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Abstract
Meiotic drive, the non-Mendelian transmission of chromosomes to the next generation, functions in asymmetric or symmetric 
meiosis across unicellular and multicellular organisms. In asymmetric meiosis, meiotic drivers act to alter a chromosome’s 
spatial position in a single egg. In symmetric meiosis, meiotic drivers cause phenotypic differences between gametes with 
and without the driver. Here we discuss existing models of meiotic drive, highlighting the underlying mechanisms and 
regulation governing systems for which the most is known. We focus on outstanding questions surrounding these examples 
and speculate on how new meiotic drive systems evolve and how to detect them.
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Germ cells are the only cells in the body that contribute their 
DNA to the next generation. A feature distinguishing germ 
cells from somatic cells is their ability to undergo meiosis, 
the process by which a cell divides to produce haploid gam-
etes (e.g., eggs, sperm and spores) (Fig. 1). The union of 
gametes leads to the formation of a zygote, which ultimately 
will develop its own gametes. Meiotic chromosome segre-
gation gives chromosomes a 50% chance of being transmit-
ted to each offspring. However, germ cells are susceptible 
to hijacking by selfish genetic elements—DNA sequences 
that increase their associated chromosomes transmission 
to more than 50% of offspring. The wide variety of selfish 
genetic elements and their evolutionary dynamics have been 
reviewed elsewhere [1–4]. This review will focus on meiotic 
drive, which we define as selfish genetic elements (meiotic 
drivers) that act to increase chromosome transmission from 
meiosis to the formation of the zygote, in males, females and 
fungal spores [5–7].

Meiotic drivers benefit themselves while typically 
conferring negative effects on the rest of the genome. To 
dampen the negative effects of meiotic drivers, suppressors 
evolve and are selected for. The dynamics of drivers versus 

suppressors over evolutionary time can dramatically shape 
genome evolution and influence the survival of a species. 
In this review, we will focus on meiotic drive systems in 
their most simplified form, two component systems, with 
a meiotic driver and a substrate the meiotic driver utilizes 
to bias chromosome transmission (Fig. 1). In order to bias 
transmission of one chromosome over the other, one of the 
two components must be a trans-acting factor (RNA or 
protein). The trans-acting factor biases chromosome trans-
mission by interaction with either: (1) a cis-acting element 
(DNA) (Fig. 1a) or (2) another trans-acting factor (Fig. 1b). 
In many cases, the two components are in tight genetic link-
age (on the same chromosome with low/no recombination 
between them), allowing the two components to co-evolve at 
the DNA sequence level without being separated by recom-
bination. A universal requirement for meiotic drivers is a 
DNA sequence (either cis- or trans-acting) difference that 
distinguishes the driving chromosome from its wild-type 
non-driving counterpart. These fundamental principles of 
meiotic drive systems are shaped by whether a germ cell 
undergoes symmetric or asymmetric meiosis.

Within a species, meiotic drivers generally function exclu-
sively in the female or male germline, but not both [6, 8]. Spe-
cifically, we propose that it is the asymmetry or symmetry of 
meiosis that defines the biological and mechanistic constraints 
placed on the evolution of meiotic drivers (Fig. 1). Females 
undergo asymmetric meiosis, producing a single haploid egg 
and polar bodies (meiotic haploid products that are not trans-
mitted to the next generation) (Fig. 1). In asymmetric female 
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meiosis, meiotic drivers act to increase segregation of a par-
ticular chromosome homolog to the single egg (Fig. 1a). Males 
and sporulators undergo symmetric meiosis producing four 
haploid sperm (or spores) during each meiotic division. In 
symmetric meiosis, meiotic drivers act between cells to estab-
lish a fitness differential between the, otherwise equivalent, 
sperm or spores (Fig. 1b). Here we discuss recent advance-
ments in understanding asymmetric and symmetric meiotic 
drive with a particular focus on the mechanistic constraints 
governing these systems.

Asymmetric meiosis

In asymmetric meiosis, chromosome segregation into the 
egg is spatially determined, producing only one haploid 
oocyte from meiosis. The remaining meiotic products and 
chromosomes form additional non-transmissive cells (e.g., 
polar body). For example, in mouse oogenesis, meiotic 
spindle poles are initially at the center of the cell and then 
migrate to the periphery. At the periphery, chromosomes 
attached to the outward facing spindle (cortical pole) 

Fig. 1   The defining features of meiotic drive in asymmetric and 
symmetric meiosis. a Females undergo asymmetric meiosis—a sin-
gle gamete is produced from a single round of meiosis. The driving 
cis-acting chromosomes (dark pink) biases its retention to the egg by 
interacting with the inward-facing egg pole (green arrow). The non-
driving chromosome (light pink) binds the outward facing cortical 
pole and is extruded to a polar body (red arrow) which is degraded 
(red X). * The second polar body is extruded upon fertilization. b 
Males undergo symmetric meiosis—four gametes are produced from 
a single round of meiosis. Male meiotic drive systems bias ferti-

lization by increasing the relative abundance of sperm carrying the 
driving chromosome (green arrow), or by decreasing the fitness of 
sperm with the non-driving chromosome (red arrow). Gray mRNA 
and protein represent X-linked trans-acting factors which remain in 
X-bearing cells (e.g., intracellular). Green mRNA and protein rep-
resent X-linked trans-acting factors which are shared and present in 
Y-bearing cells (e.g., intercellular) via cytoplasmic bridges. Cytoplas-
mic bridges are established prior to meiosis, in spermatogonia, and 
connect cells throughout meiosis and after meiosis. For simplicity, a 
single meiotic cell and the products of meiosis are shown.
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are extruded to a polar body, while those attached to the 
inward facing spindle (egg pole) are retained in the egg 
(Fig. 1a) [9]. Meiotic drivers act to bias the orientation 
of chromosomes toward the egg pole, ensuring its trans-
mission to offspring. To accomplish this phenomenon, 
two features are needed: (i) a cis-acting DNA sequence 
difference that distinguishes the chromosomes, and (ii) a 
trans-acting molecule that distinguishes the egg pole from 
the cortical pole, to spatially orient the chromosomes [10, 
11]. Cis-acting centromeric and pericentromeric DNA 
sequences act as the attachment point between a chro-
mosome and spindle pole. Consequently, alterations in 
centromeric sequences impact meiotic drive (also known 
as “centromeric drive”). Centromeric drive has been 
observed in mice (Mus hybrids) [11–13], Drosophila [14] 
and monkeyflower (Mimulus hybrids) [15, 16]. Similar 
spatial principles also govern chromosome segregation 
in maize, where differences in cis-acting non-centromeric 
DNA sequences cause meiotic drive [17–20]. A common 
theme emerging from both centromeric and non-centro-
meric drive is the involvement of repetitive sequences. 
Centromeric drive in mice and non-centromeric drive 
in maize are the experimental systems with the greatest 
mechanistic understanding, as discussed below.

Centromeric drive

Centromeric meiotic drive results from cis-acting DNA 
sequence differences in and around the centromere that dif-
ferentially establish kinetochore-spindle pole interactions 
and bias chromosome segregation (Figs. 1a, 2a, b). The dif-
ferential recruitment of proteins between chromosome pairs 
affects the segregation of chromosomes to either the egg 
pole or cortical spindle pole (Fig. 2a, b). The chromosome 
bound to the egg pole is referred to as the “driving” chromo-
some, whereas the chromosome bound to the cortical pole 
is the “non-driving” chromosome. In mouse, there are two 
well-characterized cases of centromeric drive. Each case has 
been studied by crossing diverged mouse strains to gener-
ate hybrid mice [11–13]. Both cases rely on underlying dif-
ferences in centromere sequence repeat number (cis-acting 
elements) and differences in spindle functions (trans-acting 
factors) to influence a chromosomes orientation and fate 
(Fig. 2a, b) [10–13]. While both cases utilize chromosome 
reorientation to facilitate drive, they differ in the timing of 
this reorientation relative to spindle migration [10]. Addi-
tionally, in both cases, the driving chromosomes have accu-
mulated minor satellite repeats (Fig. 2a, b) [10, 11].

In one case of mouse centromeric drive, chromosomes 
reorient prior to spindle migration [11]. Centromeric 
sequence differences differentially establish the kineto-
chores of driving versus non-driving chromosomes. The 
cis-acting centromeric sequence differences are coupled to 

differentially established trans-acting factors at the spindle 
poles [11]. Specifically, the microtubule organizing centers 
(MTOCs) differ in their density, suggesting differences in 
protein abundance. Because MTOCs give rise to the spindle 
poles, the spindles themselves also exhibit different densities 
(Fig. 2a). However, it is unclear how MTOCs of different 
densities are established as they are composed of trans-act-
ing proteins [11]. The centromeric minor satellite repeats are 
twofold higher on the driving chromosome in hybrid mice, 
and the pericentromeric major satellite repeats are almost 
undetectable [11]. These sequence differences between 
centromeres in hybrid mice are not known, but they dif-
ferentially recruit trans-acting proteins and result in distin-
guishable kinetochores (Fig. 2a) [11]. Interactions between 
the spindle poles and kinetochores are most stable when 
proportional—in other words, when the larger kinetochore 
is attached to the denser spindle pole (Fig. 2a) [11]. When 
disproportionate, the chromosomes reorient in an aurora 
kinase-dependent manner [11]. The correction of erroneous 
microtubule interactions enables the chromosomes to reori-
ent, and then form more stable kinetochore–spindle interac-
tions during prometaphase (Fig. 2a) [11]. When the spindle 
poles migrate to the cortex, the denser spindle pole prefer-
entially faces the cortex causing the chromosome with the 
larger kinetochore to be extruded into a polar body (Fig. 2a) 
[11]. Clearly, additional research must target understand-
ing the molecular basis of: (1) the instability between the 
smaller kinetochore and dense spindle pole and (2) how the 
denser spindle pole is preferentially directed to the cortex.

In the second mouse centromere drive system, the chro-
mosomes reorient after the spindles have migrated to the 
cortex [10]. Similar to the previous example of centromeric 
drive, cis-acting centromeric and pericentromeric sequence 
differences exist and differentially establish trans-acting 
kinetochores. In this case, the spindle poles are differenti-
ated by cortical signaling which results in an enrichment 
of tyrosinated α-tubulin on the cortical spindle microtu-
bules [10]. While tyrosination is known to be dependent on 
CDC42 cortical signaling, the proteins linking CDC42 and 
tubulin tyrosine kinase ligase (TTL), which catalyzes tyrosi-
nation of α-tubulin, remain unknown. Smaller kinetochores 
interact more stably with tyrosinated microtubules than 
larger kinetochores (Fig. 2b) [10]. This difference in stabil-
ity occurs because larger kinetochores recruit more BUB1 
kinase and consequently more microtubule destabilizing 
proteins, including MCAK (mitotic centromere-associated 
kinesin) (Fig. 2b) [21]. MCAK, a microtubule depolymer-
ase, acts more efficiently on microtubules with tyrosination. 
Therefore, larger kinetochores with more MCAK form less 
stable interactions with the tyrosinated cortical microtu-
bules and reorient to the egg pole, promoting their segre-
gation to the egg (Fig. 2b) [21, 22]. A greater understand-
ing of this model could be gained by determining: (1) the 
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underlying centromeric sequence differences by long-read 
DNA sequencing and (2) identifying the factors involved in 
TTL recruitment [23, 24]. It is likely that other cases of cen-
tromeric drive exist both within the Mus-lineage and across 
mammals, and these may use distinct molecular mechanisms 
[11, 13, 21].

Non‑centromeric drive

We define other examples of female asymmetric meiotic 
drive as non-centromeric drive as they involve cis-acting 
sequences outside of the native centromere and pericentro-
meric region. Examples of non-centromeric drive include 

Fig. 2   Models of Asymmetric Meiotic Drive. This figure depicts the 
mechanistic understanding of two examples of centromeric drive (a 
and b) and one example of non-centromeric drive (c). a An exam-
ple of female centromeric drive in hybrid mice where cis-acting 
chromosome reorientation occurs before trans-acting spindle migra-
tion. In this system, larger MTOCs (black box) give rise to denser 
spindle poles (gray line) which preferentially interact with larger 
kinetochores (green oval). If this favorable interaction is not initially 
established (red line), then proteins involved in fixing erroneous 
microtubule attachments are recruited and chromosomes reorient to 
the more favorable interaction (red–black arrow). Spindles migrate to 
the periphery, and the outward-facing larger kinetochore is extruded 
to the polar body and degraded (red X). b Another example of female 

centromeric drive in hybrid mice where chromosomes reorientation 
occurs after spindle migration. Cortical signaling (yellow gradient) 
leads to an enrichment of tyrosination (blue circle) on cortical spin-
dle poles. Spindle pole tyrosination is less stable (red lines) on larger 
kinetochores (green) with more BUB1 kinase and MCAK (purple). 
If not in the more stable orientation, then proteins involved in fix-
ing erroneous microtubule attachments cause chromosomes to reori-
ent to the stable orientation (red–black arrow), causing the smaller 
kinetochore to be extruded to the polar body (red X). c Maize knob-
mediated drive requires the kinesin KINDR (pink) which binds knob 
repeats (black circles) and migrates along the spindle microtubules 
toward the outward spindle poles (pink arrow), including the distal 
cell which becomes the egg
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mouse R2d2 [25, 26], HSR (homogeneously stained region) 
[27] and Om (ovum mutant) [28, 29] and, in rice, S5 [30, 31]. 
However, the non-centromeric drive system with the greatest 
mechanistic understanding is knob-mediated meiotic drive 
in maize. A variant form of maize chromosome 10 (Ab10) 
contains additional repetitive heterochromatic sequences 
outside the centromere, known as knobs, which function as 
cis-acting neocentromeres and interact with spindle microtu-
bules independently of a kinetochore (Fig. 2c) [19]. Similar 
to mammalian oogenesis, a single egg is ultimately produced 
during meiosis in maize. However, instead of polar bod-
ies, meiosis results in four meiotic products, where only the 
distal cell ultimately becomes the egg. Chromosomes with 
heterochromatic knobs migrate faster along the spindle pole 
towards the outer spindle pole, promoting their segregation 
to the distal cell (Fig. 2c) [17, 20]. Knob-mediated meiotic 
drive is dependent on a trans-acting kinesin protein known 
as Kinesin driver (KINDR), that is encoded on the Ab10 
chromosome and localizes to cis-acting 180 bp knob repeats, 
on both Ab10 and other chromosomes [18]. KINDR binds 
knob sequences and, subsequently, moves knob-containing 
chromosomes towards the outer spindle pole in the direc-
tion of chromosome segregation (Fig. 2C) [18]. The estab-
lished model of knob-mediated meiotic drive segregates 
knobs to the distal and proximal cells of the meiotic tetrad 
aided by a recombination event between the centromere and 
knob (Rhoades Model, Fig. 2c) [32]. The factors that cause 
KINDR to move knob-containing chromosomes towards the 
outer spindle poles, as opposed to the inner spindle poles, 
are not known. While the KINDR encoding sequences and 
the knob 180 bp repeats are genetically linked, KINDR acts 
in trans and, therefore, other chromosomes containing the 
180 bp repeat are differentially segregated. Maize meiotic 
drive has resulted in the evolutionarily recent acquisition of 
~500 Mb of repetitive sequence in its genome [18]. Maize 
also contains TR-1 neo-centromeric repeats, which are 
functionally distinct from the 180-bp repeat mechanism, 
and may serve to suppress 180-bp drive [17, 18, 33, 34]. 
Genetic screens have identified suppressors of Ab10 meiotic 
drive and highlight the importance of tight genetic linkage. 
Genetic linkage with knobs is necessary to ensure the sup-
pressor functions following the recombination event between 
the centromere and knobs (Fig. 2c) [35]. Through a similar 
logic, enhancers of drive would also reside in tight genetic 
linkage to the initial meiotic driver.

Symmetric meiosis

Symmetric meiosis leads to four meiotic products, sperm 
or spores, half of which contain the meiotic driver. To bias 
transmission in a symmetric meiotic drive system, gametes 
with and without the driver must be molecularly distinct 

from each other (e.g., carrying an X or Y chromosome, 
Fig. 1b). Differences between gametes with and without the 
selfish genetic element manifest in one of two ways. First, 
functional differences such as reduced motility of sperm. 
Second, failure to develop to maturity leading to differential 
representation, such as sperm- or spore-killing. Fundamental 
to both scenarios are molecular differences (DNA, RNA, 
and/or protein) distinguishing the drive and non-drive con-
taining gametes (Figs. 1b, 3, 4).

Symmetric meiotic drive systems rely on the presence 
of molecular differences; consequently, they function after 
homologous chromosomes have been separated in meiosis I. 
In mammalian spermatogenesis, however, meiotic and post-
meiotic germ cells are connected by cytoplasmic bridges 
that enable the sharing of trans-acting factors (RNA and 
protein gene products) [36–39]. Gene product sharing makes 
genetically distinct cells (e.g., X- versus Y-bearing sperm) 
phenotypically or functionally diploid, mitigating molecu-
lar distinctions at the RNA and protein level [36, 37, 40]. 
Therefore, the generation and maintenance of phenotypic 
differences between sperm (e.g., with or without a meiotic 
driver) implies there is a spatial regulation among connected 
cells. This spatial regulation between cells is governed by 
the restriction of trans-acting factors transit via cytoplasmic 
bridges. We therefore define trans-acting factors as inter-
cellular when they are shared through cytoplasmic bridges 
and are present in the cells where they are not transcribed/
translated (Fig. 1b, green mRNA and protein). In contrast, 
we use intracellular to define trans-acting factors which are 
not shared across cytoplasmic bridges (Fig. 1b, gray mRNA 
and protein). Despite the prevailing view that cytoplasmic 
bridges facilitate trans-acting factor sharing, certain factors 
are not shared, indicating that sharing through cytoplasmic 
bridges can be a regulated process [41–45]. We highlight 
both a male and spore-producer for two models of symmetric 
meiotic drive (target–killer and poison–antidote), placing 
particular focus on the mechanism of meiotic drive and the 
intracellular versus intercellular regulation of trans-acting 
factors.

Target–killer

In the target–killer model, the driving chromosome 
encodes a trans-acting killer that acts intercellularly on a 
target in the non-drive containing cell to disrupt a cellular 
process (e.g., developmental arrest, perturbed motility, 
apoptosis, etc.). The cis-acting or trans-acting target is 
encoded on the non-driving chromosome and must exist 
intracellularly. To prevent the killer from self-destructing, 
the killer-encoding and target-encoding sequences must 
be on distinct haplotypes (Fig. 3a). To prevent the killer-
encoding and target-encoding sequences from being on 
the same haplotype, the two loci must be in tight genetic 
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linkage, making recombination events infrequent (Fig. 3a). 
The killer component can be expressed before meiosis as 
long as the target is not present and vice versa (Fig. 3a). 
If the target is a gene product expressed before meiosis, it 
must remain associated with the non-driving chromosome 
and expression of the killer must occur after meiosis I 
to enable the killer to exclusively target the non- driv-
ing chromosome (Fig. 3a). Below we will discuss two 
target–killer systems, the Drosophila melanogaster Seg-
regation Distorter (SD) [46] and the fungus Podospora 
anserina Het-s [47–49].

Drosophila melanogaster—segregation distorter

Segregation Distorter (SD) is an autosomal meiotic drive 
system present on chromosome 2 in Drosophila mela-
nogaster. Males heterozygous for SD and wild-type chromo-
some 2 (denoted SD/SD+) transmit the SD chromosome up 
to ~ 95% of the time. Meiotic drive results from the disrupted 
development of sperm carrying the wild type SD+ chromo-
some 2 [46]. The SD locus encodes an intercellular trans-
acting killer. The SD gene product is a truncated duplicate 

Fig. 3   Symmetric Meiotic Drive—Target–Killer. This figure depicts 
the theoretical importance of intracellular versus intercellular regula-
tion on target–killer meiotic drive systems (a), and the mechanisms 
underlying two target–killer meiotic drivers (b and c). a The killer 
protein (black arrow, encoded on the “A” haplotype) targets, directly 
or indirectly, the target (red bullseye, encoded on the “a” haplotype). 
During meiosis I (MI), expression of only the killer before or during 
MI can result in post-MI drive, if the target is a trans-acting factor 
expressed during or after meiosis II (MII). If the target is a cis-acting 
sequence, expression of the killer before or during MI could cause the 
driver to self-destruct. If only a trans-acting target is expressed during 
MI, post-MI drive occurs if the killer is expressed during or after MII, 
assuming the target acts intracellularly. However, if the target is parti-
tioned into all MII cells and is therefore intercellular, then expression 
of the killer will result in the system self-destructing. If a trans-acting 
killer is expressed during MI and a cis-acting or trans-acting target 
are accessible, then the system will self-destruction. The target and 
killer are present in different cells and on different haplotypes in order 

to not self-destruct, as would be the case if both were expressed in 
meiotic cells. Expression of the target or killer following homologous 
chromosome separation in MII prevents self-destruction and results 
in meiotic drive (green and red arrows). Post-meiosis II expression 
of the killer necessitates sharing (dashed gray arrow) through cyto-
plasmic bridges, the target should not be shared in order to prevent 
self-destruction. b Drosophila melanogaster Segregation Distorter 
(SD) encodes the killer Sd-RanGAP. One model proposes that Sd-
RanGAP mislocalization disrupts piRNA-based silencing (orange) of 
the target, the high copy number Rsp (red lines) resulting in chroma-
tin compaction defects and SD drive. c The female strain of P. anse-
rina encodes the killer allele, Het-s, and HET-s protein (black curly 
line) is therefore present upon gamete fusion as the cytoplasm (gray 
surrounding blue nucleus) is maternally inherited. The male strain’s 
Het-S allele and female Het-s are expressed following meiosis where 
they complex in Het-S spores and integrate and destabilize the plasma 
membrane (red arrow), resulting in Het-s drive (green arrow). Cells 
are contained within an ascus (large gray oval)
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of wild-type Ran GTPase activating protein that is expressed 
before meiosis and mislocalizes to the nucleus, Sd-RanGAP 
(Fig. 3b) [50, 51]. The truncated Sd-RanGAP protein acts 
intercellularly by targeting the intracellular cis-acting 120-bp 
pericentric repeat, Responder (Rsp) [52–54]. Though Rsp 
sequences are present on both SD and SD+ chromosomes, 
the sensitivity of Rsp correlates with copy number. Wild-
type SD+ chromosomes contain many copies and are sensi-
tive (> 700 copies, RspS allele), whereas SD chromosomes 
are insensitive, with few copies (< 20, RspI allele) (Fig. 3b) 

[46, 52–54]. Both the proximity of SD to the centromere and 
the presence of inversions suppress recombination between 
the killer locus (Sd-RanGAP) and the target locus (RspS), 
keeping Sd-RanGAP and RspI physically linked and prevent-
ing the killer from targeting itself [46].

How Sd-RanGAP disrupts SD+ cellular development is 
unknown, and likewise, it is unclear whether Sd-RanGAP 
interacts with RspS directly or indirectly [46]. Multiple mod-
els for SD have been proposed, and all assume a disruption 
in nuclear transport arising from a disrupted RAN protein 

Fig. 4   Symmetric Meiotic Drive—Poison-Antidote. This figure 
depicts the theoretical importance of intracellular versus intercellu-
lar regulation on poison–antidote meiotic drive systems (a), and the 
mechanisms underlying two poison-antidote meiotic drivers (b and 
c). a The poison protein (yellow triangle) and antidote (gray shape) 
are encoded by the same haplotype (“A”) in close genetic proxim-
ity. The antidote acts intracellularly (“A” haplotype) to spare driving 
chromosomes from the effects of the intercellular poison. Expression 
of the poison before or during MI can result in post-MI drive, if the 
poison acts specifically in MII or post-meiosis. However, if the poi-
son acts on a biological pathway present before or during MI, expres-
sion before or during MI leads to self-destruction. Expression of 
the antidote before or during MI would result in it being partitioned 
into and consequently sparing all daughter cells, preventing drive. 
Expression of both the poison and antidote before homologous chro-
mosomes separate would result in the antidote neutralizing the poi-

son and preventing drive. Meiosis II or later expression of the poi-
son requires that the poison is shared through cytoplasmic bridges 
(dashed gray arrow) to poison the other cell containing the “a” hap-
lotype, resulting in A drive (green arrow). b In the mouse t-haplo-
type, the poisons, TCDs (yellow triangle), are expressed before 
meiosis and disrupt the post-meiotically expressed SMOK1 (orange 
oval) resulting in flagellar dysregulation (red arrow). The antidote, 
SMOK1(TCR) (gray oval), is a dominant negative variant of SMOK1 
and is insensitive to TCD induced dysregulation, resulting in t-hap-
lotype drive (green arrow). c In Schizosaccharomyces, the wtf4 gene 
encoded both the pre-meiotically expressed poison (yellow triangle) 
and the post-meiotically expressed antidote (gray shape). These rep-
resent distinct isoforms of wtf4. The antidote sequesters poison into 
distinct subcellular regions preventing its toxicity and results in drive 
(green arrow)
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gradient, normally established by the cytoplasmic localiza-
tion of wild-type RanGAP and nuclear RanGEF (Fig. 3b) 
[6, 46, 55]. Sd-RanGAP mislocalizes to the nucleus, and 
nuclear mislocalization of wild-type RanGAP is sufficient to 
cause drive. This result implicates the nuclear localization of 
the intercellular Sd-RanGAP in the mechanism underlying 
SD drive [56]. Phenotypically, SD+ sperm fail to undergo 
chromatin compaction, a process necessary for proper sperm 
development (Fig. 3b) [57]. One possible mechanism linking 
these two observations is that Rsp-derived piRNAs (trans-
acting) are needed to silence the Rsp locus (cis-acting) and 
allow proper chromatin compaction, and disruptions in 
nuclear transport prevent production and/or localization of 
piRNAs silencing complexes [6, 56]. However, it is unclear 
whether piRNA production and trafficking rely on the RAN 
gradient. If piRNA production is dependent on a RAN gradi-
ent, then it is surprising that more widespread problems do 
not arise as piRNAs play a critical role in transposon silenc-
ing [58]. Sd-RanGAP protein likely affects all sperm, as it 
is expressed before meiosis. Disrupted Rsp silencing, there-
fore, would have greater effects on high copy number RspS 
than low copy number RspI. Supporting this mechanism, 
small Rsp RNAs are associated with the germline-specific 
piRNA silencing proteins [59]. Additionally, mutations in 
the PIWI protein, Aubergine, enhance the SD phenotype, 
implicating piRNA-based silencing as a component of 
the SD mechanism [60].

Podospora anserina—Het‑s

Het-s drive in the fungus Podospora anserina utilizes two 
different alleles, at the same locus, that produce two variants 
of the same trans-acting proteins, HET-s (killer) and HET-
S (target) [47]. The two alleles (Het-s and Het-S) become 
heterozygous when two different strains of P. anserina fuse 
[47]. The HET-s protein product, which acts intercellularly, 
can undergo a conformational switch to form a prion (killer) 
that is toxic when it interacts with its intracellular target 
protein product, HET-S (Fig. 3c) [47]. It is not known what 
causes HET-s protein to switch from the wild type to prion 
form. The prion-forming interaction causes the HET-S pro-
tein to integrate into and destabilize the plasma membrane of 
het-S spores (Fig. 3c) [48]. Given the similarity in sequence 
between Het-s and Het-S, it is surprising that HET-s is not 
toxic by itself. One possibility for evading self-toxicity is 
that the transmembrane domain of HET-s is less hydropho-
bic and therefore less able to permeate the plasma mem-
brane. Furthermore, meiotic drive only occurs when the Het-
s genotype comes from the “female” parental strain, since 
fused cytoplasm is almost entirely maternally inherited and 
thus constitutes intracellular HET-s protein (Fig. 3c) [47]. 
Since Het-s and Het-S are transcriptionally silenced until 

after meiosis when individual spores are formed [49], the 
maternal transmission of the cytoplasmic contents ensures 
HET-s segregates to all resulting spores to function intercel-
lularly. When Het-s and Het-S are then expressed in indi-
vidual spores, Het-S spores produce HET-S protein which is 
intracellular and complexes with the maternally transmitted 
HET-s prion, specifically killing Het-S spores (Fig. 3c) [49].

Poison‑antidote

In the poison–antidote model, the driving chromosome 
encodes both a poison and an antidote in tight genetic link-
age. The poison acts intercellularly and is toxic to all cells. 
The antidote neutralizes the effects of poison but must act 
intracellularly to preferentially spare the cell containing the 
driving chromosome. Tight genetic linkage between the poi-
son and antidote prevents recombination, and the driver from 
poisoning itself. The poison can either be: (1) shared across 
cytoplasmic bridges following meiosis, or (2) expressed dur-
ing meiosis I and persist into non-driving cells after meio-
sis. Importantly, if expressed before or during meiosis I, the 
poison cannot function until after homologous chromosomes 
have separated, otherwise the poison will self-destruct 
(Fig. 4a). In contrast, the antidote is expressed after the 
driving and non-driving chromosome separate (meiosis I). 
Passage of the antidote through cytoplasmic bridges must be 
prevented to ensure selective killing (Fig. 4a). Poison–anti-
dote meiotic drive systems include: the mouse t-haplotype 
[43, 61–67], Neurospora intermedia Sk-2 and Sk-3 [68–70], 
Podospora anserina Spok genes [71, 72], Schizosaccharo-
myces pombe wtf genes [73–77] and Oryza sativa qHMS7 
[78]. Below we discuss the male t-haplotype and yeast wtf 
poison–antidote systems.

Mouse t‑haplotype

The mouse t-haplotype is a well-studied mammalian poi-
son–antidote meiotic drive system on chromosome 17. The 
t-haplotype contains four inversions that suppress recombi-
nation with wild-type chromosome 17, and keep the antidote 
and poisons in tight genetic linkage. Males heterozygous for 
the t-haplotype (t) and wild-type chromosome 17 ( +) can 
transmit the t-haplotype to up to 99% of offspring [79]. Pref-
erential transmission of the t-haplotype arises from multiple 
intercellular poisons which collectively dysregulate cellu-
lar signaling pathways and disrupt sperm motility [61–67]. 
Specifically, poison-induced dysregulation is thought to 
converge on post-meiotically expressed intracellular wild-
type SMOK1 (sperm motility kinase 1), which results in 
disrupted sperm motility. In contrast, t-haplotype SMOK1 
(TCR) functions intracellularly as an antidote (Fig. 4b), spar-
ing t-haplotype carrying sperm (Fig. 4b) [43, 67]. It remains 
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to be determined whether the motility defects are specific to 
sperm carrying wild-type chromosome 17 [80].

SMOK1 dysregulation occurs by the combined efforts 
of poisons encoded on the t-haplotype known as t-com-
plex distorters (Tcd) [63–66]. Trans-acting Tcds have been 
identified as the duplicated Tagap1 (Tcd4), overexpressed 
Fgd2 (Tcd2a), hypomorphic Nme3 (Tcd2b) and an iso-
form of Tiam2s (Tcd1) [63–66], which are pre-meiotically 
expressed and are therefore predicted to function intercel-
lularly in wild-type cells after meiosis I [63–66]. The iden-
tification of Tcds indicates disrupted Rho-signaling path-
ways act to dysregulate SMOK1. However, there are poorly 
defined components in this drive system including Tcd3 and 
the proteins that link Tcds to Rho-signaling. Furthermore, 
TAGAP1 and FGD2 are thought to enhance both inhibitory 
and activating regulators of Rho-signaling, respectively, but 
the directionality of SMOK1 dysregulation is not known. 
Smok1 is present in multiple copies on the t-haplotype and 
wild-type chromosome 17 [80, 81], but it is unclear how 
wild-type copies of Smok1 on the t-haplotype fail to sensi-
tize t-haplotype sperm. Clearly, the identification of SMOK1 
targets will help identify the flagellar functions impaired in 
sperm motility defects.

Schizosaccharomyces pombe 
and Schizosaccharomyces kambucha—wtf4

The wtf meiotic drivers have been uncovered in yeast hybrids 
between S. pombe and S. kambucha [73–77]. The wtf4 gene, 
on chromosome 3 in S. kambucha encodes both the poison 
and antidote, due to alternative transcriptional start sites 
(Fig. 4c) [73]. The longer isoform encodes the antidote, and 
the short isoform encodes a poison. The poison (short iso-
form) acts intercellularly to poison spores that do not encode 
it, whereas the antidote (long isoform) acts intracellularly. 
The wtf4 poison is expressed before meiosis which enables 
wtf4 mRNA/protein to be present in all spores (Fig. 4c). In 
contrast, the antidote is expressed after meiotic divisions 
and is present exclusively in spores with the S. kambucha 
wtf4 allele (Fig. 4c) [73]. These findings indicate that poi-
son-induced toxicity is specific to post-meiotic cells, since 
pre-meiotic and meiotic cells containing the poison appear 
unaffected. Recent work indicates that the poison forms 
dispersed aggregates that are toxic and kill spores, though 
the mechanism underlying this toxicity is unclear [82]. In 
cells expressing the antidote allele, the poison and antidote 
aggregate together near vacuoles and are no longer toxic, 
indicating the targeting of the complex to the vacuole is an 
important step (Fig. 4c) [82].

In S. pombe, the wtf gene family has expanded and 
diverged at the sequence level, resulting in multiple addi-
tional dual poison-antidote, and antidote only, wtf genes 
[73–76, 83]. It remains unclear how wtf systems act 

independently of one another given their sequence similar-
ity and likely similar mechanism dependent on alternative 
transcriptional start sites. Interestingly, Spok genes in the 
fungus P. anserina also constitute both the poison and anti-
dote [71]. Unlike wtf4, which relies on distinct isoforms, a 
single isoform of Spok appears to simultaneously function 
as the poison and antidote, though the mechanism and regu-
lation of these functions is unknown [72]. Future studies 
could investigate the sequence differences between wtf fam-
ily members that enable them to function as distinct poison-
antidote meiotic drivers.

Future considerations for studying meiotic 
drivers

Meiotic drive systems continue to shape the evolutionary 
trajectory of genomes and species, yet remain challenging 
to study [1, 3, 84, 85]. First, meiotic drivers reside in regions 
of the genome where recombination is suppressed and are 
therefore not amenable to traditional genetic approaches. 
Second, meiotic drivers are typically not associated with 
an easily observable phenotype. Only in rare cases, they are 
genetically-linked with readily observable phenotypes such 
as sex ratio distortion or shortened tails associated with the 
t-haplotype. Third, genetic suppressors readily evolve to 
silence a driver; consequently, experimental hybrid mod-
els separate meiotic drivers into naïve genetic backgrounds 
lacking suppressors. Lastly, meiotic drivers are often rapidly 
evolving and in duplicated regions of the genome, making 
their identification, annotation and characterization more 
challenging than conserved single-copy sequences. As a 
result, even within a species, independent mechanisms can 
govern seemingly similar drive systems, as is the case for 
female mouse centromeric drive [10, 11, 13, 21].

New meiotic drive systems can also evolve on top of one 
another by integrating into pre-existing meiotic drive path-
ways. In maize, TR-1 repeats create neocentromeres which 
can suppress 180 bp repeat neocentromeres (knobs) [33, 34]. 
Similarly, two sex chromosome drive systems in Drosophila 
simulans, Winters and Durham, share a common suppressor 
[86]. This complex layering of drivers, enhancers and sup-
pressors may be a common theme of meiotic drive. Such 
layering further complicates their mechanistic characteri-
zation, creating systems not easily classifiable under exist-
ing models. Greater mechanistic understandings may also 
reclassify existing drive systems, such as the Sd-RanGAP 
killer with RspS being the target, maybe Sd-RanGAP as a 
poison and RspI as the antidote.
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Emerging drive models with evolving complexity: 
the case of Slxl1 and Sly in mice.

In mouse, a sex ratio drive system between X-linked Slxl1 
and Y-linked Sly does not fit under existing models. Mecha-
nistically, the ratio of Slxl1 to Sly gene copy number governs 
the offspring sex ratio [87, 88]. Removal of all Slxl1 gene 
copies results in male-biased litters (60% male), whereas 
overexpression of Slxl1 and the related Slx gene results in 
female-biased litters (60% female) [88]. The poison–antidote 
model requires both components be on the same chromo-
some, but Slxl1 and Sly are on opposite sex chromosomes. 
Under the target–killer model, loss of the killer, Slxl1, 
would be expected to neutralize meiotic drive, yet loss of 
Slxl1 results in meiotic drive. Slxl1 and Sly may represent 
individual poison antidote systems or factors beneficial to 
X-bearing and Y-bearing sperm, respectively. Under either 
of these models, the back and forth duplication of Slxl1 and 
Sly would alter the offspring sex ratio to a female or male 
bias, respectively. Repeated back and forth duplication may 
be a common theme of meiotic drivers [88]. Slxl1 and Sly 
might also be regulators of another drive system as they 
both interact with the Y-linked massively duplicated SSTY1 
and SSTY2 [88, 89]. Given the shared signature of gene 
duplication and testis expression, it is tempting to speculate 
that Ssty1/2 are sex ratio meiotic drivers, creating a complex 
Ssty1/2-Slxl1-Sly network of meiotic drive [88, 90].

Conclusion

In its simplest form, meiotic drive is a two-component sys-
tem. The two components are either a cis- and trans-acting 
factor, or two trans-acting factors. For example, the cis-act-
ing Knobs with trans-acting KINDR in maize and the trans-
acting factors Slx/Slxl1 versus Sly in mice are potentially 
two-component meiotic drive systems. New meiotic driver 
systems likely start as a two-component system. Over time, 
additional factors may influence drive systems. For example, 
the t-complex is a more complex drive system with at least 
four factors influencing chromosome inheritance, known as 
t-complex distorters [91, 92]. These distorters are harbored 
within a series of distinct inversions on mouse chromosome 
17, which maintains their genetic linkage [91, 92]. Retracing 
the evolutionary history of multi-component drive systems, 
like the t-complex, can help reveal the originating two-com-
ponent system and provide insights into how new factors are 
layered on existing drive systems.

There are multiple strategies to reveal meiotic driv-
ers. One strategy is to generate hybrid organisms, which 
“release” the meiotic driver from suppressors. For example, 
the meiotic drive function of wtf4 in S. kambucha is revealed 
when S. kambucha is crossed to S. pombe and centromeric 

drive in females is revealed in hybrid mice. This suggests 
a plethora of meiotic drive systems could be revealed via 
hybridization of two species. Moreover, ancestral hybridiza-
tion events between species, though rare, may have facili-
tated meiotic drivers to move from one species to another. 
By comparing closely related species genomes regions of 
the genome can be scanned for introgression of sequence 
from one species to another, potentially due to meiotic drive. 
Another strategy to reveal meiotic drive genes is via precise 
genetic manipulations. For example, megabase-sized dele-
tions and duplications of the Slx/Slxl1 gene family were used 
in mice. These genetic manipulations revealed that Slx/Slxl1 
versus Sly meiotic drive occurs in a gene dose-dependent 
manner. Recent advances in genome engineering will ena-
ble future studies to test whether candidate genes function 
as meiotic drivers. Indeed, while comparative sequence 
analysis helps identify candidate meiotic drivers, functional 
assessments are essential to determine if they drive.

Meiotic drivers in asymmetric meiosis converge on simi-
lar mechanisms. In the few examples of meiotic drive, the 
goal of the driver is to preferentially segregate itself and the 
chromosome encoding it to the egg for transmission to the 
next generation. As one would expect, considering the role 
of the centromere in chromosome segregation, centromeric 
repeats and their attachment to spindles are key components 
in asymmetric meiosis drive systems. A variation on this 
theme is the presence of ectopic centromere-like repeats 
known as Knobs in maize that bias attachment of the spin-
dle and thus chromosome segregation. Recent long-read 
sequencing technologies have been able to resolve centro-
meric sequences, providing an opportunity to uncover the 
differences in the underlying repeat sequence that contribute 
to drive. These findings may help identify new candidate 
drive loci in asymmetric meiosis with sequence features 
resembling centromeric-like or Knob-like repeats.

Meiotic drivers in symmetric meiosis are often simpli-
fied into the target–killer or poison–antidote model, though 
great diversity in the underlying mechanisms exists. For 
example, Segregation Distorter uses a RanGAP pathway, the 
t-complex uses Rho-signaling pathway, the HET-s system 
affects the plasma membrane, and the wtf system results in 
prion-like aggregates. In each of these cases, the goal of the 
driver is to incapacitate the non-driver containing haploid 
cell. Since there is more than one way to incapacitate a cell, 
we expect future studies will uncover a diversity of meiotic 
drive mechanisms in symmetric meiosis.

The impact of meiotic drivers on evolution of a species 
and its genome can be dramatic. Since meiotic drivers are 
associated with negative fitness costs [93], suppressors capa-
ble of silencing the driver evolve and are readily selected 
for. A back and forth arms race ensues as drive enhancers 
and suppressors continuously emerge, altering the genome. 
The evolution of suppressors and enhancers can create new 
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gene functions that reconfigure existing biological pathways. 
Meiotic drivers are thus a powerful force continuously shap-
ing the genetic architecture of future genomes and biological 
pathways.
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