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Figure 4.1: Single nucleus sequencing clusters nuclei based on cell type and genotype. (A)
Experimental pipeline (B) UMAP (Uniform Manifold Approximation and Projection) plot
positioning high-quality nuclei from all three samples according to their gene expression
patterns. Dots (nuclei) with the same color belong to the same cluster, as inferred by a shared
nearest neighbor (SNN) clustering algorithm in R (see Methods). Clusters were annotated as
cell types based on the expression of testis cell type marker genes [45, 19] (Supplementary
figure 4.7). (C) t-scores (mean t-expression - mean + expression) for nuclei in +/t samples
are shown. Nuclei are binned into cell types. SD - spermatids

Widespread differential expression at early and late stages of
spermatogenesis
In poison-antidote systems the poison is spread across cells, while the antidote acts only
intracellularly to selectively save its carrier [39]. Transcriptional regulation may contribute
to this difference through early expression of the poison genes, and late expression of the
antidotes.

Genes on the t-haplotype can be diverged from those on the reference genome, which could
bias their expression estimates. To obtain reliable estimates of gene expression, we assembled
a transcriptome based on the reads in this dataset. We made use of the identified t-spermatids
to assemble t-haplotype-specific transcripts, as well as the control library to assemble a
transcriptome specific to our mouse strain; the two transcriptomes were then merged, and
identical transcripts were removed. Our resulting transcriptome contained transcripts of three
of the four known poison genes, Nme3, Fgd2 and Tiam2, and of the antidote, SmokT cr.
Interestingly, our assembled SmokT cr allele only contained the Smok sequence, and no reads
in our dataset supported its fusion to a truncated Rps6ka2 gene sequence, as reported at its
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Figure 4.2: Late-stage expression of the responder (SmokT cr) and earlier expression of the
known distorter genes (Tiam2, Nme3 and Fgd2). The percent of nuclei expressing each gene
is proportional to the size of the circles, and the average nucleus-normalized expression is
shown by the shade of green. Only +/t diploid nuclei were included in the diploid clusters,
and only t-spermatids were included in the spermatid clusters. The distorter Tagap1 was not
expressed in our dataset. SD - spermatid

initial discovery (Supplementary figure 4.13) [27]. Although identified in a low percentage
of nuclei in our dataset, SmokT cr shows increasingly strong expression in elongating and
condensed spermatids, while remaining mostly absent in previous stages (Figure 4.2), in line
with previous studies [27, 66]. Poison genes, on the other hand, are expressed at earlier stages,
with peak expression in spermatogonia, early round spermatids and late round spermatids for
Nme3, Fgd2 and Tiam2, respectively (Figure 4.2), consistent with other studies [8, 4, 5].

Differential expression between +/t and +/+ mice may point to candidate genes and pathways
involved in transmission ratio distortion, while the timing of differential expression could
distinguish poisons from antidotes. Therefore we tested the 16,743 genes in our assembly for
differential expression between +/t and +/+ samples within each of the 17 clusters. We found
383 differentially expressed genes, with the somatic Sertoli cells having the most differentially
expressed genes (165), followed by the diploid meiotic germ cells, spermatocytes (143) (Figure
4.3A). Sertoli cells are the only somatic cells present in the location of germ cell production,
in the seminiferous tubules, and they control the extracellular microenvironment and instruct
germ cell progression through cell-to-cell contacts [54]. Therefore, the widespread expression
changes in Sertoli cells may have an effect on spermatid development and the function of
the resulting mature sperm cells. Spermatocytes are the cells that undergo meiosis, and
therefore represent the last diploid stage of spermatogenesis, when poison products can be
easily distributed, as differentially expressed genes at this stage will likely affect both daughter
cells, + and t spermatids.

When we compared gene expression in + and t spermatids to each other and to the +
spermatids in +/+ mice, we found 19, 62 and 76 differentially expressed genes, respectively.
Interestingly, only 34 of the 383 differentially expressed genes identified between t-carriers and
non-carriers mapped to the t complex, in line with the widespread genome-wide expression
changes found previously [44]. In contrast, 12 out of 19 differentially expressed genes between
+ and t spermatids in +/t mice are t-complex-genes. The distorter genes, Nme3, Fgd2 and
Tiam2, were not differentially expressed, while SmokT cr was differentially expressed between +
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Figure 4.3: Widespread expression changes early and late during spermatogenesis affect genes
in and outside of the t complex. (A) The number of differentially expressed genes detected
in each cell type are shown, with the number of differentially expressed t complex genes in
parentheses. The total number of nuclei in each comparison and cell type are shown on top.
Cartoons show the genotype of the nuclei compared. ET - endothelial cells, ML - muscle
cells, MP - macrophases, LG - Leydig cells, SL - Sertoli cells, SG - spermatogonia, SC -
spermatocytes, SD - spermatids. (B) Differential expression of the 30 most significantly
differentially expressed genes, classified based on having their largest absolute log fold change
before the elongating spermatid stages (early) or not (late), and ordered by adjusted p-value
increasing from top to bottom on each category. Shades of green and purple indicate the
magnitude of log fold change of overexpressed and underexpressed genes, respectively. Log
fold change is calculated based on average expression in the compared groups. Grey indicates
no significant expression change. The genotypes of the compared groups are shown on top of
the boxes. Genes printed with bold font are in the t complex.
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Figure 4.4: Expression of Ppp1cbt, Ppp1r11 and Ppp1r2. Dark grey violin plots denote
expression in diploid and haploid stages of the +/+ sample. Dark green violin plots show
expression in the diploid +/t cells in the two +/t samples. Light grey and light green violin
plots represent expression in +-spermatids and in t-spermatids of the +/t sample, respectively.

and t spermatids in the last stage, condensed spermatids.

To understand how the timing of expression of germline differentially expressed genes may
relate to their potential function as poisons or antidotes, we used the expression of SmokT cr as
a guideline. We classified genes that had their highest absolute log fold change in elongating or
condensed spermatid clusters as late differentially expressed genes, and those with earlier peaks
in absolute log fold change as early differentially expressed genes. Of the 242 differentially
expressed genes in the germline, 172 were early, and 70 were late. Figure 4.3B shows the 30
most significantly differentially expressed genes in the germline, with 18 early genes and 12
late genes. These 30 genes are significantly enriched for the biological process of axonemal
dynein complex assembly (FDR=0.0354) and for the mammalian phenotype ontology of
abnormal sperm physiology (FDR=0.0233), with a significant enrichment of protein-protein
interactions among them (p=0.0186). Eight of the top 10 early genes are t complex genes: five
dynein genes, Dynlt2a1, Dynlt2a2, Dynlt2a3, Dynlt1c and Dnah8, the radial spoke protein-
encoding gene, Rsph1, and the t-specific allele of motility-inhibiting protein phosphatase
(PPP1), Ppp1cbt (Figure 4.4A). Additionally, the PPP1 inhibitor, Ppp1r2, is overexpressed
in t spermatids compared to ++/t spermatids and ++/+ spermatids in the early haploid
stages (Figure 4.4B), likely due to the overexpression of the t-complex-encoded Ppp1r2 on
the t-haplotype, whose reads may map to the chromosome-16-encoded Ppp1r2.

The late genes include the t complex gene, Ppp1r11, an inhibitor of PPP1, which is over-
expressed in t-carrying cells all throughout spermatogenesis, and shows its largest log fold
change between ++/t and t-spermatids in the late haploid stages (Figure 4.4C). A radial
spoke protein-encoding gene, Rsph3b, switches from overexpression in spermatocytes to
stronger underexpression in haploid spermatids of +/t mice, which classifies it as a late-acting
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Figure 4.5: Differentially expressed genes (in any of the comparisons shown in Figure 4.3A) in
the cells of the seminiferous tubules are enriched for mitochondrial, sperm-related, chaperonin
and protease functions. (A) 30 strongest gene ontology enrichments of differentially expressed
genes in cells of the seminiferous tubules. Red stands for mitochondrial functions, purple for
sperm-related functions, green for chaperonin (protein folding) functions and blue for protease
(protein degradation) functions. The x axis shows the strength of enrichment as the log
(observed number of genes / expected number of genes), and the shading of the colors is
proportional to the -log10(False Discovery Rate). (B) Protein-protein interaction network
of the 302 differentially expressed genes in the seminiferous tubules, including the physical
interactions, as well as co-expression, and co-appearance in publications. Only connected genes
are shown. Red, purple, blue and green circles stand for genes with cellular localization in the
mitochondria, sperm flagella, proteasome and with function in protein-folding, respectively. t
complex genes are surrounded by thick black circles.

differentially expressed gene.

Two genes from an imprinted gene cluster of the t complex, related to embryonic growth
are among the top 30 differentially expressed genes, consistently with our previous findings
based on bulk RNA-seq [38]. Our data give insights into the timing of their expression: Mas1
is underexpressed only in t-carrying round spermatids, while Slc22a3 shows overexpression
at the very last stage of spermatogenesis, in t-carrying condensed spermatids (Figure 4.3B).
Mice homozygous for the sequenced t-haplotype strain die as embryos, and the underlying
recessive embryonic lethal is unknown. The misexpression of Slc22a3 and Mas1 in t spermatids
raises the interesting possibility that these genes alter the embryonic development of offspring
inheriting the t-haplotype.
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Differential expression affects mitochondrial, flagellar, chaperonin and
proteasomal genes
The previous section suggests that there is widespread expression misregulation in the cells of
the seminiferous tubules: the germ cells, as well as the essential Sertoli cells whose expression
differences may affect germ cell function [54, 50]. To obtain a better understanding of what
pathways and cellular mechanisms may be affected, we looked for enrichment in biological
processes and cellular components (Figure 4.5A), as well as enrichment in protein-protein
interactions within this set of 377 differentially expressed genes (Figure 4.5B). Our gene ontology
enrichment analysis yielded 60 significantly enriched biological processes (Supplementary table
4.1), and 32 significantly enriched cellular components (Supplementary table 4.2). The majority
of resulting biological processes could be grouped into three major functional categories that
were in agreement with the cellular component in which differentially expressed genes were
enriched. The largest functional category consisted of mitochondrium-related processes (Figure
4.5A), which also showed a significant excess of interaction among the proteins they code for
(p=1.0e-16). Mitochondria localize to the mid piece of sperm flagella, and their respiratory
efficiency correlates with sperm motility [15], while expression aberrations in both mitochondrial
and nuclear-encoded mitochondrial proteins is associated with less progressive sperm movement
in humans [34].

We also find an enrichment of differentially expressed genes involved in sperm-related processes,
such as the assembly of the acrosome, the structure of the sperm head that contains the
enzymes necessary for sperm-egg fusion (Figure 4.5A). Further sperm function related processes
that were enriched included the assembly of the axoneme, the cytoskeletal structure of the
sperm tail, and of its component, the microtubule bundle, as well as processes of flagellar
motility. Interestingly, we find an enrichment in chaperonin-mediated protein folding, including
elements and interactors of the CCT protein complex on the sperm head surface that may
mediate binding to the zona pellucida, the extracellular glycoprotein layer of the egg [13].
Since sperm from +/t mice show delayed penetration of the zona pellucida, expression changes
of CCT-complex-associated genes are candidates for underlying this phenotypic aberration.

4.3 Discussion
Since its discovery about a hundred years ago, the t-haplotype has been the object of extensive
research. These many studies have uncovered the complex phenotypic effects of this selfish
element on sperm function, as well as the polygenic underpinnings of its drive. Our single
nucleus sequencing of +/t and +/+ testes uncovered the extent of differential expression
between the cells of these two genotypes, and it also allowed comparing gene expression
in t- and +-spermatids within +/t testes. However, as only one +/+ sample was used,
caution has to be taken while interpreting the results of the former comparison. Further, when
comparing gene expression of +-spermatids in +/+ vs. +/t testes, one has to keep in mind
that the sequenced mRNA in +-spermatids in +/t testes may be contaminated with ambient
RNA of the +/t testis, or with mRNA that was shared through cytoplasmic bridges from
t-spermatids, and may not solely reflect expression from +-spermatids. On the other hand,
the 19 differentially expressed genes between t- and +-spermatids within +/t samples likely
stem from true expression differences between these cells.

The high proportion of differentially expressed genes outside of the t complex (Figure 4.3A)
suggests a regulatory effect of the t-haplotype on the expression of certain genes. A high
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impact on the genes throughout the genome was found in earlier whole-tissue RNA-sequencing
studies [44, 38], which is in line with the strong influence of the genetic background on the
strength of transmission ratio distortion [21]. What causes such widespread expression changes
is unknown. One possibility is that the t-haplotype encodes for variants of transcription
factors that can modulate the expression of many genes at once. These may also provide an
explanation for why sets of genes involved in specific biological processes may change their
expression concurrently. For example, some transcription factors coordinate the expression of
nuclear-encoded mitochondrial genes in a cell-type-specific manner and respond to physiological
stimuli, such as hormones [17]. We detected a significant underexpression of Taf7l2, a germline-
specific transcription factor component, in t-carrier mice. Taf7l -null males are known to show
reduced sperm motility and abnormal, folded tails [9]. TAF7l2 is connected in the top part
of our protein-protein interaction network (Figure 4.5) to the RNA polymerase II POLR2L,
and indirectly to POLR1H, a t-complex-encoded RNA polymerase I subunit. Interestingly
our most significantly differentially expressed gene with constitutive overexpression in all cell
types is Polr1has, which encodes an antisense lncRNA of Polr1h (Figure 4.3B). A significantly
underexpressed t complex gene in spermatocytes and Sertoli cells is Tcp10a, a negative
regulator of transcription by RNA polymerase II. Therefore, our dataset may give insights into
the primary, secondary and downstream effects of the t-haplotype on gene expression, which
may result in the "poisonous" functional aberrations that lead to transmission ratio distortion.

We observed widespread expression changes at the diploid spermatocyte stages despite the
fact that cytological studies of +/t testes did not detect any aberrations in meiosis or sperm
development [28], and most effects seem to be confined to the motility and fertilization ability
of mature sperm. Indeed, distorter genes in other meiotic drive systems are often expressed
at the diploid stages, while the cytological effects are observed at later stages. For example,
the Paris sex-ratio distorters are expressed in the pre-meiotic germ cells, spermatogonia, but
the cytological effects, namely the aberrant segregation of the Y chromosome, are observed
only at meiosis II in spermatocytes [24]. Similarly, the SD system of Drosophila melanogaster
expresses its distorter early in meiosis, but the chromatin compaction problems arise post-
meiotically [47]. The fact that we found the majority of differentially expressed genes in
meiotic cells may reflect that proteins needed for mature sperm function are expressed already
in spermatocytes, or may point to the advantage of unleashing distorters at diploid stages.

Our single nucleus sequencing analysis uncovered that the somatic Sertoli cells are highly
affected by the t-haplotype. While Sertoli cells have 165 differentially expressed genes when
comparing 786 nuclei, Leydig cells have only 10, despite comparing 328 nuclei. Some of this
difference may result from the smaller number of nuclei obtained from Leydig cells compared
with Sertoli cells, which reduced our power to detect differential expression. However, Sertoli
cells are very dynamic transcriptionally, as they simultaneously support germ cells at different
developmental stages and are involved in the complex endocrine and paracrine regulation of
spermatogenesis [69, 20]. A recent single cell sequencing study comparing young and aged
primate testes also found the transcriptomes of Sertoli cells to be most affected [30]. Because
of their central roles in spermatogenesis [68], differentially expressed genes in Sertoli cells
could have an effect on developing germ cells. Notably, most of the differentially expressed
genes of Sertoli cells (132 out of 165) are not differentially expressed in other cell types, but
are enriched for processes shown in Figure 4.5: oxidative phosphorylation (FDR=0.015) and
flagellar sperm motility (FDR=0.015) . It is possible that the t-haplotype employs Sertoli cells
to impact sperm development, which may act as distributors of the "poisonous" effect.

The widespread transcriptomic changes induced by the t-haplotype were significantly enriched
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for several biological processes. This may suggest that the t-haplotype distorts transmission
ratios by disrupting multiple processes at once. The misregulation of genes involved in
mitochondrial processes is associated with less progressive sperm motility in humans [34].
Further, the respiratory function of mitochondria is known to influence sperm motility [15], and
is required for capacitation, a crucial sperm maturation step, during which many mitochondrial
proteins undergo tyrosine phosphorylation [64]. Although the underlying gene has not been
identified, one t complex locus is involved in mitochondrial organization in the midpiece
of sperm flagella [57]. When the t-allele at this locus is paired with the allele from the
sister species, Mus spretus, the mitochondria do not go through condensation during sperm
maturation and show poorly organized mitochondrial sheaths in the midpiece, while this is not
seen for the Mus spretus/+ allele combination. It is plausible that a t-specific variant of such
a locus could similarly lead to mitochondrial defects.

Sperm from +/t mice was shown to be delayed in penetrating the zona pellucida of the
egg [35] and to have different sperm-zona pellucida receptor activity [65], phenotypes that
affect fertilization ability and therefore could be related to drive. The t complex encodes a
mutated chaperonin, Tcp1, which is highly expressed in the testis and together with seven
other non-t-complex-encoded chaperonins constitute the testis-biased chaperonin-containing-
Tcp1-complex (CCT). CCT was shown to aid in the nuclear compaction and cellular matrix
reorganization of spermatids, and, importantly, relocates to the sperm head surface after
capacitation, the final maturation step of sperm in the female genital tract [13]. CCT shows
high affinity for the zona pellucida and binds the zona-pellucida-binding protein 2, Zpbp2,
whose knock-out causes impaired acrosome compaction and zona-pellucida-binding [42]. Our
differentially expressed genes were functionally enriched for chaperonin-function (Figure 4.5),
and showed the underexpression of two CCT components, Cct3 and Cct6b, in spermatocytes,
as well as the underexpression of three other chaperonins, Hspa4, Hspa9 and Hsp90aa1, which
might interact with CCT [13]. Further, the zona-binding protein, Zpbp2, is significantly
underexpressed in Sertoli cells in +/t mice, emphasizing the potential involvment of CCT and
zona-binding in the mechanism of drive, and the potential role of Sertoli cells in the associated
sperm maturation steps.

Sperm motility depends on three components: an intact flagellar morphology, the ability to
produce energy for flagellar movement and properly functioning signal transduction pathways
that transmit external signals into internal ones [16]. The t-haplotype seems to affect all
three of these aspects of sperm motility. Lindholm et al. found shorter sperm tails in +/t
mice when compared to +/+ mice, and the significant underexpression of five dynein genes
and a radial spoke gene in +/t mice might contribute to this (Figure 4.3B). The strong
enrichment of our differentially expressed genes in mitochondrial processes suggests that
oxidative phosphorylation in sperm from +/t mice might be affected. However, evidence
is growing that an alternative process, glycolysis, carried out by enzymes along the entire
flagellum is an important source of ATP for sperm motility [26]. In particular, a sperm-specific
lactase dehydrogenase, LDHC, is essential for sperm ATP production and motility [51], which
is one of our most significantly underexpressed genes in +/t mice (Figure 4.3B).

Finally, we show the strong overexpression of PPP1 and its repressors in t-carrier testes, which
may imply altered motility-related signaling in + and t sperm. Ppp1cbt and its repressors,
Ppp1r2 and Ppp1r11, are overexpressed in the early stages of spermatogenesis in +/t versus
+/+ mice, facilitating their incorporation into both + and t spermatids. Interestingly, Ppp1r11
is differentially expressed between + and t spermatids in +/t mice, with a three-fold higher
expression in t cells than in + cells at the elongating and condensed spermatid stages (Figure
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4.4C). One possible interpretation is that Ppp1r11t is a poison, and the t-haplotype shares
its allele with + spermatids by expressing it at diploid stages, and by expressing it at haploid
stages where it will be distributed through the cytoplasmic bridges. Ppp1r11 was shown to be
enriched in chromatoid bodies, large, spermatid-specific structures that might facilitate mRNA
transport across cytoplasmic bridges [49], which would support it being a poison. Another
interpretation is that Ppp1r11t is an antidote, possibly to the deleterious effect of Ppp1cbt,
and its strong overexpression at the late haploid stages may enrich it in t spermatids even in
the face of equalization through the chromatoid bodies. Its coexpression with Ppp1cbt in the
diploid stages may be necessary to regulate PPP1’s enzymatic activity along spermatogenesis
[18].

More work is necessary to better understand the possible role of PPP1 and its inhibitors in the
t-haplotype’s drive. Bioinformatic prediction of Ppp1cbt’s, Ppp1r11t’s and Ppp1r2t’s protein
structures would allow their comparison to the structures of their non-t-specific homologs
and paralogs. This would give insights into whether Ppp1cbt’s catalytic subunit is functional,
and if it is predicted to bind its t-specific or non-t-specific repressors. In turn, the repressors
themselves are regulated by phosphorylation at known residues [18], and Ppp1r11t’s mutations
were previously predicted to affect its phosphorylation and PPP1-binding [22]. The fast
evolution [37] and differential expression of these three functionally related genes on the
t-haplotype raises the possibility that their protein structures co-evolved to alter sperm motility.
In silico predictions of protein structures, functions and interactions would ultimately provide
a basis for conducting experimental validation of PPP1-involvment in drive.

Overall, our study provided new insights into the timing of gene expression aberrations in +/t
testes and highlighted the misexpression of many genes outside the t complex. The most
significantly differentially expressed genes in our study supported the hypothesis that structural
and motor proteins of the sperm flagella as well as the PPP1-centric dephosphorylation
pathway may be involved in drive. The strong differential expression of five dynein genes
and two radial-spoke-encoding genes at the early stages of spermatogenesis supports them
being "poison" genes, in line with their location in the distorter regions of the t-haplotype.
Although the location of the t-specific Ppp1cb is not known, our results uncovered that it
may be an early-acting "poison", just like its inhibitor, Ppp1r2, which is encoded in a distorter
region of the t-haplotype. On the other hand, Ppp1r11 ’s strong late-stage overexpression
in t spermatids raises the question if this distorter-region-encoded protein could function as
an "antidote". Our results uncovered new candidate genes that may underlie the impaired
motility and fertilization phenotypes of sperm from +/t mice, such as key genes related to
sperm energy production (LDHC and mitochondrial proteins) and zona-pellucida-binding (CCT
complex genes and ZPBP2). This was the first study of the expression changes induced by
a meiotic driver at the single cell level, a resolution that provides unprecedented and much
awaited insights into the complex biology of drive. We provided a single-cell-atlas of gene
expression in testes carrying the t-haplotype, a resource for future research into its transmission
ratio distortion as well as into sperm function.

4.4 Materials and methods

Single nucleus sequencing
We isolated nuclei from testis samples of three 99-day-old M. m. domesticus mice of the
ILL strain which originating from Illnau, Switzerland, and was maintained in the lab for ten
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generations. Mice were full siblings raised under standardized conditions: two were of +/twILL

genotype (tested by PCR amplification of the t-specific allele of Hba-ps4), and one of +/+
genotype. Nuclei were isolated using the 10x Genomics nuclei isolation kit, and sequenced
using Illumina Novaseq S4 PE150 XP.

Finding high-quality nuclei
We created a pseudo-t-haplotype reference sequence by substituting t-specific genomic SNPs
found by Kelemen et al. [38] of a M. m. domesticus mouse from France sampled by Harr et
al. [23]. We appended this sequence to the mm10 mouse reference genome. We annotated
the pseudo-t-haplotype sequence by finding the coordinates of the best BLAT hits reference
t complex exons. CellRanger (version 7.1.0) was used to map and count the UMIs (unique
molecular identifiers) for each gene and barcode in a library. The fraction of intronic reads per
nucleus was calculated with the nuclear_fraction_tag function of the DropletQC library in R
(version 4.3.2). We used CellBender (version 0.3.0) to remove barcodes that were predicted
not to represent nuclei but ambient RNA, and reads from each predicted nucleus, which were
predicted to be derived from ambient RNA. Using the Seurat package (version 5.0.1) in R we
filtered for nuclei with <5% mitochondrial UMI counts, >300 genes expressed, >300 UMI
counts and an intronic read fraction >0.55.

Cell type identification
We clustered nuclei within each sample based on gene expression outside of the t complex
(chr. 17:3-42 Mb) using Seurat, and removed suspected doublets (barcodes representing
two nuclei) using the DoubletFinder package (version 2.4.0) in R. Then we integrated all
samples using the FindIntegrationAnchors and IntegrateData functions of Seurat by taking
the 10,000 most variable genes, outside of the t complex for anchoring. After clustering and
dimenstionality reduction using the RunUmap function we plotted the mean cluster expression
of marker genes [45, 19] to annotate the clusters. We removed two clusters that showed
haploid spermatid gene expression patterns, but significantly lower intronic read fractions than
other haploid clusters and unimodal X chromosome expression distribution, indicative of whole
cells (Supplementary figure 4.6).

Identification of t- and +-spermatids
We computed a preliminary t-score for each nucleus by subtracting the mean + allele expression
from that of the t allele expression of each expressed t complex gene. We fit two normal
distributions to the resulting bimodal distributions of t-scores in the haploid cell clusters of
the +/t samples using the mix function of the mixdist package (version 0.5-5) in R with
parameters mixparam(mu=c(-0.02,0.02), sigma=c(0.01,0.01)), where mu parameters were
estimated from the data using the multimode package (version 1.05) in R. Nuclei with t-scores
above the 10th percentiles of the high-t-scores distributions were tested against nuclei below
the 90th percentiles of the low-t-scores distributions for differential expression of t complex
gene alleles using the MAST test of the FindMarkers function of Seurat. We used the 25th
and 75th percentiles for the early round spermatid 1 cluster, because of less bimodal t-scores
(Supplementary figure 4.9). Genes with differentially expressed alleles and an FDR-adjusted p-
value below 0.05 were used to compute a refined t-score using the same formula as above. We
fit two normal distributions to the bimodal t-score distributions in each haploid cluster. Nuclei
above the 10th percentile of the high-t-score distribution were classified as t-spermatids, and
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those below the 90th percentile of the low-t-score distribution were classified as +-spermatids.
We used the 25th and the 75th percentiles, respectively, for the early round spermatids 1.

Assembling transcriptomes of t-spermatids and +/+ testes
We extracted reads from the raw FASTQ files of the two +/t samples using umi_tools’
extract function in Python (version 3.9.7) and the list of our t-spermatid barcodes. We
excluded nuclei from the early round spermatid 1 cluster, because their t-score distributions
were less bimodal than the later clusters (Supplementary figure 4.10). Reads were trimmed
with fqtrim (version 0.9.7) with parameters -5 AAGCAGTGGTATCAACGCAGAGTACATGGG
(template switch oligo sequence) -a 10 -q 20 -l 50. Files containing read 2’s from both +/t
samples were concatenated and assembled in a forward stranded mode (–SS_lib_type F) using
Trinity (version 2.15.1). Reads from the +/+ library were trimmed with the above parameters
and read 2’s were assembled using the same procedure as mentioned above. We filtered for
minimum 500 basepair long contigs with faFilter (version v.357), and retained contigs that
showed a minimum TPM of 0.5, estimated using kallisto (version 0.50.1), in all libraries of
the focal genotype. Contigs with an overlap of at least 100 basepairs and less than 0.01
sequence differences, as inferred by BLAT, were collapsed by choosing the longest of such
matching contigs using a custom-made Perl script. The t-spermatid assembly and the +/+
testis assembly were concatenated at this point, and contigs with an overlap of at least 100
basepairs and less than 0.01 sequence differences, as inferred by BLAT, were collapsed by
choosing the longest of such matching contigs using a custom-made Perl script, as before.
We mapped each contig to the mm10 transcriptome and to the t-specific genes Ppp1cbt,
Rnpepl1t and SmokT cr, identified in [37] and [27], and we assigned each to a gene if it had a
minimum of 200 basepair alignment to one of its transcripts.

Differential expression analysis
We quantified the expression of each contig using CellRanger. Then for each gene in our
assembly and high-quality nucleus identified before we added up the UMI counts of the
contigs mapping to it, and created three Seurat objects, which we integrated using the
FindIntegrationAnchors and IntegrateData functions of Seurat by taking the 10,000 most
variable genes outside of the t complex for anchoring. We then transferred the cluster
information for each nucleus from the reference-mapping-based Seurat object to the assembly-
mapping-based object, and also the previously inferred genotype information for the haploid
spermatids. We then used the built-in MAST test of the FindMarkers function of Seurat to
find differentially expressed genes between the two +/t and the single +/+ sample within
each diploid cell cluster. For haploid cell clusters we compared ++/t spermatids to ++/+

spermatids, t+/t spermatids to ++/+ spermatids and t+/t spermatids to ++/t spermatids. We
considered only genes with an adjusted p-value below 0.05 to be differentially expressed.

Gene ontology enrichment analysis
We provided our list of differentially expressed genes to the online database and gene ontology
search tool, STRING (https://string-db.org/, version 12.0) to identify enriched gene ontology
categories.
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4.5 Supplementary figures
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Supplementary Figure 4.6: Supporting evidence for removing two clusters that contain
suspected whole cells. (A) UMAP plot showing the nuclei in a space that summarizes their
high-dimensional gene expression information in two dimensions. Clusters were named based
on their expression of cell-type marker genes [45, 19]. Two clusters were denoted as "suspected
whole cells" because they expressed haploid spermatid marker genes (D), but they did not
show clearly bimodal X chromosome to autosome expression ratios (B), and a lower fraction
of their genic reads mapped to introns than seen in other haploid spermatid clusters (C).
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Supplementary Figure 4.8: The fraction of nuclei belonging to each cluster in each of the
three samples.
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Supplementary Figure 4.9: Distributions of t-scores in haploid clusters of +/t samples and
normal distributions fitted to them. Blue histograms show the frequency of t-scores. Red
smooth lines represent the two normal distributions fitted to the bimodal distributions, while
the green smooth lines show the bimodal distribution fitted to the data. Dotted lines mark the
90th and 10th percentiles of the fitted low-t-score and high-t-score dsitributions, respectively,
which were used to call spermatid genotypes. Nuclei in the "Early round spermatids 1" cluster
showed a more unimodal distribution, therefore the 25th and 75th percentiles were used for
genotype calling.

86



Early round SDs 1

t−score

N
um

be
r o

f n
uc

le
i

−1.0 −0.5 0.0 0.5

0
1

2
3

4
5

6
7

Early round SDs 2

t−score

N
um

be
r o

f n
uc

le
i

−1.0 −0.5 0.0 0.5

0
1

2
3

4
5

Late round SDs

t−score

N
um

be
r o

f n
uc

le
i

−1.0 −0.5 0.0 0.5

0
2

4
6

8

Elongating SDs 1

t−score

N
um

be
r o

f n
uc

le
i

−1.0 −0.5 0.0 0.5

0
1

2
3

4
5

6

Elongating SDs 2

t−score

N
um

be
r o

f n
uc

le
i

−1.0 −0.5 0.0 0.5

0
2

4
6

8

Elongating SDs 3

t−score

N
um

be
r o

f n
uc

le
i

−1.0 −0.5 0.0 0.5

0
1

2
3

4
5

Condensed SDs

t−score

N
um

be
r o

f n
uc

le
i

−1.0 −0.5 0.0 0.5

0
1

2
3

4

Supplementary Figure 4.10: Distributions of t-scores in haploid clusters of +/t (green) samples
and the +/+ (black) sample.
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Supplementary Figure 4.11: Mean expression of autosomal (A), +-t-complex (B) and pseudo-
t-haplotype genes in the different cell types of +/t mice (two samples pooled).
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Supplementary Figure 4.12: Mean expression of autosomal (A), +-t-complex (B) and pseudo-
t-haplotype genes in the different cell types of the +/+ mouse.

Smok Rps6ka2

Supplementary Figure 4.13: The alignment of reads from t-spermatids to SmokT cr from
Herrmann et al. [27], as visualized by the Integrated Genome Viewer (IGV). There are no
reads supporting the Smok-Rps6ka2 fusion at basepair number 2023.
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Gene ontology ID Biological process Observed gene count Background gene count Strength FDR
GO:0006119 Oxidative phosphorylation 16 120 0.98 9.18e-07
GO:0009060 Aerobic respiration 17 168 0.86 5.79e-06
GO:0015980 Energy derivation by oxidation of organic compounds 21 275 0.74 5.79e-06
GO:0006091 Generation of precursor metabolites and energy 24 378 0.66 6.83e-06
GO:0007276 Gamete generation 40 982 0.47 6.83e-06
GO:0019953 Sexual reproduction 43 1115 0.45 6.83e-06
GO:0045333 Cellular respiration 18 204 0.8 6.83e-06
GO:0042776 Proton motive force-driven mitochondrial ATP synthesis 11 62 1.11 8.43e-06
GO:0007283 Spermatogenesis 33 726 0.52 8.51e-06
GO:0006754 ATP biosynthetic process 12 85 1.01 1.34e-05
GO:0009142 Nucleoside triphosphate biosynthetic process 13 115 0.91 2.78e-05
GO:0022414 Reproductive process 56 1844 0.34 3.30e-05
GO:0044085 Cellular component biogenesis 69 2631 0.28 0.00012
GO:0006164 Purine nucleotide biosynthetic process 15 194 0.75 0.00014
GO:0003006 Developmental process involved in reproduction 42 1271 0.38 0.00017
GO:0022607 Cellular component assembly 64 2396 0.29 0.00017
GO:0042773 ATP synthesis coupled electron transport 10 75 0.98 0.00017
GO:0022900 Electron transport chain 12 125 0.84 0.00024
GO:0022904 Respiratory electron transport chain 11 102 0.89 0.00024
GO:0046390 Ribose phosphate biosynthetic process 15 209 0.72 0.00027
GO:0009152 Purine ribonucleotide biosynthetic process 14 185 0.74 0.00035
GO:0043933 Protein-containing complex organization 43 1388 0.35 0.00047
GO:0009165 Nucleotide biosynthetic process 16 253 0.66 0.00049
GO:0046034 ATP metabolic process 13 165 0.76 0.00050
GO:0007281 Germ cell development 22 468 0.53 0.00053
GO:0042775 Mitochondrial ATP synthesis coupled electron transport 9 73 0.95 0.00076
GO:0022412 Cellular process involved in reproduction in multicellular organism 25 608 0.47 0.00093
GO:0007286 Spermatid development 17 307 0.6 0.0010
GO:0060285 Cilium-dependent cell motility 12 151 0.76 0.0010
GO:0009141 Nucleoside triphosphate metabolic process 14 220 0.66 0.0016
GO:0065003 Protein-containing complex assembly 38 1227 0.35 0.0016
GO:0006996 Organelle organization 79 3482 0.22 0.0017
GO:0030317 Flagellated sperm motility 11 136 0.77 0.0020
GO:0019646 Aerobic electron transport chain 8 65 0.95 0.0022
GO:0003341 Cilium movement 13 198 0.68 0.0023
GO:0007018 Microtubule-based movement 18 412 0.5 0.0084
GO:0032981 Mitochondrial respiratory chain complex I assembly 7 59 0.93 0.0092
GO:0070925 Organelle assembly 26 790 0.38 0.0164
GO:0006457 Protein folding 11 178 0.65 0.0165
GO:0001675 Acrosome assembly 5 27 1.13 0.0183
GO:0044782 Cilium organization 16 362 0.5 0.0183
GO:0006163 Purine nucleotide metabolic process 17 404 0.48 0.0191
GO:0060271 Cilium assembly 15 325 0.52 0.0191
GO:0061077 Chaperone-mediated protein folding 7 69 0.87 0.0202
GO:0033108 Mitochondrial respiratory chain complex assembly 8 98 0.77 0.0256
GO:0090407 Organophosphate biosynthetic process 19 503 0.44 0.0271
GO:0019693 Ribose phosphate metabolic process 17 422 0.46 0.0294
GO:0071840 Cellular component organization or biogenesis 108 5681 0.14 0.0308
GO:0035082 Axoneme assembly 8 102 0.75 0.0312
GO:1903333 Negative regulation of protein folding 3 5 1.64 0.0312
GO:1905198 Manchette assembly 3 5 1.64 0.0312
GO:0120031 Plasma membrane bounded cell projection assembly 17 427 0.46 0.0313
GO:0007017 Microtubule-based process 26 840 0.35 0.0332
GO:0046661 Male sex differentiation 11 199 0.6 0.0332
GO:0009150 Purine ribonucleotide metabolic process 16 390 0.47 0.0335
GO:0043486 Histone exchange 5 33 1.04 0.0335
GO:0051085 Chaperone cofactor-dependent protein refolding 5 33 1.04 0.0335
GO:0001578 Microtubule bundle formation 9 137 0.68 0.0372
GO:0009117 Nucleotide metabolic process 18 484 0.43 0.0400
GO:0008584 Male gonad development 10 173 0.62 0.0427

Supplementary Table 4.1: Significantly enriched biological processes among the 377 differen-
tially expressed genes in the seminiferous tubules. FDR - False discovery rate

4.6 Supplementary tables
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Gene ontology ID Biological process Observed gene count Background gene count Strength FDR
GO:0098800 Inner mitochondrial membrane protein complex 18 149 0.94 3.27e-08
GO:0005622 Intracellular anatomical structure 251 14759 0.09 1.05e-06
GO:0005746 Mitochondrial respirasome 13 90 1.02 1.07e-06
GO:0098803 Respiratory chain complex 13 90 1.02 1.07e-06
GO:0005737 Cytoplasm 212 11788 0.11 2.59e-06
GO:0098798 Mitochondrial protein-containing complex 20 297 0.69 4.76e-06
GO:0043227 Membrane-bounded organelle 215 12435 0.1 6.89e-05
GO:0043226 Organelle 227 13445 0.09 0.00010
GO:0031967 Organelle envelope 42 1324 0.36 0.00014
GO:0043229 Intracellular organelle 222 13119 0.09 0.00014
GO:0005747 Mitochondrial respiratory chain complex I 8 50 1.06 0.00018
GO:0005740 Mitochondrial envelope 31 854 0.42 0.00021
GO:0005743 Mitochondrial inner membrane 24 556 0.49 0.00021
GO:0019866 Organelle inner membrane 25 617 0.47 0.00033
GO:0031514 Motile cilium 16 282 0.61 0.00040
GO:0005929 Cilium 28 773 0.42 0.00058
GO:0031966 Mitochondrial membrane 28 795 0.41 0.00091
GO:0043232 Intracellular non-membrane-bounded organelle 99 4826 0.17 0.0013
GO:0005739 Mitochondrion 50 1956 0.27 0.0019
GO:0098796 Membrane protein complex 36 1230 0.33 0.0021
GO:0015630 Microtubule cytoskeleton 39 1390 0.31 0.0022
GO:0005838 Proteasome regulatory particle 5 23 1.2 0.0026
GO:0043231 Intracellular membrane-bounded organelle 199 11954 0.08 0.0043
GO:1990204 Oxidoreductase complex 9 122 0.73 0.0055
GO:0045261 Proton-transporting ATP synthase complex, catalytic core F(1) 3 6 1.56 0.0131
GO:0001669 Acrosomal vesicle 10 180 0.6 0.0189
GO:0070069 Cytochrome complex 5 40 0.96 0.0222
GO:0005829 Cytosol 83 4213 0.15 0.0230
GO:1902494 Catalytic complex 39 1582 0.25 0.0230
GO:0000502 Proteasome complex 6 67 0.81 0.0276
GO:0005751 Mitochondrial respiratory chain complex IV 4 25 1.06 0.0341
GO:0097729 9+2 motile cilium 10 199 0.56 0.0341

Supplementary Table 4.2: Significantly enriched cellular components among the 377 differen-
tially expressed genes in the seminiferous tubules. FDR - False discovery rate
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5.1 A century of meiotic drive research
Meiotic drivers were first observed in fruit flies and house mice about a hundred years ago
[13, 17], and subsequent theoretical and empirical studies uncovered the strong impacts of
allelic selection on the evolution of the genomes, organisms and populations in which they
are present [36, 4, 22, 43, 45]. Some meiotic drivers, such as the wtf element in yeast [12]
or the Paris driver on the Drosophila simulans X chromosome, are characterized by repeated
sweeps to fixation and by the evolution of suppressors against them, events that are expected
to be commonly associated with self-promoting genetic elements [23]. On the other hand,
many meiotic drivers are ancient haplotypes that are segregating at stable and relatively low
equilibrium frequencies in their populations [26, 42, 28, 10]. These large haplotypes often
harbor hundreds of genes in inversions that suppress recombination with the non-driving
homologs [44, 5], which are expected to accumulate deleterious mutations over their long
evolutionary existence [33]. How degenerate meiotic drivers are and how they persist over
hundreds of thousands of years in the absence of free recombination have remained open
questions.

Early molecular methods allowed the assessment of a few genes and their expression patterns,
while next generation sequencing technologies provided a more comprehensive view of the
sequence and expression evolution of meiotic drivers. Studies in both technological eras
uncovered that fast sequence evolution [39], repeat expansions [15, 10], novel genes [10],
gene amplifications [25, 32, 44, 12], gene truncations [20, 30] and fusions [21], and highly
altered expression levels [25, 44, 39, 10] are common features of many meiotic drivers, as
well as of the suppressor regions, which are in an arms race with the selfish chromosomes
[32, 8, 19]. However, many meiotic drivers, such as the classical case of the t-haplotype
in house mice, remained understudied in the next generation sequencing era. This thesis
presented a comprehensive characterization of the sequence and expression evolution of the
t-haplotype, and the key results are discussed in the context of meiotic drive research.

5.2 Meiotic drivers accumulate genetic load
Starting in the 1940s, theoretical and empirical studies showed that the self-promoting parts of
many genomes can be maintained in populations despite significant fitness costs imposed on
their carriers [4, 22, 43, 45]. While many studies focused on the phenotypic costs associated
with meiotic drivers, degeneration has not been assessed at the molecular level. The low
recombination rates and effective population sizes of many meiotic drivers increase the effects
of genetic drift [33], which is expected to lead to degeneration, for example, through higher
rates of nonsynonymous amino acid substitutions or transposable element insertions.

The t-haplotype in house mice is a great model meiotic driver, as it shares many of the features
of other meiotic drivers. It is a large [27] and ancient [31] non-recombining haplotype with
several loci involved in embryonic lethality [46], male sterility [40] and drive [28]. We made
use of a published dataset of genomic and transcriptomic reads from wild-caught house mice
to assess the patterns of sequence variation on the t-haplotype and its +-homolog. We have
found significantly higher nonsynonymous to synonymous SNP ratios among frequent SNPs
on the t-haplotype, when compared to the homologous regions in house mice and the sister
species Mus spretus (Figure 4A in Chapter 2). We have also found significantly elevated dN/dS
for several t-specific genes (Figure 3.3 in Chapter 3), which is consistent with a decreased
efficiency of purifying selection on the t-haplotype. Recently, the autosomal meiotic driver of
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Drosophila melanogaster, SD, was also reported to harbor an excess of nonsynonymous SNPs
and transposons compared to its non-driving homolog [34]. However, comprehensive studies
of degeneration levels on meiotic drivers remain to be rare.

5.3 Occasional recombination may alleviate genetic load
on meiotic drivers

We have found that the divergence between the t-haplotype and its non-driving homolog
varied strongly across the t complex (Figure 1 in Chapter 2), and phylogenetic analysis
suggested that the t-haplotype exchanged genetic material with its non-driving homolog for
large parts of its sequence (Figure 2 in Chapter 2). The observation that the t-haplotype has
a nonsynonymous to synonymous fixed SNP ratio similar to that of its non-driving homologs
in regions that showed evidence of recombination (Figure 4B in Chapter 2) suggested that
occasional recombination may have alleviated the t-haplotype’s genetic load. While studies
that focused on a handful of genes in the t complex found alleles that showed a mosaic of
typically t-haplotype-associated and typically +-associated sequences [14], the large scale of
sequence exchange that we detected along the t-haplotype was unexpected given the strongly
suppressed recombination observed in the t complex. A similar result was published for the
selfish X chromosome of Drosophila neotestacea in 2016, which showed gene flow between
driving and non-driving X chromosomes for all of the 11 loci assayed, despite the presence of
inversions [38]. A recent study of degeneration patterns on SD in Drosophila melanogaster
also found less nonsynonymous SNPs in regions that showed genetic exchange with the
non-driving homolog [34]. More population genomic studies of meiotic drivers are necessary
to determine how widespread their recombination is, and whether occasional recombination is
a "recovery" mechanism that is commonly associated with selfish haplotypes.

5.4 Revisiting the history of the t-haplotype
Using those regions of the t-haplotype that did not show evidence of recombination we
could reconstruct the evolutionary history of 15 t-haplotypes and 40 +-t-complexes from
geopgraphically widespread populations of three house mouse subspecies (Figure 3C in Chapter
2). This showed that the t-haplotype predates the split of the three house mouse subspecies,
confirming previous findings based on a single t complex gene [31]. In contrast to this study,
our data contained considerable variation between t-haplotypes to cluster them by subspecies
(Figure 3C in Chapter 1). However, the most recent common ancestor of the 15 t-haplotypes
seems to have lived later than that of the 40 +-t-complexes, suggesting that the t-haplotypes
crossed between house mouse subspecies, which is interesting in light of the partial hybrid
sterility between M. m. musculus and M. m. domesticus [16]. The t-haplotype contains a
highly diverged allele of one of the major hybrid incompatibility loci, Prdm9 [24]. PRDM9
determines recombination hotspots as its zinc finger array binds a specific DNA sequence, and
induces a double strand break [37]. However, any mutation that escapes PRDM9-binding will
be preferentially transmitted to the next generation, as it will serve as a template for repairing
the asymmetric double strand break [2]. This causes the fast erosion of PRDM9 binding sites
and fast evolution of PRDM9 zinc fingers [3]. Hybrid sterility arises from carrying genomes
that eroded different PRDM9 binding sites, causing too many asymmetrical PRDM9-binding,
and, ultimately, leading to failed meiosis [9]. Prdm9t’s zinc finger is highly diverged from those
of all other Prdm9 alleles found in any of the Mus musculus subspecies, but identical among
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t-haplotypes from different subspecies [24]. The co-evolution of Prdm9t with the genomes of
all three subspecies of house mice may rescue the fertility of hybrids carrying the t-haplotype,
and facilitate the t-haplotype’s crossing of hybrid zones. However, this hypothesis has not
been tested yet. Further, whether the diverged zinc finger of Prdm9t alters the recombination
lanscape in +/t mice will be tested using our single nucleus sequencing data of +/t testes.

5.5 Novel expression patterns and copy number changes

We have found that 50 of our 58 assembled t-specific alleles are significantly differentially
expressed when compared to the homologous alleles on the standard chromosome 17 (Figure
3.2 in Chapter 3). 25 of the t-specific alleles were consistently overexpressed, and 25 were
consistently underexpressed in the tissues assayed, showing the ubiquitous effects of t-specific
expression changes. Some of the expression changes are likely to be signs of degeneration, as
expected for a large haplotype with reduced recombination. However, high expression may
be a sign of functionality of a gene. Gene copy number increase seems to be associated with
increased expression on the t-haplotype, as more than half of the overexpressed t-specific
genes have gained copies, in contrast to only 5 of the 25 underexpressed genes (Figure 3.2 in
Chapter 3). Similarly to our findings, widespread expression changes were observed also for
the ancient driving X chromosome of stalk eyed flies, where of the 596 differentially expressed
genes about 40% were overexpressed on the driving chromosome in the testis [44]. Further,
copy number increase of genes was significantly correlated with overexpression on the driving
X chromosome [44].

Copy amplification is often associated with the causative genes and suppressors of drive. The
yeast driver, wtf, is found in many yeast species spanning 100 million years of evolution in
as many as 83 copies per genome [12]. The female meiotic driver, Ab10, in maize, contains
ten copies of the distorter, Kindr, which is highly expressed during meiosis [10]. There are
amplified Kindr -related genes on the non-driving chromosome 10 that produce high levels
of small RNAs, which are thought to suppress Kindr [11]. A protamine-encoding gene of
the so-called Winters meiotic driver has amplified to a total of 22 copies in three different
Drosophila species as a result of an arms race between the chromosomes [32]. The multicopy
gene complex, Stellate, on the Drosophila melanogaster X chromosome is thought to be a
cryptic driver that is suppressed by small hairpin-RNAs produced from the paralogous amplified
gene complex on the Y chromosome [1].

While suppressors of the t-haplotype’s drive have not been found yet, there are some interesting
candidates on the homologous chromosome 17. The dynein, Dynlt1 is present in multiple
copies on both the t-haplotype and the standard chromosome 17, with very high expression
during meiosis [41]. In contrast, another dynein gene Dynlt2a is present in three copies on the
standard chromosome 17, and the t-allele is strongly underexpressed and contains potentially
deleterious mutations [41]. Our data also shows that all three Dynlt2a paralogs, Dynlt2a1,
Dynlt2a2 and Dynlt2a3, are significantly underexpressed in +/t mice compared to +/+ mice
during meiosis (Figure 4.3 in Chapter 4), probably due to the missing expression from the t
allele. This raises the interesting possibility that the +-chromosome’s Dynlt2a copies act as
suppressors of the t-haplotype’s drive. Assessing if Dynlt1 or Dynlt2a produce small interfering
RNAs against the t-alleles would be a step towards investigating this hypothesis.
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5.6 Fast protein evolution and the gain of new genes
Next to copy number increase and elevated expression, fast protein evolution is a common
feature of meiotic drivers. An accelerated rate of nonsynonymous amino acid substitutions
relative to the rate of synonymous substitutions (dN/dS) may indicate selection for functional
innovation of a protein. Assembling t-specific coding sequences allowed us to detect two
genes (Ppp1r11 and Tcte3) with evidence of positive selection (Figure 3.3 in Chapter 3).
On the driving X chromosome of stalk-eyed flies, dN/dS increase was correlated with being
testis-specific and novel, and 25 genes showed dN/dS above 1, indicative of positive selection
[44].

The redundancy of gene duplicates on meiotic drivers may allow their fast evolution, and
proteins involved in drive often go through functional changes compared to their paralogs in
the rest of the genome [7]. The Drosophila simulans X chromosome Paris drive is caused in
part by a fast evolving duplicate of a Y-heterochromatin-binding gene, HP1D2, which lacks
the protein-protein-interaction-domain , and leads to the misregulation of Y-chromatin during
meiosis [20]. This bears striking resemblance to the recently identified JASPer duplicates
on the driving X chromosome of stalk-eyed flies, which contain the heterochromatin-binding
domain, but not the regulatory domain, and might contribute to the failed development of
Y-bearing spermatids [44]. The driver of the autosomal SD system in Drosophila melanogaster
is a truncated duplicate of RanGAP, missing certain domains and regulatory sites, and is
mislocalized to the nucleus, leading to chromatin-compaction problems in sperm not carrying
SD [30]. The Ab10 -specific motor protein encoded by Kindr is required for the preferential
segregation of the Ab10 haplotype to the egg, and it acquired a novel cargo-binding function
compared to its closest kinesin homologs in the maize genome [11]. The t-haplotype’s
responder, SmokT cr is a duplicate of the sperm motility kinase Smok, with many amino acid
changes and decreased kinase activity [21]. We have found a t-haplotype-specific duplicate of
the highly conserved phosphatase-encoding Ppp1cb, which acquired dozens of substitutions
and a dN/dS close to one, despite the absence of any nonsynonymous substitutions between
the rat and the (non-t-specific) mouse alleles (Figure 3.4 in Chapter 3). Ppp1cbt also acquired
a novel expression pattern that is exclusive to the testis (Figure 3.4 in Chapter 3), similarly
to the PPP1-isoform, Ppp1cc2, that is relevant for sperm motility initiation [18]. The fact
that Ppp1cbt’s inhibitor, Ppp1r11t, shows signs of positive selection opens the possibility of
co-evolution of these genes on the t-haplotype – a hypothesis that could be assessed with in
silico prediction of protein structure and binding, and ultimately with functional assays and
transgenic mice.

5.7 Future directions
Recent advancements in DNA sequencing technologies have resulted in gapless genome
assemblies that for the first time uncover previously "hidden" regions of genomes, such as
transposon-rich regions, large duplications or repeat-arrays covering millions of basepairs –
features that are commonly associated with regions of reduced recombination, such as selfish
haplotypes. The handful of available assemblies of meiotic drivers uncovered the enrichment
of transposable elements, duplicated genes and repeat arrays, and allowed the systematic
assessment of sequence and expression evolution on these chromosomes [11, 44]. Assemblies
of the t-haplotype have been started by some research groups, and have the potential to
uncover the transposable element content, gene copy gains and possible novel gene duplicates,
such as Ppp1cbt on this meiotic driver.
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An open question about the t-haplotype concerns the molecular causes of homozygous male
sterility [28]. Most t-haplotypes carry a recessive embryonic lethal [46], which eliminate
homozygotes, but if a male mouse inherits two t-haplotypes without lethals or with comple-
menting recessive embryonic lethals, it is always sterile. Embryonic lethality of homozygotes
was hypothesized to have evolved to avoid uterine resource investment into sterile sons [6], or
the extinction of the typically small demes of house mice due to male sterility [28]. However,
it is unknown how homozygous male sterility evolved – whether it is due to the homozygosity
of the genes involved in transmission ratio distortion, or to other genes that may have acquired
deleterious mutations [28]. Sperm from t/t males have flagellar and motility impairments that
inhibit them from reaching the site of fertilization [35], and they are unable to fertilize eggs
in vitro [29] – phenotypes that seem to be more severe manifestations of the motility- and
fertilization-related impairments seen in sperm from +/t mice. To investigate the degree of
expression aberrations and biological processes associated with homozygous male sterility, and
to compare them to those found in heterozygous t-carriers, we have conducted single nucleus
RNA-sequencing of testes from mice homozygous for a t-haplotype.

Finally, transgenic mice have the potential to validate the role of certain candidate genes
in meiotic drive. Work in this thesis presented the discovery of Ppp1cbt, which acquired
testis-specific expression and altered amino acid sequence. Single nucleus sequencing uncovered
that Ppp1cbt likely gets incorporated into + spermatids, but how it affects sperm motility and
function remain to be investigated. Experiments are planned that use transgenic mice carrying
+/+ t complexes and a copy of Ppp1cbt to assess the effect of this acquired t-specific gene
on sperm motility.
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