With random selection of a pairing partner
approximately two-thirds of pairing should be between
one arm of the isochromosome and the telocentric.

Apart from frequent pairing, mechanically isochro-
mosomes behaved in a fashion typical of univalents, usu-
ally positioned off the metaphase plate. In rye isochromo-
somes, in a majority of cases, sister centromeres were
fused into single units (74.5%). When sister centromeres
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were separated, bipolar attachment to the karyokinetic
spindle was 3 times more frequent (62 vs. 21 cases) than
for fused centromeres. In isochromosomes with non-
paired arms, only monopolar attachment was observed
even though the proportions of fused and separated sister
centromeres were similar. However, because of high in-
ter-arm pairing, the number of observations was low and
may not be representative. Configurations of sister cen-
tromeres in i5BL could not be reliably observed because
of a very weak centromeric signal, further reducing the
number of observations.

Anaphase I

Anaphase I was the main focus of this study, and a to-
tal of 1,054 PMCs were scored. Again, the general pattern
of behavior of telocentrics and isochromosomes in Al
(Table 2) was similar to that of univalents of standard
2-armed chromosomes [Lukaszewski, 2010]. In most
PMCs, univalent telocentrics and isochromosomeslagged
behind other chromosomes and either separated sister
chromatids, or migrated intact toward one of the poles.
Similarly to univalent 2-armed chromosomes [Lukasze-
wski, 2010], the frequency of sister chromatid separation
also appeared to be related to the time spent on the meta-
phase plate. In PMCs in late Al as judged by the position
and appearance of other chromosomes, the frequency of
sister chromatid separation was much higher than in ear-
ly AL

With low frequency, separated chromatids remained
in the vicinity of the metaphase plate with no evidence of
attachment to the spindle apparatus and hence, no poten-
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Fig. 2. Misdivision of telocentric t1RS+ in anaphase I (AI) and II (AII) of meiosis. a Bipolar attachment of t1RS+
in late AL b Separation of a centromeric fragment from t1RS+ in AII (wheat segment of the centromeric frag-
ment is red, arrowed). ¢ Bipolar attachment of t1RS+ in AIl; wheat centromeric fragment with a segment of 1RS
centromere is being separated from the rest of the 1RS centromere. Green signal, rye centromere. Insets enlarge
the critical details in each figure.

tial for movement to the poles. Misdivision was infre-
quent (Table 2), especially among telocentrics. Chromo-
some t1RS+, with its double-sized centromere, was the
only misdividing telocentric chromosome during AI in
this study, and here misdivision also included fragmenta-
tion of the centromere (Fig. 2). In isochromosomes, mis-
division was more frequent (from 1.9% in i6RL to 17.7%
ini1RS) and included (1) separation of arms in one of the
sister chromatids (Fig. 3), (2) separation of all 4 arms of
sister chromatids, and (3) separation of a sister chromatid
of one of the arms from the rest of the chromosome. Mis-
division of an isochromosome producing 4 single chro-
matids was observed 3 times among 1,054 PMCs scored.

Anaphase IT

A total of 858 observations of AIl PMCs were made.
However, the fixation and squashing method used in this
study frequently leads to separation of dyads (halves of
tetrads), and in most cases only such half-tetrads were
scored, and exclusively those with the centromeric signal
present. Consequently, numbers presented in Table 2
overestimate the actual frequencies of events, but relative
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proportions of different scenarios in AII should be cor-
rect.

In cases where both sister chromatids were present in
an AlI cell, the division appeared to proceed normally;
that is, sister chromatids separated and moved to daugh-
ter nuclei in synchrony with the remaining chromo-
somes. On the other hand, single chromatid chromo-
somes most often lagged on the metaphase plate or in its
vicinity, probably as a consequence of bipolar attachment
to the karyokinetic spindle. Only 18 cases of misdivision
were observed, 3 for i6RL and 15 for t1RS+. In the latter,
misdivision involved fragmentation of the centromere.
Interestingly, in 3 cases, all in MII from plants with uni-
valent i1RS and i1BLrtd, fusion of broken centromeres
was observed creating centric wheat-rye translocations
(Fig. 4).

Telocentric 1RS+ with its hybrid rye/wheat centro-
mere offered additional insights. Among 394 scored AIl
PMCs, 5 chromosomes had no detectable wheat centro-
mere segment indicating centromere breakage during AL
This corresponds roughly to the misdivision frequency
observed in AI (Table 2) but was lower than the frequen-
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Fig. 3. Misdivision of i1RS in anaphase I of meiosis. Green signal, rye centromere. Each segment shows separa-
tion of the arms of one sister chromatid. On the left, also separation of a free centromeric fragment (inset, arrow).

cy of such chromosomes recovered among the progeny (5
telocentrics and 2 isochromosomes 1RS without wheat
centromeric segment among 25 t1RS/i1RS recovered in
58 progeny, detailed data not shown).

Discussion

Centric misdivision of univalents can serve as a useful
tool in plant cytogenetics. Complete sets of telocentrics
and isochromosomes were produced by this mechanism
[Sears, 1952; Sears and Sears, 1978], and complete genomes
of related species were introgressed into wheat in the form
of centric translocations [Liu et al., 2011]. The 1RS.1BL
centric translocation is the most successful example of the
introgression of agriculturally important traits from a close
relative (rye, in this case) for improvement of wheat culti-
vars. About one-third of all wheat cultivars grown world-
wide carry this translocation [Wang et al., 2017].

Apart from germplasm enhancement, centric misdivi-
sion itself and its products can be utilized to answer gen-
eral biological questions. In this study, we used telocen-
trics and isochromosomes to investigate basic mecha-
nisms of meiotic division, such as correlation of chiasmate
pairing with chromosome stability and the transmission
into the next generations. Our results do not offer any
support to the hypothesis that chiasmate pairing protects
a chromosome from misdivision. Direct observation of a

184 Cytogenet Genome Res 2019;157:179-188
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Fig. 4. Metaphase II of meiosis. Fused telocentric chromosomes
produced by misdivision in Al On the left, it appears that only 1
of 2 chromatids from each chromosome is fused. Rye chromosome
arms are yellow/green; wheat arms are red.

relationship between chiasmate pairing of isochromo-
somes and their tendency to misdivide cannot be made
because misdivision occurs in Al, after chiasmata are re-
leased. However, indirect evidence points to absence of
such a relationship. Pairing frequencies of identical arms
of isochromosomes in this study were very high, much
higher than those reported by Sears [1952], and yet mis-
division was observed. Similarly to univalents of standard
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Fig.5.Isochromosomes 1RS (left; arrowed)
and 6RL (right) each forming a ring in
metaphase I. Note separated centromeric
signals (green) of 6RL.

wheat chromosomes, isochromosomes were often (ca.
25%) found in MI with separated sister centromeres, and
in almost all cases those were ring univalents (Fig. 5).
Therefore, it is the erratic behavior of univalents, with
their tendency to bipolar attachment to the karyokinetic
spindle which makes them prone to misdivision. Asin the
case of regular 2-armed univalents, lagging on the MI
plate also increases the frequency of sister chromatid sep-
aration in Al, and this in turn increases the chances of
misdivision in AII.

In the first exercises with centric misdivision in wheat,
Lukaszewski [1993, 1997a] observed that longer chromo-
somes, including centric translocations, misdivided more
frequently than shorter chromosomes. These differences
are probably a consequence of different numbers of active
centromere units present, and not the chromosome
length as such. The argument is advanced here that the
frequency of misdivision of an individual chromosome is
related to the size of its functional centromere. Further
studies are needed to quantify this relationship as at pres-
ent it is based only on cursory observations of centromer-
ic signals in various chromosomes and behavior of vari-
ous chromosomes when present as univalents in meiosis.
It needs to be pointed out clearly that the probes used to
assess centromere sizes are DNA clones/sequences but
the apparatus directly responsible for misdivision is the
kinetochore. The kinetochore, and not chromatin itself,
interacts with the karyokinetic spindle. The length of the
centromere per se, in the sense of the number of centro-
mere-specific DNA repeats present, may actually be of
little importance; the length of the CENH3 chromatin
may be far more important for the stability of chromo-
somes [Koo et al., 2015; Guo et al., 2016]. However, it was
pointed out previously [Lukaszewski, 2010] that the only
part of a chromosome interacting with the karyokinetic
spindle is the one labeled by the centromeric DNA probe,
as those used here. In this sense, the size of the centro-
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meric signal generated by the DNA probes employed here
is probably a good proxy for the centromere size.

A general relationship between centromere size and
chromosome length may exist, but it appears quite likely
that the allele-like variation also exists and is responsible
for large differences in misdivision frequencies among
homologues from different sources. Sears [1973] ob-
served a 2-fold difference in misdivision frequencies of
chromosomes 3B from 5 different sources but in the same
genetic background; several telocentrics in wheat had to
be imported into cv. Chinese Spring from other sources
because they could not be generated from chromosomes
of Chinese Spring [Sears and Sears, 1978]. In rice, centro-
mere sizes detected by specific DNA probes [Cheng et al.,
2002] showed a dramatic range, from almost non-detect-
able cytologically to occupying substantial portions of
metaphase chromosomes. A similar study is yet to be con-
ducted in wheat but DNA sequence assemblies show large
differences in centromere sizes among individual chro-
mosomes of standard cultivar Chinese Spring [Interna-
tional Wheat Genome Sequencing Consortium, 2018].
Centromeric repeats are rapidly evolving sequences, po-
tentially generating variation in copy numbers [Henikoff
et al,, 2001]. Moreover, large variation in centromere
structure including loss or amplification of centromere-
specific DNA repeats and formation of dicentric chromo-
somes can be initiated by interspecific hybridization [Guo
etal., 2016]. Such allele-like differences in the centromere
structure may explain major difficulties in the production
of telocentrics from some chromosomes of specific acces-
sions of wheat while the same chromosomes from differ-
ent accessions misdivide with reasonable frequencies.

Here, both the telocentric and the isochromosome of
5B, t5BL and i5BL, show much smaller centromeric sig-
nals than the original 5B from which they were derived.
As a matter of fact, centromeric signals in t5BL and i5BL
were so weak that they were rarely detectable in meiosis.
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These 2 chromosomes were not observed to misdivide in
reasonably large samples. On the other hand, telocentric
chromosome t1RS+, with its native centromere consider-
ably enlarged by the addition of a portion of the centro-
mere from 1BL, misdivided very frequently, forming t1RS
and i1RS without the wheat centromere segment and,
perhaps, even with parts of its own centromere missing.
Separation of centromere fragments from this t1RS+ was
observed (Fig. 2) but, as in the previous study [Lukasze-
wski, 2010], such fragments were not recovered among
the progeny. Centromere sizes in t5BL and i5BL are per-
fectly sufficient for normal somatic stability and the
transmission through meiosis but appear too low for suf-
ficiently frequent bipolar attachment to the karyokinetic
spindle in meiotic divisions to generate misdivision. In
maize, the centromere size, as detected by in situ probing,
did not have an effect on meiotic segregation of homo-
logues with large differences in the amounts of centro-
meric DNA present [Han et al., 2018].

Telocentric chromosomes are generally believed to be
stable, in the sense that they do not misdivide further.
However, Sears [1952] in his early observations of misdivi-
sion in wheat did report on the formation of an isochromo-
some from telocentric 5AL. Such an isochromosome can
only be formed by misdivision, most likely in AL, followed
by fusion of the centromeres of sister chromatids. Given
the repetitive nature of the centromere (as illustrated by its
ability to undergo consecutive misdivisions), there is no
reason to assume that telocentrics would not be subject to
misdivision. Moreover, one could reasonably expect large
differences in susceptibility to misdivision among different
telocentrics based on the length of their centromeres. Cen-
tromeres in higher organisms are composed of many units
capable of interaction with the karyokinetic spindle. Bipo-
lar attachment of any given centromere, either in MI or
MII, may lead to asymmetrical division across the centro-
mere (misdivision) with each separated arm carrying dif-
ferent numbers of centromeric units. This was shown in
centric translocations recovered after one or more rounds
of centric misdivision and fusion [Zhang et al., 2001; Wang
etal., 2017] where the breakage points were spread over the
entire (cytologically detectable) lengths of centromeres, in
some cases leading to what appeared as almost complete
replacement of the centromere of one chromosome with
the centromere of another [Wang et al., 2017].

The likely relationship between centromere size and
the susceptibility to misdivision is also supported by ever
dropping frequencies of centric misdivision in consecu-
tive rounds, to the point that after the third round, misdi-
vision products were almost impossible to recover or
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maintain [Lukaszewski, 1997b]. Similarly, in maize, con-
secutive rounds of misdivision of the same centromeres
came about with much reduced frequencies [Kaszas and
Birchler, 1996; Phelps-Durr and Birchler, 2004; Birchler
and Han, 2009]. Reduction in the size of centromeres in
maize (by consecutive misdivisions) did not impact their
performance in mitosis but in some cases did so in meiosis
[Birchler and Han, 2013]. In this study, telocentric chro-
mosome t1RS+ with its centromere enlarged by a substan-
tial portion of the centromere from wheat chromosome
1B was particularly prone to misdivision, readily forming
isochromosomes and new telocentrics with, as far as it
could be ascertained on C-banded preparations, deleted
portions of the wheat centromere. Clear separations of
centromeric fragments from the rest of tIRS+ chromo-
some were observed several times in this study (Fig. 2). On
the other hand, t5BL, with a very weak hybridization sig-
nal of the centromeric probe (Fig. 1), much smaller than
the one observed in a normal 5B chromosome from which
it originated, did not undergo misdivision to any appre-
ciable extent. Based on these observations, we feel confi-
dent to postulate that the misdivision frequency of indi-
vidual chromosomes in wheat remains in direct propor-
tion to the size of the centromeres: small centromeres are
less likely to be involved in amphitelic attachment to the
karyokinetic spindle than chromosomes with larger cen-
tromeres, and hence, undergo misdivision less frequently.

The timing of fusion of broken centromeres still re-
mains somewhat obscure. It is generally believed that
standard DNA repair mechanisms, such as nonhomolo-
gous end-joining [Wyman and Kanaar, 2006] which are
likely responsible for fusions of broken centromeres cre-
ating isochromosomes or centric translocations, are inac-
tive in meiosis. Double-strand breaks created for the pur-
pose of crossing over are repaired by the end of pachytene
and so are externally induced double-stand breaks
[Coogan and Rosenblum, 1988]. Lukaszewski [2010] ob-
served numerous cases where 2 broken centromeres were
present in a nucleus of a dyad, or in the second meiotic
division, but no fused chromosome arms were detectable.
Friebe etal. [2005], however, documented the presence of
fused chromosome arms in ana-/telophase II. Similarly
here, in a rather small sample of MII PMCs from plants
double monosomic for i1RS and i1BLrtd, 3 instances of
fused chromosome arms were observed. In one of these 3
cases, only 1 of 2 sister chromatids appear fused (Fig. 4).
This establishes that fusion of broken centromeres can
take place almost immediately after misdivision in Al and
indicates that double-strand break repair mechanisms
must function in later stages of meiosis. However, consid-
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ering the low frequency of such observations as opposed
to high frequency of centric fusion products among prog-
eny, they obviously are not very efficient at this point, and

the bulk of fusion occurs post-meiotically.

This study demonstrates that telocentrics and isochro-
mosomes, when present as univalents, are susceptible to
misdivision in the same fashion as normal 2-armed chro-
mosomes. Their perceived high stability is probably only
a consequence of reduced centromere sizes and, there-
fore, much reduced tendency to a bipolar attachment to

the karyokinetic spindle.
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