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Mixed knobs in corn cobs
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Maize heterochromatic knobs cheat female meiosis by
forming neocentromeres that bias their segregation into
the future egg cell. In this issue ofGenes&Development,
Swentowsky and colleagues (pp. 1239–1251) show that
two types of knobs, those composed of 180-bp and TR1 se-
quences, recruit their own novel and divergent kinesin-14
family members to form neocentromeres.

During male meiosis, all four of the meiotic products
eventually develop into functional sperm. In contrast,
only one of the four meiotic products of female meiosis
will develop into an egg. Homologous chromosomes nor-
mally segregate randomly during meiotic divisions,
and therefore each has a 50% chance of being inherited
by the future egg cell. However, there are genetic ele-
ments that modify meiotic chromosome segregation to
increase their chances of being segregated into the egg at
the expense of their homolog (Akera et al. 2019). “Meiotic
drive” refers to when a gene manipulates meiosis to in-
crease its transmission (Burt and Trivers 2006).

The knobs in maize were the first female meiotic
drivers to be discovered (Rhoades 1942). Knobs are het-
erochromatic regions located near the center or ends of
chromosome arms. The DNA within knobs is composed
of two types of tandem repeats: the 180-bp repeat and
the TR1 repeat. A variant of maize chromosome 10 con-
taining both TR1 and 180-bp knobs (Ab10) exhibits
strong female meiotic drive when in a heterozygous state
with a normal chromosome 10, with ∼75% of progeny
inheriting Ab10 knobs (Rhoades 1942; Kanizay et al.
2013).

The meiotic drive of knobs can be explained by their
“neocentromere” activity during meiosis (Fig. 1A). Knobs
use microtubules to move toward poles of the meiotic
spindle during anaphase I and II, arriving at spindle poles
quicker than centromeres and drastically stretching chro-
mosome arms. If one recombination event occurs be-
tween knob and centromere, then each homolog on
either side of the meiotic bivalent will possess a knob.
At anaphase I, each knob leads its chromosome to the op-
posite spindle pole. At anaphase II, the knobs lead their

chromosome to the most exterior meiotic products, pre-
sumably due to their already close proximity to the exte-
rior spindle poles. This biased segregation of knobs into
the most terminal meiotic products works to their advan-
tage because only the basalmeiotic product of femalemei-
osis will develop into the egg.

Although the model outlined above was proposed by
Marcus Rhoades in the 1950s (Rhoades 1952), it was
only recently discovered how knobs move along spindle
microtubules. There were already hints that knob move-
ment functionally differed from centromeres. For exam-
ple, knobs do not form kinetochores (Kelly Dawe et al.
1999), which form on centromeres and directly bind mi-
crotubules. A recent study by Dawe et al. (2018) found
that a divergent kinesin-14 family member, Kindr, specif-
ically binds to 180-bp repeat-containing knobs and is re-
quired for both their neocentromere activity and meiotic
drive. Kinesin-14 family members are minus end-directed
microtubule motors with roles in spindle assembly and
organization (She and Yang 2017). In vitro analysis re-
vealed that KINDR is also a minus end-directed motor,
strongly suggesting that KINDR binds and pulls 180-bp
knobs toward spindle poles by directly walking on
microtubules.

Until now it was unknown how TR1 knobs bind and
move along microtubules. In this issue ofGenes &Devel-
opment, Swentowsky et al. (2020) analyzed a higher-qual-
ity maize genome assembly and found a new kinesin-14
family member (Trkin). Trkin is quite divergent from oth-
er known kinesin-14 family members, including Kindr,
and only shares significant homology in the motor
domain. Unlike Kindr and other kinesin-14 members,
Trkin has a nuclear localization signal. Despite being dras-
tically divergent, TRKIN is also a functional minus end
motor, as shown by in vitro microtubule gliding assays.
The investigators also used immunofluorescence to
show that TRKIN localizes specifically to TR1 neocentro-
meres during meiosis. Finally, the investigators found an
association between full-length Trkin expression and
TR1 neocentromere activity in natural Ab10 variants,
suggesting that TRKIN is required for TR1 neocentromere
formation. Taken together, the data support a model in
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which TRKIN binds and pulls TR1 knobs toward spindle
poles by directly walking on microtubules, just like the
180-bp/Kindr system.
Despite forming neocentromeres, the ability of the TR1

knobs to drive independently of the 180-bp/Kindr system
is still unclear (Kanizay et al. 2013). For example, Kindr
mutants abolish Ab10 drive, even in the presence of
Ab10 TR1 neocentromeres (Dawe et al. 2018). The inves-
tigators hypothesize that TR1 neocentromeres primarily
serve an ancillary role to increase the efficiency of 180-
bp/Kindr drive. In support of this, the investigators found
that knobs are usually composed of a mixture of both TR1
and 180-bp repeat arrays, consistent with the idea that the
two repeats cooperate to increase drive.
The investigators propose that the TR1/Trkin system

can resolve directional conflicts between knobs and their
linked centromeres. Specifically, TR1/Trkin may help
prevent chromosome breakage during anaphase I by pre-
venting knobs and centromeres on the same chromosome
from attaching to microtubules from opposite spindle
poles (Fig. 1B). Considering that the investigators found
that TRKIN moves more slowly along microtubules
than KINDR in vitro, TRKIN may quickly dissociate
from microtubules to help change directions on the spin-
dle, whereas KINDR processively moves knobs toward
spindle poles. As noted by the investigators, this model
could be tested by comparing the rates of chromosome
breakage in the natural Ab10 variants with and without
TR1 neocentromere activity. TR1/Trkin might also help
orient its linked centromere toward the terminal spindle
pole duringmeiosis II (Fig. 1C). Because TRKIN can be im-
ported into the nucleus, it can associate with TR1 knobs
early during prophase II. As the spindle begins to form
around chromatin upon nuclear envelope breakdown,
TR1 neocentromeres might apply tension to their linked
centromeres before they form stable kinetochore–micro-

tubule interactions and help orient them toward the ter-
minal spindle pole. This hypothesis can be tested by
determining the effects of Trkin mutants missing the nu-
clear localization sequence.
Swentowsky et al. (2020) have shown that TR1 and 180-

bp repeat knobs recruit their own novel and divergent
kinesin-14 family member to pull themselves toward
spindle poles. The prevalence of mixed knobs suggests
that both repeats play distinct but cooperative roles in
meiotic drive. Future studies could determine how
KINDR and TRKIN bind to their respective knob repeats:
Do they directly interact with knob DNA or do they need
adapter proteins? It would also be interesting to determine
whether KINDR and TRKIN need to bind their specific
DNA repeat in order to form neocentromeres and achieve
meiotic drive, or whether another DNA sequence engi-
neered to bind the motors would do the same.
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Figure 1. (A) The Rhoades model of meiot-
ic drive. Individuals heterozygous for knobs
undergo one recombination event between
knobs and centromeres, resulting in one
chromatid on each side of the bivalent con-
taining a knob. At anaphase I, knobs move
quickly along the meiotic spindle and lead
the rest of the chromosome toward spindle
poles. In meiosis II, the close proximity of
knobs to the terminal spindle poles allows
them to segregate preferentially toward the
terminal meiotic products (shown at top
and bottom). Only the bottommeiotic prod-
uct develops into the egg cell. (B) Hypothet-
ical directional switching mediated by TR1
neocentromeres. Because knobs will be
held together by sister chromatid cohesion

at metaphase I, they likely will bind microtubules from the same spindle pole. TR1 neocentromeres may play a role in switching which
microtubules knobs bind to in order to resolve directional conflicts between knobs and centromeres. (C ) Hypothetical centromere reori-
entationmediated byTR1neocentromeres. Although a knob is close to the terminal spindle pole inmeiosis II, its linked centromere is not
necessarily oriented toward the same pole. Because TRKIN is present on TR1 knobs during prophase II, TR1 neocentromeresmay use the
nascent meiotic spindle that is forming around chromosomes to apply tension to their chromatids (arrow from TR1 knob), thereby ori-
enting their linked centromere toward the sample spindle pole (arrow from centromere). This could occur before the meiotic spindle is
fully formed, so the linked centromere has not made strong attachments to either spindle pole.
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