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Mendel's law of segregation assumes equal transmission of alleles from parent to offspring. However, real-world genetic
studies frequently reveal deviations from this expected pattern, a phenomenon known as segregation distortion (SD). This
refers to the unequal inheritance of alleles during the formation of gametes or the development of zygotes. Such distortion is
commonly observed in segregating populations, including F> generations, backcrosses, and recombinant inbred lines (RILs).
Initially, researchers attributed these deviations are due to technical errors in genotyping or experimental design. However, it
is now widely accepted that segregation distortion is often a result of underlying biological mechanisms. These include gametic
selection, zygotic selection, meiotic drive, chromosomal rearrangements, and genetic incompatibility. In plant breeding,
segregation distortion pose both challenges and opportunities. It may disrupt the accuracy of marker-assisted selection (MAS),
QTL mapping, and genetic linkage analysis, potentially leading to the misidentification of desirable traits. However, if properly
identified and analyzed, distorted markers can help uncover important genomic regions involved in reproductive barriers or
trait inheritance. Advanced statistical methods such as chi-square analysis, likelihood ratio tests and bayesian models as well as
specialized mapping tools can assist in detecting and interpreting segregation distortion. Understanding these patterns enables
plant breeders to refine selection strategies and accelerate the development of improved crop cultivars.

KEYWORDS: Gametic selection, genomic regions, meiotic drive, marker-assisted selection (MAS), segregation distortion,

zygotic selection.

INTRODUCTION

Deviation of the observed genotypic frequencies
from the expected mendelian ratios indicates a violation
of the law of segregation. Such deviation is referred to as
segregation distortion (SD) which was first reported by
Mangelsdorf and Jones in 1926 in Maize. SD act as an
evolutionary force by influencing the frequency of alleles
by manipulating the transmission of alleles during the
meiosis. It can increase the frequency of heterozygous
alleles through the process called Transmission Ratio
Distortion (Huang et al, 2013). It occurs when the
genetic distortion affects the transmission of alleles
from one generation to the next generation, leading to
unequal ratio of different alleles in the offspring. So it
is also called as Biased Transmission Distortion. Under
normal segregation, the ratio of male (XY) to female
(XX) offspring is expected to be 1:1.

Under distorted segregation, due to the presence
of a segregation distorter (SD) linked to the FCRAN1
locus, the transmission of the Y chromosome is favored,
resulting in a skewed ratio of male (XY™): female (XX) =
178:7. Colored bars represent homologous chromosomes
carrying the FCRAN1 locus, with red and blue indicating

normal alleles and yellow showing the distorted allele
carrying SD (Figure:1) (Ikegami et al, 2021). The
FcRANI1 genotype shows a strong association with the
sex phenotype, such genotypic distortion may affect the
evolution of sexual reproduction and sex chromosomes
in multiple ways (Kozielska et al., 2010). This is due to
SD acts on Y chromosome increasing its transmission
to the offspring. The Y chromosome is transmitted to
the offspring more frequently than the X. As a result,
the frequency of the XY genotype increases in the next
generation. By the selfish genetic elements present on
the chromosome can manipulate the segregation of
chromosomes during meiosis, leading to an increase
in their own frequency in the population. It can
complicate genetic mapping, QTL analysis and breeding
programmes. In Figure 1, the X and Y chromosomes
are homomorphic, showing no significant molecular
structural differences (Storey, 1975).
Reasons of segregation distortion
Marker-associated factors

SD can result from errors at specific marker
loci, leading to incorrect genotyping and biased
segregation patterns. Marker genotyping errors, such as
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Fig.1. Schematic illustration of normal and distorted segregation of the sex-determining locus (FCRAN1)

in Fig (Ficus carica)

contamination, incomplete DNA digestion, or technical
failures, as well as the use of inappropriate statistical
tests, can produce inaccurate allele scoring and artificially
distorted segregation patterns (Diouf & Mergeai, 2012).
Residual heterozygosity in parental lines may also
contribute to SD when multiple alleles exist at a locus,
leading to deviations in the progeny (Diouf & Mergeai,
2012). Additionally, mutations within the primer binding
sites of molecular markers can prevent amplification of
specific alleles. For instance, a heterozygous plant (A/B)
may appear homozygous (A/A) if the B allele fails to
amplify, resulting in segregation distortion (Diouf &
Mergeai, 2012).
Gametic selection

Selective processes during gamete formation or
fertilization can also produce SD. Certain alleles may
cause pollen abortion, reducing the frequency of affected
alleles in functional pollen and skewing segregation
ratios in the progeny (Xu et al, 2013). Alleles that
influence the rate of pollen tube growth can affect
fertilization success, as faster-growing pollen tubes are
more likely to reach and fertilize the ovule, leading to
unequal representation of alleles. Similarly, comparative
fertilization, where interactions between pollen and pistil
tissues preferentially favor certain genotypes, can further
contribute to SD (Kim et al., 2014).
Zygotic Selection

Post-fertilization mechanisms can also induce
SD. Certain zygotes may be selectively eliminated or
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favored, causing deviations from expected Mendelian
ratios (Garavello & Pardo, 2020). Additionally,
asymmetric chromosome movement during meiosis,
such as preferential segregation of specific alleles, can
result in SD in the progeny.
Mechanisms of segregation distortion
Killer protector system

In this system, gametes carrying a killer gene
survive only if they also harbor a linked protector
gene; gametes lacking the protector are selectively
eliminated. A classical example is the S5 locus in rice,
which comprises three tightly linked genes—ORF3,
ORF4, and ORF5—that interact to determine gamete
viability. In Indica rice, ORF3+ (protector) counteracts
the toxic effect of ORF5+ (killer), whereas in Japonica,
the absence of ORF3+ leads to programmed cell death of
gametes containing only the killer gene, resulting in SD.
The evolutionary origin of such systems often involves
multiple sequential steps, where the balance between
killer and protector genes may be established or disrupted,
as observed in ancestral populations of the S5 complex
under the parallel-sequential divergence model (Ouyang
and Zhang, 2013, Ouyang, 2019; Du et al., 2011; Mi et
al., 2020 ). Over evolutionary time, suppressor genes
may arise that mitigate the killer’s effect, temporarily
restoring Mendelian segregation, before new cycles of
distortion emerge. These dynamic interactions illustrate
how linked genetic elements can bias allele transmission,
influence hybrid sterility, and shape population genetics.
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Fig. 2. Evolutionary origin of SD occurs through a recurrent cycle of Kkiller—protector formation, suppression,
breakdown and reformation and maintaining dynamic genetic imbalance over time.

The molecular and evolutionary dynamics of killer—
protector systems have been investigated in rice and other
species, highlighting their importance in reproductive
isolation and breeding strategies (Yang et al., 2012; Xia
et al., 2020; Mi et al., 2020).

Meiotic drive

A meiotic driver is a selfish genetic element
that manipulates the segregation process to ensure
its preferential inclusion in functional gametes of
heterozygotes, thereby reducing the transmission of
the competing allele. Two ways to be over-represented:
gamete killing in males (disruption of alternative sperm)
and gonotaxis in females (preferential transmission into
the ovule). During spermatogenesis, the driver prevents
the formation of functional sperm that do not have a
copy of itself. This efficient strategy is referred to as
‘interference’.

Biased chromosome segregation

Asymmetry of female meiosis where not all meiotic
products become gamete. In females, during meiosis
where it produces only one large egg cell and small polar
bodies that don't become eggs. Here, one with red have a
driver act as a competitor.

Meiotic drivers can act more aggressively during
meiosis by sabotaging the ability of competing alleles
to complete meiosis. This mechanism is a bit more
aggressive. The driver gene (on red chromosome) doesn't
just ensure its own smooth ride. It actively interferes
with it’s competitor. Meiosis 1:- occur normally Meiosis
2: Here's where the, Sabotage happens! the driver gene
on the red chromosome disrupts the proper segregation
of the competing blue chromosome. It might cause it to
break, not sort Correctly.
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Post meiotic gamete killing

Thisis mostdirect & more aggressive form of meiotic
drive. The chromosomes actually segregate(normal). The
driver gene then activates a "kill switch". Driver disrupts
gametogenesis and destroy developing gametes carrying
the competing allele. This means that after the gametes
are formed, any gamete that happen to contain the blue
chromosome is actively destroyed.
Fate and evolutionary consequences of gene duplication
in the context of segregation distortion

Gene duplication represents a fundamental process
driving genome evolution and functional diversification.
The evolutionary fate of a newly duplicated gene
generally follows two major trajectories depending
on whether it benefits the host organism. When the
duplicated gene confers a host benefit, it may be retained
through neofunctionalization, where the duplicate
acquires a novel function distinct from the ancestral
copy, or through subfunctionalization, in which ancestral
functions are partitioned between the two paralogs
(Ohno, 1970; Lynch and Conery, 2000). In some cases,
the duplicated copy evolves into a driver gene (figure:4
(a)), a selfish genetic element that distorts Mendelian
segregation to favor its own transmission, as reported in
Drosophila and Neurospora (Larracuente and Presgraves,
2012). Alternatively, if the new copy provides no host
advantage, it typically experiences relaxed selection
pressure, leading to degenerative mutations and
pseudogenization (Zhang, 2003). However, occasionally
such a non-beneficial duplicate may evolve selfish
properties, initiating conflict between the host genome
and the driver element.
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Consequences of driver duplication

When a duplicated driver element further amplifies
itself, its segregation distortion activity can intensify, but
excessive drive is often deleterious to host fitness. To
counterbalance this, the host evolves suppressor genes
that mitigate the driver’s effects, restoring fair meiosis.
Interestingly, these suppressor genes may themselves
arise through secondary duplication events, representing
an evolutionary arms race between the driver and its
suppressors (Courret ef al., 2019; Wedell et al., 2019)
(figure: 4(b)).
Impact of target duplication

The interaction between a driver and its target
gene can further influence this dynamic. If the target
locus becomes less sensitive to the driver’s influence,
a contraction in driver prevalence occurs. Conversely,
target expansion—through duplication or increased
susceptibility—can enhance the driver’s spread (Helleu
et al., 2016). Thus, changes in target gene architecture
can shape the persistence or decline of segregation
distorters (figure: 4(c)).
Host defense mechanisms

Hosts have evolved multiple defense strategies
to protect genomic integrity from driver activity. One
mechanism involves DNA-binding proteins (figure: 4(d))
that recognize and bind to driver-associated sequences,
preventing access to essential chromosomal regions
and blocking the driver’s manipulative effects. Another
critical mechanism is small RNA-mediated suppression.
Host organisms produce endo-siRNAs or piRNAs (figure:
4(e)) that recognize driver transcripts and silence them
either transcriptionally or post-transcriptionally (Aravin
et al., 2007). However, drivers may counteract this
repression by inducing heterochromatin misregulation,
(figure: 4(f)) disrupting the host’s small RNA biogenesis
and creating a self-reinforcing feedback loop that
complicates suppression (Chakraborty et al., 2022). In
some cases, the driver induces chromatin barriers that
impede nuclear transport of small RNAs, preventing
them from entering the nucleus where the driver operates
(figure:4 (g)). This spatial barrier enables the driver to
escape silencing, perpetuating the genomic conflict.
Ab10 chromosomal meiotic drive in maize: The
Rhoades Model

The Abnormal chromosome 10 (Abl0) system
in maize (Zea mays) represents one of the most well-
characterized examples of chromosomal meiotic drive,
first described by Rhoades (1952). The Ab10 haplotype
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carries large heterochromatic regions, known as knobs,
composedprimarily of Knob180and TR-1 tandemrepeats.
A key component of the drive mechanism is a novel
kinesin motor protein, encoded by the Kindr gene, which
is essential for activating these knob sequences (Dawe
et al., 2018). Upon activation, Kindr binds specifically
to the Knob180 and TR-1 repeats, converting them into
neocentromeres—additional microtubule attachment
sites capable of generating poleward movement during
meiosis (Yu et al., 1997; Swentowsky et al., 2020).
During anaphase I of meiosis, the Abl0 chromosome
exhibits enhanced traction as it is pulled towards the pole
by both its primary centromere and the neocentromeric
knobs. In contrast, the normal chromosome 10 (N10)
lacks these activated knob regions and thus experiences
weaker spindle attachment (Hiatt and Dawe, 2003). This
differential movement leads to biased segregation, where
the Ab10 chromosome is preferentially transmitted to
more than 50 per cent of gametes, violating Mendelian
expectations. In asymmetric female meiosis, this bias
is particularly evident, as the Ab10-bearing chromatid
is more frequently incorporated into the functional egg
cell rather than the polar bodies, resulting in unequal
gamete distribution. Collectively, the Rhoades model
demonstrates how structural and molecular innovations—
specifically neocentromere formation driven by the Kindr
kinesin—allow Ab10 to manipulate the meiotic process
for its own transmission advantage (Rhoades, 1952; Dawe
et al., 2018; Swentowsky et al., 2020).
Chromosomal abnormalities and their role
segregation distortion

Chromosomal abnormalities represent key structural
or numerical alterations that can significantly affect
meiotic behavior and genetic transmission. Deletions
involve the loss of a chromosomal segment, often
including the centromere, which results in the formation
of acentric fragments that fail to attach to spindle fibers
and are subsequently lost during meiosis (Griffiths et
al., 2000; Brown, 2002). In contrast, duplications lead
to the doubling of a chromosomal segment, increasing
gene dosage and sometimes generating driver loci
capable of distorting normal segregation patterns during
gametogenesis (Larracuente and Presgraves, 2012).
Inversions, which occur when a chromosomal segment
is excised and reinserted in the reverse orientation, can
interfere with recombination; the resulting acentric and
dicentric fragments often fail to segregate properly,
leading to gametic loss or sterility (Kirkpatrick, 2010).

in
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Fig. 6. Chromosome abnormalities

Translocations, involving the relocation of chromosomal
segments or entire gene blocks to new positions within
the genome, disrupt normal pairing and segregation
during meiosis and can consequently influence fertility
and segregation ratios (Kumari and Kumar, 2015).
Numerical chromosomal changes, including aneuploidy,
arise from errors in chromosome segregation, such as
nondisjunction, leading to the gain or loss of specific
chromosomes.

Such irregularities can result in gametes with
unbalanced = chromosome numbers—trisomic  or
monosomic—which, when involved in fertilization,
produce offspring with abnormal karyotypes. These
numerical anomalies disturb normal Mendelian
segregation and contribute to segregation distortion
or meiotic drive phenomena, where certain alleles or
chromosomes are preferentially transmitted to the next
generation (Pardo-Manuel de Villena and Sapienza, 2001;
Fishman and Saunders, 2008). Thus, both structural and
numerical chromosomal abnormalities play a significant
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role in shaping genome evolution and reproductive
outcomes through their effects on meiotic segregation.
Gametic selection: The t-Haplotype and meiotic drive
in mice

The t-haplotype in Mus musculus represents one of
the most well-studied examples of a naturally occurring
meiotic drive system. It is a large chromosomal region,
approximately 40 megabases in length, located on
chromosome 17, and encompasses a set of tightly linked
genes that collectively promote biased transmission of
the t allele (Amaral and Herrmann, 2021). Male mice
heterozygous for the t-haplotype (T/t) normally would
transmit either the wild-type (T) or t allele to their
offspring in equal proportions. However, due to the action
of this meiotic drive system, the t allele is transmitted
to more than 50% of progeny, demonstrating a clear
deviation from Mendelian segregation (Herrmann et al.,
1999; Lyon, 2003). The t-haplotype contains multiple
genes classified as distorters and a single responder,
which function together to manipulate sperm motility.
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The distorter genes—such as Tagap, Fgd2, Nme3, and
Tiam2—disrupt the normal regulation of the SMOK
(Sperm Motility Kinase) protein, a critical component
in controlling the directional motility of sperm flagella
(Bauer et al., 2012; Herrmann and Bauer, 2012). This
disruption impairs the motility of sperm carrying the
wild-type T allele, effectively crippling their ability to
swim towards the egg. In contrast, sperm carrying the
t-haplotype remain functional because of the t-responder
(SmokTecr), which compensates for the distorter-induced
defects and restores proper motility (Herrmann et al.,
1999; Amaral and Herrmann, 2021). This intricate
interaction between distorters and the responder within
the t-haplotype creates a “selfish” genetic element
that biases sperm function and inheritance in its favor,
ensuring that t-bearing sperm are more likely to fertilize
the egg. Consequently, this mechanism exemplifies
how genetic conflicts within the genome can drive
evolutionary processes by promoting non-Mendelian
inheritance patterns.
Pollen competition and zygotic selection

Pollen competition and zygotic selection represent
key post-meiotic mechanisms contributing to segregation
distortion in plants. Unilateral incompatibility often

requirements of pollen tube growth frequently exceed
the pollen’s intrinsic reserves. Furthermore, successful
fertilization depends on species-specific signaling
between the pollen and the ovule, highlighting the intricate
molecular communication underlying reproductive
compatibility and selection. Zygotic selection, on the
other hand, occurs through the nonrandom loss of diploid
zygotes after fertilization. This process can take place
during various stages of development, including embryo
or seed maturation within the maternal tissue, early
germination, or during later juvenile stages (Fishman et
al., 2019). Maternal plants that mature only a subset of
fertilized eggs can selectively replace less viable zygotes
with those carrying more adaptive genotypes, promoting
offspring fitness. Two major factors contributing to
zygotic selection include environmental selection, where
specific germination or growth conditions favor one
parental genotype, and inbreeding depression, which
promotes segregation distortion at single loci through
the expression of lethal or deleterious recessive alleles in
homozygous individuals. Collectively, these mechanisms
demonstrate how post-fertilization processes can shape
genetic transmission patterns and influence evolutionary
outcomes in plant populations.
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Fig. 7. t-haplotype meiotic drive mechanism

leads to the stylar rejection of pollen grains carrying
incompatible or mismatched genotypes, thereby
generating pollen-specific, style-dependent segregation
distortion (SD) (Fishman et al, 2019). Pollen tube
performance and successful fertilization are highly
influenced by interactions between the male gametophyte
and female reproductive tissues, as the energetic
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Implications of segregation distortion in crop
breeding
Segregation distortion (SD) poses significant

challenges and opportunities in modern crop breeding
programs by influencing the predictable transmission of
alleles. Since SD results in the non-Mendelian inheritance
of certain alleles, it complicates the prediction of
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offspring genotypes and the selection of desirable traits,
as alleles may be passed on at frequencies deviating
from the expected 1:1 ratio (Liu et al., 2010; Xu, 2008).
This distortion directly affects marker-assisted selection
(MAS), where molecular markers are used to track
genes or quantitative trait loci (QTLs). Skewed allele
transmission can weaken or misrepresent marker—trait
associations, leading to unreliable identification of
genomic regions controlling agronomically important
traits (Tao et al., 2002). In genetic mapping, the presence
of SD interferes with the accuracy of linkage analysis by
distorting recombination frequency estimates, there by
reducing the precision of QTL mapping and fine-mapping
efforts (Xu, 2008). Moreover, if the distorted segregation
pattern disproportionately favors undesirable alleles,
breeding efficiency declines, increasing the time and
resources required to achieve breeding objectives such
as enhanced yield, stress tolerance, or disease resistance.
Despite these challenges, segregation distortion also
offers valuable biological insights into the mechanisms
of gametic selection, meiotic drive, and reproductive
incompatibility—processes that, once understood, can
be exploited to manipulate genetic inheritance and
improve breeding outcomes (Fishman and Saunders,
2008; McDermott and Noor, 2010).

Furthermore, SD influences gene flow and
population structure by altering allele frequencies among
breeding lines or populations, potentially reducing
genetic diversity or causing unintended introgression
effects in hybrid programs (Lu et al., 2002). Therefore,
recognizing and managing segregation distortion is

essential for breeders to refine selection strategies,
maintain genetic balance, and better utilize the full
genetic potential of crop germplasm.
Approaches for the Analysis of segregation
distortion

Segregation distortion (SD) refers to the deviation of
observed genotypic ratios from the expected Mendelian
inheritance patterns. To understand and quantify this
deviation, several statistical and computational methods
have been developed, ranging from classical hypothesis-
testing procedures to advanced probabilistic and mixed-
model approaches (Xu, 2008). The Chi-square test is the
most widely used and straightforward statistical method
for detecting segregation distortion. It evaluates whether
the observed frequencies of alleles or genotypes conform
totheexpected Mendelianratios. Underthe null hypothesis
(Ho), segregation follows Mendelian expectations,
while under the alternative hypothesis (H:), significant
deviation occurs. The Chi-square statistic is computed
and compared to the critical value (3.84 at p = 0.05, df =
1). If the calculated value exceeds this threshold, the null
hypothesis is rejected, indicating significant segregation
distortion in the analyzed population. The Likelihood
Ratio Test (LRT) provides a more powerful and flexible
alternative to the Chi-square approach, particularly when
dealing with small sample sizes or complex inheritance
patterns. It compares the likelihood of the observed data
under both null and alternative hypotheses to determine
the presence of distortion. The test statistic follows a
Chi-square distribution, and a significant result suggests
deviation from Mendelian segregation ( Li et al., 2007).
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The LRT is especially useful in mapping populations
where segregation distortion may vary among loci or
chromosomes.

The Bayesian segregation ratio analysis extends
traditional inference by incorporating prior information
with observed data to estimate posterior probabilities of
segregation ratios. This approach uses Bayes’ theorem to
update prior expectations—typically the Mendelian 3:1
or 1:2:1 ratios—based on observed genotype frequencies.
If the posterior probability strongly supports a non-
Mendelian ratio, it indicates segregation distortion.
Bayesian approaches are advantageous in accounting for
uncertainty, small sample sizes, and incomplete datasets
(Wang et al., 2019).

Beyond these classical tests, advanced statistical
frameworks such as the Expectation—-Maximization
(EM) algorithm and Generalized Linear Mixed Models
(GLMMs) are applied to improve parameter estimation
under complex segregation patterns. The EM algorithm
iteratively estimates missing or hidden genotypic
data, providing more accurate detection of distortion,
while GLMMs allow the incorporation of random
effects and complex experimental designs (Xu 2008).
Quantitative Trait Locus (QTL) mapping is another key
analytical approach, used to locate chromosomal regions
associated with segregation distortion or traits influenced
by distorted loci. QTL mapping involves the selection
of an appropriate mapping population, measurement of
target traits, genotyping using molecular markers, and
statistical association analysis between marker loci and
trait variation. This approach helps identify genomic
regions showing distortion and their potential impact on
quantitative traits (Zhao et al., 2013; Li et al., 2007). A
variety of bioinformatics tools and software packages
have been developed to facilitate segregation distortion
and QTL analysis. Widely used programs include
JoinMap, MapQTL, MSTMap, R/qtl, TASSEL, PLINK,
PolymapR, GATK, and the CIMMYT Fieldbook. These
platforms support data visualization, statistical testing,
and marker-trait association studies, offering integrated
workflows for segregation and linkage analysis (Van
Ooijen, 2011). Together, these statistical, Bayesian, and
computational frameworks provide a comprehensive
foundation for studying segregation distortion and its
genetic consequences in plant breeding and genomics.

A phenomenon known as segregation distortion
(SD) refers to the unequal inheritance of alleles during
the formation of gametes or the development of zygotes

which is commonly observed in segregating populations,
including F-» generations, backcrosses, and recombinant
inbred lines (RILs). At the molecular level, the SITPR
locus demonstrates dual roles as both a segregation
distorter and protector, a mechanism distinct from
conventional killer—protector systems. The SITPR gene
rescues S1-g gametes while selectively eliminating S1-s
gametes lacking the protective allele, thereby ensuring
biased transmission in favor of the functional allele. In
practical breeding applications, incorporating distorted
markers has proven beneficial for improving linkage
map accuracy and genome coverage. These markers
facilitate better grouping of loci within chromosomes
and enhance consistency between linkage and physical
maps (Xu, 2008). Understanding and accounting for SD
in quantitative trait locus (QTL) mapping and marker-
assisted selection (MAS) can thus prevent the loss
of desirable alleles and improve breeding precision.
Ultimately, the success of modern crop breeding
programs depends on a thorough understanding of
segregation distortion mechanisms. By identifying and
managing segregation distortion loci (SDLs), breeders
can optimize parent selection, minimize transmission
bias, and achieve greater control over the inheritance of
favorable traits. This knowledge provides an invaluable
foundation for advancing crop genetic improvement and
ensuring sustainable breeding outcomes.
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