GENETICS, 2025, 230(3), iyaf091

https://doi.org/10.1093/genetics/iyaf091
Advance Access Publication Date: 14 May 2025

Investigation

sailill GENETICS

Conflicting Kinesin-14s in a single chromosomal
drive haplotype

Meghan J. Brady," Anjali Gupta (® ,% Jonathan I. Gent (® ,* Kyle W. Swentowsky,* Robert L. Unckless (® ,
R. Kelly Dawe @ '3+

1Department of Genetics, The University of Georgia, Athens, GA 30602, USA

2Department of Ecology and Evolutionary Biology, The University of Kansas, Lawrence, KS 66045, USA
3Department of Plant Biology, The University of Georgia, Athens, GA 30602, USA

“4Cold Spring Harbor Laboratory, Cold Spring Harbor, NY 11724, USA

5Depar‘cment of Molecular Biosciences, The University of Kansas, Lawrence, KS 66045, USA

*Corresponding author: Department of Genetics, The University of Georgia, B414A Davison Life Sciences, Athens, GA 30602, USA. Email: kdawe@uga.edu

In maize, there are 2 meiotic drive systems that target large heterochromatic knobs composed of tandem repeats known as knob180 and
TR-1. The first meiotic drive haplotype, abnormal chromosome 10 (Ab10) confers strong meiotic drive (~75% transmission as a hetero-
zygote) and encodes 2 kinesins: KINDR, which associates with knob180 repeats, and TRKIN, which associates with TR-1 repeats. Prior
data show that meiotic drive is conferred primarily by the KINDR/knob180 system while the TRKIN/TR-1 system seems to have little
or no role, making it unclear why Trkin has been maintained in Ab10 haplotypes. The second meiotic drive haplotype, K10L2, confers
a low level of meiotic drive (~51-52%) and only encodes the TRKIN/TR-1 system. Here, we used long-read sequencing to assemble the
K10L2 haplotype and showed that it has strong homology to an internal portion of the Ab10 haplotype. We also carried out CRISPR mu-
tagenesis to test the role of Trkin on Ab10 and K10L2. The data indicate that the Trkin gene on Ab10 does not improve drive or fitness but
instead has a weak deleterious effect when paired with a normal chromosome 10. The deleterious effect is more severe when Ab10 is
paired with K10L2: in this context, functional Trkin on either chromosome nearly abolishes Ab10 drive. Mathematical modeling based on
the empirical data suggests that Trkin is unlikely to persist on Ab10. We conclude that Trkin either confers an advantage to Ab10 in un-

tested circumstances or that it is in the process of being purged from the Ab10 population.
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Introduction

Selfish genetic elements are features of the genome that increase
their own representation in the next generation despite conferring
no fitness advantage (Burt and Trivers 2008). Meiotic drivers, 1
class of selfish genetic element, gain their advantage by altering
meiosis so that they are transmitted to more than 50% of the ga-
metes (Lindholm et al. 2016). Examples of meiotic drive that oper-
ate at the level of meiosis are centromere drive, where larger
centromeres are preferentially transmitted over smaller centro-
meres, the segregation of some B chromosomes and the maize ab-
normal chromosome 10 (Ab10) haplotype (Fishman and Kelly
2015; Lampson and Black 2017; Clark and Akera 2021; Dawe
2022). There are also many other examples of drivers that exhibit
preferential transmission by altering the viability of gametes after
meiosis is complete (Lindholm et al. 2016). Meiotic drive has been
implicated in critical evolutionary processes such as speciation,
recombination, and genome size evolution (Haig and Grafen
1991; Plackova et al. 2024; Searle and Pardo-Manuel de Villena
2024). Ab10 is of particular interest as it has had a significant im-
pact on shaping the evolution of maize, one of the most econom-
ically important crops (Buckler et al. 1999).

As much as >15% of the maize genome is composed of tandem
repeat arrays (Hufford et al. 2021). One form of tandem repeat is

referred to as knobs, which come in 2 different sequence classes,
knob180 and TR-1. The Ab10 meiotic drive haplotype contains
long arrays of both knob repeats as well as 2 kinesin
protein-encoding genes: Kindr and Trkin (Fig. 1a). KINDR associates
with knob180 knobs, and TRKIN associates with TR-1 knobs. Both
KINDR and TRKIN are members of the Kinesin-14 family that
moves cargo toward the minus ends of microtubules. They bind
to their respective knobs and pull them ahead of the centromeres
during meiotic anaphase to cause their preferential transmission
to the egg cell during female meiosis, resulting in ~75% meiotic
drive (Dawe 2022) (Fig. 1b). Knobs throughout the genome are
also preferentially transmitted when Ab10 is present. Both
knob180 and TR-1 are abundant across the Zea genus and in
Tripsacum dactyloides suggesting that Ab10 may have originated
deep in the evolutionary history of the grass family (Buckler
et al. 1999; Swentowsky et al. 2020). The KINDR/knob180 system
is primarily responsible for the preferential transmission of
Ab10 while the TRKIN/TR-1 system contributes little, if at all
(Kanizay etal. 2013; Dawe et al. 2018). Nevertheless, Trkin is present
on multiple Ab10 haplotypes in both teosinte and maize suggest-
ing it may have been maintained via selection over the ~8,700
years since their divergence (Piperno et al. 2009; Higgins et al.
2018; Swentowsky et al. 2020).
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Fig. 1. Diagram of maize chromosome 10 haplotypes. a) Diagram of the structure of 3 chromosome 10 haplotypes. b) Model of Ab10 meiotic drive. For
Ab10 drive to occur during female meiosis, the plant must be heterozygous for Ab10. Then, recombination must occur between the centromere and the
edge of the Ab10 haplotype. During metaphase, TRKIN associates with TR-1 knobs and KINDR associates with knob180 knobs. Both Kinesin-14 proteins
then drag the knobs ahead of the centromere during anaphase I and II causing their segregation to the top and bottom cells of the meiotic tetrad. Since
only the bottom-most cell becomes the egg cell, Ab10 is overrepresented in progeny (Dawe et al. 2018; Swentowsky et al. 2020).

K10L2 is a structurally and functionally distinct variant of
chromosome 10 that expresses TRKIN during meiosis and acti-
vates neocentromeres at TR-1 repeats (Kanizay et al. 2013)
(Fig. 1). K10L2 demonstrates weak (51-52%) but statistically sig-
nificant meiotic drive (Kanizay et al. 2013). Additionally, it has
been identified in atleast 12 disparate maize landrace populations
suggesting it may be an important part of the Abl0 system
(Kanizay et al. 2013). This level of drive should be sufficient to
cause K10L2 to rapidly spread through a population as long as it
is not associated with negative fitness consequences (Hartl
1970). K10L2 is also a very effective competitor against Ab10.
When Ab10 is paired with K10L2, Ab10 drive is almost completely
suppressed (Kanizay et al. 2013). It has been speculated that both
the drive of K10L2 and the suppressive effect of K10L2 on Ab10 are
mediated by the TRKIN/TR-1 system (Swentowsky et al. 2020).

The fitness costs commonly imposed on the genome by selfish
genetic elements select for suppressors throughout the genome
(Price et al. 2020). In the Ab10 system, both K10L2 and normal
chromosome 10 (N10) represent disadvantaged loci. K10L2 can
be thought of as both a disadvantaged locus carrying a highly ef-
fective suppressor when interacting with Ab10 and an independ-
ent driver when interacting with N10. The evolution of
suppressors by co-opting the machinery of drive has been ob-
served before (Price et al. 2020). For example, the wtf genes in
Schizosaccharomyces pombe represent a toxin-antidote system.
There are wtf loci carrying only the antidote that behave as sup-
pressors to intact wtf loci (Bravo Nuflez et al. 2018). If the Ab10
drive system followed the same model, we would expect that
the TRKIN/TR-1 system (i.e. a suppressor) would appear only on
K10L2 or N10. How or why Trkin persists on Ab10 while conferring

little apparent benefit in terms of drive, and likely contributing to
the suppression of drive when paired with K10L2, is unclear.

Two hypotheses have been proposed to resolve the conundrum
of the TRKIN/TR-1 drive system on Ab10, each suggesting that
Trkin improves the fitness of Ab10. The first is that Trkin may in-
crease the transmission advantage of Ab10, and the second is
that Trkin may reduce the negative fitness effects associated
with Ab10 (Swentowsky et al. 2020). In previous work, the favored
hypothesis was that Trkin reduces meiotic errors caused by the ra-
pid movement of knobs during meiotic anaphase (Swentowsky
et al. 2020). In this study, we set out to determine what effect
Trkin has on Ab10 that may help to explain its persistence. We as-
sembled the K10L2 haplotype and compared it to Ab10, then con-
ducted drive and fitness assays of Ab10 and K10L2 haplotypes
carrying trkin null alleles. Finally, we used mathematical model-
ing to better understand the predicted population dynamics of
Ab10 haplotypes that carry Trkin.

Results

Assembly of K10L2 and Ab10

We began by generating a new assembly of Ab10 using PacBio HiFi
sequencing. The Ab10 haplotype has been challenging to accur-
ately assemble due to the prevalence of multiple repetitive arrays.
The previous assembly of B73-Ab10 v1 was conducted with PacBio
CLR data (single long reads) that have a higher error rate (Hon et al.
2020; Liu et al. 2020). To assess the quality and fidelity of the new
assembly, we compared sequence homology between B73-Ab10
v1 (Liu et al. 2020) and the new assembly, B73-Ab10 v2. We found
strong homology between the assemblies and the same
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Fig. 2. Sequence comparison of Trkin bearing region on Ab10 and K10L2.
Each dot marks the start of a maximal unique match of at least 300 bp
between the Ab10 and K10L2 haplotypes. Coordinates start at the colored1
gene and are shown in Mb. The color of each dot represents the percent
identity of that match. All large knob arrays were removed for clarity.
Both Ab10 Trkin genes are marked.

relationship to N10 as previously reported (Supplementary Figs. 1
and 2b). In both assemblies, the Ab10 haplotype is located at the
end of the long arm of chromosome 10 as expected (Liu et al.
2020; Dawe 2022). The total size is unknown because of N-gaps
predominantly within tandem repeat arrays, but we estimate
the Ab10 haplotype contains about 77 Mb of sequence, with the
proximal edge traditionally defined as the coloredl (r1) gene (a
linked marker used to track Ab10 in crosses). Segments of N10
are embedded within the Ab10 haplotype in the form of 2 large in-
versions of 4.8 and 9.5 Mb, which we refer to collectively as the
shared region (Fig. 1a; Supplementary Fig. 2b). These are slightly
longer than reported in B73-Ab10 v1 assembly (Liu et al. 2020).
There are 3 TR-1 knobs (assembled length =8.7 Mb collectively)
and a very large knob180 knob (partially assembled length =8.5
Mb). Both the TR-1 and knob180 knobs assembled lengths are
slightly lower than in the B73-Ab10 v1 assembly (Liu et al. 2020).
We used data from terminal deletion lines of Ab10 (Brady et al.
2024), to estimate that the Ab10 knob180 knob is ~30.67 Mb
long, suggesting that it is only 28% assembled. There is also at
least ~22 Mb of sequence that is unique to Ab10. The 1.8-Mb re-
gion between the first 2 TR-1 knobs includes 2 copies of Trkin
(Fig. 2). The region to the right of the large knob180 knob contains
an array of Kindr genes. Interestingly, there was a marked reduc-
tion in percent identity between the 2 assemblies over large tan-
dem arrays like Kindr (Supplementary Fig. 1). This is likely due to
the increased accuracy of PacBio HiFi reads (Hon et al. 2020). In
fact, we identified 10 copies of Kindr in B73-Ab10 v2 instead of 9
as previously reported in B73-Ab10 v1 (Liu et al. 2020)
(Supplementary Fig. 2d).

We next assembled the K10L2 haplotype. We found a distinct
structure with 2 large TR-1 knobs (15.5 Mb collectively) and a
2.7-Mb nonshared region with a single copy of Trkin between
them (Fig. 1a; nonshared means a lack of homology to N10).
Otherwise, we found no large inversions or other rearrangements
relative to N10 (Supplementary Fig. 2a). Additionally, we found no
tandemly repeated genes (i.e. Kindr array), which are common on
Ab10 (Supplementary Fig. 2) (Dawe et al. 2018). Sequence

comparisons revealed the region between the 2 TR-1 knobs on
K10L2 has strong homology to the Trkin bearing region on Ab10.
However, unlike K10L2, Ab10 contains an inverted duplication
with a second copy of Trkin (Fig. 2; Supplementary Fig. 2)
(Swentowsky et al. 2020). The second copy of Trkin on Ab10 was
previously thought to be a pseudogene and was referred to as
ADb10 pseudo-Trkinl (Swentowsky et al. 2020). During this study,
we found that the coding sequence (CDS) of pseudo-Trkinl was
misinterpreted and that it instead encodes a full-length open
reading frame. Accordingly, we have renamed pseudo-Trkinl to
Trkin2 (Fig. 3).

Genomic sequence of 3 Trkin genes reveals near
identical intronic transposons

We annotated the B73-Ab10 v2 and K10L2 assemblies using
BRAKER v3.0.8 (Gabriel et al. 2024), which was not available at
the time of the B73-Ab10 v1 assembly (Liu et al. 2020). This allowed
us to identify the full unbiased structure of each independent
copy of Trkin on both Ab10 and K10L2. In line with the stronghom-
ology between the Ab10 haplotype and K10L2, inspection of the
Trkin genomic sequence revealed a similar atypical structure be-
tween all 3 Trkin genes. Ab10 Trkinl spans 113 kb and Ab10
Trkin2 spans 99 kb, while K10L2 Trkin spans 89 kb. The size differ-
ences are due to the presence of 9 transposable elements in the in-
trons of Ab10 Trkinl and 2 transposable elements in the introns of
ADb10 Trkin2 relative to K10L2 Trkin. The transposable elements in
ADb10 Trkinl and Ab10 Trkin2 are not shared suggesting duplication
and divergence after separation from the K10L2 Trkin. Notably,
ADb10 Trkinl and Trkin2 carry all the transposable elements that
are present in K10L2 Trkin (Fig. 4). These data suggest that K10L2
Trkin is ancestral to the Ab10 Trkin genes.

Comparison of 3 Trkin genes reveals very
few differences

Interrogation of the Trkin CDSs revealed that all 3 Trkin genes are
remarkably similar with little evidence of functional divergence
(Fig. 3a). Ab10 Trkinl contains 6 point mutations relative to
K10L2 Trkin. Five of these produce nonsynonymous amino acid
substitutions (one in an unstructured region, one in the coiled
coil domain, and three in the motor domain). Ab10 Trkin2 contains
only 4 point mutations relative to K10L2 Trkin, of which 3 cause
nonsynonymous amino acid substitutions (one in an unstruc-
tured region and two in the motor domain). Ab10 Trkinl and
Trkin2 differ by only 2 point mutations resulting in nonsynon-
ymous amino acid substitutions (one in the coiled coil domain
and one in the motor domain) (Fig. 3a). These data suggest that
the differing effects of Trkin between Ab10 and K10L2, if any exist,
are not due to differences in the encoded proteins.

We generated a neighbor-joining tree using all 3 TRKIN pro-
teins and their closest maize homolog DV1 (Higgins et al. 2016),
with the Drosophila Kinesin-14 NCD (McDonald et al. 1990) as an
outgroup. We found that Ab10 TRKIN1 and TRKIN?2 are more simi-
lar to each other than K10L2 TRKIN (Fig. 3b). This relationship sug-
gests that the Ab10 Trkin genes duplicated after they diverged
from K10L2 Trkin, in agreement with the inferences from the TE
profile (Fig. 4).

Gene orthology between the 3 chromosome 10
haplotypes finds high agreement in the Trkin
bearing region and unexpected orthologs in the
Ab10 nonshared region

We next investigated gene orthology between all 3 assembled
structural variants of chromosome 10 (Fig. 5). We define the
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Fig. 3. Comparison of TRKIN proteins and mutants. a) Alignment of TRKIN proteins. Gray indicates sequence that is identical to the K10L2 TRKIN; black
indicates sequence that is different from the K10L2 TRKIN. Exons are marked by numbered black boxes. Protein domains are marked by colored boxes
(Swentowsky et al. 2020). Lightning bolts indicate exons that Cas9 was targeted to. b) Neighbor-joining consensus tree of the motor domains from all 3
TRKIN proteins, the closely related DV1 protein (Higgins et al. 2016) and Drosophila Kinesin-14 NCD (McDonald et al. 1990) using Jukes-Cantor model and
1,000 bootstraps. Numbers at nodes indicate the number of replicate trees supporting that node. c) Predicted truncated protein sequences of TRKIN1
mutants. d) Predicted truncated protein sequences of TRKIN2 mutants. €) Predicted truncated protein sequence of the K10L2 TRKIN mutant. In c)-e), the
scale is the same as in a), and the colored bars represent out-of-frame amino acids. NLS, nuclear localization signal.
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Fig. 5. Gene ortholog comparisons among chromosome 10 haplotypes.
Each line represents a gene ortholog pair as determined by OrthoFinder
(Emms and Kelly 2019). Shades of green represent gene ortholog pairs in
different parts of the shared region (the first uninverted region, the first
and second inversions, and the second uninverted region). Purple
represents gene ortholog pairs outside of the shared region. Relevant
regions of each haplotype are marked by colored bars. K10L2 and Ab10
refer to the assemblies generated in this work. N10 refers to the B73 v5
assembly (Hufford et al. 2021).

shared regions of Ab10 and K10L2 as the regions with significant
homology to N10 and nonshared regions as those without signifi-
cant homology to N10 (Supplementary Fig. 2; Fig. 5). There are 12
gene ortholog pairs in the Ab10 Trkin region and K10L2 Trkin region
representing 44% (12/27) of annotated genes in this region on
K10L2 and 66% (12/18) of the annotated genes in this region of
ADb10 (Fig. 5; Supplementary Tables 1-3). There are also unexpect-
ed gene ortholog pairs between the shared regions of N10 and
K10L2 and the nonshared region of Ab10 (Fig. 5; Supplementary
Tables 4 and 5). Among the newly identified genes are 9 partial
copies of a gene homologous to nrpd2/e2, which functions in
RNA-dependent DNA methylation (Fig. 5; Supplementary Fig. 3).
This is of particular interest as it has been hypothesized that
RNA-dependent DNA methylation may be involved in the antag-
onistic dynamics between Abl0 and the host genome (Dawe
et al. 2018).

Ab10 nonshared region annotations are enriched
for RNA-dependent DNA methylation GO terms

We went on to perform a functional annotation of the Ab10 and
K10L2 haplotypes using EnTAP (Supplementary Tables 1 and 2)
(Hartetal. 2020; Gabriel et al. 2024). Incorporating all gene annota-
tions, Ab10 is significantly enriched for Gene Ontology (GO) terms
related to RNA-dependent DNA methylation due to the high copy
number of nrpd2/e2 (Supplementary Fig. 4). We also reduced all
known tandemly duplicated genes to a single copy and reran the
analysis. Under these conditions, Ab10 is enriched for GO terms
related to meilotic organization and microtubule-based

movement, in agreement with our understanding of the mechan-
ism of drive (Supplementary Fig. 5) (Dawe 2022). In contrast, the
K10L2 haplotype was enriched for general reproductive processes,
ATP hydrolysis, and several other miscellaneous GO terms
(Supplementary Fig. 6).

Trkin expression in K10L2 and Ab10 lines

The Trkin copy number difference between Ab10 and K10L2 led us
to wonder if they may also have expression level differences. We
obtained RNA-sequencing (RNA-seq) data from Ab10 and K10L2
anthers and mapped it to the B73-Ab10 v1 assembly (Liu et al.
2020; Swentowsky et al. 2020). The data revealed no consistent dif-
ference in Trkin expression between Ab10 bearing 2 copies and
K10L2 bearing 1 copy of Trkin (Supplementary Fig. 7).

We also assessed the relative expression of Trkinl and Trkin2 on
Ab10. Analysis of RNA-seq data from 10 tissues from a homozy-
gous Ab10 line (Liu et al. 2020) indicated that the expression
of Trkin2 is ~93% lower on average than Trkinl (t=6.5, df=41.4,
P=6e"%) (Supplementary Fig. 8).

Generation of trkin knockout mutants on K10L2
and Ab10

To knock out the Trkin gene on both Ab10 and K10L2, we designed
a CRISPR construct with 3 guide RNAs targeting exons 3 and 4
(Fig. 3). When we initiated the CRISPR mutagenesis, we were un-
der the impression that Ab10 Trkin2 was a pseudogene and did
notassay it for mutations; the primers were designed to be specific
to Ab10 Trkinl (Supplementary Table 6) (Swentowsky et al. 2020).
Later, when we determined that Ab10 Trkin2 is likely functional,
we developed primers specific to Ab10 Trkin2 and found that it
was mutated in the line we were using as a positive control in
our field crosses (see below). We isolated the following mutations:
K10L2 trkin(-), Ab10 Trkinl(+) trkin2(-), Ab10 trkinl(-) Trkin2(+),
and Ab10 trkinl(-) trkin2(-) (Fig. 3c—e).

Based on the strong correlation between Trkin and TR-1 neo-
centromere activity (Swentowsky et al. 2020), we expected trkin
mutants to lack TRKIN protein and visible TR-1 neocentromeres
at meiosis. In the K10L2 trkin(-) mutant plants, we could not de-
tect TRKIN by immunostaining, whereas K10L2 Trkin(+) showed
strong TRKIN staining (Fig. 6). In the Ab10 trkin1(-) trkin2(-) double
mutant plants, we could not detect TRKIN by immunostaining
and observed no TR-1 neocentromeres by FISH (Figs. 6 and 7),
whereas Ab10 Trkinl(+) trkin2(—) showed strong TRKIN staining
and TR-1 neocentromeres (Figs. 6 and 7). We did not observe
TRKIN localization or TR-1 neocentromeres in plants of the
Ab10 trkinl(-) Trkin2(+) genotype, which likely reflects the fact
that Trkin2 is expressed at very low levels (Supplementary Fig. 8).

The Trkin gene is required for K10L2 to suppress
meiotic drive of Ab10
Prior work had established that when Ab10 is paired with K10L2,
meiotic drive is strongly suppressed (Kanizay et al. 2013). We hy-
pothesized that K10L2 Trkin may be responsible for this phenom-
enon. We found strong drive suppression when either Ab10
Trkinl(+) or K10L2 Trkin(+) was present and weaker suppression
when only Ab10 Trkin2(+) was present (Fig. 8). In contrast, when
trkin was completely knocked out on both Ab10 and K10L2, drive
was fully restored to Ab10/N10 levels (Fig. 8; Supplementary
Fig. 9). This demonstrates that Trkin is necessary for K10L2 to com-
pete with Ab10.

These data suggest that the TRKIN encoded on Ab10 can bind to
the TR-1 knob on K10L2 to suppress Ab10 drive, in other words,
that Ab10 encodes its own context-dependent suppressor. Ab10
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Fig. 6. TRKIN immunofluorescence in various trkin genotypes. All images show metaphase I except for Ab10 Trkinl(+) trkin2(=), which is metaphase II. N
indicates the number of individual plants observed; Cells indicates the number of appropriately staged cells observed. Arrows mark TRKIN staining.

with active Trkinl should lose most of its drive whenever it en-
counters K10L2, variants of K10L2 that lack Trkin, or any other
chromosome 10 with a large TR-1 knob. It remains theoretically
possible that TRKIN preferentially localizes on TR-1 repeats of
Ab10 or K10L2 due to unidentified divergence between these
TR-1 repeats; however, we consider this unlikely because prior
work indicates that neocentromeres are observed on all TR-1
knobs in lines carrying either haplotype (Hiatt et al. 2002; Hiatt
and Dawe 2003).

Field and greenhouse experiments reveal no
positive fitness effect of Trkin

Given the persistence of Trkin on the Ab10 haplotype, it seemed
possible that it provides some benefit either through increased
drive or reduced fitness effects (Buckler et al. 1999; Swentowsky
et al. 2020). We tested this hypothesis by crossing our Ab10 trkin
mutant lines as heterozygotes [R1-Ab10 (edited trkin alleles)/
r1-N10] with pollen from r1/r1 homozygous plants in a large, ran-
domized field design. For these tests, we did not have a true wild-
type Ab10 control (with 2 functional Trkin genes), so we compared
lines with 1 functional copy of either Trkinl or Trkin2 to double
mutants that lacked both genes.

Drive was measured by counting kernels carrying the domin-
ant R1 allele, which makes the kernels purple (r1/r1 is colorless).
We found that Ab10 trkinl(-) trkin2(-) had significantly higher
drive than both Ab10 single trkin mutants with a mean difference
0f 0.41% [trkinl(-) Trkin2(+)] and 0.96% [Trkinl(+) trkin2(-)] (Fig. 9a).
These effect sizes are quite small and right at the edge of what our
experiment had power to detect. We had 51.8% power to detect a
1% change in drive and 82.8% power to detect a 1.2% change in

drive. These data indicate that Trkin does not function to increase
Ab10 drive under the tested experimental conditions. Instead,
Trkin appears to decrease drive.

It has previously been suggested that Trkin may improve Ab10
fitness by preventing anaphase segregation errors that might oc-
cur when centromeres and neocentromeres move in opposite di-
rections on the spindle (Swentowsky et al. 2020). Such errors
would be expected to cause increased numbers of aborted kernels.
On the same ears used for testing drive, we found that Ab10
Trkinl(+) trkin2(-) had a significantly higher proportion of defect-
ive kernels than Ab10 trkinl(-) Trkin2(+) with a mean difference
of 0.41%. However, Ab10 trkinl(-) trkin2(-) did not have a signifi-
cantly different proportion of defective kernels than either single
mutant (Fig. 9b). We had 13% power to detect a 0.4% change and
78.2% power to detect a 0.8% change in kernel abortion. We also
tested the effect of Trkin on the total number of kernels and found
no significant differences between any genotypes (Fig. 9c). We had
80% power to detect down to a 30 kernel (~8.54%) difference.
These data indicate that Trkinl does not reduce kernel abortion
or alter total kernel count.

Itis well understood that Ab10 causes severe reductions in ker-
nel count and weight when homozygous (Higgins et al. 2018). We
hypothesized that Trkin may be ameliorating some of the deleteri-
ous fitness effects when Ab10 is homozygous. We created an F2
population segregating for Ab10 Trkinl(+) trkin2(-) and Ab10
trkin(-) trkin2(-) and conducted greenhouse fitness experiments.
We found no significant effects on plant height, average
kernel weight, or competitiveness between Ab10 haplotypes
(intra-Ab10 competition) with respect to trkin genotype
(Supplementary Fig. 10). We had power to detect differences of
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Fig. 7. FISH for neocentromere activity in various trkin genotypes. All plants were homozygous for their respective genotype. The cells are in differing
stages of meiosis as indicated. The double-sided arrows indicate the spindle axis, showing which way the chromosomes were moving at the time of
fixation. In the absence of TRKIN activity, TR-1 should be located behind the centromeres. The TR-1knob thatis off the metaphase plate in the lower right
panel (dotted arrow) is being pulled by the large knob180 knob (this is likely Ab10 itself). N indicates the number of individual plants observed; Cells

indicate the number of appropriately staged cells observed.

the following magnitudes: height=52 cm (32% change), average
kernel weight =0.07 g (48% change), and intra-Ab10 competition
=21% change. Although, in this small study, we only could have
detected large changes, the data indicate that Trkinl does not im-
prove the fitness of Ab10 in the homozygous state.

The Trkinl gene does not reduce the frequency of
meiotic errors in male meiosis

To test the effects of Ab10 Trkin on the accuracy of male meiosis,
we screened Ab10 homozygous male meiocytes under the micro-
scope for meiotic errors. Prior data demonstrated that homozy-
gous Abl10 plants have reduced pollen viability (Higgins et al.
2018). We found no differences in meiotic errors between Ab10
Trkinl(+) trkin2(-), Ab10 trkinl(-) Trkin2(+), and Ab10 trkinl(-)
trkin2(-) lines or N10 lines (Supplementary Fig. 11). We had 80%
power to detect down to the following differences: tetrad micro-
nuclei=5%, tetrad microcyte= >0%, dyad micronuclei=36%,

and total meiotic errors = 6%. These data provide further evidence
that Ab10 Trkinl does not reduce the frequency of meiotic segrega-
tion errors that might occur when centromeres and neocentro-
meres move in opposite directions on the spindle (Swentowsky
et al. 2020).

The Trkinl gene does not affect the degree of
meiotic drive at an unlinked mixed knob

Trkin is known to activate neocentromeres throughout the gen-
ome (Dawe 2022). It seemed possible that Trkin behaved different-
ly with other TR-1 knobs in the genome. To test the effect of Trkin
on knobs elsewhere in the genome, we looked at its effect on the
transmission of a large mixed knob on chromosome 4L marked
by a GFP-encoding insertion that expresses in kernel endosperm
(Li et al. 2013). We found no significant difference in segregation
of the 4L knob between Ab10 with functional Trkinl or without
functional trkin. We also found no difference in K10L2 Trkin(+) or
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trkin(—). We had 80% power to detect down to an 8% difference in
segregation (Supplementary Fig. 12). Together, these data indicate
that Trkin does not have an outsized effect on knobs elsewhere in
the genome, just as it has little or no effect on Ab10.

Modeling suggests that Ab10 Trkin(+) is likely to be
replaced by Ab10 trkin(—) in maize populations

The above evidence indicates that Trkin has a negative effect on
Ab10 fitness. While it remains possible Trkin has some benefit
we were unable to detect, we wanted to examine the population
dynamics of Trkin in the long term using a modeling approach.
We built on the prior Abl10 meiotic drive model (Hall and
Dawe 2018) to include Ab10 Trkin(+), Ab10 trkin(-), K10L2, and

N10, and examined Ab10 Trkin(+) dynamics in populations.
Specifically, we asked 3 questions for a subset of parameters rep-
resentative of the empirical system: (1) when and how often does
Ab10 Trkin(+) outcompete Ab10 trkin(-) in a population, (2) is the
evolution of Ab10 Trkin(+) likely to be dominated by natural selec-
tion or genetic drift, and (3) how long does it take for Ab10 trkin(-)
to eventually replace Ab10 Trkin(+) in a population?

We began with simulations following a deterministic model
(assuming discrete nonoverlapping generations, diploid organ-
isms, and a single panmictic population of infinite size). We found
that Ab10 Trkin(+) can never invade a population at equilibrium
with Ab10 trkin(-) as long as there is selection against the
Trkin(+) allele. This selection against the Trkin(+) allele is
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associated with the fact that it suppresses Ab10’s ability to drive.
Additionally, we found that Ab10 trkin(-) can always invade a
population at equilibrium with Ab10 Trkin(+) (Fig. 10a and b).
Thus, unless the Ab10 Trkin(+) allele has some hidden or context-
dependent benefit, it should not invade or segregate in a popula-
tion assuming a deterministic model.

Next, we considered the strength of selection against Ab10
Trkin(+), reasoning that if selection is weak enough, genetic drift
might dominate natural selection in small populations. If so, gen-
etic drift might explain the persistence of Ab10 Trkin(+). We calcu-
lated the selection coefficient against Ab10 Trkin(+) compared to
Ab10 trkin(-) for various values of reduction in drive due to
Trkin. Selection predominates over drift if 2 N, s> 1, where s is
the selection coefficient and N, is the effective population size
(Hartl and Clark 2007). So, we calculated 2 « N, = s for a range of re-
ductions of drive and effective population sizes. There are almost
no combinations of parameters where selection against Ab10
Trkin(+) would be dominated by genetic drift (2xN,+s<1). In

fact, the effective population size would need to be <100 and the
reduction in drive close to O for genetic drift dynamics to domin-
ate; neither of which is realistic. Therefore, we concluded that se-
lection against Ab10 Trkin(+) is strong enough that drift cannot
explain its persistence.

Although genetic drift is unlikely to prevent Ab10 trkin(-) from
overtaking Ab10 Trkin(+) in a population, drift may influence how
long the process takes. Given that we know both Ab10 trkin(-) and
Trkin(+) segregated in wild ancestors, this suggests both have per-
sisted for at least 8,700 generations (Piperno et al. 2009;
Swentowsky et al. 2020). Therefore, we assessed whether, given es-
timated parameters, the Ab10 trkin(-) might still be in the process
of replacing Ab10 Trkin(+). Thus, we extended our deterministic
model to a stochastic model (choosing genotypes from a multi-
nomial distribution to simulate genetic drift). We asked how
long it takes for Ab10 trkin(-) to replace Ab10 Trkin(+) when Ab10
Trkin(+) starts at a frequency of 6% (based on Kato 1976; Kanizay
et al. 2013) and Ab10 trkin(-) starts as a single copy. Ab10 trkin(-)
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introduced as a single copy would often be lost due to driftin a sto-
chastic model (Haldane 1927). Figure 10c shows that the more the
Ab10 Trkin(+) allele reduces drive, the more likely Ab10 trkin(-) is
to escape stochastic loss and replace Ab10 Trkin(+). However, in
nature, Ab10 trkin(-) exists so it must have escaped stochastic
loss at some point (Swentowsky et al. 2020). Figure 10d shows
the distribution for time to loss of Ab10 Trkin(+), given a rare
Ab10 trkin(-) allele introduced in an Ab10 Trkin(+) population at
equilibrium for Ab10 Trkin(+), K10L2, and N10 where Ab10 trkin(-)
escaped stochasticloss. The mean time for loss of Ab10 Trkin(+), or
the time it takes for Ab10 trkin(-) to replace Ab10 Trkin(+), is <500
generations. This is true if the reduction in drive is more than
~0.01 (our empirical estimates suggest the value is more like 0.1)
(Fig. 9a). Therefore, we conclude that Ab10 trkin(-) should replace
Ab10 Trkin(+) in <500 generations for most parameter combina-
tions resembling the empirical system.

The results presented above fail to explain the long-term per-
sistence of Ab10 Trkin(+). They suggest that either Ab10 trkin(-)
is very young (<500 generations) and is currently replacing Ab10
Trkin(+) or that Ab10 Trkin(+) confers some fitness advantage
that we did not observe.

Discussion

Despite examples of Trkin being encoded in all 3 common Ab10
variants and K10L2 (Swentowsky et al. 2020) and the conservation
of TR-1 repeats across Zea and its sister genus Tripsacum, our data
provide no evidence that Trkin provides a selective advantage to
ADb10. Instead, under the conditions we tested, Ab10 Trkin slightly
reduces Ab10 drive and acts as an efficient suppressor of drive in
the presence of K10L2. Since we only fully tested the function of
Ab10 Trkinl, we cannot rule out the possibility that Trkinl has a
positive fitness effect only in the presence of functional Trkin2.
We can, however, confidently conclude that Ab10 Trkinl is suffi-
cient to activate TR-1 neocentromeres and allow K10L2 to com-
pete with Ab10 independently of Trkin2. Modeling suggests that,
under our current understanding of the system, Ab10 Trkinl(+)
trkin2(-) is unlikely to persist in the population when Ab10
trkinl(-) trkin2(-) is present. We propose 2 theories for the exist-
ence of Trkin on the Ab10 haplotype: an advantage either smaller
than could be detected here or only apparent in untested circum-
stances, or that Trkin is in the process of being purged from the
ADb10 population.

Our best estimate of Trkin prevalence in the Ab10 population
places it at around 50% (Swentowsky et al. 2020). It is possible
that Ab10 trkin(-) is a new development. Perhaps in the past,
Trkin served a function that has been lost in the last ~500 years
and is now slowly being purged from the population. It may be
that Trkin provides benefits to Ab10 in teosinte, but notin maize.
However, maize was domesticated from teosinte ~8,700 years
ago (Piperno et al. 2009) which our models suggest would have
been ample time for Trkin to have been purged from the popula-
tion (Fig. 10b). To explain the continued presence of Abl10
Trkin(+) in maize, it would have to be reintroduced via gene
flow from teosinte, which is plausible (Yang et al. 2023). It is
also possible that gene conversion or illegitimate recombin-
ation between Ab10 and K10L2 continuously reintroduces
Trkin to Ab10.

K10L2 is a relatively common variant of chromosome 10
(Kato 1976; Kanizay et al. 2013) and is known to function as a
suppressor of Ab10 drive (Kanizay et al. 2013). Our data demon-
strate that the Trkin gene is specifically responsible for the abil-
ity of K10L2 to suppress Abl0 drive. The evolution of a

suppressor on the disadvantaged allele is common in drive sys-
tems (Price et al. 2020). However, it is unusual and apparently
paradoxical (as far as we know, this is the first example) for a
driving haplotype to encode its own, albeit context dependent,
suppressor. The Ab10 and K10L2 drive systems are clearly com-
plex and have had a major impact on the evolution of maize.
Our data suggest that we do not yet understand the full range
of contexts where Ab10 either has historically functioned or is
currently functioning as a meiotic driver. Further studies of
Ab10 and other chromosome 10 variants in teosinte may help
provide new leads and help us better understand the functions
of Trkin in natural Ab10 populations.

Methods
Assembly of K10L2

CI66 (PI 587148) seed was ordered from the Germplasm Resources
Information Network in Ames, IA, USA, and grown in the
University of Georgia (UGA) Botany greenhouse in Athens, GA,
USA. Leaf tissue was sent to the Arizona Genomics Institute for
DNA extraction using a CTAB method (Doyle and Doyle 1987).
The sequencing library was constructed using SMRTbell Express
Template Prep kit 3.0. The final library was size selected on a
Blue Pippin (Sage Science) with 10- to 25-kb size selection.
Sequencing was performed on a PacBio Revio system in CCS
mode for 30 h. We filtered reads to a quality of 0.99 or greater
and converted them to fastq format using BamTools v2.5.2 and
BEDTools 2.30.0, respectively (Quinlan and Hall 2010; Barnett
etal. 2011). We ran hifiasm v0.19.6 with post-joining disabled to as-
semble the raw reads into contigs (Chenget al. 2021). We identified
the K10L2 haplotype by using BLAST v 2.13.0 to identify the contig
with homology to the Trkin cDNA sequence (Swentowsky et al.
2020). This contig also contained 2 large TR-1 knobs. Using the in-
tegrated genome viewers motif finder, we determined that the
Trkin bearing contig ended in 7,674 bp of telomere sequence indi-
cating it was fully assembled (Thorvaldsdéttir et al. 2013). The
Trkin bearing contig had no homology to the colored1 gene, which
marks the beginning of the Ab10 haplotype. To ensure that all
the chromosome 10 haplotypes were comparable, we manually
merged the colored1 gene bearing contig with the contig containing
the otherwise complete K10L2 haplotype with an interceding
100-N gap using RagTag v2.1.0 (Alonge et al. 2022).

Assembly of B73-Ab10 v2

We chose to generate a new Ab10 assembly as there had been sig-
nificant methodological advances since the generation of the first
assembly (Liu et al. 2020). We used the same high molecular
weight genomic DNA that was used in the B73-Ab10 v1 assembly
(Liu et al. 2020). The sequencing library was constructed using
SMRTbell Express Template Prep kit 2.0. The sequencing library
was prepared for sequencing with the PacBio Sequel II
Sequencing kit 2.0 for HiFi libraries and sequenced in CCS mode
at the UGA Georgia Genomics and Bioinformatics Core facility.
These data were integrated into the previously published assem-
bly pipeline to produce the B73-Ab10 v2 assembly (Liu et al. 2020).

Comparison of the B73-Ab10 v1 and B73-Ab10 v2
haplotypes

B73-Ab10 v1 and B73-Abl0 v2 were compared using Mummer
v4.0.0 with a minimum length (-m) of 300 and computing all
matches not only unique ones (-maxmatch) (Margais et al. 2018;
Liu et al. 2020). Plots were generated using R v4.3.1.
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Annotation of Ab10 and K10L2

The assemblies described above were annotated for repeats
and masked using RepeatMasker v4.1.5 (Smit et al. 2015) in
conjunction with the maize repeat library (https:/github.com/
oushujun/MTEC). For gene annotation, all available short-read
mRNA sequencing from Abl10 (Liu et al. 2020) and K10L2
(Swentowsky et al. 2020) were used. These reads were then
aligned to their respective genomes using HiSat2
v3n-20201216 (Kim et al. 2019). The resulting files were con-
verted to a bam format and sorted using SAMtools v1.17 (Kim
et al. 2019; Danecek et al. 2021). These alignments were used
as expression evidence, and the Viridiplantae partition of
OrthoDB was used as protein evidence in an annotation using
BRAKER v3.0.8 (Kuznetsov et al. 2023; Gabriel et al. 2024).
Trinity v2.15.1 and StringTie v2.2.1 were used to assemble a
de novo and reference-guided transcriptome from the compiled
RNA-seq data for Ab10 and K10L2, respectively (Haas et al. 2013;
Pertea et al. 2015). These transcriptomes were combined and
converted to a comprehensive transcriptome database using
PASA v2.5.3 (Haas et al. 2003). The resulting comprehensive
transcriptome database was used to polish and add UTRs to
the BRAKER-derived gene annotation file in 3 rounds of PASA
v2.5.3 (Haas et al. 2003). We found that the Trkin bearing region
on Ab10 and K10L2 has an average percent identity of 98.5% for
aligned regions (Fig. 2). However, the annotated genes were
quite different. In order to improve the annotations, we used
Liftoff v1.6.3 to reciprocally update the annotations in the
Trkin bearing region on both haplotypes (Shumate and
Salzberg 2021). We then extracted only genes that were in-
cluded in the Liftoff annotation using BEDTools v2.31.0 and in-
corporated them (Quinlan and Hall 2010). Genes added in this
way have names starting with gA in the K10L2 annotation and
gK in the Ab10 annotation. We extracted the CDS and cDNA se-
quences for both haplotypes using AGAT v1.1.0 (Dainat 2020).
Finally, we extracted and functionally annotated the final pro-
tein sets using EnTAP v1.0.0 with the nr, Refseqg, and UniProt da-
tabases (O'Leary et al. 2016; Hart et al. 2020; Sayers et al. 2022;
UniProt Consortium 2023).

Determination of Ab10 knob180 knob size

We obtained Illumina sequence reads for terminal deletions of
Ab10 in the W23 inbred background that either did or did not
contain the large knob180 knob on the distal most end (Brady
et al. 2024). We quantified knob180 repeat abundance in raw
[llumina short reads as described in Hufford et al. (2021). In
brief, we used seqtk v1.2 (https://github.com/lh3/seqtk) to con-
vert the read files to fasta format, used BLAST v2.2.26 to iden-
tify reads with homology to knob180, and BEDTools merge
v2.30.0 to combine overlapping hits (Quinlan and Hall 2010;
Camacho et al. 2023). Using a custom R script, we filtered to
hits 30 bp or longer, summed the lengths of all hits, and divided
that value by the average coverage of the library to obtain the
Mb value of knob180 in each library. We then subtracted the va-
lue of the intact W23-Ab10 from the sample, which did not con-
tain the large knob180 knob to obtain the estimated size of the
knob180 knob on Ab10. We repeated this process for TR-1 and
CentC as negative controls.

Comparison of sequence homology between Ab10
and K10L2

All possible pairwise comparisons of chromosome 10 haplotypes
were made using Mummer v4.0.0 with a minimum length (-m)

of 300 and computed all matches, not only unique ones
(-maxmatch). Self-by-self comparisons were run using the
-nosimplify flag (Margais et al. 2018). Plots were generated using
Rv4.3.1.

To assess the completeness of the nrpd2/e2 gene homologs, we
extracted the CDSs of all annotated copies using AGAT v1.1.0
(Dainat 2020). We then aligned all copies to the nrpd2/e2 CDS
from the B73 v5 assembly using Genelous Prime v2022.0.2
Geneious algorithm (Zm00001eb068960) (Hufford et al. 2021).

Comparison of Trkin CDS

The newly annotated Trkin gene was identified by overlap with the
BLAST v2.13.0 hits for Trkin cDNA (Swentowsky et al. 2020) against
the newly assembled references (Camacho et al. 2023). The asso-
clated CDS was extracted from the CDS file for the respective gen-
omes produced using AGAT v1.1.0 (Dainat 2020). The CDSs were
aligned using the Geneious Prime v2022.0.2 Geneious algorithm
(https://www.geneious.com). Protein domain locations were de-
termined using NCBI conserved domain search, the cNLS mapper,
and the MPI Bioinformatics toolkit (Kosugi et al. 2009; Gabler et al.
2020; Wang et al. 2023).

Tobetter understand the relationship between the Trkin alleles,
we chose to make a phylogenetic tree using the protein motor do-
main. TRKIN does not share sufficient homology with similar pro-
teins to use its entire length (Swentowsky et al. 2020). We used
NCBI conserved domain search (Wang et al. 2023) to identify the
motor domain in all the Trkin alleles as well as Drosophila melano-
gaster Ncd (UniProt P20480) and Zea mays Du1l (B73 v5 annotation
Zm00001eb069600). We selected Z. mays Duvl as it is the most
closely related gene to Trkin (Swentowsky et al. 2020). We selected
D. melanogaster Ncd to act as an outgroup. We used Geneious
Prime v2022.0.2 to perform a MUSCLE alignment of all 4 motor do-
mains and used the Geneious tree builder to create a neighbor-
joining tree using the Jukes-Cantor model. We set Ncd as the out-
group and performed 10,000 bootstrap replicates. Numbers at
nodes indicate the percentage of replicate trees supporting that
node.

Comparison of gene orthologs

Gene orthology between the 3 variants of the chromosome 10
haplotype was compared as described previously (Brady et al.
2024). For the purposes of this analysis, the beginning of each
haplotype was determined to be the location of the coloredl
gene. Plots were generated using R v4.3.1.

GO term enrichment analysis

We isolated the nonshared region, defined as those areas with no
consistent synteny or homology to N10 as determined by the gene
ortholog analysis and sequence comparisons, for both Ab10 and
K10L2. These genes were tested against the remaining portions
of the genome for GO term enrichment using topGO (Alexa and
Rahnenfuhrer 2024). The Ab10 nonshared region contains several
known duplicated genes that heavily influence the results. All
known arrayed gene duplicates were collapsed down to a single
copy. The 2 copies of Trkin were both included.

Expression of Trkin

We obtained RNA-seq data for Ab10 and K10L2 from Swentowsky
et al. (2020). We trimmed reads using Trimmomatic v0.39 (Bolger
et al. 2014) and aligned them to the Ab10 v1 reference (Liu et al.
2020) using HiSat2 (Kim et al. 2019) and processed the output using
SAMtools v1.9 (Danecek et al. 2021). We used the R package
featureCounts to determine the expression for each annotated
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gene (Liao et al. 2014). We then calculated the transcripts per mil-
lion (TPM) for Ab10 Trkinl and Ab10 Trkin2 in all samples requiring
a mapping quality of 20. We summed the TPM of Ab10 Trkinl and
Trkin2 for easy comparison between Ab10 and K10L2.

To assess the expression of Ab10 Trkinl and Trkin2 separately,
we assessed expression at the individual exon level. We obtained
RNA-seq data for 10 tissues of the B73-Ab10inbred (Liu et al. 2020).
We aligned them to the Ab10 v2 reference generated here using
HiSat2 (Kim et al. 2019). We filtered the alignments to a mapping
quality of 20 and required no mismatches. We then used the R
package featureCounts to determine the expression of each anno-
tated exon (Liao et al. 2014). We then calculated the TPM for only
the Trkin exons containing SNPs (7 and 8) in all samples (Fig. 3).
We used a Welch's 2-sample t-test to determine statistical signifi-
cance between the 2 alleles.

Construction and transformation of a plasmid
expressing Cas9 and guide RNAs

A CRISPR plasmid expressing Cas9 and 3 guide RNAs targeting
Trkin was constructed using a pTF101.1 binary plasmid (Paz et al.
2004) with similar components as previously used for gene editing
in maize (Wang et al. 2021). In particular, it utilizes 1,991 bp of a
maize polyubiquitin promoter and UTR region (GenBank:
594464.1) to drive expression of Cas9 from Streptococcus pyogenes
flanked by an N-terminal SV40 NLS and a C-terminal VirD2 NLS
and followed by a polyadenylation signal provided by a nopaline
synthase (NOS) terminator sequence from Agrobacterium tumefa-
ciens. The Cas9 DNA sequence was codon optimized for maize as
described previously except that it did not include the potato
ST-LS1 intron (Svitashev et al. 2015). The 3 guide RNAs were tran-
scribed by 3 individual U6 promoters from maize and rice with 2
guide RNAs targeting Trkin exon 3 (GTCTGGAGGCCAATGAGCACG
and GAAAGCTTTTGCGGCCTCTGG) and 1 targeting exon 4
(GCCTACACAAGTAAACAGAT). These target sequences were
selected using CHOPCHOP v3 (Labun et al. 2019). Complete plas-
mid sequence and annotations are available at https://github.
com/dawelab/TRKIN_Published.git. Gene synthesis and clon-
ing were performed by GenScript (www.genscript.com), and
transformation was performed by the Iowa State University
Plant Transformation Facility.

Genotyping for trkin mutants

All DNA extractions were performed using a CTAB protocol
(Clarke 2009). PCRs were performed using Promega GoTaq Green
Master Mix (M7123). The Ab10 trkinl and K10L2 trkin edits were
identified using the same primers (trkin_EX3 and trkin_EX4), while
Abl10 trkin2 was detected using a separate pair of primers
(Ptrkin_EX3 and Ptrkin_EX4) (Supplementary Table 6). The ther-
mocycler was preheated to 95°C prior to all PCR reactions. Edits
were confirmed by purifying the PCR reaction via Omega Bio-Tek
Mag-Bind RxnPure Plus beads (M1386-01) using a 1:1 ratio and
Sanger sequencing by Eton Biosciences. The competition assay
plants were genotyped using primers specific to an indel in an in-
tron of the Trkin gene on K10L2 (Supplementary Table 6). All lines
were checked for Cas9 using specific primers (Supplementary
Table 6). All reactions were conducted with slightly different tem-
perature profiles and concentrations detailed in Supplementary
Table 6.

Immunofluorescence and FISH

Both Immunofluorescence and FISH were performed as described
previously (Swentowsky et al. 2020).

Competition assay

To assess the effect of Trkin on the ability of K10L2 to suppress
Ab10 drive, Ab10 was marked by a dominant functional allele
of the colored 1 (R1), and K10L2 was marked by a recessive
mutant allele (r1). We crossed these plants as the female to
an r1/r1 male and scored segregation of the R1 allele. All ex-
periments were conducted in the UGA Botany greenhouse
(Athens, GA, USA) across 4 seasons. In the case of K10L2
trkin(-) in 1 season of the experiment, Cas9 was segregating
making it impossible to determine what trkin mutation was
present. However, all plants were derived from an individual
with a trkin null mutation making it extremely likely that all
plants, even those carrying Cas9, were trkin null. These are in-
dicated in Supplementary Fig. 9. The crosses from seasons 1
and 2 were in the same genetic background while seasons 3
and 4 involved different genetic backgrounds. Results were
analyzed using a Wilcoxon signed-rank test. Plots were gener-
ated using R v4.3.1.

Assessment of Ab10 heterozygous drive
and fitness

To determine the effect of Trkin on Ab10 drive, we generated
plants heterozygous for Ab10 and N10 with various Trkin gen-
otypesin the same genetic background. Friendly Isles Growing
planted all plants in Molokai Hawaii in randomized rows of 15
plants with every other row being an r1/r1 male. No border
corn was used, but edge effects were included in the final stat-
istical model. All Ab10 bearing plants were detasseled and al-
lowed to open pollinate with the r1/r1 males. Upon completion
of the growing season, Friendly Isles Growing harvested all fe-
male plants and sent them to the University of Georgia for pro-
cessing. All ears were scored for defective kernels, a proxy for
aborted kernels, defined as clearly defective kernels sur-
rounded by otherwise healthy kernels with no other explan-
ation. These criteria were selected to exclude insect damage,
vivipary, and kernel loss during shipment. We shelled the
ears and sorted them by color (dark pigmented R1 and yellow
rl). The seeds in each packet were counted using an
International Marketing and Design Corp. Programmable
Packeting Model 900-2 seed counter with the fast set to 7.2
and the slow set to 0.

The meiotic drive data were found to violate the criteria for
an ANOVA, so we square root transformed the data toimprove
its fit, which did not fully satisfy the statistical assumptions
for a linear relationship, skew, and kurtosis, but came reason-
ably close. We chose to proceed with the ANOVA as the
residuals appeared normally distributed and alternative
statistical methods did not make it possible to account for
the necessary number of variables. We included the following
covariates in the model: field x coordinate, field y coordinate,
edge of field, and individual who sorted the kernels. The kernel
abortion data were very far from a normal distribution so a
Kruskal-Wallis test was used. The total kernel number data
were analyzed using an ANOVA and met all assumptions. We
included the following covariates in the model: field x coordin-
ate, field y coordinate, edge of field, and individual who sorted
the kernels.

Assessment of Ab10 homozygous fitness

To assess the effect of Trkin on Ab10 fitness, we created an F2
mapping population segregating for Ab10 Trkinl(+) trkin2(-)
and Ab10 trkinl(-) trkin2(-). We grew 39 F2 plants and scored
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them for their Trkinl genotype. We used a y* test to check
for deviation from a Mendelian segregation pattern.
Plants were placed in a randomized order and grown to matur-
ity in the UGA Botany greenhouse. They were allowed to
open pollinate among themselves. We measured plant
height and average kernel weight as proxies for plant fitness.
We also scored total kernel count, but the experiment was
underpowered to detect an effect of any magnitude. All data
were analyzed using an ANOVA. Plots were generated using
Rv4.3.1.

Effect of Trkin on male meiotic errors

We scored Ab10 homozygous plants with different Trkin geno-
types for meiotic errors using the slides prepared for FISH as
described above. A meiotic error was defined as a micronu-
cleus in a dyad or tetrad or a microcyte in a dyad or tetrad
(Supplementary Fig. 11). Counts of meiotic errors were nor-
malized against the total count of same stage cells observed.
Results were analyzed using an ANOVA. Plots were generated
using R v4.3.1.

Effect of Trkin on unlinked mixed knob

Aline carrying a marker gene expressing GFP from a zein pro-
moter (Li et al. 2013) that is closely linked to the knob on
chromosome 4L (tdsgR106F01) was obtained from the Maize
Genetics Cooperation Stock Center, Urbana, IL, USA. We gen-
erated lines heterozygous for Ab10 or K10L2 with various
Trkin genotypes where the GFP insertion was linked to the
knob and the opposite chromosome 4L was from the inbred
Ms71, which lacks a knob on 4L (Albert et al. 2010). Ms71 was
obtained as PI 587137 from the Germplasm Resources
Information Network, Ames, IA, USA. Cas9 was segregating
in the families used for these experiments so it was not pos-
sible to determine the exact allele used. However, all plants
were derived from an individual with a trkin null mutation
making it extremely likely that all plants, even those carrying
Cas9, were trkin null. We then crossed these lines as the female
to Ms71 and scored the resulting kernels for GFP fluorescence
under visible blue light using a Dark Reader Hand Lamp and
Dark Reader Glasses (Clare Chemical Research #HL34T). All
data were analyzed using an ANOVA. Plots were generated
using R v4.3.1.

Modeling the effect of trkin on Ab10
population dynamics

We model the system as a single locus where 4 alleles [Ab10
Trkin(+), Ab10 trkin(-), K10L2, and N10] are segregating. We ini-
tially assumed finite population sizes, discrete nonoverlap-
ping generations, diploid organisms, a single panmictic
population, and that all individuals have the same number
of offspring. We introduced stochasticity later. We assumed
the N10/N10 homozygote is the wild-type genotype and has
maximal fitness. We assumed that all heterozygotes experi-
ence drive during ovule production; pollen production follows
Mendelian transmission and Ab10 Trkin(+), Ab10 trkin(-),
and K10L2 alleles bear a fitness cost (Tables 1 and 2). Ab10
drives against N10 (drive strength: d;) and K10L2 (drive
strength: ds). K10L2 drives against N10 (drive strength: d).
The Trkin(+) allele suppresses Ab10 drive by an amount of §;
(0<81<dy).

Let pw", pf’, Pm» Py » Gm, @nd gy denote the frequencies of the
Ab10 Trkin(+), Ab10 trkin(-), and K10L2 alleles in pollen and ovules

respectively in 1 generation. Then, the frequencies of the alleles in
the next generation can be given by

C 1 1 .

P =57 <(1 —a)p; P+ 5 (1= ) (P PPy i)
1 _ -

+5 (1= a ho)(pn (1= p7=pf =) + 0} (L= P=Pi—am)) (1)
1

+5(1=ahg)(1 - khe)(pyds +p}qm)>,

1 1
b= ((1 = Q)pf P+ 5 (1= a)(pF PPy )
(1+ds)(1 - aha)(1 = khe)(pmds + P} dm)

+

N = M\H

(1= aha)(pm (1 = pr =pf —a) + pf (1 = P =P —=qm))(1 + d1 — 61)),

(2)

C1 _ 1 - -
P = ((1 = Q)p5 P+ 5 (1= 4)(Pf P+ P )
+=(1-ahg)(p,,(1- pf‘—p}f—qf) + pf(l — P—Ph—0m)) (3)

(1-ahg)(1-k m>(p;qf+pf-qm>),

N = N -

+

C1 1
b =% ((1 = A)p; Pt 5 (1= Q) (P P +py i)
1
+5 (1 +d)(1 = aha)(pm(1 - Py —pf—=a5)

+p7 (1= pr=pr—am)) + 1(1+ds>< —aha)(l—khk>(p;an+pf‘qm>>,

(4)
L1 1 _ _
qm=w<<1 R)arqm + 5 (1 = aha)(L =k he) (pnds + Py Gm)
+3 01— ahy)(1 - kh)(phas +2fan)
%(1 Rhe)(qr (1 = pr=pm—am) + (1—pf—p;—qf)qm)), ()

((1 k)drgm + 1(1 d3)(1 = ahe)(1 — khy)(prds + Py qm)

S
I
=SS

(1= ds)(1 = ahq)(1 - khe)(prds + Pf dm)

l\)l}—\ f\)ll—\

(1+d2)(1 = R he)(qr(1 = P =P —0m) + (1—pf—pf*—qf>qm)>-

(6)

Here, the mean fitness W can be calculated using

W= (1-a)p;pr+(1 - a)pfpi+(1 - a)(pf PP p) + (1 - aha)(p (1
=P =Pf —=ds) + 15 (1 = P =P —m)) + (1 — aha)(p7 (1 - p7
=pf =) + P} (1 = P =Pn—dm)) + (1 = b5 —pf =q5)(1 - P,
=P =Am) + (1 = R)qeqm + (1 — aha)(1 = khe)(prds + Pf dm)
+(1 = aha)(1 = khe)(pnds + pf dm) + (1 = R he) (@ (1 - pr =P,
=am) + (1 = p7 =pf =qf)qm)-
(7)

The frequency of N10 allele in pollen and ovules can be calculated
using (1 - p5—ph—dm) and (1 - py—pf—qy), respectively. We track
the frequencies separately in the 2 sexes such that the frequencies
in males and females each add up to 1, and the population always
has equal sex ratios.
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Table 1. Fitness and proportion of ovules and pollen produced by each genotype.

Proportion ovules

Proportion pollen

Genotype N10 Ab1Qkin+ Ab10tkin= K10 N10  Ab10™%m  Ab10%*"~ K10 Fitness

N10/N10 1 1 1

N10/Ab10"kn (1-dq)/2 (1+dy)/2 1/2 1/2 1-haa

N10/Ab10"ki"* (1—-di+8)/2  (1+d,-8,)/2 172 12 1-haa

N10/K10 _ (1-dy)/2 (1+dy)/2 172 172 1-hk

Ab10"*"=/Ab10"k"- 1 1 1-a

Ab10"F"*/AH 10k 1/2 1/2 1/2 1/2 1-a

Ab10"¥m/Ab10H 1 1 1-a

K10/K10 1 1-k

K10/Ab10"kin* (1-ds)/2 (1+d3)/2 172 12 (1= hga) = (1 — hik)

K10/Ab10"k"- (1-ds)/2 (1+ds)/2 1/2 1/2 (1=haa) * (1 —hek)

Table 2. Ab10 Trkin model parameters. 0. Then, after 5,000 generations, we introduced Ab10 trkin(-) at a

Variable/parameter Description frequency of 1/N, (only in females) into the population at equilib-
- - rium. Then, we ran the simulation for 1 more generation and cal-

d Drive strength of Ab10 against N10 . culated the relative selective benefit of Ab10 trkin(-), s using allele

81 Amount of Ab10 drive suppressed by Trkin(+) £ . . . .

dy Drive strength of K10L2 against N10 requencies after generation 5,000 using

ds Drive strength of Ab10 against K10L2

a Fitness cost of Ab10 homozygote Py +p:7 pi +pt

ha Dominance coefficient for Ab10/N10 S= (mTf er—_'_{) -1 (8)

k Fitness cost of K10L2 homozygote PPy PmtPy

hy, Dominance coefficient for K10L2/N10

All parameters range between 0 and 1 except §;, which ranges between 0 and d;.

We use a subset of parameters for the simulations based
on empirical observations from the maize system—h,=0.25,
h, =0.2,a=0.6, k=0.225, d; = 0.4 (drive strength of Ab10 against
N10=70%), d, =0.1 (drive strength of K10L2 against N10=55%),
and d3;=0.1 (drive strength of Abl0 against K10L2=55%)
(Kanizay et al. 2013; Higgins et al. 2018).

At this parameter subset, at §; =0, at equilibrium, both Ab10
and K10L2 persist at a frequency of 5% each and the frequencies
of Ab10 Trkin(+) and Ab10 trkin(-) are equal (deterministically).

Testing the range of d; where Ab10 Trkin(+) and
Ab10 trkin(-) can invade a population

We ran these simulations deterministically for a range of §; (0 <8,
<0.4) using an effective population size, N, of 10,000 (Tittes et al.
2025) for 5,000 generations (sufficient to reach equilibrium) with
initial frequencies of Ab10 Trkin(+) and K10L2 at 5%, and Ab10
trkin(—) at 1/N, (equal frequencies in both sexes). At any ;> 0,
ADb10 trkin(-) always invades the population and replaces Ab10
Trkin(+).

We also tested for the invasion of Ab10 Trkin(+) similarly by
starting the simulations with initial frequencies of Ab10 trkin(-)
and K10L2 at 5% and Ab10 Trkin(+) at 1/N, (equal frequencies in
both sexes). For any value §;, Ab10 Trkin(+) could never invade
the population.

This suggests that the selection against Ab10 Trkin(+) is strong
enough to prevent its invasion in a population containing Ab10
trkin(-) and Ab10 trkin(-) can invade a population containing
ADb10 Trkin(+) and replace it (Fig. 10a and b).

Testing the strength of selection for a range of d;

and calculating the selection coefficients such that
2 N, s < 1 (nearly neutral zone)

For the calculation of the relative selective benefit (s) for Ab10
trkin(-—), we ran the simulations for a range of 8, (0 <8, <0.4) for
5,000 generations (sufficient to reach equilibrium) with initial fre-
quencies of Ab10 Trkin(+) and K10L2 at 1/N, and Ab10 trkin(-) at

This “s” was used to calculate the 2 N, s parameter for a range of
values of N, (10* <N, < 10% and &, (0 <8, <0.4). We found that 2
N, s <1 only for a very small subset where d; <0.01 and N, ~ 100
(the approximate value of §; from empirical observations in the
maize system should be ~0.1) (Fig. 9a). This suggests that selection
against Ab10 Trkin(+) is strong and it could not be maintained in
the population by drift (since 2 N, s >> 1). This would imply that
ADb10 Trkin(+) could not persist in the population in the presence
of Ab10 trkin(-). Ab10 Trkin(+) is probably older than Ab10 trkin(-)
and could be in the process of being replaced from the populations
by invasion from Ab10 trkin(-).

Testing how long Ab10 Trkin(+) can persist in a
population that is being invaded by Ab10 trkin(-)
We ran these simulations stochastically (modeling drift following
a multinomial distribution) at N, = 10,000 and for a range of §; (0 <
31 < 0.4) (Tittes et al. 2025). We started our populations at an initial
frequency of 6% for Ab10 Trkin(+) and K10L2 and 1/N, for Ab10
trkin(—) (equal frequencies in both sexes). For each parameter va-
lue, each simulation was run 10,000 times, as Ab10 trkin(—) was of-
ten lost due to drift.

For the subset of simulations where Ab10 trkin(-) could suc-
cessfully invade and replace Ab10 Trkin(+), we looked at the time
taken for loss of Ab10 Trkin(+) from the population. For most va-
lues of 84, Ab10 Trkin(+) was lost within 500 generations. From em-
pirical estimates, 8, ~ 0.1, thus, Ab10 Trkin(+) would be expected to
persist for ~200 generations (Fig. 10d).

We also looked at the proportion of times Ab10 trkin(-) (escap-
ing stochastic loss due to drift) could successfully invade the
population and outcompete Ab10 Trkin(+) (Fig. 10a). This propor-
tion was small, and for 8, ~ 0.1, about 2.5% of the times Ab10
trkin(-) could escape stochastic loss and outcompete Ab10
Trkin(+).

Data availability

All codes, the Ab10 and K10L2 haplotype assemblies and
genome annotations, and plasmid information are available at
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https://github.com/dawelab/TRKIN_Published.git. Raw PacBio
HiFi data for Ab10 and CI66 are available on the NCBI SRA under
BioProject PRINA1254310.

Supplemental material available at GENETICS online.
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