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Selfishly evolving centromeres bias their transmission by exploiting the
asymmetry of female meiosis and preferentially segregating to the egg.
Such female meiotic drive systems have the potential to be supergenes,
with multiple linked loci contributing to drive costs or enhancement.
Here, we explore the supergene potential of a selfish centromere (D) in
Mimulus guttatus, which was discovered in the Iron Mountain (IM)
Oregon population. In the nearby Cone Peak population, D is still a large,
non-recombining and costly haplotype that recently swept, but shorter hap-
lotypes and mutational variation suggest a distinct population history.
We detected D in five additional populations spanning more than 200 km;
together, these findings suggest that selfish centromere dynamics are
widespread in M. guttatus. Transcriptome comparisons reveal elevated
differences in expression between driving and non-driving haplotypes
within, but not outside, the drive region, suggesting large-scale cis effects
of D’s spread on gene expression. We use the expression data to refine
linked candidates that may interact with drive, including Nuclear Autoanti-
genic Sperm Protein (NASPSIM3), which chaperones the centromere-defining
histone CenH3 known to modify Mimulus drive. Together, our results show
that selfishly evolving centromeres may exhibit supergene behaviour and lay
the foundation for future genetic dissection of drive and its costs.

This article is part of the theme issue ‘Genomic architecture of super-
genes: causes and evolutionary consequences’.
1. Introduction
Supergenes are clusters of multiple functional genes that segregate as a simple
genetic polymorphism [1–3]. Drastically reduced recombination in supergene
heterozygotes, often due to differences in chromosomal structure (e.g. inver-
sions), generates tight linkage among jointly advantageous or co-adapted
variants. Supergenes are a common genetic basis for complex alternative strat-
egies segregating within populations [4–6]. Intriguingly, the same properties
that make supergenes important in organismal adaptation also make them
common contributors to selfish evolution within populations and species.
Indeed, many of the classic killer meiotic drive systems are poison-antidote
or killer-target systems where distinct functional components of the system
are locked together in inversions [reviewed in 7–10]. When maintained
within species, these selfish supergenes also tend to accumulate genetic load
on top of the intrinsic fitness costs of their killing mechanism [11]. However,
while the selfishness of many killer meiotic drive systems absolutely requires
interactions between multiple linked genes, the role of supergenes in other
forms of meiotic drive remains less clear.

By contrast to killer meiotic drive systems, which gain a relative trans-
mission advantage by destroying alternative products of meiosis, female
meiotic drive (FMD) occurs via over-representation in a fixed pool of gametes
[8,11]. In FMD, variant chromosomes capitalize on the inherent asymmetry of
female meiosis common in plants and animals to preferentially segregate to
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the lone egg cell [12–14]. Because a variant chromosome can
manipulate the outcome simply through biased structural
interactions with the asymmetric spindle apparatus rather
than through the action of linked genes [15], such FMD
need not involve linked genes. Nonetheless, FMD detected
in natural populations may often be tied up in supergenes
for two reasons. First, both genic and structural factors may
be functionally necessary to effect or enhance drive. Second
(and non-exclusively), FMD polymorphisms may only persist
on the landscape long enough to be detected if they carry
genetic baggage generated by suppression of recombination
within a supergene. Both of these factors play a role in the
classic neocentromeric Ab10 driver in maize, one of the best
characterized FMD systems. Ab10 drive requires both novel
meiotic motors (tandem arrays of kinesin genes; 16,17) and
a vehicle (heterochromatic knobs of repetitive DNA; reviewed
in 18) to subvert Meiosis II and physically drag Ab10 and
other knobbed chromosomes to the outside poles (one of
which will become the egg) in heterozygotes. The Ab10
driver thus functions as a selfish supergene with linked
structural and genic components. Because the large region
of suppressed recombination necessary for Ab10 drive also
captures hundreds of other genes, hitchhiking deleterious
mutations also likely contribute to its substantial costs and
polymorphism across the range of maize [19–22].

Centromeres, which can distort segregation completely in
Meiosis I, theoretically need no driving motor beyond the
ordinary asymmetric machinery of female meiosis. Indeed,
a series of elegant studies in mouse oocytes demonstrates
that variant ‘strong’ centromeres with expanded arrays of
satellite DNA and larger kinetochores predictably take
advantage of transient meiotic polarity to drive in hybrids
[23–26 reviewed in 26]. However, molecular work also reveals
that the opportunity for drive is exquisitely dependent on the
cellular environment and can be accentuated or attenuated
by manipulation of the genic background [27]. This direct evi-
dence for the context-dependence of centromeric FMD, along
with karyotypic evidence that the cellular arena defining
centromere ‘strength’ is evolutionarily labile across mammals
[28], suggests that genes may matter greatly in creating
opportunities for centromeric drive. Thus, a structural variant
(e.g. inversion, translocation, transposition) that generates
tight linkage between an enhancer of drive (e.g. gene variants
that create greater spindle or kinetochore asymmetry) and a
centromere could, like Ab10, both maximize its own spread
as a motor-vehicle supergene [29] and alter the competitive
context for other chromosomes (as Ab10 does for unlinked
knobs; 22). Furthermore, as with driving Robertsonian trans-
locations in mice [23,28], centromeric drive may be directly
precipitated by chromosomal rearrangements that alter
centromere size and position. If such structural mutations
simultaneously capture genes that can act as linked enhan-
cers of drive the conditions for supergene evolution may be
set. Further, if suppression of recombination associated with
the birth and spread of a strong centromere also generates
linkage with deleterious variants (or the opportunity for
new deleterious mutations to accumulate; 30), it may be pre-
vented from rapid fixation and thus be more likely to be
detected. However, because there are few empirical cases of
centromeric drive, little is known about the role of linked
genes in the evolution of selfish centromeres.

Here, we investigate the potential for supergene behaviour
in one of the few selfish centromeres known to segregate in
wild populations, D (the driving allele of the meiotic drive
locus on chromosome 11 (MDL11)) in the yellow monkey-
flower Mimulus guttatus. D was initially discovered in an
interspecific cross with the closely related selfing species M.
nasutus (d ), where it drives nearly 100 : 0 via female function
[31,32]. Such strong FMD is only possible by completely dis-
torting segregation in Meiosis I, which only centromeres can
do [33]. The centromeric function of D is confirmed by its
association with massively expanded arrays of theM. guttatus
centromere-specific satellite repeat Cent728 [32]. Within the
Iron Mountain (Oregon) annual population in which D was
initially discovered,D drives approximately 60:40 against con-
specific MDL11 genotypes (D−; [32]).At Iron Mountain,D has
no detectable effects on fertility when heterozygous (i.e. when
drive occurs), but causes approximately 20% reduction in
pollen viability (wild plants and controlled crosses) and
female fecundity (seedset/fruit measured in the field) in
DD homozygotes [32,34]. These recessive costs predict an
equilibrium frequency for D close to the observed 35–40%,
generate unexpectedly high genetic load in this large outcross-
ing population [35], and maintain costly polymorphism that
selects for suppression or resistance to drive [34].

Population genomic analyses reveal that D is not just a
centromere, but a massive and uniform haplotype (contain-
ing greater than 350 genes as well as satellite DNA arrays;
greater than 12 Mb). Two factors likely cause this large
extended haplotype. First, D is located within a structural
variant (probably an inversion) on LG11 that shows sup-
pressed recombination [36]. Second, D has swept through
the IM population within the past 1500 years (assuming
one generation per year, as is typical in annual wildflower
populations), and selective sweeps can cause strong, long-
range linkage disequilibrium [37]. The recent spread of the
drive haplotype has precipitated a concurrent sweep of one
of M. guttatus’s two copies of the key kinetochore protein
Centromeric Histone 3 (CenH3A; [38]), which also acts as
an unlinked modifier (suppressor) of drive in experimental
hybrids [37]. However, genetic mapping also shows that
structural and/or genic variation within the MDL11 locus
itself is the primary source of the dramatic difference in the
strength of D drive against D− (conspecific) and d (heterospe-
cific) competitors [37]. These features make D an ideal model
for understanding centromeric drive and the formation of
selfish supergenes, but the lack of recombination between D
and either D−/d, and its striking homogeneity within our
focal IM population, have limited genetic dissection. Thus,
our joint aims here are (1) to characterize the distribution,
variation and effects of D beyond the IM population, as a
platform for genetic dissection of drive and associated
costs, and (2) to investigate patterns of gene expression
within MDL11 (i.e. D versus D− and d ) to identify candi-
date linked modifiers of drive and/or contributors to its
substantial reproductive costs.

For the first aim, we capitalize on whole-genome
sequences from the nearby Cone Peak population of M. gutta-
tus to broaden our understanding of the population dynamics
of centromeric drive. The Cone Peak (CP) and IM populations
are less than 2 km apart and only weakly differentiated across
their nuclear genomes, but have functionally and evolutiona-
rily distinct mitochondria and different histories of selection
on the matched nuclear restorer locus [39]. Thus, their gener-
ally low differentiation likely reflects very large effective
population sizes sampling from a shared pool of regional
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variation rather than high current rates of CP-IM pollen and
seed migration [40]. Population genomic analyses suggested
that D is not unusually divergent from D− at the gene scale
(i.e. not the product of long-range dispersal or interspecific
introgression) and could even have been derived by structural
mutation alone within IM [37]. Furthermore, although D is
known to be present at a young (less than 40 years) disturbed
site near IM and CP showing admixture between annual and
perennial M. guttatus ecotypes [41,42], its range is unknown.
Thus, we do not yet know whether the sequence variation,
costs and dynamics of D at IM are unique or representative
of a widespread balanced polymorphism. From the CP
sequences, we also generate new markers to assess the male
fertility (pollen viability) effects of D and its local frequency
in a large, wild-collected sample from that population. We
then conducted a first-pass scan forD genotypes in plants col-
lected (as seeds) from 11 additional populations from a
transect across western Oregon [43].

For the second aim, we analyze two RNASeq datasets to
assess gene expression divergence associated with the recent
spread of the driving D haplotype at IM. Genes that show
shifts in expression in one or both datasets, in addition to
those in regions of gene content differences, are potential
candidates as enhancers of D and/or the source of its
male and female fertility costs. First, we examine patterns
of differential expression between M. guttatus IM62 (D)
and M. nasutus (d ) stamen (male) and carpel (female) tissues
for genes across MDL11 (and flanking control regions).
These data were previously used as controls in a study of
interspecific hybrid incompatibility, which caused abundant
differences in genome-wide gene expression between fertile
and sterile hybrid siblings [44]. Thus, these samples capture
key reproductive stages when we might also expect differ-
ences in expression relevant to drive and its costs. Second,
we used a large eGWAS dataset (N = 151 lines; [45]) to inves-
tigate patterns of expression divergence between D and D−

haplotypes within IM. This large dataset from young floral
buds (which are a mix of tissues) do not precisely capture
tissue-specific divergence in gene expression, but is ideally
suited for characterizing the direct consequences of D’s
sweep for constitutive expression variation at the population
scale. Because there is little evidence of trans- effects of
common alleles on gene expression on other chromosomes
[45], we focus on loci within MDL11 and flanking regions.
While linkage disequilibrium within MDL11 makes it
impossible to rule out (or in) any gene in the interval as a
contributor to drive and costs, significant shifts in expression
(particularly those consistent across datasets) may help
identify functional candidates important in the biology of
this selfish supergene.
2. Methods
(a) Cone peak genome sequence, alignment,

SNP calling and data filtering
Whole-genome re-sequence data (fastqs, Illumina reads) were
obtained from the Sequence Read Archive for eight lines from
CP [39]. We also generated new sequence data for three CP
lines, as described in [37,39]. In brief, DNA was extracted via a
modified CTAB-chloroform extraction protocol [31], libraries
were prepared using the Nextera tagmentation protocol, and
prepped libraries were sequenced on a NextSeq platform
(Illumina NextSeq paired-end, 150 bp reads; Ilumina Inc., San
Diego, USA). Information regarding samples, sequence data,
MDL11 haplotype call and source are detailed in electronic
supplementary material, table S1.

Sequencing filtering, mapping and variant calling are as in
[37]. To summarize, Trimmomatic v. 0.35 was used to trim low-
quality sequences and adapters from raw sequences [46]. Cleaned
sequences were aligned to the M. guttatus v2 reference genome
(https://phytozome-next.jgi.doe.gov/) using bwa mem
v. 0.7.15 with default parameters [47]. We used SAMtools v. 1.3
[48] to remove reads with mapping qualities less than 29 and
Picard tools v. 1.119 (http://broadinstitute.github.io/picard) to
remove duplicate reads. The Genome Analysis Toolkit (GATK)
was used to re-align around indels and call variant sites with
the Unified Genotyper tool [49,50]. We restricted sites to biallelic
SNPs within genes using vcftools v. 0.1.12b, and also converted
sites covered by less than three reads to missing data [51]. Because
the inbred lines from CP are not fully homozygous (mean HOBS =
per individual = 0.123, s.d. = 0.02), we retained heterozygous sites
and randomly kept either the reference or alternative allele. For
population genomic analyses, sites with genotype calls from at
least seven (CP) individuals were retained and genes with fewer
than 150 retained sites were removed or coded as missing data.
For visualizations of chromosome 11, we used the re-ordered col-
linear MDL11 map generated in [37].

We used vcftools v. 1.12a to calculate linkage disequilibrium
(i.e. the squared correlation coefficient between genotypes = r2)
for SNP pairs [51]. To accommodate the heterozygosity present
in CP, SNPs were subsampled to greater than 1000 bp apart
prior to calculating r2 (N = 4,073 SNPs at CP). Average r2 across
all polymorphic sites was then calculated for each gene pair
(N = 1475 genes). We explored haplotype structure by calculating
the proportion of SNPs per gene on chromosome 11 that matched
the reference genome (IM62, D) for each line. For the haplotype
structure analyses, we removed CP5 due to heterozygosity
across MDL11 and coded genes with fewer than seven poly-
morphic sites genotyped as missing data (total N = 1064 genes).
To build haplotype networks and compareDwith IM haplotypes,
we identified exonic mutations in CP lines as described for IM in
[37]. We excluded heterozygous sites and entire genes with more
than five heterozygous sites, which generally indicate incorrect
alignments. We used SplitsTree4 [52] to generate haplotype
networks of the SNP variation for all CP and IM D lines.
(b) Marker development and genotyping
In the IM M. guttatus population, a single 276 bp amplicon at the
marker lb5a indicates D, while diverse other alleles indicate D−;
this simple diagnostic allowed accurate characterization of D’s
frequency and fitness costs even in diverse outbred wild plants
[32,34]. However, lb5a includes a small non-genic region as
well as the 50UTR and part of the first exon of Migut.K00858,
and visual inspection of the CP alignments in Integrative
Genome Viewer (IGV 2.10; Broad Institute, Boston, MA) indi-
cated that multiple indels in the repetitive upstream region led
to a loss of informativeness at CP, with some D and D− individ-
uals convergently sharing predicted amplicon sizes. We
developed a new marker (mK0858, referred to here as ’mK858’;
electronic supplementary material, table S2) flanking a small
microsatellite (4–5 3b repeats) within the coding sequence of
Migut.K00858; the reference allele shares a 3 bp insertion with
all other D lines relative to all D− lines from CP (electronic sup-
plementary material, table S1) and IM [37] and was also distinct
in predicted amplicon length from range-wide (non-IM) M. gut-
tatus examined (N = 22; see [40] for the list of non-IM accessions
examined in IGV). Genotypes at mK858 (which amplifies only
two alleles in all samples in this study) were highly but imper-
fectly correlated with lb5a genotypes in our outbred Cone Peak
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samples (n = 169; r2 = 0.58) and the mismatches were consistent
with under-calling of D alleles at lb5a versus mK858. Therefore,
we substitute mK858 for lb5a as our D-diagnostic marker in this
study. We also genotyped CP individuals at mK1229 (electronic
supplementary material, table S2), which is diagnostic of
the approximately 45-gene MDL11 subregion with consistent
gene content differences between D (present) and D− (absent)
lines at IM and includes an internal control [37].

For genotyping, DNA was extracted from leaf or bud
tissue using a 96-well CTAB chloroform extraction protocol
(http://dx.doi.org/10.17504/protocols.io.bgv6jw9e), quantified
with a spectrofluorometer, and diluted to a target concentration
of 2–10 ng µl−1. The fluorescently labelled markers were ampli-
fied singly or in multiplex using a standard touch-down PCR
protocol, fragments were separated and sized using an ABI
3130 Genetic Analyzer, and genotypes visualized and scored
using GeneMapper software, as previously described [34].

(c) CP and Oregon transect populations
To test whether the frequency and male fertility effects at CP par-
alleled those at IM, we grew up (in 2021) one progeny each from
outbred maternal seedsets wild-collected at Cone Peak in 2013
(total N = 231). Seeds were stratified (one week at 4°C) and germi-
nated in Petri dishes on wet sand, and then a single seedling per
family was transplanted into 200 pots filled with Pro-mix #4.
Plants were grown to flowering in a Percival PGC-40 growth
chamber with high-intensity LED lights and a 16/8 hr (15/20°C)
day/night cycle. We collected all four anthers from one flower of
each plant on its dayof anthesis and assayed pollen viability by lac-
tophenol aniline blue staining of pollen grains (fertile = blue,
sterile = unstained) counted on a hemocytometer, following estab-
lished protocols [53]. We obtained pollen fertility data from 180 CP
individuals (mean proportion viable pollen = 0.77).

To assay the incidence of D further afield, we grew up
(under the same culture conditions as above) wild-collected pro-
geny of maternal plants from 11 annual M. guttatus populations
collected from a transect across western Oregon (electronic sup-
plementary material, table S3; [43]). Few maternal families per
population germinated, so we retained all individuals (total
N = 77, n = 1–6 moms and 2–19 progeny per population). Four
wild individuals from IM were included in the runs as positive
controls.

(d) Differential gene expression analyses
To examine patterns of gene expression across MDL11 haplo-
types, we used publicly available RNASeq reads from two
datasets. Specifically, we analysed (1) young bud transcriptomes
from an eGWAS study of inbred lines from the IM population
of M. guttatus that were either D or D− homozygotes ([45] SRA
project number PRJNA736440) and (2) carpel and stamen tran-
scriptomes collected from three replicates each of a M. guttatus
DD individual (IM62) and an M. nasutus dd individual ([44]
Biosample project # SAMN13979871- SAMN13979871).

For the intraspecific datasets, RNASeq data from 151 IM lines
(D or D− homozygotes) were initially treated as described in [45].
MDL11 haplotype calls followed [54] and five MDL11 heterozy-
gotes (125, 294, 1133, Z368 and Z99) were dropped. Mapping,
variant calling, and filtering are described in detail in [45]. In
brief, reads were trimmed with bbuk from BBTools 38.86
(https://sourceforge.net/projects/bbmap/) and aligned to the
M. guttatus v2 reference genome (https://phytozome-next.jgi.
doe.gov/) with STAR 2.5.0a [55]. Gene counts were generated
by htseq-count 0.11.2 [56] and normalized using the estimateSi-
zeFactors function in DESeq2.1.28.1 [57]. For differential
expression analyses, genes were first filtered for minimal
expression, read counts were standardized by library, the effect
of cohort was regressed out and each gene was Box-Cox
normalized in preparation for linear model fits, as in [45]. Two
models were then fit to ask if gene expression varied according
to MDL11 haplotype (D versus D−). First, significant differential
expression between D and D− was determined using one-way
ANOVAs with a Bonferroni corrected threshold ( p < 4.4 × 10−5).
Second, we examined whether gene expression level was a func-
tion of MDL11 genotype as a fixed effect, with line as a nested
random effect, using the lme4 package in R [58]. Because lme4
does not calculate p-values, we considered genes significantly
differentially expressed using the equivalent F-statistic that
accompanied a p-value of 4.4 × 10−5. We examined whether pro-
portions of differentially expressed genes within MDL11 versus
flanking regions on chromosome 11 (268 and 862 genes, respect-
ively) varied according to MDL11 haplotype by computing
pairwise two proportion z-tests in R. A principal components
analysis (PCA) was conducted on the Box-Cox normalized read
counts using the factoextra package in R [59].

For the interspecific datasets (IM62 carpel, IM62 stamen, SF
carpel, SF stamen), mapping, variant calling, read counting and
filtering was performed following [44]. In transcriptomic studies,
interspecific divergence can create mapping biases when align-
ing reads from one focal species (i.e. M. nasutus) to a reference
from the other (i.e. M. guttatus). One strategy to reduce this
bias is to map to a diploid pseudogenome that represents nucleo-
tide variation present in both species [44]. To account for
divergence of M. nasutus from the IM62 v2 reference genome
(M. guttatus-M. nasutus ds = 4.94%; [60]), reads were mapped to
a M. guttatus IM62-M. nasutus SF diploid pseudogenome gener-
ated from the IM62 reference and high-quality SF genomic SNPs,
as in [44]. The diploid pseudogenome was constructed by first
mapping whole genome SF5 data (NCBI Sequence Read Archive
database: SRR400478) to the M. guttatus v2.0 reference genome
using BWA-MEM [47,48]. Variants were called with GATKHaplo-
typeCaller to identify biallelic SNPs and a SF5 pseudoreference
was made using GATK FastaAlternateReferenceMaker [49,61]. A
diploid M.guttatus IM62-M.nasutus SF5 pseudoreference genome
was made by merging the two genomes into a single file, while
retaining allelic identifiers (e.g. IM62 or SF5). RNA-Seq reads
were filtered using Trimmomatic v. 0.35 [46], mapped to the pseu-
doreference genome using STAR 2.5.0a [55] and read counts were
generated with htseq-count 0.11.2 [56]. Additional details regard-
ing pseudogenome construction and RNA-Seq alignment are as
in [44]. Read counts were obtained from a total of 28 140 genes,
but our analyses here focus on MDL11 and flanking regions
from chromosome 11.

For the interspecific comparisons, we determined differential
expression in edgeR [62], following a similar workflow to [44]. To
retain only those genes with expression in at least one treatment,
we required that genes have at least three counts per million for
two or more individuals (21 409 genes retained). The remaining
data were normalized with the calcNormFactor function using
default values. We examined within-subject correlations of
gene expression using the duplicateCorrelation function in the
limma R package [63]. Because the correlation was low
(approx. 0.07), we built a design matrix that examined the
fixed effects of our treatments (tissue, line) but did not pair by
subject. This allowed us to make the full suite of comparisons
both within and between subjects. A differential expression
analysis was performed using the glmTreat function in edgeR
[62], which applied a stringent test requiring a log2-fold
change greater than 1.25 for assigning significant differential
expression. Genes with a false discovery rate less than 0.05
were considered differentially expressed. We looked for differen-
tial expression of genes (1) between carpel and stamen tissue
within each line (IM62, SF; ‘Carp-Stam IM’; ‘Carp-Stam SF’),
(2) between IM62 versus SF within each tissue (carpel, stamen;
‘IM-SF Carpel’; ‘IM-SF Stamen’) and (3) showing evidence of a
significant line * tissue interaction (Line * Tissue). We examined

http://dx.doi.org/10.17504/protocols.io.bgv6jw9e
https://sourceforge.net/projects/bbmap/
https://sourceforge.net/projects/bbmap/
https://phytozome-next.jgi.doe.gov/
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whether the proportion of differentially expressed genes inside
versus outside MDL11 on chromosome 11 (242 and 912 genes,
respectively) varied according to treatment by computing pair-
wise two proportion z-tests in R. Tests with a false discovery
rate less than 0.05 were considered significant.

For both interspecific and intraspecific RNASeq datasets, we
repeated all proportion tests after removing a 45-gene block miss-
ing in D−/d haplotypes relative to D [37]. We also examined
MDL11 and flanking regions for (1) the proportion of up- and
downregulated genes that were differentially expressed in each
tissue and (2) the proportion of shared up- and downregulated
differentially expressed genes in the intra- and interspecific data-
sets. All analyses were done in R v. 4.0.4 [64] and RStudio
v. 1.4.1106 [65], unless stated otherwise.
Phil.Trans.R.Soc.B
377:20210208
3. Results
(a) D exhibits similar signatures of selection at CP,

but has a distinct evolutionary history and
more variation

Inbred lines from the nearbyCone Peak (CP) population exhibit
parallel elevated linkage disequilibrium across MDL11
(figure 1a), as was also seen at IM. Consistent with pervasive
drive, D experienced a selective sweep to intermediate
frequency at CP (figure 1b); half of our partially inbred CP lines
carry the swept IM62-reference like D haplotype (5 DD homo-
zygotes and 1 DD− heterozygote; N = 11 total; electronic
supplementary material, table S1) across a core MDL11 region
of hundreds of genes. However, one of the five homozygous
D lines (CP24) exhibits a shorter D haplotype than other CP
lines, specifically shifting to non-reference genotypes over an
approximately 45-gene region lacking coverage in IM D− lines
(Migut.K01214-Migut.K01259; see [37]), as well as flanking
genes present in all lines (27 and 4 genes on exterior and interior
sides, respectively; approx. 2.9 Mb shorter thanD in IM).Other-
wise strong haplotype structure across MDL11 also breaks
down for those distal 27 genes (but not the 45-gene insertion)
in other CP lines, generating an overall shorter core MDL11
block in the CP population (figure 1a,b Migut K01047-
Migut.K01259; approx. 1.4 Mb shorter than IM) relative to our
inferences from the recently swept IM population [37]. The
highly repetitive and abundant nature of the centromere-associ-
ated repeats linked to D [32,37] make the MDL11 region
particularly challenging for physical sequence assembly and
we rely on a previous work that re-ordered chromosome 11 to
better match linkage mapping data [36,37]. Thus, the size and
breakpoints of the haplotypes described here are likely to
shift as improved assemblies become available, and both struc-
tural variation (and resultant suppression of recombination)
and selection contribute to the inferred haplotype boundaries
of MDL11 at IM [36,37]. The shorter core haplotype at CP
may reflect an older sweep,with time for additional recombina-
tion to break down associations outside the functional core that
distinguishes D and D−, or a more complex history potentially
including the evolution of a larger region of structural
difference and suppression of recombination at IM.

To further characterize within-D variation, we scored CP
genotype at nine exonic SNP variants previously used to esti-
mate the age of MDL11 sweep at IM and identified novel
(invariant at IM) SNPs in the five CP D lines (including
CP24 but excluding sites outside the core D haplotype at
CP; electronic supplementary material, table S4). The core
MDL11 haplotypes (spanning approx. 10 Mb) are nearly iden-
tical in CP and IM, with only eight exonic SNPs unique to CP
(figure 1b), suggesting that the two haplotypes share a
common origin. Mutations on this shared core show that the
most common (and inferred ancestral) D sequence at IM is
not present at CP; instead, all five of our CP lines share three
SNPs found in only in one of the 13 IM D lines previously
assayed (IM1145; figure 2a). This suggests that the selective
sweeps at CP and IM, while likely parallel in their drive
dynamics and local equilibrium (see below), had independent
trajectories. Although we do not have direct crossing evidence
that the shorter D haplotype found at CP drives through
female meiosis, a parallel sweep to similar frequency (and
similar costs; see below) suggest that the commonD haplotype
at CP behaves similarly to the longer IM haplotype. CP24,
unlike the other CP lines (which each had less than two
mutations versus the inferred IM1145/CP49-like CP ancestor),
had a total of six variants. Although CP24 also has a uniquely
short D haplotype, these SNPs are all singletons at the gene
scale, suggesting independent mutation rather than recombi-
nation or gene conversion with distinct D− haplotypes. This
contrasts with the star-like structure of D variation (figure 2a)
within IM (and other CP lines) and suggests that CP24 may
represent a deeper/older pool of D variation outside IM
(especially given our small sample). Because this excess
accumulation of mutations in one lineage violates the assump-
tion of simple mutation-counting models for ageing sweeps
[66], and because the edge of the D haplotype is generally
less clear, we do not attempt to use the number of new
mutations to age the spread of D at CP, as we did at IM [37].

CP24’s possession of a distinct long-range swept D haplo-
type, minus the 45-gene insertion characteristic of other D
lines, may be due to rare recombination during/after a
sweep by longer haplotypes, but also raises the intriguing
possibility that it represents an older D haplotype. Under
such a scenario, short CP24-like haplotypes drive but have
been largely displaced at CP and IM by structurally distinct
D haplotypes containing the Migut.K01212–K01259 insertion.
Because this D-specific insertion includes at least one cyclin
(Migut.K01228/1229), one kinesin (Migut.K01254) and sev-
eral copies of a histone h3k9 demethylase (Migut.K01225,
Migut.K01216) involved in regulation of heterochromatin
(IBM1; [67]), it is also tempting to hypothesize a genic enhan-
cer role for this region. However, because current M. guttatus
genome assemblies are either D but misassembled across
MDL11 (V2; https://phytozome-next.jgi.doe.gov) [36,37] or
well-assembled but non-D (V4 and V5; https://phytozome-
next.jgi.doe.gov), we cannot yet accurately reconstruct the
structural events and genic divergence associated with D’s
emergence and spread. Nonetheless, greater within-D vari-
ation at CP (and elsewhere; see below) provides a potentially
greater time-frame over which we can infer its evolution,
and also allows crosses between divergent D haplotypes to
investigate variation in the strength and costs of drive.

(b) Parallel frequency and male fertility costs at CP, as
well as evidence of D in other Oregon populations,
suggest centromeric drive and its costs may be
widespread in M. guttatus

In outbredCPplants, the allele frequencyofDwas 0.29 (Ngen-
otyped at mK858 = 188; electronic supplementary material,

https://phytozome-next.jgi.doe.gov
https://phytozome-next.jgi.doe.gov
https://phytozome-next.jgi.doe.gov
https://phytozome-next.jgi.doe.gov
https://phytozome-next.jgi.doe.gov
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table S5), comparable to estimates from IM (0.35–40.0; [34]). To
assess the presence of CP24-like recombinant haplotypes, we
also genotyped the CP plants at mK1229, which segregates
as a presence-absence polymorphism diagnostic of the 45-
gene indel (with an internal control; [37]). If we recode
mK858 to match the dominance of mK1229 (present =DD or
DD−), the markers are highly congruent, as expected from
the sequenced lines; however, 13/155 (8%) individuals
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appeared recombinant. Notably, only 2/75 (less than 3%) of
individuals scored as D− homozygotes at the highly diagnos-
ticmK858were carriers of theD-associated insertion including
mK1229. By contrast, 11/80 (14%) individuals carrying the D
haplotype at mK858 lacked a mK1229 band and were scored
as D− homozygotes there (i.e. had a CP24-like genotype).
Because mK858 appears diagnostic of the core long-range D
haplotype (and its expected costs; see below), this asymmetric
mismatch supports the scenario outlined above, in which the
approximately 45-gene insertion characterizes a novel and
successful subset of D haplotypes fixed at IM and predomi-
nant at CP. However, it is also possible that these individuals
represent recent recombination outside the structural bounds
of D, and the association of this insertion with D at IM is tran-
sitory; new long-read assemblies of D and D− haplotypes and
additional sequencing of variant lines will be necessary to
distinguish these scenarios.

MDL11 genotype (as assayed at mK858) significantly
affected male fertility (N =146, p= 0.02, r2 = 0.05); DD plants
exhibited a 17.5% reduction in pollen viability relative to D−D−

plants (0.66 ± 0.06 versus 0.81 ± 0.02; figure 2b) comparable to
male fertility costs at IM [32]. However, heterozygotes were
intermediate in fertility (0.73 ± 0.03), whereas D’s male fertility
costs at IM and in interspecific hybrids were strictly recessive
[32]. Further, there was no significant relationship between
mK1229 genotype (45-gene D insertion present versus not)
andpollenviability (n = 124,p = 0.21).Lowerpowerat thisdomi-
nant marker may be a factor, but potential recombination with
the core D haplotype may also reduce the association with
genic and/or structural sources of the costs. Because the pre-
dicted frequency of D depends strongly on the magnitude and
dominance of both male and female fertility effects [34],
additional experiments (particularly controlled crosses where
the sample size of D homozygotes can be maximized) will be
necessary to fully characterize its dynamics outside of IM.

Finally, we identified potential D alleles (as indicated by
mK858 genotype) in five of the 11 additional Oregon popu-
lations screened (figure 2c), including the easternmost
(MWL, 30 km east of IM), and westernmost (WC, 125 km
west in the Coast Range). We do not place much weight on
the calculated allele frequencies (figure 2c), as the sample
sizes are small, not all samples within a population were
from independent maternal plants, and mK858 may not be
perfectly diagnostic in these populations. However, the 0.34
frequency of D in the largest sample (MO; N = 19 progeny
from 6 moms) is strikingly similar to the values observed at
CP and IM (electronic supplementary material, table S3).
This suggests that centromere-associated drive and costs and
the dynamics characterized in detail at IM may be a
common feature of populations in this region, creating a rich
opportunity to explore themechanism and dynamics of selfish
supergene evolution across a complex metapopulation [68].

(c) MDL11 genes exhibit elevated interspecific
expression divergence in reproductive tissues and
intra-population shifts in expression reveal
candidate modifiers

Analyses of young floral buds (from a panel of 151 IM D and
D− lines) and developing female (carpels) and male (stamens)
reproductive tissues (from DD (IM62 M. guttatus) and dd
(SF M. nasutus) lines) suggest that meiotic drive has altered
patterns of gene expression in M. guttatus (figure 3a–d and
electronic supplementary material, figure S1; tables S6
and S7). In conspecific comparisons (D versus D−) of devel-
oping bud transcriptomes, proportionally more genes are
differentially expressed in the MDL11 region than flanking
regions (figure 3a). ANOVAs (FDR-adjusted p < 0.0001) and
mixed models (FDR-adjusted p < 0.0001) show consistent pat-
terns. Further, results are qualitatively similar after removing
a 45-gene block that is missing in D− haplotypes in IM,
suggesting that copy number variation alone does not
explain the differences in expression profiles ( p < 0.0001 in
both comparisons). Indeed, a large proportion of the genes
within MDL11 are differentially expressed (30–35%), while,
as expected, almost no differential expression occurs outside
the MDL11 region (approx. 1%; figure 3a). In compari-
sons between DD M. guttatus and dd M. nasutus, where
interspecific divergence is expected genome-wide, the pro-
portion of differentially expressed genes is still elevated
within the MDL11 versus flanking regions in female tissues
(IM-SF Carpel; p = 0.00249) and is marginal in male tissues
(IM-SF Stamen; p∼ 0.063; figure 3b). While between-tissue
comparisons of differential expression (Carpel-Stamen IM;
Carpel-Stamen SF) show the highest proportion of differen-
tially expressed genes, they do not differ within versus
outside the MDL11 region (figure 3b; p > 0.05 in all cases).
Likewise, region does not impact the proportion of differen-
tially expressed genes showing an interaction between line
and tissue (figure 3b; p > 0.05). After the missing block of
45 genes is removed, results are qualitatively similar with
the exception that the within MDL11 region versus flanking
region comparisons in IM-SF Stamen are no longer margin-
ally significant ( p = 0.15). Together, these results suggest
elevated expression differences in drivers versus non-drivers
specifically within the MDL11 region (and not flanking
regions), and that female tissues drive this pattern.

To further explore variation in intrapopulation gene
expression related to drive, we performed a PCA of gene
expression patterns in the MDL11 and flanking regions on
chromosome 11 (figure 3c,d). We find striking contrasts
between the two regions. Within MDL11, individuals cluster
according toMDL11 haplotype and confidence interval ellipses
around themeans ofD andD− are completely non-overlapping
(figure 3c). In the flanking region, D and D− individuals show
no such pattern and have overlapping means (figure 3d ).
Dimension 1 of theMDL11 region explains a higher proportion
of the variance (approx. 14%) than dimension 1 of the flanking
region (approx. 10%), and only dimension 1 of MDL11 dis-
tinctly separates D and D− individuals (figure 3c,d and
electronic supplementary material, figure S2ab). Thirty-four
genes (electronic supplementary material, table S8), including
three from the 45-gene insertion inD individuals, make contri-
butions greater than 1 to dimension 1. Most of these 34 show
elevated levels of expression in D versus D− individuals,
suggesting that upregulation of MDL11 genes inD individuals
underlies major differences in gene expression among the
haplotypes (positive dimension 1 values on electronic sup-
plementary material, figure S2c). We find that gene
expression patterns within, but not outside, MDL11 cluster
individuals according to drive haplotype and that several
(largely upregulated) genes drive the overall pattern.

One intriguing candidate gene that contributed signifi-
cantly to dimension 1 and is outside the 45-gene indel is
Migut.K00842, the sole Mimulus homologue of the Nuclear
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Autoantigenic Sperm Protein (NASP-related). The Arabidopsis
orthologue of NASP and Schizosaccharomyces pombe histone
chaperone Sim3 (NASPSIM3) binds the key kinetochore protein
CenH3 [69]. Migut.K00842 is expressed at higher levels in DD
versus D−D− individuals within IM (ANOVA F = 125.86,
p < 0.0001; figure 3e; electronic supplementary material,
table S6). In the interspecific comparisons, Migut.K00842 is
expressed at higher levels in the carpels relative to stamens
of both species (IM p = 0.00089; SF p = 0.045), but it is not
differentially expressed in IM versus SF (i.e. D vs



Figure 3. (Overleaf.) Striking differences in gene expression patterns for driving (D) and non-driving (D− and d ) haplotypes across the MDL11 region and in a
candidate gene (Migut.K00842). (a) In developing bud transcriptomes of M. guttatus, a large proportion of genes are differentially expressed in DD versus D−D−

individuals within the MDL11 region ( purple), but almost no genes are differentially expressed in the flanking region of chromosome 11 (green). Results are similar
whether considering models using ANOVAs or mixed models with line as a random effect (N = 151 IM lines). (b) The proportion of differentially expressed genes in
comparisons between M. guttatus (IM62, DD) and M. nasutus (SF, dd) is significantly higher inside versus outside the MDL11 region in female tissues (IM-SF Carpel;
p < 0.05) and marginally different in male tissues (IM-SF Stamen; p∼ 0.06; N = 3 replicates per treatment). Comparisons of male and female tissues within species
and the interaction of species and tissue do not differ across the MDL11 region. (c,d) Principal components analyses based on gene expression within IM show clear
clustering of driving ( purple circles) and non-driving (green triangles) individuals (c) within the MDL11, but not (d ) in the flanking regions of chromosome 11.
Large points are means and ellipses are 95% confidence intervals around the mean. (e,f ) Normalized read counts for Migut.K00842, a candidate gene that interacts
with the centromere-defining histone CenH3, for (e) whole buds isolated from DD and D−D− IM lines (N = 151) and ( f ) developing carpel and stamen tissue
isolated from IM62 and SF (N = 3 per treatment). In (e), boxplots show interquartile ranges and read counts were Box-Cox normalized (***p < 0.0001). In
( f ), points are means, error bars are +/− one standard deviation, and read counts represent counts per million following normalization by the trimmed
mean of M-values method [62]. Results with unique letters in (a), (b), and ( f ) are significantly different (FDR adjusted p-value < 0.05). Legends for (a) and
(b), as well as (c) and (d ), are the same.
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d ) comparisons for either tissue (electronic supplementary
material, table S7; figure 3f ).

In addition to comparing patterns of differential
expression broadly across the MDL11 region, we also
parsed differentially expressed genes by whether they were
up- or downregulated (electronic supplementary material,
figure S1). We find two interesting patterns. First, more
genes are upregulated than downregulated in the MDL11
region of developing bud transcriptomes (D ×D−; p <
0.0001), but this is not true of carpel (D × d; p = 0.3336) or
stamen (D × d; p = 1) tissues. The flanking region shows simi-
lar patterns, with the exception that carpel tissues go in the
opposite direction with more genes down- versus upregu-
lated (bud: p = 0.038; stamen: p = 0.11; carpel: p < 0.0001).
Second, we observe more upregulated genes shared among
all three tissues in the MDL11 than shared up- or downregu-
lated genes in the flanking regions ( p = 0.01791 and p =
0.00078, respectively). There was no difference in the pro-
portion of shared genes up- versus downregulated within
MDL11 or any other pairwise comparison ( p > 0.05 in all
cases). Eight genes were upregulated in the MDL11 region
of drivers relative to non-drivers in all three comparisons
(electronic supplementary material, table S9; figure S1a).
Four of these genes also contributed significantly to dimen-
sion 1 of the within-IM PCA: Migut.K00780 (protein of
unknown function, SEL-1 like protein), Migut.K00832
(methyl esterase 10), Migut.K00911 (LisH and RanBPM
domains containing protein), and Migut.K01223 (galacturo-
nosyltransferase 9). This comparison reinforces the finding
that genes within the drive haplotype are primarily upregu-
lated in drivers relative to non-drivers and points towards a
small number of candidate genes that are upregulated in
drivers in both intra- and inter-specific comparisons.
4. Discussion
Overall, our results demonstrate that a driving centromere in
yellow monkeyflowers (D) has the potential to exhibit super-
gene behaviour across a wide range. In a neighbouring
population (Cone Peak; CP) to the Oregon site in which it
was initially discovered, D’s parallel selective sweep, inter-
mediate frequency and fertility costs suggest that it may
generally evolve as a balanced polymorphism, with the
strength of drive offset by linked deleterious variation. How-
ever, evidence of shorter haplotypes, increased molecular
variation, and distinct haplotype structure at CP suggest
that D experiences somewhat different evolutionary
dynamics at CP than at IM. This variation, along with detec-
tion of D-associated marker genotypes in a least five
additional populations, sets the stage for genetic dissection
of drive strength, resistance, and associated costs. Driving
and non-driving haplotypes also show striking and consist-
ent differences in gene expression profiles across diverse
reproductive and developing tissues. These differences sup-
port the possibility that genic variation (as well as massive
differences in centromeric DNA structure; [32]) contribute
to drive or its linked costs, and refine the list of candidate
genes underlying these phenomena.

The key evolutionary feature that makes supergenes so
fascinating—suppression of recombination among numerous
functional components—also creates barriers to dissecting
their genetics. This challenge is particularly acute for selfish
meiotic drivers, where strong environmentally independent
selection may transiently extend haplotype structure even
beyond the bounds of the supergene itself. For example, sex
ratio drivers in Drosophila can exhibit continent-scale selective
sweeps (and the evolution of suppression) over decadal time-
scales [70,71]. Nonetheless, some selfish supergenes have
intrinsic costs that maintain them on the landscape as
balanced polymorphisms [72], providing time for the
accumulation of novel variation (including enhancers and
deleterious variants) as well as partial homogenization
(through gene conversion and/or recombination) with
alternative haplotypes. Such variation within the classic SD
sperm-killer system in Drosophila has been instrumental in
identifying its essential functional components [73], as well
as reconstructing the complex evolutionary history of its
spread and maintenance [74]. Similarly, the neocentromeric
Ab10-knob system in maize has diversified cytogenetically
[75] in ways that appear to affect the balance of selfish and
natural selection across altitudinal gradients [21]. Compared
to these long-studied systems, our understanding of centro-
meric drive in Mimulus is in its infancy; however, the
confirmation of drive dynamics and discovery of novel
recombinational/mutational variation in one new population
(CP), plus evidence for drive haplotypes in five others, is a
key step toward both evolutionary genomic reconstruction
and functional/genetic refinement.

The gene content variation and overall length differences
within D haplotypes is particularly informative; although we
cannot yet causally connect recombinational/length variation
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to differences in costs or drive, such experiments are now
feasible. The shorter D haplotype of CP24 excludes several
potential functional candidate enhancers, most notably the
cyclin Migut.K01228/1229, which was previously confirmed
to be a D-specific duplicate of the unlinked gene Migut.J00575
(which is present in allM. guttatus assayed) and Mini-Chromo-
some Maintenance 2 (MCM2; Migut.K01043, which is within
four genes of the end of the extended D haplotype found at
IM) [37]. It is possible that these genic hitchhikers are unrelated,
as they are clearly separable from the core D haplotype at CP.
Intriguingly, despite apparent additivity of D fertility costs
assayed at the core mK858 D marker at CP (figure 2b), we did
not detect any significant association of the 45-gene indel geno-
type (assayed at the mK1229 D-dominant marker) with pollen
inviability. Because it appears common (in 13% of genotyped
wild individuals) and breaks off gene content variation novel
to D, the shortest CP24-like haplotype is an ideal target for
crossing experiments examining variation in the strength and
costs of drive. In addition, population genomic analyses
(which will also be facilitated by forthcoming long-read
genome assemblies of D and D− lines) can target individuals
and populations variable in these regions. Although D has
swept recently in both CP and IM, with profound effects of fit-
ness variation, this work also suggests that it may have
informative strata of genomic and functional variation, like
other selfish supergenes.

Like other selfish supergenes, D’s spread has also pro-
foundly affected patterns of gene expression, potentially
contributing to its drive and costs. As in several other systems
[76–79], transcriptome comparisons show an enrichment of
differentially expressed genes between driving and non-driv-
ing haplotypes specifically in the region responsible for drive
(figure 3a–d). This result is expected given known effects of
linkage, low recombination and structural rearrangements
on gene expression patterns [80], as well as the lack of
common trans variants affecting gene expression at IM [45].
However, driving inversions need not only lead to divergence
in gene expression patterns within the supergene itself and
linked allelic variation is important for large-scale changes
in gene expression [81]. In studies involving the t-haplotype
of mice (which has extremely high fitness costs beyond its
sperm-killing), there is some evidence that driving haplo-
types have proportionally larger trans than cis effects on
gene expression profiles. However, the relative importance
of cis versus trans effects are sensitive to sampling scheme
and much of the apparent large trans effect is due to dupli-
cation onto the t-haplotype [8,77,82]. In addition, D
haplotypes show a consistent enrichment of upregulated
genes relative to non-driving haplotypes in both interspecific
and intra-population comparisons (electronic supplementary
material, figures S1 and S2c). Similarly in D. pseudoobscura,
proportionally more genes are upregulated in selfish (SR)
relative to standard (ST) X-chromosomes [78]. Intriguingly,
the t haplotype of mice displays conflicting patterns; trans
effects of the t-haplotype were associated with upregulation,
whereas cis effects resulted in an enrichment of downregu-
lated genes [83]. Copy number variation (CNV) could also
partially explain our results, as seen in the t haplotype of
mice [77]. While removing the known 45-gene indel dis-
tinguishing D and D− at IM results in qualitatively similar
results, local mis-mapping or mis-assembly may obscure
additional CNVs in the MDL11 region. Female meiotic
drive is associated with genic CNV (as well as satellite
DNA arrays) in diverse systems [16,84], and may also
contribute in Mimulus.

Finally, while gene expression differences between driv-
ing and non-driving haplotypes do not necessarily cause
the phenotypic effects of drive, they help refine the list of
functional candidates for drive costs or enhancers. One par-
ticularly intriguing differentially expressed gene in this
analysis is Migut.K00842, the sole M. guttatus homologue
of the plant CENH3 chaperone NASPSIM3 [69]. In addition
to being the core component of the kinetochore predicted
to coevolve with driving centromeres [15], CenH3A acts as
a modifier QTL of D drive in heterospecific hybrids and
shows evidence of a selective sweep following D’s spread
through the IM population [37]. As one of the few well-
characterized plant interactors with CenH3 [85], NASPSIM3

is a strong a priori candidate for interacting as a linked
modifier of drive or mediator of its deleterious effects. In
the within-IM comparison, D lines showed strong elevated
Migut.K00842 expression relative to (more diverse) D−

lines in young floral buds (figure 3e). This could be a plastic
response to the cellular environment of cell division in DD
homozygotes (which also show 20% male and female ferti-
lity costs), or it could reflect evolutionary divergence in
cis-regulation, potentially under selection to enhance con-
ditions for drive. These alternatives are not separable in
inbred line comparisons but could be potentially ruled in
or out in controlled crosses segregating for D (as any effects
of Migut.K00842 expression on drive would need to mani-
fest in heterozygotes). However, lack of strong differential
expression for Migut.K00842 in IM D versus SF d also
suggests that divergence in the expression of this and
other MDL11 genes could also reflect selection for resistance
on D− haplotypes linked in repulsion with D; in that case,
we would expect to see locus-specific signatures of selection
and associated shifts in expression within the population of
D− genotypes. Alternatively, the relative expression of
Migut.K00842 could be sensitive to developmental timing
or tissue, with drive/non-drive differences emerging at
later stages (whole floral buds in intraspecific comparisons
versus developing stamens and carpels in interspecific
ones). Two additional MDL11 genes annotated with cell
cycle functions (Migut.K00775, a D2 cyclin and
Migut.K0762, Cyclin-dependent kinase inhibitor 6) show
intriguing differences in expression only in the interspecific
comparison; both are more highly expressed in carpels
than stamens, on average, and both exhibit strongly elevated
expression in IM versus SF carpels (electronic supplemen-
tary material, table S7). Transcriptome sequencing across
finer-scale reproductive tissues and developmental stages
may, as in [79,83], help pinpoint strong candidates for meio-
tic differentiation among MDL11 chromosomal types.
Furthermore, long-range genomic assemblies currently in
progress, combined with joint examination of costs, drive
strength and genic variation across diverse MDL11 haplo-
types, will greatly facilitate the investigation of origin and
functional effects of the supergene surrounding the centro-
meric driver D.

Data accessibility. Whole-genome sequence data from Cone Peak are
available through the short read archive Biosample nos.
SAMN12995508–SAMN12995518. RNA-Seq data were previously
published and are available via SRA project no. PRJNA736440 and
Biosample nos. SAMN13979871- SAMN13979871. All other data
are provided in electronic supplementary material [86].
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