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Tandem repeat arrays often are found in interstitial (i.e., normally gene-rich) regions on chromosomes. In maize, genes
on abnormal chromosome 10 induce the tandem repeats that make up knobs to move poleward on the meiotic spindle.
This so-called neocentromere activity results in the preferential recovery, or meiotic drive, of the knobs in progeny.
Here we show that two classes of repeats differ in their capacity to form neocentromeres and that their motility is con-
trolled in 

 

trans

 

 by at least two repeat-specific activators. Microtubule dynamics appear to contribute little to the move-
ment of neocentromeres (they are active in the presence of taxol), suggesting that the mechanism of motility involves
microtubule-based motors. These data suggest that maize knob repeats and their binding proteins have coevolved to
ensure their preferential recovery in progeny. Neocentromere-mediated drive provides a plausible mechanism for the
evolution and maintenance of repeat arrays that occur in interstitial positions.

INTRODUCTION

 

Many plants and animals have long arrays of tandem re-
peats in interstitial positions on chromosome arms (John
and Miklos, 1979; Rodionov, 1999). Two such repeats in
maize, one that is 180 bp and another that is 350 bp (TR-1),
occupy condensed regions known as knobs (Peacock et al.,
1981; Dennis and Peacock, 1984; Ananiev et al., 1998a).
Knobs are found at 22 different positions in the karyotype
and are strikingly polymorphic, making them excellent cyto-
logical markers (Longley, 1938; Kato, 1984). They also have
the capacity to behave like centromeres, or “neocen-
tromeres,” in the presence of an unusual form of chromo-
some 10 (Rhoades and Vilkomerson, 1942). In strains
carrying normal chromosome 10 (N10), the knobs are quies-
cent, whereas in strains carrying abnormal chromosome 10
(Ab10), knobs at all positions in the genome move rapidly
poleward on the meiotic spindle, dragging their chromo-
some arms with them (Rhoades and Vilkomerson, 1942).
The mechanism of neocentromere activity remains a mys-
tery, although it is known that neocentromeres lack two ma-
jor kinetochore proteins, CENPC and MAD2 (Dawe et al.,
1999; Yu, 2000), and interact with microtubules in a lateral
manner instead of in the end-on manner typical of maize
centromeres (Yu et al., 1997).

Neocentromere activity plays an integral role in an associ-

ated phenotype known as meiotic drive. Meiotic drive has
been documented in a variety of organisms (Lyttle, 1993), in
which it is usually associated with several linked loci that
collectively confer a segregation advantage to the linkage
group. Meiotic drive systems presumably have evolved to
“beat Mendel’s rules” and therefore maximize their repre-
sentation in the population (Sandler and Novitski, 1957). In
some organisms, meiotic drive is a result of unusual chro-
mosome segregation in meiosis (Rhoades, 1952; Cazemajor
et al., 2000), and in others, it is caused by events that follow
meiosis (Raju, 1996; Merrill et al., 1999). In maize, meiotic
neocentromere activity at the large knob on Ab10 is thought
to preferentially pull Ab10 toward the only functional (basal)
megaspore of the linear tetrad (Rhoades and Vilkomerson,
1942; Dawe and Cande, 1996). Other knobs also form neo-
centromeres and are subject to meiotic drive in the pres-
ence (but not the absence) of Ab10 (Longley, 1945),
suggesting that knobs on chromosomes other than 10
evolved secondarily in response to the meiotic drive system
in maize (Buckler et al., 1999). One 

 

trans

 

-acting mutation
that affects neocentromeres (

 

smd1

 

) has been recovered
from a screen for mutants of meiotic drive. 

 

smd1

 

 is a cyto-
logically undetectable mutation on Ab10 that acts to reduce
neocentromere activity throughout the genome (Dawe and
Cande, 1996).

In addition to being found in interstitial positions on chro-
mosome arms, tandem repeat arrays in the size range of the
maize knob repeats (180 and 350 bp; i.e., multiples of 

 

�

 

180
bp) are found at telomeric locations and within or surround-
ing most higher eukaryotic centromeres (Charlesworth et al.,
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1994; Choo, 1997; Csink and Henikoff, 1998). In maize, the
major centromeric repeat appears to be a tandemly arrayed

 

�

 

156-bp sequence known as CentC (Ananiev et al., 1998b).
Considerable speculation has centered on whether such
centromeric repeats function in chromosome segregation.
Evidence in favor of their involvement in chromosome seg-
regation comes from work in mammals suggesting that tan-
dem arrays known as satellites can organize a functional
centromere/kinetochore complex in artificial chromosomes
(Brown et al., 2000). On the other hand, the near absence of
sequence homology among satellites from different species
and the fact that not all centromeres have satellite DNA sug-
gest that the role of tandem arrays in kinetochore function is
epigenetic (Karpen and Allshire, 1997). Although the role of
centromeric tandem arrays remains uncertain, the similari-
ties between “true” centromeres and maize neocentromeres
suggest that the meiotic drive system may have co-opted
structures and functions that normally are associated with
the centromere/kinetochore complex.

Here we investigate the sequence dependence, genetic
control, and mechanism of neocentromere activity. We
show that there are clear motility differences between the
two major neocentromere repeats in maize and that at least
two different 

 

trans

 

-acting factors encoded on Ab10 differen-
tiate between the repeats. Ab10 effectively mobilizes neo-
centromeres on taxol-stabilized spindles, suggesting that
microtubule dynamics contribute little to the poleward
movement of either class of repeat. These data support a
model whereby tandem arrays and sequence-specific bind-
ing proteins are coadapted to confer their preferential segre-
gation to progeny, most likely via the activity of microtubule-
based motor proteins. These observations are generalizable
to many other species with long interstitial tandem arrays,
and in principle they provide an explanation for the amplifi-
cation, homogenization, and maintenance of such repeats.

 

RESULTS

TR-1 Occurs in Clusters on Knobs and Is a Major 
Component of the Three Chromomeres on Ab10

 

Maize lines vary with respect to knob number and size.
Among the strains used here, the number of knobs varied
from 2 (Knobless Wilbur’s Flint [KWF]) to 13 (a strain from
the Mescalero Apache Tribe). To determine how the 180-bp
and TR-1 repeats are organized with respect to each other,
we used three-dimensional light microscopy to analyze
chromosomes at the prezygotene stage of meiotic prophase
I. As shown in Figure 1, the knobs at prezygotene become
long and extended such that they are amenable to substruc-
tural analysis (Dawe et al., 1994). Consistent with previous
studies (Ananiev et al., 1998a), our data suggest that the
TR-1 repeat occurs in long uninterrupted arrays. Many
knobs are composed primarily of the 180-bp repeat (14 of

28 knobs in the strains used here), many are composed of a
mixture of both repeats (10 of 28), and a minority are com-
posed primarily of the TR-1 repeat (4 of 28). In mixed knobs,
the 180-bp and TR-1 repeats appear to be separated into
different domains within the knob (Figure 1).

Based on knob distribution within the races of maize and
teosinte (the presumed ancestor of maize), Buckler et al.
(1999) argued that knobs evolved in response to the pres-
ence of Ab10 in the genome. Their hypothesis predicts that
because both repeats are dispersed throughout the ge-
nome, Ab10 also will contain both repeats. Figure 2 illus-
trates the terminal portion of the long arm of Ab10 that is
responsible for meiotic drive. It consists of a region with
three prominent chromomeres: a central euchromatic re-
gion, a large knob, and a euchromatic tip (Rhoades and
Dempsey, 1985). The central euchromatic region contains
three known genes from N10 in an inverted orientation. The
cytological features of Ab10 are best visualized in homozy-
gous Ab10 strains at the pachytene substage of meiotic
prophase I. When such pachytene chromosomes were hy-
bridized with the TR-1 repeat, all three of the prominent
chromomeres on Ab10 labeled brightly. In contrast, the large
knob on Ab10 was composed almost entirely of the 180-bp
repeat (as described by Peacock [1981]). With the sole ex-
ception that a small region containing the TR-1 repeat
sometimes was visible near the tip of the large knob (data
not shown), the chromomeres are essentially devoid of the
180-bp repeat and the large knob is essentially devoid of
the TR-1 repeat (Figure 2). We conclude that Ab10 contains
both knob repeats but that they are localized in separate re-
gions of the chromosome.

Figure 1. TR-1 and the 180-bp Repeat Occupy Discrete Domains in
Knobs.

Images are projections of all of the optical sections in a cell at the
prezygotene stage of meiotic prophase. The strain contained Ab10
and 13 other knobs.
(A) Three-color projection showing chromatin (blue), TR-1 (orange/
yellow), and the 180-bp repeat (green). The knobs can be composed
entirely of one repeat or can be mixed (1 � 180 bp only; 2 � mixed;
3 � TR-1 only).
(B) Stereo pair of (A) with only the knob labeling shown. The three
chromomeres of Ab10 are visible in the upper left.
Bar in (A) � 5 �m for (A) and (B).
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TR-1 Repeats Form “Leaders” on Neocentromeres

 

We used colocalization of the two knob repeats on neocen-
tromeres to characterize their roles in neocentromere activ-
ity. As shown in Figures 3A and 3C, neither repeat array
showed evidence of poleward motility in wild-type cells. In
cells homozygous for Ab10, both classes of tandem repeats
demonstrated poleward movement (Figures 3B and 3D).
Neocentromeres were observed primarily in prometaphase
(when spindles are formed) and anaphase of meiosis II, but
they also were observed to a lesser degree in the same
stages of meiosis I. Consistent with previous data, we found
that arrays of the 180-bp repeat almost always were orga-
nized into compact globular domains on neocentromeres
(Figure 3D). In contrast, arrays of the TR-1 repeat varied in
shape from globular (rare), to visibly elongated with the
spindle axis (common), to highly extended in long, thin
threads stretching poleward (rare). In the most extreme
cases, thread-like arrays of the TR-1 repeat followed the
general outline of the spindle for more than 10 

 

�

 

m (Figures
3B and 3D). We were able to quantify the relative positions
of the two different repeats by analyzing neocentromeres
containing both repeats. An analysis of 95 mixed repeat
neocentromeres indicated that in 77% of the cases the TR-1
repeat preceded the 180-bp repeat to the spindle pole.
These data suggest that TR-1 repeats have a higher affinity
for microtubules in the Ab10 background.

The relative motility of a neocentromere is not necessarily
related to the quantity of TR-1 repeats in the knob (Figure
3D). Rather, the position of a neocentromere in the spindle
probably is a reflection of the overall size of the knob (Yu et

al., 1997) and the relative proportion of the TR-1 repeat. We
assume that each knob has its own characteristic motility
pattern. This is consistent with the meiotic drive hypothesis
of knob evolution (Buckler et al., 1999), which predicts that
any particular knob is in competition only with other knobs
at the same locus and not with the knobs at the 

 

�

 

21 other
sites in the genome.

 

Neocentromere Activity of the 180-bp and TR-1 Repeats 
Is Controlled Independently by Separate Loci on Ab10

 

The deletion derivatives Ab10-Df(I) and Ab10-Df(K), which
separate the chromomeres from the large knob on Ab10
(Rhoades and Dempsey, 1985), were used to determine
whether the neocentromere activities of the knob repeats
are under separate genetic control. As shown in Figures 2
and 4B, Df(I) has a breakpoint within the proximal portion of
the central euchromatin and Df(K) has a breakpoint within
the distal portion of the central euchromatin. Both deficien-
cies lack the large knob but contain the three chromomeres,
portions of the central euchromatin, and any 

 

trans

 

-acting
functions that may be encoded there. To simplify the analy-
sis, Ab10 and the two deletion derivatives were back-
crossed to KWF, which contains two small knobs that are
not linked to each other or to Ab10. As shown in Figure 4A,
one of the knobs consists primarily of 180-bp repeats (re-
ferred to as the KWF-180 knob) and the second contains
both repeats (referred to as the KWF-mixed knob). These
small knobs can be distinguished readily from each other
and from Ab10 (and its derivatives) when the knob repeats

Figure 2. Structure and Genetics of the Ab10 Chromosome, Including the Repeat Composition of the Three Chromomeres and the Large Knob.

A computationally straightened Ab10 chromosome is shown in the middle of the figure, with the chromatin (4�,6-diamidino-2-phenylindole)-only
image (bottom) separated from the in situ hybridization signals (top). In situ hybridization revealed that TR-1 (orange) occupies the three chro-
momeres and the 180-bp repeat (green) occupies the large knob. The scheme below shows a comparison of Ab10 and N10. The closely linked
R locus is shown along with the relative positions of the genes L (luteus 13), O (opaque 7), and W (white 2). On Ab10, the region encompassed
by the L, O, and W genes are inverted relative to N10. On the enlarged diagram of Ab10 (top), the breakpoints for the Df(I) and Df(K) deficiencies
(Rhoades and Dempsey, 1985) and the locations of the repeat-specific neocentromere activators identified in this study are shown. The central
euchromatin discussed in the text includes all of the chromatin between the chromomeres and the large knob. Bar � 5 �m.



 

410 The Plant Cell

 

are labeled. Neocentromeres were scored during chromo-
some segregation at anaphase (I and II), when they could be
detected in both halves of the spindle.

We observed high levels of neocentromere activity in het-
erozygous Ab10 plants, with Ab10 or the KWF-mixed knob
showing a poleward orientation in all of 74 half-spindles and
the KWF-180 knob showing neocentromere activity in 71 of
the 74 (96%) half-spindles (Figure 4C). Knobs containing
TR-1 repeats showed strong neocentromere activity in het-
erozygous Df(I) and Df(K) strains as well. The chromomeres
of Ab10 and/or the KWF-mixed knobs showed poleward
movement in all of 42 Df(I) and all of 35 Df(K) half-spindles.
In contrast, neocentromere activity of the KWF-180 knob
was reduced significantly in the deletion strains. A poleward
orientation of the KWF-180 knob was observed in only 9 of
42 (21%) Df(I) half-spindles and 3 of 35 (9%) Df(K) half-spin-
dles. These data suggest that a gene (or genes) involved in
generating TR-1–mediated neocentromere activity lies prox-
imal to the Df(I) breakpoint and that a second gene (or
genes) that activates the 180-bp repeat is localized distal to
the Df(K) breakpoint. An image illustrating the phenotype of
the Df(I) derivative is shown in Figure 4D.

A subset of the Ab10 and Df(K) cells were double labeled
with the 180-bp knob repeat and the centromere repeat
CentC (Ananiev et al., 1998b); TR-1 was not stained. This
labeling scheme and the use of three-dimensional light
microscopy allowed us to locate (in many cases) the cen-
tromere of the chromosome carrying the KWF-180 knob. If
the knob was located closer to the pole than the centromere
at anaphase (I or II), the knob was considered to be showing
neocentromere activity; if it lagged behind the centromere, it
was scored as lacking neocentromere activity. In Ab10
strains, the KWF-180 knob was located in a poleward posi-
tion relative to the centromere in 15 of 18 (83%) half-spin-
dles. On the other hand, in the Df(K) strain, the same knob
was located in a poleward position in only 1 of 27 (4%) half-
spindles. These data confirm that the KWF-180 knob is rela-
tively inactive in the presence of Df(K). Images illustrating
the relative positions of the centromeres and KWF-180
knobs in the Ab10 and Df(K) strains are shown in Figures 4E
and 4F.

Our observations indicate that there are at least two dif-
ferent genes that regulate neocentromere activity on Ab10
(Figure 2). The neocentromere activity of TR-1 in a Df(I) dele-
tion strain suggests that a gene(s) sufficient for TR-1 motility
lies proximal to the Df(I) breakpoint. The fact that the KWF-
180 knob did not show neocentromere activity in a Df(K) de-
letion strain (but did in Ab10 controls) indicates that a
gene(s) necessary for 180-bp repeat motility lies distal to the
Df(K) breakpoint. However, we make these statements with
some caution. Because the Df(I) strain used here was back-
crossed only four times to KWF, the TR-1 neocentromere-
promoting gene(s) cannot be mapped with certainty. We fa-
vor the location distal to the R locus (Figure 2) on Ab10 be-
cause neocentromeres have never been observed in strains
lacking this region (Rhoades, 1952; Miles, 1970; Dawe and

Figure 3. The TR-1 Repeat Forms Neocentromere Leaders in the
Presence of the Ab10 Chromosome.

Chromatin is shown in white, the 180-bp repeat is shown in green,
and the TR-1 repeat is shown in orange. Images in (A) to (C) are sin-
gle optical sections.
(A) Prometaphase II in an N10 background. No neocentromere ac-
tivity is observed (arrowhead).
(B) Prometaphase II in a homozygous Ab10 background. A long TR-1
leader (�10 �m in length) is visible stretching toward the pole (ar-
row). In this cell, the 180-bp repeat was not labeled.
(C) Anaphase II in an N10 background. The knobs, which are lo-
cated in interstitial positions on chromosome arms, lag behind the
main mass of the chromosomes as they move poleward (arrow-
heads).
(D) Anaphase II in a heterozygous Ab10 background (image created
by the projection of several optical sections). Neocentromeres led
by long TR-1 leaders are visible (arrowheads).
Bar in (C) � 5 �m for (A) to (D).
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Cande, 1996). We also note that although the 180-bp gene(s)
is not required for the motility of the TR-1 repeat, our data
leave open the possibility that both the 180-bp repeat
gene(s) and the TR-1 gene(s) are required to mobilize the
180-bp repeats.

 

Neocentromeres Are Insensitive to Perturbations in 
Microtubule Dynamics

 

On the basis of the asynchronous poleward movement of
neocentromeres and their tangential interaction with spin-
dles, we proposed previously that neocentromeres move
poleward via the activity of microtubule-based motors (Yu et
al., 1997). An alternate mechanism invoked to explain an ex-
ample of poleward chromosome arm movement in crane
flies (Adames and Forer, 1996) is that the chromosomes do
not actively move poleward but instead are caught up in the
poleward flux of tubulin subunits in the spindle (LaFountain
et al., 2000). Flux occurs because tubulin is added primarily
to the plus ends of microtubules and removed from the mi-
nus ends (Inoué and Salmon, 1995). Because the minus
ends are directed toward the poles, flux generates a pole-
ward force in the spindle. Under a flux model for neocen-
tromere movement, Ab10 would recruit microtubule binding
proteins but not necessarily motor proteins that pull the
neocentromeres poleward. In an effort to differentiate be-
tween the motor-based and flux-based models for neo-
centromere motility, we treated intact anthers with the

 

Figure 4.

 

Different Regions of the Ab10 Chromosome Regulate the
180-bp and TR-1 Repeats.

All images are from KWF backcrossed material. In 

 

(A)

 

 to 

 

(D)

 

, the
chromatin is shown in white, the 180-bp repeat is shown in green,
and the TR-1 repeat is shown in red. In 

 

(E)

 

 and 

 

(F)

 

, the chromatin is
shown in lavender, the centromere repeat CentC is shown in ma-
genta, and the 180-bp knob repeat is shown in white. Unless noted,
all images are partial projections of several optical sections.

 

(A)

 

 Pachytene chromosomes from a heterozygous Ab10 plant.
Shown is a full projection of all of the optical sections in the data set.
The KWF-180 knob (180), the KWF-mixed knob (mixed), and Ab10
are indicated. The inset shows a 

 

�

 

2 enlargement of the Ab10 chro-

mosome. The distal segment of Ab10 is unpaired and appears as a
single thread of chromatin (the rest of the chromosomes are paired,
as is characteristic of pachytene).

 

(B) 

 

Pachytene chromosomes from a heterozygous Df(I) plant. The
Df(I) breakpoint is just distal to the three chromomeres. The inset
shows a scheme of the distal tips of N10 and Df(I), which are paired
(nonhomologously).

 

(C)

 

 Anaphase I from a heterozygous Ab10 plant. The spindle was
curved in this cell; presumed spindle poles are indicated with yellow
circles. A single Ab10 chromosome, two KWF-180 knobs, and two
KWF-mixed knobs are shown moving poleward as neocentromeres.

 

(D)

 

 Anaphase II from a heterozygous Df(I) plant. The TR-1 chro-
momeres of the Df(I) chromosome can be seen moving poleward in
one of the half spindles. The KWF-mixed knobs, but not the KWF-
180 knobs, are moving poleward.

 

(E)

 

 Anaphase II in an Ab10 heterozygote. TR-1 is not labeled here;
instead, the centromere repeat CentC is shown (magenta). The large
180-bp knob of Ab10 (white) is shown moving poleward. The KWF-
180 knobs (white arrows) precede their linked centromeres to the
poles (magenta arrows), as expected if the knobs are showing neo-
centromere activity.

 

(F)

 

 Anaphase II in a Df(K) heterozygote. The KWF-180 knobs (white
arrows) lag behind their linked centromeres (magenta arrows), indi-
cating the absence of neocentromere activity.
Bar in 

 

(E)

 

 

 

�

 

 5 

 

�

 

m for 

 

(A)

 

 to 

 

(F)

 

.
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microtubule-stabilizing drug taxol (paclitaxel). Spindle dy-
namics can be slowed or stopped with taxol (Wilson et al.,
1985; Bokros et al., 1993; Waters et al., 1996; LaFountain et
al., 2000). We anticipated that if the differential poleward
motility were a function of flux, taxol would cause a measur-
able reduction in neocentromere activity. Taxol is not ex-
pected to have any effect on motor activity per se, but it
could generally slow the anaphase movement of the chro-
mosomes (which may be driven in part by flux [Bajer et al.,
1982; Waters et al., 1996]). The neocentromere-mediated
stretching of chromosome arms could be increased by taxol
if kinetochore-mediated movement is slowed but neocen-
tromere activity is not.

In a previous study of mitosis in the higher plant Haeman-
thus, concentrations of taxol ranging from 10 nM to 50 

 

�

 

M
were shown to disrupt the distribution of microtubules
(Molè-Bajer and Bajer, 1983). Our experiments with maize an-
thers established that an 

 

�

 

2-hr treatment with 5 to 30 

 

�

 

M
taxol also induced reproducible and dramatic effects on mei-
otic spindles. The primary effects included aberrant spindle
formation and extra microtubule arrays in prometaphase, a
heavier packing of microtubules (visualized as a more uniform
staining of tubulin), and a widening of the spindle midzone
and premature clearing of microtubules from the future cell
plate at anaphase (as if a phragmoplast were beginning to
form at anaphase). These also were the primary effects of
taxol noted by Bajer and colleagues in Haemanthus (Bajer et
al., 1982; Molè-Bajer and Bajer, 1983). A noteworthy differ-
ence is that we observed more pronounced effects at
prometaphase than did the previous authors. This discrep-
ancy may be attributable to differences in spindle morpho-
genesis between the two cell types (Yu et al., 1999).

To test the effects of taxol on neocentromere activity,
Ab10 was made homozygous in a race of maize from Ari-
zona that has 13 knobs of various sizes (the strain is from
the Mescalero Apache Tribe and was chosen for its high
knob content) (Figure 1; Longley, 1938). Anthers in various
stages of meiosis I and II were incubated in a culture me-
dium with or without taxol for 2 hr. Then they were fixed,
stained with anti-tubulin antibodies, and observed using
three-dimensional light microscopy. For each experiment,
we also immediately fixed anthers to determine if there were
any effects of culturing the meiocytes on neocentromere ac-
tivity (see Methods for details). The results are illustrated in
Figure 5. Because neocentromere activity is inherently vari-
able during prometaphase, we did not attempt to quantify
the data at this stage. Nonetheless, it is clear from the im-
ages (Figures 5A and 5B) that the profound effects of taxol
on spindle structure were not paralleled by a reduction in
neocentromere activity. At anaphase (Figures 5D and 5E),
we were able to quantify neocentromere number as well as
the degree of chromosome stretching conferred by the neo-
centromeres, as shown in Table 1. There were no significant
differences in neocentromere number among the three
treatments, indicating that there were no effects of taxol at
this level. Neocentromere-mediated stretching in anaphase

II was significantly higher in taxol-treated cells compared
with cultured (no taxol) cells but not compared with cells
that were fixed immediately. Double labeling of the neocen-
tromeres for both knob repeats after taxol treatment (Figure
5G) demonstrated that the knobs were stretched poleward
at anaphase and that the relative orientation of the two
classes of tandem repeats was not affected by taxol (i.e.,
the TR-1 leaders still were present).

The pronounced neocentromere activity observed in taxol
treatments prompted us to consider whether taxol could in-
duce neocentromeres in N10 strains. Therefore, in a second
series of experiments, we investigated the effects of taxol in
a family segregating for the presence or absence of Ab10
(the plants compared were full siblings). These data are
shown in Figure 5 and Table 2. Fewer neocentromeres were
observed in this study because there are fewer knobs in this
strain (approximately eight) and because Ab10 induces
fewer neocentromeres when heterozygous (Rhoades and
Vilkomerson, 1942; Dawe and Cande, 1996). Consistent
with the large body of evidence indicating that neocen-
tromere activity is contingent on the presence of Ab10, taxol
did not induce neocentromeres in N10 plants (Figures 5C
and 5F). As for the effects in Ab10 plants (Table 2), taxol ap-
peared to have a mild (but significant) enhancing effect on
neocentromere number, although only when compared with
cultured cells in anaphase II. There were no significant dif-
ferences between the taxol-treated cells and those that
were fixed immediately (Table 2).

We conclude that taxol does not cause a measurable re-
duction in neocentromere activity, as would be predicted
from the flux model. Taxol may cause a slight increase in
neocentromere activity under some conditions (e.g., meio-
cyte culture), which is consistent with the motor-based
model.

 

DISCUSSION

 

Here we present data indicating that two major knob re-
peats have different neocentromere activities and that the
difference is controlled genetically by separate genes on
Ab10. We also provide evidence from taxol-treated meio-
cytes that the microtubule dynamics of the spindle are not
directly responsible for neocentromere motility. In this dis-
cussion, we review the evidence supporting our conclusions
and discuss the implications with respect to the mechanism
of neocentromere motility and the evolution of knob repeats.

 

Neocentromere Activities of Two Different Knob 
Repeats Are under Separate Genetic Control

 

The first information on the molecular composition of knobs
was published over 20 years ago with the identification of
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the 180-bp satellite repeat (Peacock et al., 1981). More re-
cently, Ananiev and co-workers (1998a) demonstrated the
existence of a second repeat known as TR-1, which is found
in many knobs in the maize genome. TR-1 is localized in
large blocks apparently by itself or, more commonly, in
close proximity to the 180-bp repeat. TR-1 also is found on
the Ab10 chromosome, where it is a major component of
three small knobs known previously as chromomeres
(Rhoades, 1952). We show that, like the 180-bp repeat, the
TR-1 repeat demonstrates distinct neocentromere activity.
However, the neocentromere activity displayed by TR-1 is
much more pronounced than that of the 180-bp repeat, of-
ten extending in long, thin threads toward the spindle poles
(Figures 3B, 3D, and 5G). In knobs containing both repeats,
the portion of the knob containing TR-1 is oriented toward
the spindle pole in the majority of cases (77%). The 180-bp
knob repeat appears to have a lower affinity or weaker inter-
action with fibers, but it is present in much greater abun-
dance at knobs, which may serve to compensate for the
slower/weaker neocentromere activity.

To determine the genetic basis for the differential neocen-
tromere activity, we took advantage of a set of terminal defi-
ciencies of Ab10 (Rhoades and Dempsey, 1985). The Ab10-
Df(I) chromosome retains the three chromomeres of Ab10
and a small amount of the central euchromatin (Figure 2). In
strains containing the Df(I) chromosome and two other
knobs, we were able to determine that the truncated version

 

Figure 5.

 

Taxol Does Not Impair Neocentromere Activity.

 

In 

 

(A)

 

 to 

 

(F)

 

, the chromatin is shown in white and the spindle (tubulin)
is shown in green. All images are partial projections of several opti-
cal sections. In 

 

(E)

 

 to 

 

(G)

 

, arrows indicate the spindle midzones that
have been cleared of microtubules prematurely (a characteristic ef-
fect of taxol treatment during anaphase). Bars 

 

�

 

 5 

 

�

 

m.

 

(A)

 

 Prometaphase II cell from a homozygous Ab10 plant cultured
without drug treatment. Note neocentromere activity.

 

(B)

 

 Prometaphase I cell from a homozygous Ab10 plant cultured
with taxol. Note that the spindle morphology is aberrant but that
there is no obvious difference in neocentromere activity. The inset
(

 

�

 

2 magnification) shows the knob signal (yellow 

 

�

 

 the 180-bp re-
peat) at the tips of the chromosome arms (blue 

 

�

 

 chromosomes).

 

(C)

 

 Prometaphase II cell from a homozygous N10 plant cultured with
taxol. Note the absence of neocentromere activity. In prometa-
phase, the chromosomes are not yet aligned, and in this case two
chromosomes are separated from the others.

 

(D)

 

 Anaphase II cell from a homozygous Ab10 plant cultured without
drug treatment. Note distinct neocentromere activity.

 

(E)

 

 Anaphase II cell from a homozygous Ab10 plant cultured with
taxol, showing spindle morphology defects but no obvious effects
on neocentromere activity.

 

(F)

 

 Anaphase II cell from a homozygous N10 control plant cultured
with taxol. Note the absence of neocentromere activity.

 

(G)

 

 Anaphase II cell treated with taxol and stained for both knob re-
peats. Chromatin is shown in blue, spindle is shown in green, the
180-bp repeat is shown in yellow, and TR-1 is shown in red. Neo-
centromere leaders are still apparent after taxol treatment.
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of Ab10 was sufficient to confer motility to TR-1–containing
knobs (Figure 4). By expanding the analysis to include the
Ab10-Df(K) deficiency, which includes more of the central
euchromatin but still lacks the large knob, we identified a
second neocentromere-activating region distal to the break-
point. The second region is not required for neocentromere
activity of the TR-1 repeat, but it is required for the motility
of the 180-bp repeat.

Our data indicate that at least two sequence-specific,

 

trans

 

-acting factors are required for neocentromere activity
in maize: one that is sufficient to mobilize TR-1–containing
knobs poleward, and a second that is necessary to move
the 180-bp repeat poleward. The cytological data cannot tell
us how many genes within each region are required for neo-
centromere activity, but we can conclude that the genes are
linked to their respective repeat targets (Figure 2). Theoreti-
cal models and genetic data from other meiotic drive sys-
tems (Haig and Grafen, 1991) indicate that meiotic drive
genes evolve in close linkage with their targets to reduce the
possibility that they will be separated by recombination
(which would eliminate their fitness advantage). The Ab10
chromosome appears to have two neocentromere-activat-
ing cassettes that independently confer neocentromere ac-
tivity and meiotic drive to the two major knob repeats.
Experiments are under way to test a prediction of this
model, which is that the 

 

smd1

 

 mutation (Dawe and Cande,
1996) specifically diminishes neocentromere activity at one
or the other class of knob repeats. Why two independent
drive systems evolved on the Ab10 chromosome is not yet
clear. One possibility is that the second cassette evolved as
a result of competition with Ab10 type II (Rhoades and
Dempsey, 1985), which differs cytologically and does not
appear to encode the TR-1–mediated drive system (Hiatt,
2000).

The Drosophila protein PROD, which binds specifically to
the 1.686 g/cm

 

3

 

 satellite repeat (Török et al., 2000), provides
a useful model for the maize neocentromere binding pro-
teins. PROD localizes primarily to the centromeric hetero-

chromatin (where the satellite is abundant; Platero et al.,
1998), and 

 

prod

 

 mutants show chromosome condensation
and segregation defects. Because the 1.686 g/cm

 

3

 

 satellite
is not detectable in close Drosophila relatives, it has been
argued that the essential condensation function of PROD
evolved only recently (Csink and Henikoff, 1998). Although
PROD is not a conserved protein, qualitatively similar pro-
teins may recruit motility proteins such as the C-terminal ki-
nesins (discussed below) to the different classes of satellite
repeats. The fact that neocentromere activity is sequence
specific will facilitate the identification of these factors.

 

Mechanism of Neocentromere Activity

 

On the basis of their asynchronous movement and lateral in-
teraction with spindle fibers, Yu and co-workers (1997) pro-
posed that neocentromeres are mobilized by microtubule-
based motors. However, a recent report on crane flies,
which shows occasional chromosome arm motility at ana-
phase (Adames and Forer, 1996), seemed to cast doubt on
this interpretation. The authors suggested that chromosome
arm movement in crane flies is a passive outcome of micro-
tubule flux (LaFountain et al., 2000), which is a poleward
force caused by the depolymerization of tubulin at the poles
(Sawin and Mitchison, 1994; Waters et al., 1996). Indeed,
plants appear to display a poleward flux of the type found in
other organisms (Bajer and Molè-Bajer, 1963; Hard and
Allen, 1977). There also is evidence from maize suggesting
that acentric fragments (produced by the maize mutant 

 

ab-
sence of first division 1

 

) move poleward at metaphase and
anaphase of meiosis II (Yu and Dawe, 2000), suggesting that
a poleward force may operate during the period in which
neocentromeres are active. To test the idea that neocen-
tromeres are mobilized by microtubule dynamics, we con-
ducted an experiment using the microtubule-stabilizing drug
taxol. Taxol treatments sufficient to induce gross alterations
in spindle architecture caused no apparent reduction in the

 

Table 1.

 

Effects of Taxol on Neocentromere Length and Number in a High-Knob Strain Homozygous for Ab10

Fixed

 

a

 

Cultured without Taxol Cultured with Taxol

AI

 

b

 

AII AI AII AI AII

Neocentromere length

 

�

 

m 

 

�

 

SD

 

 7.3 

 

�

 

 3.7 11.8 

 

�

 

 2.6 10.2 

 

�

 

 3.5 6.9 

 

�

 

 2.14 9.1 

 

�

 

 2.8 10.6 

 

�

 

 2.3

 

c

 

No. of cells analyzed

 

d

 

5 9 7 6 4 17
Neocentromere number

Mean no. of neocentromeres per cell 

 

�

 

SD

 

9.7 

 

�

 

 2.4 11.8 

 

�

 

 4.9 11.1 

 

�

 

 1.8 8.5 

 

�

 

 2.3 9.0 

 

�

 

 7.2 9.5 

 

�

 

 2.6
No. of cells analyzed

 

d

 

6 9 6 3 3 15

 

a

 

See Methods for a description of treatments.

 

b

 

AI, anaphase I; AII, anaphase II.

 

c

 

At anaphase II, neocentromere lengths in the taxol treatment were significantly different from those in the cultured treatment (P 

 

�

 

 0.01) but not
the fixed treatment. No significant differences were observed in anaphase I.

 

d

 

Data taken only from cells showing neocentromere activity.
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extent or number of neocentromeres (Figures 5B and 5E,
Table 1), suggesting that microtubule dynamics contribute
little to neocentromere motility. A slight enhancing effect of
taxol on neocentromere activity (Tables 1 and 2) can be ex-
plained if taxol impairs kinetochore-mediated movement
(Bajer et al., 1982; Waters et al., 1996) but has no effect on
neocentromere movement.

The fact that neocentromeres are pronounced on the
most disturbed spindles supports the view espoused previ-
ously (Yu et al., 1997) that Ab10 provides or recruits proteins
to neocentromeres that generate their movement de novo.
We believe that the best candidates for proteins that gener-
ate neocentromere motility are likely to be found in the kine-
sin superfamily (dynein, the only other known microtubule-
based motor, is absent in flowering plants [Lawrence et al.,
2001]). The kinesins have varied and robust roles in chromo-
some movement, both at the centromere/kinetochore and
along chromosome arms (Sharp et al., 2000). Because neo-
centromeres move poleward (toward the minus ends of mi-
crotubules), we expect that the motor will be minus end
directed. The minus end–directed kinesins are limited to a
class of kinesins in which the motor domain is located near
the C terminus of the protein (Endow and Waligora, 1998).
On the basis of sequence similarity, there are a large num-
ber of plant kinesins with the C-terminal arrangement, most
of which are uncharacterized (Vos et al., 2000; Lawrence et
al., 2002).

 

Evolution of Knob Repeats

Of all the known repetitive elements in higher eukaryotes,
long tandem arrays in interstitial positions are perhaps
the most difficult to explain from an evolutionary perspec-
tive (Charlesworth et al., 1994). Population genetic models

that assume that tandem repeats have no function and im-
part a slight fitness cost predict the inevitable loss of re-
peats through the action of recombination and genetic drift
(Charlesworth et al., 1986; Stephan, 1986). Even when tan-
dem arrays are considered to be neutral, the repeats should
be lost as a result of intrastrand recombination between re-
peat units (Walsh, 1987). The rate of loss is dependent on the
rate of crossing over, so that repeats are expected to persist
only long enough to be observed in chromosomal locations
(i.e., around centromeres) in which there is reduced recombi-
nation. In contrast to the expectations from theory, long tan-
dem arrays are surprisingly common in interstitial regions,
where recombination is typically high (John and Miklos,
1979). Such interstitial arrays are found throughout the an-
giosperms and in some animals, in which they are usually vis-
ible as knob-like domains of heterochromatin (Vershinin et al.,
1995; Schmidt and Heslop-Harrison, 1996; Chen et al., 1997;
Niedermaier and Moritz, 2000; Cheng et al., 2001).

In maize, the evolution of knobs is tied intimately to the
meiotic drive system encoded on Ab10 (Buckler et al.,
1999). As described by Rhoades (1952), the mechanism of
meiotic drive in maize can be summarized as follows. First,
recombination occurs between the Ab10 drive system and
the centromere to create heteromorphic dyads (containing
one chromatid with and one chromatid without a knob).
Second, neocentromere activity pulls knobs quickly to the
spindle poles. Therefore, knobs are positioned so that as
the meiosis II spindle is assembled, the knobs tend to seg-
regate to the upper and lower (basal) megaspores and not
to the two central spores. In female flowers of maize, only
the basal megaspore of meiosis survives to become a mega-
spore. All of the �22 other knobs appear to have evolved
through a similar mechanism by exploiting the factors en-
coded by Ab10 (Buckler et al., 1999). Once a knob is estab-
lished at a site, there is selection for larger knobs because

Table 2. Effects of Taxol on Neocentromere Number in Ab10 Heterozygotes and N10 Segregants

Fixeda Cultured without Taxol Cultured with Taxol

Genotypeb AIc AII AI AII AI AII

N10/N10
Mean no. of neocentromeres per cell 0 0d 0 0 N/Ae 0
No. of cells analyzed 3 116 3 3 N/A 17

Ab10/N10
Mean no. of neocentromeres per cell �SD 2.2 � 1.2 2.0 � 1.4 0.6 � 0.5 1.4 � 1.2 N/A 2.6 � 1.6f

No. of cells analyzed 6 23 15 53 N/A 64
Percent of cells with neocentromeres 100 83 40 72 N/A 88

a See Methods for a description of treatments.
b Plants were full siblings, varying by the presence of the Ab10 chromosome.
c AI, anaphase I; AII, anaphase II.
d A single neocentromere (or what appeared to be one) was detected in 116 cells.
e N/A, data not available.
f At anaphase II, the number of neocentromeres in the taxol treatment was significantly different from the number in the cultured treatment (P �
0.01) but not the fixed treatment.
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they are driven more effectively (Kikudome, 1959). Hence,
knobs evolved at positions �50 centimorgan from the cen-
tromeres (to maximize recombination) and contain thou-
sands of copies of the same knob repeats that are present
on Ab10 (Buckler et al., 1999).

The proposed mechanism of meiotic drive in maize is very
similar to (and in fact was based on) examples in Drosophila
in which chromosomes or segments of chromosomes are
distributed nonrandomly to progeny for structural reasons.
Because in animals, as in plants, only one product of meio-
sis (the pronucleus) becomes a female gamete, chromo-
somes that tend to drag during meiosis I can be excluded
from gametes (reviewed by Novitski, 1967). This concept of
“chromosomal meiotic drive” has been expanded to incor-
porate the idea that centromeric DNA and associated pro-
teins may compete to confer an orientation on the spindle
that directs the chromosome to the pronucleus (Zwick et al.,
1999; Malik and Henikoff, 2001). Specifically, it has been ar-
gued that the Drosophila centromeric histone CID/CENP-A
and the microtubule-based motor NOD are evolving in re-
sponse to rapid changes in centromeric satellite DNAs and
that the mechanism of adaptive evolution may involve pro-
cesses akin to chromosomal meiotic drive (Zwick et al.,
1999; Malik and Henikoff, 2001). We see clear parallels to
this situation in the evolution of maize knobs. In the case of
Ab10, at least two different knob arrays have evolved, and
the mechanism of amplification and spread is based to a
large extent on meiotic drive. The two knob repeats have
40% similarity overall, with two small regions of 31 and 12
bp that show 64 and 76% homology, respectively (Ananiev
et al., 1998a), suggesting that they had a common ancestor.
We provide evidence that trans-acting factors have evolved
in concert with tandem repeats to confer their preferential
orientation on the spindle, consistent with the ideas pre-
sented by Zwick and co-workers (1999) and Malik and Henikoff
(2001).

Is neocentromere-mediated drive a general mechanism
for the evolution of interstitial tandem arrays? Evidence from
a variety of sources suggests that the answer may be yes.
Knobs in interstitial positions appear to have evolved many
times in nature (Rodionov, 1999), and in general they tend
to be highly polymorphic (Döbel et al., 1973; Vosa, 1973;
Árnason, 1974; Marks and Schweizer, 1974; Lelley et al.,
1978; Belyayev et al., 1995). Neocentromeres have been
observed in at least eight plant species, including the “enor-
mous stretching of the chromatin” in Pennisetum orientale
and the “fantastically elongated” chromosomes in Elymus
wiegandii (Vilkomerson, 1950; Walters, 1952; Hayman, 1955;
Zohary, 1955; Bosemark, 1956; Vardhan and Lakshmi, 1983;
Viinikka, 1985). In maize, rye, Pennisetum (millet), and Fes-
tuca (meadow fescue), the sites of neocentromere activity
appear to be knobs. Dramatic neocentromeres also are
found during meiosis in the parasitic nematode Parascaris
univalens (Goday and Pimpinelli, 1989), and the sites of neo-
centromere activity are large knobs composed primarily of
two classes of tandem repeat arrays (Niedermaier and

Moritz, 2000). There also is an intriguing meiotic and mitotic
drive associated with expansions of large trinucleotide re-
peat arrays at the myotonic dystrophy type I locus in hu-
mans (Chakraborty et al., 1996; Khajavi et al., 2001) that
may have a similar mechanistic basis.

It is likely that many other examples of neocentromere ac-
tivity exist in nature and that subtle cases have not been no-
ticed. Even a slight transmission advantage would be
sufficient to drive a chromosome segment to fixation (in the
absence of other forces). In addition, the neocentromere ac-
tivity that led initially to the amplification and spread of a
tandem array may now be present only in subpopulations or
may be suppressed by host modifiers that have evolved to
counteract the negative fitness consequences associated
with meiotic drive (Ardlie, 1998). The idea that neocen-
tromere-mediated meiotic drive systems may be genetically
isolated or suppressed is supported by the observation that
in some species neocentromeres appear to be activated
only in hybrids (Walters, 1952; Vardhan and Lakshmi, 1983).

Modeling experiments suggest that unequal recombination
is not sufficient to account for long repeat arrays and that
some bias toward gene amplification is required (Walsh,
1987). Neocentromere-mediated meiotic drive provides a
mechanical basis for the predicted bias in regions of the chro-
mosome with typically high recombination (reduced recombi-
nation may impart a bias in pericentromeric regions) (Walsh,
1987; Charlesworth et al., 1994). Selection for meiotic drive
can oppose the action of recombination and genetic drift and
can lead to the expansion of the arrays. The high turnover of
repeats between closely related species, which has been
cited as evidence for their evolution via recombination and
drift (Walsh, 1987; Charlesworth et al., 1994), also is compati-
ble with a meiotic drive model in which the repeats and their
binding proteins are evolving rapidly in concert (Malik and
Henikoff, 2001). Meiotic drive can not only provide the selec-
tive force for the persistence and rapid expansion of tandem
arrays (Buckler et al., 1999), but the sequence specificity of
the drive systems can serve as a homogenizing force that re-
duces variation among the individual repeats in an array.

METHODS

Maize Strains

Abnormal chromosome 10 (Ab10) was made homozygous in either
the W23 inbred line (with 5 knobs on other chromosomes) or a race
of maize (Zea mays) from the Mescalero Apache Tribe in the Ameri-
can Southwest that segregates at least 13 knobs (Plant Introduction
number 213736; North Central Regional Plant Introduction Station,
Ames, IA). Another line of mixed origin, containing eight knobs, was
used to produce homozygous normal chromosome 10 (N10) and
heterozygous Ab10 siblings for the comparative study (Table 2).

Ab10 and the deletion derivatives Df(I) and Df(K) (Rhoades and
Dempsey, 1985) were also backcrossed to Knobless Wilbur’s Flint
(KWF; obtained from the Maize Genetics Cooperation Stock Center,
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University of Illinois, Urbana), which has only two small knobs. Df(I)
was backcrossed three times (i.e., introgressed four times), Df(K) was
backcrossed five times, and Ab10 was backcrossed six times to
KWF. The resulting strains carried only the two small KWF knobs and
one copy of Ab10, Df(I), or Df(K).

All plants processed for the analysis of neocentromere activity
were grown in the Department of Botany greenhouses of the Univer-
sity of Georgia during the months of December through March. We
have found that winter months produce the most consistent neocen-
tromere activity. Even at this time of year, however, many cells do not
show cytologically visible neocentromere activity. Only those cells
that showed at least one neocentromere were included in the analy-
sis (except when wild-type cells were included in the analysis, as
shown in Table 2; in this case, all of the data are shown).

In Situ Hybridization and Immunolocalization

Anthers were dissected out of tassels and fixed in modified 1 �

buffer A plus 0.32 M sorbitol (80 mM KCl, 20 mM NaCl, 0.5 mM
EGTA, 2 mM EDTA, and 15 mM Pipes buffer, pH 7.0) with 4% para-
formaldehyde and 0.1% Triton X-100 for a minimum of 2 hr under
ambient conditions (Dawe et al., 1994). In situ hybridization was per-
formed as described previously (Dawe and Cande, 1996; Yu et al.,
1997; Dawe et al., 1999). Immunolocalization of spindles was per-
formed using a primary antibody to 	-tubulin (Asai et al., 1982) as de-
scribed previously (Yu et al., 1997; Dawe et al., 1999).

Hybridization Probes

The 180-bp knob repeat probe consisted of a mixture of 10 fluores-
cein isothiocyanate–labeled oligonucleotides, each 18 nucleotides in
length (Yu et al., 1997). The oligonucleotide sequences are nonover-
lapping and together cover the entire repeat (Peacock et al., 1981;
Dennis and Peacock, 1984). For each cover slip, the probe mixture
contained 0.8 ng/�L of each oligonucleotide, giving a total DNA con-
centration of 8.0 ng/�L. For Figure 5G, the 180-bp repeat was la-
beled with a rhodamine-labeled oligonucleotide as well as with the
fluorescein isothiocyanate–labeled oligonucleotides (making the
knob appear yellow on the merged image).

Two different probes were used for the TR-1 repeat. For the first
probe, polymerase chain reaction primers (5�-CAGTTCACTCAC-
ACAATTTGGC-3� and 5�-GATGTTTCCCTGATGTCAAGGG-3�) were
used to amplify the TR-1 knob repeat from the maize inbred line
W23. The polymerase chain reaction product was labeled using a
random priming kit (Yu et al., 1997). The second probe for the TR-1
repeats consisted of five rhodamine-labeled oligonucleotides, each
23 nucleotides in length. The TR-1 repeat probes covered approxi-
mately one-third of the total sequence. The individual oligonucleotide
sequences were as follows: (1) 5�-TTAGAGTACAACTAGTGGATG-
AA-3�; (2) 5�-GTTTCCTATAATCCCCTCTATTC-3�; (3) 5�-TCCACT-
CAAGTAAAACACCACAC-3�; (4) 5�-GAACTGTCCAAACATAGGTTA-
AG-3�; and (5) 5�-AAGTTGGAATATAAAGAATTCAA-3�. For each
cover slip, the probe mixture contained 0.2 ng/�L of each oligonucle-
otide, giving a total DNA concentration of 1.0 ng/�L.

A probe for the maize centromere repeat CentC (Ananiev et al.,
1998b) was used to localize the centromere. The CentC probe was
composed of eight fluorescein isothiocyanate–labeled oligonucle-
otides, each 18 nucleotides in length. The nonoverlapping oligonu-
cleotides essentially cover the entire repeat. For each cover slip, the

probe mixture contained 1.3 ng/�L of each oligonucleotide, giving a
total DNA concentration of 10.4 ng/�L.

Taxol Study

The three anthers of a floret were removed and placed into one of
three different treatments. Treatments were as follows: (1) immedi-
ately fixed (in PHEMS buffer [60 mM PIPES, 25 mM HEPES, 10 mM
EGTA, 2 mM MgCl2, 0.32 M Sorbitol, pH 6.8] with 4% paraformalde-
hyde and 0.1% Triton X-100) for a minimum of 2 hr under ambient
conditions (Dawe and Cande, 1996); (2) placed in meiocyte culture
medium (Yu et al., 1997) with no taxol added; and (3) placed in cul-
ture medium plus 5, 10, or 30 �M taxol (from a 10-mM stock solution
of paclitaxel [Sigma catalog number T-7402] dissolved in DMSO). For
treatments 2 and 3, the anthers were shaken gently in 400 �L of
medium for 90 to 150 min and then fixed in the same manner as the
anthers in treatment 1. Anthers were maintained and tracked individ-
ually. By comparing 12 to 24 florets per experiment (eight experi-
ments total), we were able to obtain good representation of all of the
relevant stages of meiosis. For the data in Table 1, neocentromere
length was measured as the total distance from the plateward side of
the closest chromosome to the poleward end of the most advanced
neocentromere. Length measurements and neocentromere counts
were analyzed for statistical significance using one-way analysis of
variance and t tests.

Microscopy and Image Analysis

All data except those in Table 2 were collected using a DeltaVision
multidimensional light microscope system (Applied Precision, Inc.,
Issaguah, WA; for specific methods, see Yu et al., 1997). Software in-
cluded with the DeltaVision system provided the three-dimensional
constrained iterative deconvolution algorithms that were used to re-
move out-of-focus information from the raw data. The deconvolved
images were scaled to improve contrast. DeltaVision software also
was used to model and straighten pachytene chromosomes (Dawe
et al., 1994).
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