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Abstract

The rule ofMendelian inheritance is remarkably robust, but deviations from
the equal transmission of alternative alleles at a locus [a.k.a. transmission
ratio distortion (TRD)] are also commonly observed in genetic mapping
populations. Such TRD reveals locus-specific selection acting at some point
between the diploid heterozygous parents and progeny genotyping and
therefore can provide novel insight into otherwise-hidden genetic and evo-
lutionary processes.Most of the classic selfish genetic elements were discov-
ered through their biasing of transmission, but many unselfish evolution-
ary and developmental processes can also generate TRD. In this review, we
describe methodologies for detecting TRD in mapping populations, detail
the arenas and genetic interactions that shape TRD during plant and ani-
mal reproduction, and summarize patterns of TRD from across the genetic
mapping literature. Finally, we point to new experimental approaches that
can accelerate both detection of TRD and characterization of the underlying
genetic mechanisms.
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INTRODUCTION

The random transmission of alternative alleles at a diploid locus to gametes and progeny, codified
as Mendel’s law of equal segregation, is a cornerstone of genetics and evolutionary biology. Equal
segregation is generally favored by natural selection, as the “parliament of genes” (88, p. 4543)
opposes transmission bias at any given locus (38). Thus, the machinery of meiosis and gametoge-
nesis has evolved to maintain Mendelian inheritance, and Mendel’s first law generally holds true.
However, as new technologies provide unprecedented power to examine genome-wide patterns
of allelic transmission, it is increasingly clear that biologically based deviations from Mendelian
inheritance, as scored by progeny counts, are common. Such deviations, broadly termed trans-
mission ratio distortion (TRD), can result from a variety of selective processes during meiosis,
gametogenesis, fertilization, and offspring development. TRD is a nuisance in genetic mapping
studies, as it can skew intermarker distances (93) and, when severe enough to reduce the effective
sample size of informative genotypes (148), bias quantitative trait locus (QTL) estimation. How-
ever, as locus-specific indicators of selection, mapped TRD loci (TRDLs) also provide invaluable
insight into genetic and evolutionary mechanisms of individual fitness variation, population di-
vergence, and speciation.

Our goal is to provide (a) an overview of the arenas for selection where TRD can be generated,
(b) a summary of patterns of marker TRD from the genetic mapping literature, and (c) practical
tips for experimentally diagnosing the mechanistic basis of TRD, with particular reference to
seed plants and vertebrates. We focus on the empirical phenomenon of TRD, which can arise
from diverse underlying processes, rather than attempting an exhaustive review of any one causal
mechanism. Other recent reviews cover diverse selfish elements (20, 66, 95) and mechanisms of
meiotic drive in the broad sense (91), as well as gamete killers (15) and female meiotic drive by
chromosomes (82, 83). Although TRD in hybrids is often casually referred to as “drive,” implying
a selfish evolutionary history for distorted loci, we emphasize that selfish meiotic drive within a
species is only one of many sources of non-Mendelian transmission in both intra- and interspe-
cific contexts. We use the term TRD to describe the phenomenon of non-Mendelian genotypic
or allelic ratios in gametes or offspring of heterozygotes.We use specific descriptions of the prox-
imate causes of TRD (e.g., early zygote death, pollen competition) where known or hypothesized,
while limiting the terms drive or meiotic drive to those cases in which the ultimate evolutionary
mechanisms are known to be selfish within species (i.e., due to natural selection below the level of
the individual).

MAPPING AND MEASURING TRANSMISSION RATIO DISTORTION

Detecting TRD depends on informative polymorphism, as well as well-defined null expectations.
That is, understanding whether progeny genotypes deviate fromMendelian expectations requires
prior knowledge of the parental genotypes and a model of expected transmission. Depending on
the experimental context, this can range from the full genome sequence of two inbred lines and
their F1 hybrid from which all F2 progeny are derived, to multigeneration pedigrees of geno-
typed outbred individuals, to statistical estimates of allele frequencies in a population. New ge-
nomic technologies and analytical approaches make analysis of TRD through outbred pedigrees
and populations increasingly feasible (65, 92). Indeed, genomic selection component analysis (27,
109) uses locus-specific deviations fromMendelian transmission (i.e., TRD) across generations to
infer the magnitude and mechanisms of natural selection in wild populations (see the sidebar ti-
tled Selection Component Analysis). Intermediate between pedigree and line cross approaches
is the collaborative cross (reviewed in 34), in which many genetic lineages serve as founders
of a large segregating population, often maintained through multiple generations to maximize
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SELECTION COMPONENT ANALYSIS

Just as locus-specific deviations from Mendelian transmission can reveal meiotic, gametic, or zygotic selection in
mapping populations, genomic selection component analysis (gSCA) uses shifts in population or cohort allele fre-
quencies to estimate stage-specific fitness effects. gSCA is derived from single-locus selection component analysis
(27) but leverages next-generation sequencing and the (generally) low linkage disequilibrium in outbred wild pop-
ulations to identify single-nucleotide polymorphisms under selection. Especially in taxa (such as plants or inverte-
brates) in which large numbers of individuals and their progeny can be readily collected, gSCA can efficiently scan
for differential fitness by comparing allele frequencies within generations (e.g., in germinant versus adult samples
to estimate viability selection) and across generations (e.g., by comparing many mother–progeny sets). gSCA can
utilize even low-coverage genome sequences, with appropriate accounting for genotyping uncertainty (46, 109). As
it becomes increasingly economical to sequence large numbers of individuals, gSCA is likely to become a widely
applied tool for understanding the genome-wide effects of natural selection (including gametic and sexual selection)
in the wild.However, as with TRD in mapping populations, complementary measures of individual phenotypes and
fitness (or experimental manipulation) may be necessary to pin down the specific targets or modes of selection.

recombination. For example, substantial TRD in a mouse collaborative cross contributed to the
recent discovery of a novel maternal drive element (R2d2; 36) that is also selfishly evolving in
wild populations (37). Similarly, shifts in allele frequency across generations of the wheat mul-
tiparent advanced generation intercross (MAGIC) collaborative cross identified loci associated
with selection on flowering time (142). However, for simplicity, and because they are by far the
most common context for the detection of TRD currently, we focus here on genetic mapping
populations derived from controlled crosses among a small number of parents. The mechanisms
and experimental considerations discussed here also apply to more complex crosses and pedigrees
(with additional complexities).

The simplest context for detection of TRD is a backcross hybrid population involving
hermaphroditic inbred lines; the F1 is expected to transmit the alternative parental alleles at any
F1-heterozygous locus in equal frequencies (50:50). If the F1 is the male parent (and conversely, if
it is female), TRD is possible only through male function plus zygotic selection among backcross
progeny prior to genotyping (Figure 1). In an F2 inbred line intercross mapping population,
distortion is possible simultaneously via male and female function as well as zygotic selection.
Thus, TRD at autosomal loci cannot be assigned to male or female function in inbred F2 de-
signs without additional phenotypic/fitness evidence; however, F2 hybrids may allow statistical
discrimination between gametic and zygotic selection. Similar rules apply to outbred crosses (e.g.,
hybrids between mammal species) in which only parent-diagnostic alleles are tracked. In four-
parent or three-parent F2 crosses, it may be possible to simultaneously and separately track male-
and female-specific transmission patterns for a given region using diagnostic polymorphisms (90),
but this approach has not yet been widely applied. Advanced-generation hybrids based on back-
cross and F2 line crosses, such as recombinant inbred lines (RILs) or nearly isogenic lines or intro-
gression lines (NILs), have greater opportunities for zygotic selection over multiple generations,
which can complicate inference. However, RILs and NILs also provide increased power for anal-
yses of TRD caused by epistatic interactions among loci (112).

The first step in evaluating the biological basis of TRD in a mapping population is to eliminate
loci distorted for nonbiological reasons, which generally requires evaluation in the context of
linked loci. The best practices for linkage mapping in R/qtl (16), JoinMap (145), and other
genetic mapping programs include identifying and removing those markers distorted owing to
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F1 male F1 female

Backcrosses to Parent 1 

F1 maleF1 female

Backcrosses to Parent 2

Female TRD

Zygote TRD

Male TRD,
female independent

Male TRD,
female dependent

A1A2:A2A2 A1A2:A2A2 A1A2:A1A1 A1A2:A1A1

Figure 1

Patterns of male-specific, female-specific, and zygote-specific transmission expected in reciprocal
backcrosses, shown for a plant cross with one small-flowered parent to illustrate asymmetry in male–male
competition. If the initial F1 hybrid is made reciprocally (producing eight possible crosses; 127), it is further
possible to detect cytoplasmic and other parent-of-origin effects on meiotic and gametic transmission.
Distortion in any one cross is not generally diagnostic of the stage/mechanism of TRD, but the comparative
patterns shown have been useful in isolating the selective arena of TRD in several systems (39, 43, 76, 127).
Figure adapted from Reference 39. Abbreviation: TRD, transmission ratio distortion.

nonbiological processes (bad markers). Biological TRD should decrease monotonically with
genetic distance from the causal locus, whereas nonbiological TRD tends to be idiosyncratic to a
given bad marker. In data sets with high densities of codominant markers, distinguishing between
these alternatives is relatively straightforward. For example, in JoinMap, a χ2 test statistic of
observed genotype counts versus the Mendelian expectation (for a given marker class) is automat-
ically calculated and significant deviations are flagged. This screen for bad markers can be done
prior to mapping but is most useful following an initial round of marker ordering within linkage
groups (or chromosomes if a physical map is available) but preceding refinement of map orders.
Because biologically based TRD is proportional to genetic distance from a causal locus, linkage
relationships are highly informative even when TRD is severe (149). For example, we were able
to linkage map through a meiotic drive locus causing nearly 100% bias against one parental allele
(i.e., 0:1:1 versus 1:2:1 segregation), despite a sparse map of mostly dominant markers (40). Even
if an individual marker linked to an extreme distorting locus becomes completely noninformative
and nonmappable (e.g., 100% heterozygotes in a backcross population), flanking markers will
reflect both underlying linkage and monotonically decreasing TRD. Thus, assuming dense
sampling and due diligence during linkage map construction itself, there may be little reason to
censor highly distorted markers prior to mapping. If they are biologically distorted, they will be
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at the heart of TRDLs; if they are not, they should be flagged as bad markers due to the nonlinear
linkage relationships generated by incorrect individual genotypes.

On a cautionary note, however, genotyping biases could also conceivably generate TRD local
to a particular genomic region, mimicking biological signal. With next-generation (e.g., Illumina
short-read) sequencing, heterozygotes may be undercalled and nonreference homozygotes may
be rendered as missing data if reads are mapped to a reference genome more closely related to
one parental genotype (13). In regions of elevated divergence (e.g., inversions or regions of his-
toric introgression), consistent bias across linked markers could theoretically mimic the pattern
of distortion expected from biological mechanisms, especially when high missing data make both
patterns noisy. Reference bias can be minimized with additional genotyping precautions, such as
generating a pseudoreference based on either parental or F1 genotypes (133), restricting geno-
type calling to relatively conserved (i.e., genic) regions, or dropping loci with more than a handful
of missing individual genotypes. Because next-generation genotyping approaches generate vastly
more markers than are necessary for resolution in moderately sized QTLs or linkage mapping
populations, the last option often comes with little cost in terms of mapping power.

Assuming that uniquely distorted bad markers (and those with high counts of missing geno-
types) have been removed during the iterative mapping process, the next step is to identify and
characterize any TRDLs. Recently, researchers have developed Bayesian approaches that accom-
modate the mapping of TRDLs even in complex crossing designs and may also allow for decon-
volution of linked TRDLs in dense maps (24). However, direct plotting and assessment of χ2

test statistics or allele/genotype frequencies are common and effective in F2 and backcross hybrid
populations. In either case, however, determining the correct significance threshold to use in call-
ing TRDLs is not straightforward. Some researchers use a full Bonferroni correction for multiple
tests across the total number of markers when evaluating TRD χ2 statistics (23, 49); however,
because linked markers are not independent, such a correction is quite conservative (5, 40). For
example, Gagnaire et al. (49) used a corrected threshold of α = 0.000017 (N = 102 backcross
individuals, ∼3,000 markers), which can only flag 70:30 distortion as significant (versus ∼60:40
at α = 0.05). However, statistical conservatism may be wise, as that study nonetheless detected
27 distinct TRDLs, with at least one distorted region found on 19 of the 40 chromosomes! The
appropriate threshold for a given study will depend on whether researchers are more concerned
with false positives or false negatives, noting that false-positive TRDLs due to chance sampling
(as opposed to stray bad markers) will be supported by flanking distortion due to the inherent
nonindependence of linked markers. Controlling for the number of chromosome arms might be a
reasonable middle path. Overall, large mapping populations (>300) should be used wherever de-
tecting and estimating locus-specific TRD is an explicit research goal; low sample size increases
the risk of overestimating TRDL effects above a given statistical threshold, as with QTLmapping
of phenotypes (4).

In F2 populations or multiple backcross populations, it may be possible to determine whether
a TRDL is gametic or zygotic in action either by estimating additive and dominance effects in a
Bayesian model (24) or by testing (with χ2 tests) whether genotype frequencies are consistent with
the (distorted) allele frequencies. When TRD is strong (and samples sizes are large), F2 popula-
tions alone may reveal a clear pattern. For example, strong heterozygote excess with symmetrical
homozygote deficits (e.g., 1:3:1 with large sample size) suggests a zygotic mechanism for TRD
(114). Similarly, female meiotic drive in Mimulus was first detected in an interspecific F2 pop-
ulation as a region of 0:1:1 segregation on one linkage group (40). The latter pattern strongly
suggested meiotic or gametic selection, as the postfertilization (zygotic) loss of one homozygous
progeny class predicts a 0:2:1 genotype ratio, whereas loss of one gamete class via one parent
predicts the observed 0:1:1. However, linkage among multiple distorting loci and more complex
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genetic bases may often make it difficult to statistically distinguish gametic from zygotic TRD in
inbred line–cross F2 populations. Thus, interpreting patterns of TRD initially detected in a single
set of hybrids often requires isolating male-, female-, and zygote-specific distortion from mul-
tiple distinct crosses (Figure 1) combined with molecular, cytogenetic, and/or phenotypic tests
of mechanism. This approach has been a powerful tool for understanding selfish evolution and
hybrid incompatibility inMimulus (monkeyflower) (39, 43, 45, 76) and Oryza (rice) (127). An in-
spirational model for such stepwise dissection of TRDLs is the classic abnormal chromosome 10
(Ab10) knob neocentromeric drive system inmaize (Zea mays), in whichMarcus Rhoades ruled out
every alternative (including gravity!) before reaching the radical conclusion that female meiosis
itself could be non-Mendelian (reviewed in 11).

MECHANISMS OF TRANSMISSION RATIO DISTORTION

Although fascinating reproductive phenomena generate TRD in fungi (58, 64, 117) and mosses
(105), we focus here on causes of TRD in experimental mapping populations with a dominant
diploid life stage and separate male and female meiosis and gametogenesis (i.e., animals and vas-
cular plants). In the section that follows, we divide sources of TRD into those acting during meio-
sis (selection among chromosomes), from gametogenesis to fertilization (selection among hap-
loid gametes), and during early zygote development (selection among diploid progeny) (Table 1,
Figure 2). The phase in the life cycle in which selection occurs can affect both the pattern of
distortion (e.g., allelic versus genotypic TRD, male-specific versus female-specific versus gender-
neutral TRD) and the associated phenotypic effects (e.g., reduced male fertility with some but not
all forms of gametic TRD). Thus, although isolating the stage (and/or sex) at which TRD occurs
is rarely enough to pinpoint a biological cause, it is often the first and most accessible clue about

Table 1 Potential mechanisms of distortion

Stage Mechanism Description
Meiotic Centromeric Chromosomal competition during meiosis I of asymmetric (generally female

in plants and animals) meiosis
Neocentromeric Chromosomal competition during meiosis II of asymmetric (generally female

in plants and animals) meiosis
Gametic Egg competition Ovules/eggs could compete for resources, resulting in differential survival

prior to fertilization (but this is likely rare)
Sperm and pollen competition A race to fertilization among haploid male gametes/gametophytes, or

differential fertilization success depending on female or egg genotype
Sperm killers (male meiotic drive)
or egg killers

The gene products of one gamete haplotype selfishly kill or disable noncarrier
gametes; distinct from simple competition

Haploid-acting incompatibilities
(male, female, or both)

Negative interactions among alleles within recombinant gametes or between
diploid tissues and haploid gametic genotypes; distinct from gamete-killing
if the phenotype is unique to hybrids and not selfish

Zygotic Inbreeding depression Selection against seeds/embryos homozygous for deleterious alleles; may
depend on maternal resources

Inadvertent selection External selection (e.g., via germination or growth conditions) resulting in
skewed genotypes

Diploid-acting incompatibilities,
including nuclear–nuclear and
nuclear–other epistasis

Multilocus interactions causing selection against particular genotypic
combinations in offspring; also includes interactions between diploid
nuclear embryo genotype and organellar genotype, triploid endosperm
genotype, and maternal genotype
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Figure 2

Arenas for selection during reproduction and mechanisms of transmission ratio distortion, illustrated for an
animal [Mus musculus (mouse)] and a plant [Mimulus guttatus (yellow monkeyflower)]. Mechanisms shown
include chromosomal drive at the meiotic stage for both taxa, preferential fertilization (for animals) and
pollen competition (for plants) at the gametic stage, and asymmetric hybrid incompatibility (for animals) and
environmental selection during germination (for plants) at the zygotic stage. The mechanisms illustrated are
a subset of the complete set of mechanisms listed in Table 1.
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the underlying mechanism. In addition to reviewing the major mechanisms that can contribute to
TRD at each stage, we highlight notable empirical examples and outline theoretical predictions
to guide investigations.

Meiotic Transmission Ratio Distortion

Female meiosis in most plants and animals is defined by asymmetry (120)—only one of the four
haploid products of meiotic division goes on to become the oocyte (or, in plants, the eight-celled
megagametophyte containing the egg cells). This asymmetry of cell fate creates a potential arena
for selection, as any chromosomal variant that can preferentially segregate to the egg pole gains
a transmission advantage. What kinds of loci can drive through female meiosis? Only structural
variants can alter the physical outcome of meiotic divisions; genes may enhance or otherwise
interact with driving structural variants, but a gene alone cannot drive through female meiosis.
Centromeres, the chromosomal sites of kinetochore formation and spindle attachment, have the
greatest opportunity for and most to gain from female meiotic drive (100). Genetically distinct
centromeres pair at meiosis I; thus, a driving variant can achieve 100% transmission if the out-
come of female meiosis is completely skewed (98). Furthermore, even slight biases in meiotic
segregation can result in a transmission advantage with few costs, as taking advantage of the un-
derlying asymmetry of female meiosis need not cause any direct reduction in female fitness. Perva-
sive female meiotic drive may explain the dramatic variability of centromeric DNA repeats across
plants and animals, as well as the paradoxically rapid evolution of centromeric histones and other
kinetochore proteins (60, 82, 99). Neocentromeric knobs and telomeres, which generally recom-
bine with centromeres and can thus be heterozygous in sister chromatids, can similarly compete at
meiosis II bymanipulating segregation viamechanisms outside the normal kinetochoremachinery
(32, 33). By affecting centromere features, chromosomal rearrangements (particularly Robertso-
nian fusions/fissions in mammals) may also drive through meiosis (26). In fact, lineage-specific
biases in which structural variants are favored may explain the strikingly nonrandom distribution
of acrocentric- and metacentric-dominant karyotypes in mammals (119).

Chromosomal drive through female meiosis underlies several cases of female-specific, prezy-
gotic, TRD in both animals and plants. In mouse, in which the products of meiosis I are accessible
to direct study, recent work reveals the molecular mechanisms of centromeric drive: Strong cen-
tromeres recruit larger kinetochores (26, 69) and drive by taking advantage of underlying (and
genetically controlled) spindle asymmetry (1). This elegant work provides a mechanistic expla-
nation for non-Mendelian segregation by Robertsonian fusions/fissions and other chromosomal
variants in mammals, as well as by larger centromeric DNA arrays. Also in mouse, the R2d2 copy
number variant is an intriguingly widespread selfish element exhibiting overtransmission in het-
erozygous females (37), which is consistent with chromosomal drive (36). However, the depen-
dence of R2d2 on unlinked enhancers and the association of TRD with reduced female fertility
in heterozygotes (36) are also consistent with postmeiotic mechanisms, such as early embryo loss
or nonrandom fertilization (114). A clear functional test for centromeric meiotic drive in R2d2
and mammalian TRD systems may be enabled by the recent discovery of cellular signatures of
microtubule instability that predict the direction of centromeric drive in mouse (2).

In plants, model neocentromeric and centromeric female meiotic drive systems were discov-
ered as TRD in experimental hybrids and have also been studied in wild populations. The best-
characterized neocentromeric drive system, Ab10 knob in maize, was discovered nearly 50 years
ago as TRDof a visiblemarker (kernel color) in controlled crosses (reviewed in 11).Ab10 is a struc-
tural variant of maize chromosome 10 containing a heterochromatic knob of repetitive DNA,
as well as a cluster of kinesin genes (33) that enable the Ab10 knob to race to the outer poles
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at meiosis II (61) and promote drive by knobs on other chromosomes (17). Ab10 is widespread
at low frequency across diverse maize landraces (73), and recent empirical and modeling work
suggests that fitness costs balance its ∼65:35 meiotic transmission advantage and maintain the
polymorphism (55, 63). The driving D chromosomal variant in the yellow monkeyflower,Mimu-
lus guttatus, has the properties of a functional (and selfish) centromere. D exhibits nearly 100%
transmission—only via female meiosis—in interspecific hybrids (45) and contains massive arrays
of centromere-specific DNA repeats (42).WithinM. guttatus,D drives relatively weakly (∼60:40)
against conspecific alternatives and ismaintained at intermediate frequency by homozygous fitness
costs that balance its transmission advantages in the female meioses of heterozygotes (41). Both
M. guttatus (126) and maize populations are notable for high levels of structural and sequence
diversity, suggesting that balanced polymorphism for female meiotic drivers may be a common
feature of plant (and potentially animal) populations with large effective population sizes.

Centromeric and neocentromeric drive systems in both mammals and flowering plants indi-
cate that female meiosis is indeed a widespread arena for natural selection among chromosomes
(reviewed in 131). When might we expect female meiotic drive to cause TRD in mapping pop-
ulations? True meiotic drive is possible when meiosis is asymmetric (i.e., female meiosis in most
plants and animals) and must involve structural divergence that can plausibly influence spindle–
chromosome interactions to bias segregation. Centromeres, as well as chromosomal rearrange-
ments that shift centromere size and position, are obvious candidates. However, not all TRD
mapping to a centromeric region or rearrangement necessarily implicates drive by centromeres;
low recombination in centromeric regions may cause genic loci to have physically broad effects
on transmission. In addition, even slight differences in centromeric transmission via female meio-
sis (i.e., those too small to detect in reasonably sized mapping populations) will rapidly fix self-
ish chromosomes if there are no associated costs. Thus, chromosomal drivers found segregating
within populations (like the maize and Mimulus examples above) may generally be balanced by
linked reproductive costs, particularly recessive ones (41, 55). Because substantial (recessive) costs
are necessary to prevent fixation of a meiotic driver and promote the evolution of suppressors, dis-
tortion in interspecific hybrids may reveal centromeric drive that is cryptic within species due to
fixation rather than suppression. Finally, meiotic drive within species requires both opportunities
for conflict (i.e., heterozygosity) and large effective population sizes; therefore, we do not expect
meiotic drivers and similar selfish elements to spread in highly selfing plant taxa (19).Mechanistic
investigations of female-specific TRD in existing and new systems will be key to understanding
more broadly the prevalence and evolutionary effects of female meiotic drive.

Gametic Transmission Ratio Distortion

Just as femaleness in both plants and animals is defined by meiotic asymmetry (resulting in one
large and precious egg), maleness is generally associated with the production of vast numbers of
relatively small gametes (sperm) or gametophytes (pollen). Thus, competition for fertilization is
particularly acute among male gametes and is both a major arena for selection in nature (108) and
a likely source of TRD in mapping populations. Multiple distinct evolutionary phenomena may
cause a pattern of gametic stage TRD, including selfish gamete killers (15), gamete competition
and/or differential fertilization success, and haploid hybrid incompatibilities, affecting intrinsic
gamete viability. The first two mechanisms apply primarily to male function. Several prezygotic
distorter loci with joint effects on male and female function have been reported (51, 77, 78, 129),
but the only one of these to be genetically dissected revealed a complex of genes with separate
male and female effects (79). Therefore, we focus primarily on male-specific (and male–female
interaction) mechanisms of gametic competition.
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Gamete killers.The classic meiotic drive systems in animals, including t-haplotype in mouse
and Segregation Distorter in Drosophila, are actually gamete killers that act during spermatogenesis
rather thanmeiosis (15, 95). In gamete-killer systems, sperm carrying the nondriving haplotype are
poisoned or otherwise inactivated in heterozygotes, whereas brother sperm (from the same male)
carrying the driving allele remain functional. For example, in the t-haplotype system in mouse,
wild-type and t-sperm are produced in equal numbers by male wild-type/t-heterozygotes, but
wild-type sperm fail to fertilize due to flagellar dysfunction caused by the t-toxin (reviewed in 94).
Importantly, gamete-killer systems generally involve multiple linked genes within chromosomal
inversions that prevent recombination (in heterozygotes) between killer and responder genes, plus
additional linked enhancer loci (15; reviewed in 84, 91). Because they involve active disabling of
half of a heterozygous male’s sperm, and often have linked deleterious effects when homozygous
(e.g., t is lethal when homozygous), these well-known gamete killers generally persist as low-
frequency polymorphisms within species. Recent theoretical and empirical work suggests that
gamete killers should be less common in taxa with polyandry (because it shifts competition from
among a single male’s sperm to among sperm from many males) (102, 103) and may be mitigated
by female preference for compatible mates (101).

Sex-ratio distorters are an important subcategory of gamete killers. Y-bearing sperm (gener-
ally) are targeted and disabled by gene products encoded on the X chromosome, skewing progeny
sex ratios toward higher female frequencies (59, 70, 107). Sex-ratio distorters were among the
first selfish genetic elements identified, in part due to the relative ease of measuring sex ratios
prior to the development of genetic markers. However, such distorters appear to be widespread
within the model animal taxa (i.e., dipterans and rodents) in which genetic mapping has been
extensive (59), and are even found in the few flowering plants with sex chromosomes (141). As
with autosomal gamete killers in inversions, suppressed recombination between heteromorphic
sex chromosomes (and inversions on sex chromosomes) can facilitate the strong linkage between
poison and antidote alleles necessary for nonsuicidal killing of sensitive responders. Because their
costs can be substantial, sex-ratio distorter systems may often be maintained as intraspecific poly-
morphisms or promote the evolution of unlinked (e.g., autosomal) suppressors that make them
ephemeral and cryptic within species over the longer term. The latter coevolutionary dynamics
have been proposed as a major cause of rapid divergence between species and the evolution of
hybrid incompatibilities (48, 67). However, the aspects of sex chromosomes that promote the evo-
lution and detection of sex-linked gamete killers (e.g., low recombination) also make dissecting
the underlying loci and assessing their population genetic histories particularly challenging.

Although they have been studied primarily in genetic model systems such as mice and
Drosophila, gamete-killer systems are likely to be widespread (and causes of TRD) in other animals
with similar population biology (i.e., large effective population sizes, low to moderate polyandry).
There are few analogous systems known in plants (with the exception of a few female-specific ga-
mete killers in rice that likely represent gametophytic hybrid incompatibilities without a history of
selfish evolution; reviewed in 44). One reason may be the higher incidence of self-fertilization in
plants. Selfish gamete killers should not spread in inbreeding plants (includingmodel systems such
as domesticated rice or Arabidopsis thaliana), as the nonindependence of male and female fitness in
selfers reduces intergenomic and sexual conflict, and routine inbreeding limits the spread of selfish
elements (19). However, the dearth of polymorphic pollen-killer systems even in outbred plants
may also reflect the prevalence of multiple mating in most outbred flowering plant species (118).
Like polyandry in animals, routine delivery of mixed pollen loads (by pollinators or wind) enlarges
the arena for gamete competition, reducing any benefit of killing your own brother pollen grains.
Finally, transcript sharing in animal sperm (versus substantial haploid gene expression in pollen,
see below) may provide a greater opportunity for poisoning of meiosis mates while also reducing
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opportunities for direct haploid-phase competition (reviewed in 72). Thus, although the paucity
of selfish pollen-killer systems in outbred plants versus animals may just be historical accident, it
may reflect the underlying biology of these groups.

Pollen and sperm competition.While a pollen grain may have little to gain from killing broth-
ers within the same anther, and even a lot to lose if pollen fertility is important for pollinator
attraction (130), it may have much to gain from competitive ability after dispersal and pollination.
In addition to experiencing strong competition to fertilize a relatively small number of ovules (9,
111), flowering plant pollen grains express a large proportion (up to 50%) of their recombinant
haploid genomes (reviewed in 72).Thus,Haldane’s assertion that “a higher plant is at the mercy of
its pollen grains” (54, p. 67) was developmentally prescient—a haploid-expressed allele in pollen
has both a motive and the means to gain fitness by increasing pollen tube growth rates, even at
some expense to diploid fitness (68). Thus, in outcrossers, pollen-expressed genes may be under
constant selection to enhance pollen performance, whereas in selfers we expect relaxation of such
sexual selection (as well as purifying selection) (14, 104). In addition, pollen performance often
depends on interactions with the female reproductive tissue because the energetic demands of
pollen tube growth exceed pollen resources and species-specific signals between pollen and ovule
are necessary for successful fertilization (reviewed in 62, 138). In the latter case, intraspecific co-
evolution between style- and pollen-expressed genes may, in hybrids, result in a breakdown of
communication between some pollen genotypes and recipient styles, genotype-specific failure to
fertilize, and TRD (113).

Only a few mechanistic studies have distinguished plant TRD via male gamete performance
from TRD via other sources. One notable exception involves the phenomenon of unilateral in-
compatibility, which occurs in crosses between gametophytic self-incompatible (male) and self-
compatible (female) plant taxa and is common in Solanaceae (reviewed in 6).Unilateral incompat-
ibility results in stylar rejection of pollen grains with mismatched genotypes and thus can generate
pollen-specific style-dependent TRD in mapping populations with hybrid male parents, as well as
conspecific pollen precedence (CPP) (57, 121). In such systems, TRD should map to the intraspe-
cific self-incompatibility loci, and this has been demonstrated in several cases (reviewed in 113).
Pistil-mediated male-specific TRD (female-dependent selection among pollen grains) may also
be common within self-compatible plant lineages. In wind-pollinated maize, for example, multi-
ple independent gametophyte factors (ga alleles) arrest pollen tube growth if the pollen genotype
does not match that of the style, and thus act as selfish elements within species and as crossing
barriers between maize and its ancestor, teosinte (75). The stylar environment may also select
among pollen genotypes more quantitatively. For example, the outcrossing yellow monkeyflower,
M. guttatus, shows near-complete CPP compared with the closely related selfer Mimulus nasutus
in mixed pollinations of M. guttatus styles (35), despite high cross-fertility in pure crosses. This
CPP appears highly polygenic; more than eight TRDLs identified in F2 hybrids of these species
exhibited significant style-dependent male-specific TRD in reciprocal backcrosses isolating male
and female function, with many exhibiting M. guttatus excess greater than 60:40 (39). Marked
directional CPP is consistent with long-term relaxation of male-male competition in the selfing
species (104), resulting in M. nasutus pollen genotypes with reduced competitive ability on the
M. guttatus stylar background. Further investigations of male-specific TRD in intra- and inter-
specific hybrids should provide insight into the prevalence of selection on haploid pollen as both
a cause of TRD and a force in plant evolution.

Once sperm arrives at the egg, there are further opportunities for selection via gamete inter-
actions prior to successful fertilization. For example, in some externally fertilizing marine taxa,
conflict between male and female interest drives rapid evolution of gamete recognition proteins
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(81, 89). In turn, divergence in recognition proteins contributes to barriers between populations
and species. Direct interactions between male and female gametes likely contribute to patterns of
TRD in mapping populations of mass-spawning taxa, but less is known about such interactions in
internal fertilizers such as mammals and flowering plants. However, it has been recently argued
that genotypic matching of gametes contributes to patterns of TRD in mouse hybrid populations
(e.g., 114).

Gamete-expressed hybrid incompatibilities. Finally, gametic TRD can derive from hybrid in-
compatibilities between a gamete (or gametophyte) and the diploid (F1) parent that produces it.
Although sometimes termed gamete-killer systems, such hybrid incompatibilities need not evolve
via selfish gamete-killing within a species (reviewed in 44, 139). Instead, they may simply repre-
sent mismatch between diploid (parental) and haploid (gamete) gene products that must jointly
function during hybrid gamete development. Gametophyte–sporophyte hybrid incompatibilities
may be particularly common in seed plants (reviewed in 44), in which both the pollen andmegaga-
metophyte (ovule) are multicellular entities that express their own haploid genomes but develop
within a genetically distinct diploid individual. Unfortunately, distinguishing such interactions
from selfish gamete-killing (death of haploid pollen genotypes in the presence of a killer allele
in brother pollen grains), pollen competition (style dependent or not), and early postzygotic in-
compatibilities from patterns of progeny TRD alone is difficult. Fitness measures may help; both
selfish pollen-killing and hybrid gamete–parent incompatibilities should be accompanied by re-
duced pollen viability, whereas early postzygotic incompatibilities should involve seed viability,
and straightforward gamete competition should not entail loss of either gametes or zygotes. Nev-
ertheless, even with fitness correlates, fine-scale genetic dissection of both TRD and hybrid infer-
tility may be necessary to make (or break) a mechanistic connection between them. For example, a
major male-specific TRD locus on linkage group 6 inM. nasutus × M. guttatus hybrids (39) is ge-
netically coincident with the M. guttatus hybrid male sterility locus hms1 (140). However, recent
fine-mapping reveals that hybrid TRD at hms1 is independent of the gametophyte–sporophyte
incompatibility causing pollen inviability (as it does not vary with the genotype at the interacting
hms2 locus) and also does not appear to reflect a history of TRD via selfish pollen-killing within
M. guttatus (76). Like similar gamete-killer systems in rice (79), this complexity is evolutionarily
fascinating but challenging to unpack experimentally. Thus, as in recent reviews of hybrid incom-
patibility (44, 139), we advocate for careful genetic dissection and (ideally) population genomics
analyses prior to the conclusion that gametic death or TRD in hybrids has its evolutionary origins
in selfish within-population gamete-killing. Many such loci may indeed have selfish histories, but
selfishness is a testable population genomics hypothesis (22) rather than an inference that can be
made from the hybrid TRD or infertility alone.

Zygotic Transmission Ratio Distortion

Zygotic TRD occurs through the nonrandom loss of diploid zygotes between fertilization and
genotyping and thus has many potential sources. Importantly, because zygotic TRD involves
differential death, it may often be associated with measurable reductions in maternal fertility
or offspring mortality. Such fitness effects can provide important clues about the mechanism of
TRD (and vice versa). However, depending on whether selection occurs within the mother (i.e.,
during seed or embryo development), early in juvenile development (e.g., at germination), or
during a later juvenile stage, detectable mortality may not be directly proportional to the degree
of TRD. In particular, situations in which mothers mature only a subset of fertilized eggs may
allow for numerical replacement of lost offspring with others carrying more fit genotypes. Such
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reproductive compensation is well documented for both animals and plants (52) and can buffer
maternal fertility even when early-acting loss of zygotes causes TRD.

In this section, we describe three major causes of zygotic TRD, providing representative ex-
amples. The simplest mechanisms of single-locus zygotic TRD are environmental selection (e.g.,
germination or growth conditions favoring one parental genotype) and inbreeding depression (i.e.,
selection against one homozygous class independent of background). Both of these mechanisms
should cause symmetrical TRD in reciprocal progenies, as they depend solely on an offspring’s
genotype at the nuclear locus under selection.Hybrid incompatibilities, particularly lethal epistatic
interactions within a zygote or between offspring and parent genotypes, are the third common
source of zygotic TRD. Asymmetric nuclear–other incompatibilities, in which zygote genotypes
interact with the maternal (or otherwise asymmetric) genetic background, can cause strong and
apparently single-locus TRD at autosomal nuclear loci. Nuclear–nuclear hybrid incompatibili-
ties (e.g., a recessive lethal interaction that kills one-sixteenth of F2 progeny) also cause TRD
at each locus, though the degree of distortion should be weak if both interacting alleles are re-
cessive. Either kind of incompatibility may also occur in intraspecific (or even intrapopulation, if
selfish) contexts, although alleles involved in strong negative epistatic interactions should be rare
in well-mixed outbred species.

Environmental selection. Inadvertent selection is likely a common cause of TRD in experi-
mental mapping populations, especially in interpopulation or interspecific crosses. In widespread
species of plants (or insects), germination (or eclosion) times may often be locally adapted to dis-
tinct temperature or photoperiod cues and thus different among populations, cultivars, or strains.
Genotype-specific delay of germination or eclosion under a given growth condition can mimic
early mortality as a cause of TRD, especially if only a subset of individuals are genotyped. This
possibility was nicely highlighted (and neatly avoided) in a recent study of Arabidopsis lyrata that
mapped both germination timeQTLs andTRDLs in reciprocal backcrosses (56).BecauseTRDLs
and germination time QTLs did not generally overlap, and the former were often dependent on
cytoplasmic background (see next section), the authors could infer that intrinsic hybrid seed invia-
bility was the primary source of TRD.However, because alternative genotypes at individual QTLs
germinated >10 days apart, this variation could have generated substantial TRD in a study not
explicitly monitoring phenology (i.e., if individuals had been included in the mapping set only if
they had germinated by a threshold date). A key gene controlling dormancy and germination time
in A. thaliana (DOG1) exhibits TRD in several interpopulation hybrid data sets (132). In addition
to phenology, selection for pathogen resistance may also readily contribute to TRD. For example,
both of the major TRDLs in a hybrid Populus pedigree contained loci encoding resistance to a rust
that attacked the hybrid trees (150).

TRD due to inadvertent selection is likely to be exacerbated whenever there are multiple gen-
erations of culture prior to genotyping. In a dramatic example, an initially rare (<15%) inversion
rose to ∼65% in all three treatments (high, low, and control) over six generations of an outbred
flower size selection experiment inM.guttatus, despite no opportunity for unintended selection on
pollen number, seed number, or postgermination survival (74, 87). This remarkable increase could
be due to strong gametic selection in heterozygotes (i.e., pollen-killing or pollen competition), but
field data suggest that it may in part reflect nonrandom germination under greenhouse conditions
(87). In mapping populations, extrinsic selection can be minimized by collecting DNA for geno-
typing as early in development as possible and avoiding opportunities for bias (e.g., planting just
one seed per pot to avoid selecting earlier germinants). On the positive side, researchers can take
advantage of TRD to investigate the genetic basis of known differences in germination/eclosion
cues between parents (e.g., by genotyping, in bulk or individually, hybrids germinating under dif-
ferent environmental conditions).
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Inbreeding depression. Inbreeding depression may cause single-locus TRD in any mapping
population where homozygosity of lethal or highly deleterious recessive alleles is possible. Thus,
inbreeding depression should be rare in line crosses between highly inbred parents (in which
strongly deleterious alleles should have been purged during line formation) or in fully outbred
mapping populations (in which the risk of parents sharing deleterious mutations is low). Con-
versely, opportunities for inbreeding depression occur whenever loci heterozygous in the parents
become homozygous, such as during RIL formation (and F2/backcross hybridization if grandpar-
ents are shared) from outbred starting materials (25) or in doubled haploid production in plants
(47) or animals (80). Even in line crosses with highly inbred parents, however, retention of het-
erozygosity (which may be particularly likely at loci underlying inbreeding depression) in one
parent may allow deleterious recessive alleles to pass harmlessly into an F1 but segregate in ad-
vanced generation hybrids, causing TRD. For example, a retained recessive lethal allele caused
substantial single-locus TRD in an early mapping population of Populus (12).

Inbreeding depression may be a particularly important source of TRD in outbred taxa with
high genetic load and large numbers of progeny per reproductive bout, such as marine inverte-
brates and coniferous trees (122). TRD in intrapopulation crosses may even be used to measure
inbreeding depression; for example, shifts in the degree of distortion among developmental stages
cleanly characterized the genetic basis of inbreeding depression in Pacific oysters (123). Simi-
larly, in species with polyembryony and high genetic load (such as conifers), selection against
homozygous offspring can cause TRD in even highly outbred populations. A classic example
is loblolly pine (Pinus taeda), in which selective abortion of inbred embryos within developing
seeds significantly skewed genotypic ratios at 19 loci, corresponding to 13 lethal equivalents
(128). In these intrapopulation contexts, TRD is a useful tool for the measurement of early-acting
inbreeding depression. However, in interpopulation and interspecific crosses, TRD due to in-
breeding depression may lead to the incorrect inference of meiotic drive or (more likely) hybrid
incompatibility. As next-generation genotyping approaches with power to track all four grand-
parental alleles make fully outbred mapping populations more common, the latter issue will likely
decrease.

Hybrid incompatibilities.Dobzhansky–Muller incompatibilities (DMIs) causing low fitness of
particular hybrid genotypic combinations are widespread in crosses among species (and even iso-
lated populations). DMIs fall into two broad categories, nuclear–other (asymmetric) and nuclear–
nuclear, that produce distinct patterns of TRD. Epistatic breakdown (and associated TRD) in
hybrids can arise through independent evolutionary steps in each lineage (the typical depiction of
the Dobzhansky–Muller model) or via two (or more) steps within a single lineage (44, 71, 97, 124).
However, even within-lineage coevolution leading to hybrid incompatibility and TRD need not
involve TRD (drive) within that species; rather, drift (or adaptive evolution) affecting one com-
ponent may prompt compensatory evolution by the other (134). Population genetics evidence
recently confirmed the theoretical prediction that cytoplasmic male sterility in flowering plant
hybrids can arise from selfish mitochondrial evolution and drive nuclear coevolution within one
species (22), but it remains an open question how often intraspecific selfish evolution underlies
other forms of hybrid incompatibility (and associated TRD).

Nuclear–other DMIs occur when an offspring’s diploid nuclear genotype interacts negatively
with its F1 maternal background (e.g., aa/M_, where dominant maternal factor M and recessive
offspring factor a are incompatible) or with other factors with asymmetric inheritance or gene
expression (e.g., organelles, sex chromosomes, and endosperm or placental tissues). Asymmetry
of hybrid incompatibility is a common feature (or even a rule) in the study of species barriers
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(144) and can cause strong single-locus distortion at autosomal nuclear loci despite its genetic
basis in epistasis. Cytonuclear incompatibilities that reduce offspring survival are particularly
widespread (reviewed in 21), and TRD has proven useful in mapping their underlying genetic
basis in diverse systems (56, 116). Similarly, parent-of-origin patterns of expression in placental
or endosperm tissues (reviewed in 86) may interact negatively with alternative genotypes at nu-
clear loci in offspring, resulting in differential lethality and zygotic TRD (18, 50, 85). In such
cases, distortion and reduced fitness should co-occur in some but not all cross-types. Such asym-
metric incompatibilities parallel (in terms of TRD pattern but not necessarily evolutionary pro-
cess) intraspecific zygotic drive systems. In the best known of these, Medea alleles in Tribolium
flour beetles produce a toxin that kills any offspring not carrying the cotransmitted antidote,
resulting in drive of the Medea allele (i.e., TRD) in crosses between heterozygous females and
noncarrier males (7). Similarly, male-killing by (maternally inherited) Wolbachia and Spiroplasma
bacterial endosymbionts causes biased transmission of sex chromosomes (sex-ratio distortion) in
several insects when uninfected males mate with infected females (reviewed in 106). Recipro-
cal backcrosses are particularly useful for distinguishing such asymmetric postzygotic TRD from
strictly gametic mechanisms, as are direct measures of gametic and offspring viability across de-
velopment. However, distinguishing selfish (and potentially suppressed) zygotic drive systems re-
vealed in interspecific crosses from epistatic hybrid incompatibilities of nonselfish origin is not
trivial.

Multilocus nuclear interactions affecting hybrid viability can also cause TRD at one or both
epistatic loci, but TRD is predicted to be mild (per generation) if the interacting loci are recessive.
For example, complete loss of one double homozygote class (e.g., aabb synthetic lethal) in an F2

population skews allelic transmission only to 56:44 at each locus, a level of distortion that would
not be significant (at α = 0.05) with fewer than 500 F2 genotypes. Although such interacting
lethals are difficult to detect in F2 populations via single-locus scans for TRD, they can leave
a strong two-locus signal of linkage disequilibrium, especially in advanced generation hybrids
(e.g., RILs) or doubled haploid populations (28). For example, reciprocal loss of unlinked gene
duplicates causes embryo abortion of the Anull/Bnull double homozygotes in F2 hybrids between
Columbia and Cape Verde accessions of A. thaliana; this interaction is phenotypically apparent
as inviable seeds in selfed F1 siliques but was first discovered via two-locus distortion in RILs (10,
137). Similar two-locus distortion is seen in other intraspecific RILs in Arabidopsis (143) and in
experimental hybrid swarms in the copepod Tigriopus (125), consistent with models predicting
the accumulation (by drift) of deleterious nuclear–nuclear DMIs in isolated populations. Such
incompatibilities are often equated to the evolution of species barriers (136), but negative epistatic
interactions causing lethality also occur within populations as a component of inbreeding de-
pression (147) and recessive–recessive DMIs are not strong barriers to gene flow. The recent
development of powerful algorithms for the detection of multilocus TRD in dense maps (8, 28)
provides hope for the increased detection and further study of interspecific nuclear–nuclear lethal
incompatibilities in both plants and animals.

PATTERNS OF TRANSMISSION RATIO DISTORTION
IN MAPPING POPULATIONS

To determine what (if any) features of the study system influence the incidence of TRD in map-
ping populations, we conducted literature reviews of genetic mapping of TRD over two decades
(1996–2015). For each data set, we recorded the percentage of mapped markers reported to show
significant TRD (at α = 0.05 level); we would have liked to also record maximum TRD per locus
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and the number of distinct distorted regions (TRDLs) but this information was not consistently
reported. We then coded each mapping data set for four categorical variables that might be pre-
dicted to affect the occurrence of TRD.

1. Predominant marker type [amplified fragment length polymorphism (AFLP) or other dom-
inant fragment-based marker; simple sequence repeat (SSR); single nucleotide polymor-
phism (SNP)]. Over the past 20 years, markers for assessing segregation have evolved dra-
matically. Different markers are likely to have different rates of genotyping error, which
may be overlaid on the biological signal of TRDLs.

2. Evolutionary context (intraspecific, interspecific). If species are generally more divergent
than populations within a species (and TRD is caused primarily by reproductive incompat-
ibilities), interspecific mapping populations might be expected to exhibit higher levels of
TRD than intraspecific ones.

3. Taxon (plant, invertebrate, vertebrate, fungus). Reproductive biology sets the stage for
prezygotic mechanisms of TRD, so the particular biology of different taxonomic groups
could affect the prevalence or strength of TRD.

4. Cross-type (doubled haploid; F1 hybrid; backcross hybrid; F2 hybrid; and RIL, NIL, or
other advanced generation lines). Each of these crosses has different opportunities for se-
lection, with advanced generation hybrids such as RILs and NILs experiencing repeated
rounds of selection.

Results

We obtained data on the frequency of distorted markers (%TRD) from 326 mapping popula-
tions in 279 studies published from 1996 to 2015. Over those two decades, the number of papers
meeting our criteria (r2 = 0.60) steadily increased, indicating a growing awareness of TRD as a
phenomenon worthy of study. Because not all studies yielded complete information for our cate-
gories, sample sizes vary as indicated.

As a first pass, we used t-tests to compare the incidence of TRD across categories on each of
the four axes separately. Neither predominant marker type (dominant, SSR, SNP) nor the evolu-
tionary context (intraspecific versus interspecific) for the cross had any effect on the incidence of
TRD in mapped markers (P> 0.75,N= 322). There were also no significant differences in mean
TRD among our initial taxonomic categories (plants, vertebrates, invertebrates, fungi), but we had
low power given the small sample sizes in several categories (P = 0.19, r2 = 0.006). Therefore,
we regrouped taxa into plants versus animals (dropping the fungi); in this analysis, plants (mean
%TRD = 25.67) had a marginally higher incidence of TRD when compared with all animals
(mean%TRD = 20.23; n= 47; r2 = 0.016,P= 0.023) (Figure 3). However, there were no animal
RIL populations in our data set and only one doubled haploid population. Indeed, cross-type was
the most significant factor in the single-axis analyses (P = 0.0024, r2 = 0.041,N = 303). Doubled
haploid populations exhibited the highest incidence of TRD (mean %TRD = 32.85), backcross
and F1 mapping populations were least distorted (mean %TRD = 21.3 and 22.2, respectively),
and F2 and RIL/NIL populations were intermediate (Figure 3).

To disentangle taxon and cross-type, we conducted further analyses [general linear model
(GLM), Poisson log link] with cross-type nested inside taxon, excluding the one animal dou-
bled haploid study. In this analysis, cross-type within taxon remains significant (P = 0.004), with
doubled haploid populations (only in plants) again showing the highest incidence of TRD and
backcross and F1 hybrids showing the lowest TRD in both plants and animals.We then excluded
doubled haploid and RIL populations to balance the analysis, and ran a two-way GLM (Poisson
log link) with taxon, cross-type (backcross, F1, and F2 only;N= 221), and their interaction. Taxon
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Figure 3

Incidence of TRD (% distorted markers) in a meta-analysis of published mapping populations (1996–2015)
categorized by taxon (plant versus animal), cross-type [doubled haploid (DH), F1 hybrid, F2 hybrid,
backcross hybrid (BC), and advanced generation hybrids (RIL)], and evolutionary context (intraspecific,
interspecific). Bars show ±1 SE for each category. Abbreviations: RIL, recombinant inbred line; TRD,
transmission ratio distortion.

remains a significant, albeit weak (P = 0.0495), predictor of the incidence of TRD, with plants
showing greater distortion across all three cross-types (Figure 3).Thus, both cross-type and taxon
are associated with the incidence of TRD in mapping populations, with doubled haploids partic-
ularly prone to TRD and plant maps slightly more distorted, on average, than those in animals.

What Might Account for These Patterns?

The high incidence of TRD in doubled haploid populations points to an important role for in-
breeding depression as a major source of locus-specific selection inmapping populations. Inbreed-
ing depression should be particularly acute in doubled haploids, where historically outbred loci
become uniformly homozygous in a single generation, and it is thus a plausible explanation for the
nearly 50% greater distortion in plant doubled haploid populations versus F1 and backcross pop-
ulations. Notably, the one animal doubled haploid population in our data set (30) also exhibited
extremely high levels of TRD (48.5% of markers). In contrast, F2 hybrid and RIL populations
(especially in plants) are generally derived from inbred lines that have had the opportunity to
purge lethal recessive alleles that can cause TRD. Nonetheless, these results are an important re-
minder that inbreeding depression, along with more exciting alternatives, must be considered as
a candidate source of TRD.

No evidence for elevated amounts of TRD in interspecific versus intraspecific crosses re-
inforces the conclusion that TRD is not synonymous with the evolution of postmating and
postzygotic species barriers. However, no signal from this crude measure of genetic distance
on TRD across diverse taxa may also reflect the blurriness of species definitions. Highly cross-
compatible taxa may be oversampled in interspecific mapping efforts, while intraspecific crosses
(often made for QTL mapping purposes) may be biased toward relatively divergent sets of pop-
ulations within species. In addition, intraspecific sources of TRD (such as inbreeding depression)
may offset increased hybrid incompatibility in interspecific crosses. Our broadscale finding of no

www.annualreviews.org • Dissecting Transmission Ratio Distortion 363

A
nn

u.
 R

ev
. G

en
et

. 2
01

9.
53

:3
47

-3
72

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.a

nn
ua

lr
ev

ie
w

s.
or

g
 A

cc
es

s 
pr

ov
id

ed
 b

y 
U

ni
ve

rs
ity

 o
f 

M
on

ta
na

 o
n 

09
/2

8/
20

. F
or

 p
er

so
na

l u
se

 o
nl

y.
 



GE53CH16_Fishman ARjats.cls November 15, 2019 15:4

effect of genetic distance contrasts with a positive association between the number and magnitude
of TRDLs and genetic distance seen across rice subspecies (127). A lack of trend is not surprising,
given the many sources of TRD likely operating across diverse systems, but further underlines
the complexity of determining the causes of TRD in any single mapping population.

The consistently higher incidence of TRD in plants than in animals, even accounting for cross-
type, may have several biological explanations. Plants, in which the haploid male gametophyte
(pollen) expresses its own genome (versus that of its diploid parents), may provide additional
opportunity for gametic TRD via pollen tube competition and variation in fertilization ability
(reviewed in 72). This may be particularly true in crosses between plants with different mating
systems and thus different histories of selection on pollen competitive ability and pollen-female
interactions (sexual selection) (14). In addition, flowering plants have unique opportunities for
postzygotic incompatibilities between embryo and endosperm, as well as nucleocytoplasmic break-
down resulting from selfish organellar evolution (21). Finally, because F1 male sterility resulting
from X-autosomal interactions is common in hybrids between closely related animal species (but
uncommon in plants, which mostly lack sex chromosomes) (53), plant mapping populations may
generally sample a wider range of parental divergence.

LOOKING FORWARD: NEW APPROACHES TO STUDYING
TRANSMISSION RATIO DISTORTION

Although most reports of TRD are by-products of research into other phenomena, non-
Mendelian inheritance is worthy of study in its own right. Where possible, controlled crosses
that isolate male-specific, female-specific, and genomic background–specific TRD (Figure 1) are
useful to distinguish meiotic/gametic from zygotic mechanisms and to isolate the effects of sex
and cytoplasmic genomes on TRD. Similarly, developmental and fitness data can help distinguish
prezygotic (e.g., female meiotic drive or sperm competition) from early zygotic (e.g., differential
implantation of embryos or asymmetric postzygotic lethality) mechanisms. However, these tradi-
tional genetic approaches can now be complemented by next-generation sequencing approaches
that provide new power to rapidly identify distorted genomic regions and characterize stage- and
sex-specific mechanisms of distortion using additional mapping populations. For example, a re-
cent study ofLactuca (lettuce) followed up the discovery of extremeTRD in reciprocal interspecific
backcrossed introgression lines (BILs) with a whole-genome scan of an F2 population, finding a
pattern (as in Reference 76) consistent with a two-locus gametophytic incompatibility killing a
subset of both pollen and ovules (51). Such whole-genome comparative TRD mapping promises
the rapid discovery of new TRD patterns in diverse taxa, as well as the efficient dissection of the
underlying mechanisms.

An exciting extension of the classic bulked segregant analysis, pooled whole-genome sequenc-
ing (PoolSeq) of progenies or populations (reviewed in 135), can reveal genome-wide patterns
of distortion without individual genotyping (74, 96, 146). PoolSeq creates additional sources
of genotyping error (31, 135) and loses individual haplotype information, but it is a powerful
approach for estimating differences in allele frequencies in experimentally evolving populations
(3, 74) as well as phenotypic cohorts sampled from wild populations (110, 115). PoolSeq of bulked
segregants from hybrid mapping populations can provide resolution for QTL mapping (96), but
PoolSeq may be uniquely advantageous when TRD per se is the research focus of the mapping
effort. Such approaches are particularly useful when an organism or life stage (e.g., insects,
seedlings) is numerous but too small for efficient individual genotyping. For example, a recent
study of Drosophila used large (N >1,000) pools of F1-male and F1-female backcross progeny to
map a putative female meiotic driver causing 54:46 TRD in a centromeric region (146). Such
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weak distortion would be impossible to detect without the large sample sizes enabled by pooled
genotyping but is biologically strong (i.e., the selection coefficient for the overtransmitted allele
is >0.15) and could reveal a selfish centromere in action.

Similarly, PoolSeq of gametes (most accessibly sperm) is an exciting new method for diagnos-
ing (or ruling out) stages or mechanisms of TRD. PoolSeq of sperm was first used to test for
early-acting sperm-killer loci as a cause of hybrid male sterility in mice (29), although TRD was
not detected in either offspring or sperm.More recently, it was used to test among sources of TRD
in hybrid mice also segregating for polymorphic hybrid incompatibilities, illustrating the utility
of this diagnostic approach (85). In this study, a locus on Chromosome 4 exhibited TRD when F1

hybrids between two strains ofM.musculus musculus were backcrossed as males toM.musculus do-
mesticus, and was also associated with hybrid male sterility. In such a case, reduced transmission of
alleles from theM. m. musculus parent (PWK) could be due to an intraspecific sperm killer acting
during F1 spermatogenesis (independent of female genotype), to differential fertilization success of
the two alternative sperm haplotypes, or to early death of PWK-carrying progeny during develop-
ment within theM.m. domesticus females. PoolSeq of motile versus immotile F1 sperm populations
cleanly ruled out the first possibility, as there was no evidence of TRD in either sperm pool. This
result is particularly important because the Chromosome 4 TRD region shows complex patterns
of introgression across both mouse subspecies, and it would be tempting to conclude (without the
sperm sequencing data indicating otherwise) that this locus was a gamete killer evolving selfishly
in the wild. Creative application of similar PoolSeq approaches to other taxa and tissues holds
great promise for dissecting the underlying mechanisms of TRD.

SUMMARY POINTS

1. Transmission ratio distortion (TRD) in mapping populations can be a valuable tool
for the identification of fascinating genetic phenomena, including inbreeding depres-
sion,meiotic drive, gamete competition, and hybrid incompatibility.Therefore, distorted
markers should never be removed from genetic maps only because they are distorted.

2. Isolating male-, female-, or zygote-specific distortion with multiple crosses, as well as
corroborating hypothesized mechanisms with direct measures of fitness, may be neces-
sary to determine the cause of TRD at a given locus.

3. Across a broad sample, TRD was just as common in within-species as between-species
mapping populations, suggesting that it may often reflect inbreeding depression, drive,
or population-specific incompatibilities rather than species barriers.

4. Next-generation sequencing techniques make detecting and interpreting TRD in many
taxa newly accessible, opening the way to a broader understanding of the prevalence and
evolutionary importance of otherwise-hidden processes (such as drive).

FUTURE ISSUES

1. Routine reporting of the number and magnitude of distorted regions in published ge-
netic maps would facilitate broad analyses of the prevalence and patterns of TRD.

2. Pooled whole-genome sequencing of gametes (e.g., sperm, pollen) and offspring (e.g.,
insect eggs, seedlings) provides powerful new ways to detect, map, and isolate the mech-
anisms of TRD.
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3. Selfish meiotic drive and gamete-killer loci, which have been studied primarily in a few
model systems, should now be detectable via mapped TRD in a much broader set of taxa.
However, TRD in a mapping population (even if linked to infertility) is not necessarily
evidence of a history of selfishness.
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