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Abstract
Homologous recombination is a key feature of sexual reproduction, allowing reciprocal exchange of parental chromosome 
segments. The resulting chromosomal crossovers lead to the merging of DNA segments inherited from different parents, 
allowing for the accumulation of unique combinations of genetic information on a single molecule. The number of DNA 
crossover events is tightly controlled and relatively restricted in many organisms, including plants. However, increasing the 
number of crossover events should theoretically generate a greater number of new phenotypes, some of which may prove 
beneficial in new environments. Crop breeders, whether intentionally or not, are developing new varieties within the confines 
of crossover numbers. As such, work describing the mechanism of homologous recombination may provide greater insight 
into how the process can be modified to enable optimal crop improvement. Here, we provide a comprehensive, up-to-date 
protein network of homologous recombination processes in plants. It is anticipated that this network will assist in the under-
standing of plant DNA crossovers and chromosomal segregation during meiosis. In addition to providing this compilation 
of current understanding, we also assess the extent to which homologous recombination is being altered by breeders, dis-
cuss new technologies that could be used to manipulate crossover frequencies and detail research highlighting the potential 
benefits of embracing this knowledge.

Introduction

Meiosis is a process whereby a single cell undergoes two 
rounds of division leading to the generation of four geneti-
cally distinct sex cells or gametes. The resulting gametes 
contain only half of the genetic material required to make 
a new individual. As such, to make a complete individual, 
two gametes must fuse either through inbreeding (fusing 
with their own gamete) or outcrossing (fusing with a gam-
ete of another individual). Novel DNA combinations are 
generated through two processes: meiosis and outcrossing. 
Meiosis leads to variation in genetic combinations through 
two mechanisms: firstly, through the random independent 
assortment of the maternal and paternal chromosomes into 
each gamete; and secondly, through recombination, which 
is a mechanism that allows genetic exchange between two 
homologous chromosomes, where crossovers enable new 
combinations of alleles to arise within a single molecule 
of DNA (Muller 1916; Gottlieb et al. 2018). It is well-
established that these crossovers between chromosome 
arms in particular are an important component of generat-
ing genetic diversity in gametes (Rowan et al. 2019). Ulti-
mately, new combinations of DNA contribute to the ability 
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of a population to adapt in a changing environment, where 
individuals that contain a favourable complement of DNA 
have a higher fecundity and contribute to a greater extent 
in the next generation (Carja et al. 2014). Crossovers are 
also desirable for plant breeders, as they can generate new 
combinations of linked genes that are inherited as a distinct 
unit/single section of DNA. These desirable combinations 
of linked genes can be selected and fixed within varieties 
through selection by the breeders themselves. Moreover, 
crossovers can break up undesirable linkage between genetic 
components controlling desirable and undesirable traits.

At least one crossover between homologous chromo-
somes is required during prophase I of meiosis in order to 
ensure equal segregation of chromosomes and to avoid ane-
uploidy (Roeder 1990). This is particularly important where 
a full complement of chromosomes is required to achieve 
balanced gene dosage in the resulting progeny (Potapova and 
Gorbsky 2017). These processes are closely associated with 
DNA repair. Errors in the homologous DNA repair path-
way frequently lead to abnormal DNA segregation, whereas 
errors in the homologous recombination pathway can result 
in high or low crossover frequencies between chromosomes 
(Potapova and Gorbsky 2017; Serra et al. 2018). Under-
standing the pathways underpinning homologous recombi-
nation is critical to working out how we can modulate the 
frequency of crossovers and harness the variation generated 
by recombination in order to provide crop breeders with new 
strategies and tools to generate desirable varieties.

Extensive work has led to the functional characterisation 
of genes involved in plant homologous recombination. Here, 
we build upon in-depth reviews of the meiotic recombination 
pathway in Arabidopsis thaliana (Osman et al. 2011; Lloyd 
2023) and synthesise a schematic summary detailing the cur-
rent understanding of meiotic protein interactions involved 
in homologous recombination, as reported in A. thaliana and 
wider plant species (Fig. 1; Supp. Table 1).

Overview of crossover formation

Before the DNA is divided between the two daughter cells, 
crossovers occur between the maternal and paternal version 
of each chromosome. First, chromosomes duplicate to dou-
ble the amount of DNA present in the cell during the synthe-
sis (S) phase of interphase. After duplication, the homolo-
gous chromosomes align precisely in pairs during prophase 
of meiosis I and a double-strand break forms in one chromo-
some. The two chromosomes then become physically joined 
to one another in the region of the break, through the forma-
tion of a synaptonemal complex. The physical joining of 
the broken DNA ends from each homologous chromosome 
occurs through a process called strand invasion. Strand inva-
sion can lead to two types of crossovers that are regulated 

by two independent pathways: Class I and Class II. Where 
crossover formation is unsuccessful, no crossover occurs, 
whereby DNA breaks are repaired to restore the chromo-
some to the original unbroken state. DNA repair resulting 
in no crossing over occurs by one of the four pathways, each 
of which are controlled by a set of core proteins (or protein 
homologues), that conduct the same function across the dif-
ferent pathways (Lloyd 2023). Greater detail of the proteins 
involved in each step of the homologous recombination 
pathway is provided in Fig. 1, and references are provided 
in Supp. Table 1.

Chromosome alignment and remodelling

The condensation and alignment of sister chromatids is 
mediated by multiple protein complexes, including the 
Structural Maintenance of Chromosomes (SMC) complexes 
that hold the two sister chromatids together, stimulating the 
start of the homologous recombination process (Lehmann 
2005; Kegel and Sjögren 2010). During chromatid align-
ment, a distinct complement of proteins play a role in chro-
matin remodelling, whereby chromatin is unravelled from its 
condensed state into an accessible form to allow the DNA 
to “break” and enable repair machinery to access the poten-
tial crossover site (Rosa et al. 2013). Alongside chromatin 
remodelling, the proteinaceous chromosome axis forms 
(ASY1 and ASY3) along the length of each sister chromo-
some with loops of chromatin extending from the backbone 
(Lloyd 2023).

Breaking of DNA

After axis formation and chromatin remodelling, double-
strand breaks form with the help of the SPORULATION 11 
(SPO11) protein complex (Stacey et al. 2006). The SPO11 
heterodimer mediates and catalyses the formation of mei-
otic double-strand breaks; after attachment, DNA is then 
cleaved either side of the SPO11 proteins. The MRN com-
plex (MRE11-RAD50-NBS1) then releases SPO11 attached 
to the 5’ DNA break site resulting in “jagged” asymmetrical 
exposed DNA. This MRN complex also activates the pro-
tein kinase (ATM) that relays the signal that DNA damage 
has occurred (Sharma et al. 2021). This sets off a signalling 
cascade through monomerisation of ATM kinase (an oth-
erwise catalytically inactive dimer) which not only recruits 
gatekeeper proteins (RPA) to protect the single-strand DNA 
overhangs, suppressing the recombinase activity but also 
activates multiple checkpoint proteins (RAD17 and the 9-1-1 
checkpoint complex: RAD9, RAD1 and HUS) which, in 
turn, act to prevent joining between strands from the original 
chromosome (via alt NHEJ) (Heitzeberg et al. 2004; Harper 
and Elledge 2007; Osman et al. 2011; Tsai and Kai 2014; 
Aklilu et al. 2014; Kurzbauer et al. 2021).
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After double-strand break formation, a synaptonemal 
complex forms along the entire length of the two chro-
mosome axes binding the two homologous chromosomes 
together. Transverse filament proteins (ZYP1) bind the 
two axial elements together like a zipper (Higgins et al. 
2005). When researchers have deleted these ZYP1 zipper 
proteins, they discovered that the synaptonemal complex 
was required to both limit the crossover frequency and 
maintain heterochiasmy (whereby male meiocytes experi-
ence greater crossover frequencies than female meiocytes) 
(Capilla-Pérez et al. 2021).

To cross or not to cross?

DNA repair leading to crossover formation between homolo-
gous chromosome arms can occur by one of the two path-
ways: the ZMM pathway, which results in a Class I crosso-
ver (Dluzewska et al. 2018) or the MUS81 pathway, which 
results in a Class II crossover (Hartung et al. 2006). As part 
of the MUS81 pathway, dissolution of Holliday junctions 
can occur through the BTR complex (RMI1, TOP3 and 
RECQ4A (plant homologue of yeast BLM)) (Olivier et al. 
2016). The location and number of Class I crossovers is 

Fig. 1   The molecular processes 
that take place during plant 
meiosis, with the colour of the 
boxes and stadiums identify-
ing proteins belonging to each 
stage. The processes include: 
chromosomal alignment and 
chromatin remodelling (yellow); 
double-strand break (DSB) for-
mation and processing (blue); 
strand invasion (green); class 
I crossovers (purple), class II 
crossovers (pink) and class II 
associated dissolution (orange). 
Grey arrows indicate known 
interactions between proteins. 
Notations inside stadiums 
denote proteins. Complexes 
are represented by connected 
protein stadiums. For full details 
on protein names, functions and 
associated citations, see Supple-
mentary Table 1. Image created 
with Canva
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tightly controlled to ensure that multiple crossovers do not 
occur within the same region; by contrast, Class II crosso-
vers may occur next to other crossovers and are not sensitive 
to interference from neighbouring crossovers (Ziolkowski 
2023; Mercier et al. 2005). However, dissolution of the 
MUS81 pathway can occur via the BTR complex leading to 
the rejoining of the original chromosome arm, and thus, this 
repair results in no crossover. Similarly, four additional path-
ways also lead to the rejoining of the original chromosome 
arm resulting in no crossover (Classical Non-Homologue 
End Joining, Alternative Non-Homologue End Joining, 
Alternative End Joining Pathway, Single-Strand Annealing, 
or Sequence-Dependent Strand Annealing). A repair leading 
to no crossover is far more likely than a crossover event with 
only 6.7% of synaptic complexes leading to the formation of 
a crossover (Sanchez-Moran et al. 2007). Indeed, in Arabi-
dopsis, around 150–250 double-strand breaks are formed 
across the genome, but only around 10 become crossovers 
(Mercier et al. 2015). Similar patterns are found in economi-
cally important crops; from the nearly 500 original breaks 
in maize, leading to around 20 crossovers (Dluzewska et al. 
2018) and 40–50 crossovers observed in wheat (Gardiner 
et al. 2019).

Whether or not a crossover occurs is tightly regulated by 
a series of interacting proteins acting as check points to per-
mit crossover formation. As mentioned above, the signalling 
cascade controlled by ATM kinase is a key regulator that 
not only relays the DNA damage signal and mediates the 
response to prevent recombining of homologous chromo-
some arms but also plays a role in limiting the number of 
double-strand breaks formed through mediating chromatin 
loop size and influencing the length and width of synaptone-
mal complexes (Kurzbauer et al. 2021). Whether or not a 
crossover is formed and is determined at the strand exchange 
step and exactly how this is regulated remains unknown.

Homologous recombination

Strand invasion is the process by which DNA on the intact 
homologous chromosome arm that matches the broken 
strand is identified and amplified. Strand invasion is facili-
tated through DSS1 (I), which searches for and identifies a 
region of homology in intact duplex DNA. This mechanism 
promotes homology directed repair allowing precise repair 
of double-strand breaks using the sister chromatids as a 
template, a complex process mediated via multiple proteins. 
Following strand invasion, a strand from the homologous 
chromosome forms a displacement-loop (D-loop) to provide 
a template for the repair of the double-strand break (cata-
lysed by the recombinases DMC1 and RAD51) (Singh et al. 
2017). From here, a recombination intermediate structure is 
formed, termed a double Holliday junction; these junctions 

can be resolved through crossover formation or dissolution 
leading to no crossover.

Pathway conservation

Details of the plant homologous recombination pathway 
are predominantly derived through work conducted on the 
model organism Arabidopsis thaliana and in the monocot 
crop rice (Oryza sativa) (Whitbread et al. 2021). As such, 
additional work is required to understand the conservation 
of gene function across the wider plant kingdom. Indeed, 
certain proteins involved in homologous recombination 
processes have been shown to function slightly differently 
across different plant species (Whitbread et al. 2021). For 
example, it is known that tomato has different uses for the 
proteins that make up the BTR complex; whereas mutation 
of the FIGL1 gene led to sterility in pea, rice and tomato, 
but not Arabidopsis (Mieulet et al. 2018; Whitbread et al. 
2021). Furthermore, several genes have been shown to be 
required for double-strand break formation in rice but not 
Arabidopsis (Wang et al. 2021). As such, relative conser-
vation of homologous recombination gene function across 
the plant kingdom will require extensive investigation. By 
contrast, HEI10, RECQ4A, RAD17 and the 9-1-1 complex 
have essential roles that have been maintained across all 
the eukaryotes (Heitzeberg et al. 2004; Hartung et al. 2006; 
Chelysheva et al. 2012; Lim 2015). Genetic manipulation of 
genes with conserved functions may produce similar results 
across multiple crop species and hence serve as attractive 
options for such manipulation.

Boosting recombination frequency

As part of crop breeding, it is important to understand the 
processes that lead to the generation of variation and the 
co-inheritance of alleles of interest, as modulating these 
processes underpins our ability to utilise the genetic and 
resulting phenotypic variation that they generate. High 
recombination frequencies can lead to breaking up ben-
eficial haplotypes or links between complementary genes, 
and so, high recombination is not typically advantageous 
in natural populations (Otto and Lenormand 2002). The 
locations where crossovers form are typically in non-ran-
dom regions of the genome termed “hotspots”. However, 
the “hotspot paradox” means that mutations that eliminate 
hotspot activity are likely to become fixed in the popu-
lation (Dluzewska et al. 2018), and thus, high crossover 
frequency is selected against. However, recombination is 
a beneficial process for populations under temporal/spatial 
variable selection pressures (Otto 2009). Such selection 
pressures are analogous to scenarios where breeders apply 
artificial selection to populations for good performance 
in a new environment or towards a desirable phenotype. 
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It follows that creating genotypically diverse individuals 
through elevating recombination rates can be seen as a 
desirable strategy for crop breeders. As such, harness-
ing “rapid evolution” individuals through modulating the 
regulation of genes that control crossover frequency has 
the potential to assist the crop development community in 
generating better crops faster.

Multiple studies have identified the factors controlling 
recombination frequencies in plants (Serra et al. 2018). 
This knowledge has facilitated upregulation and knockout 
of meiotic genes leading to high recombination frequen-
cies in mutant gametes. Some meiotic genes have proven 
to be good universal targets where they are relatively con-
served across the plant kingdom. Indeed, knocking out 
the function of RECQ4A in rice, pea and tomato has been 
shown to boost the number of crossovers occurring dur-
ing meiosis by a factor of three, whilst targeting the anti-
crossover helicase FANCM in pea and rice led to a twofold 
crossover increase (Crismani and Mercier 2012; Mieulet 
et al. 2018). Additional targets for manipulation are genes 
that regulate crossover number or mediate crossover inter-
ference. Two such targets, HEI10 and ZYP1, are not only 
heavily involved in regulating crossover numbers but they 
also modulate the intensity of crossover interference to 
influence the space between crossovers (France et al. 2021; 
Morgan et al. 2021; Lloyd 2023).

A number of studies have strived to influence crosso-
ver frequency and location through introducing abiotic 
stresses from temperature, UV radiation and precipita-
tion. The “eco-crossover” hypothesis suggests popula-
tions under stress should modify crossover frequency to 
generate non-random diversity to adapt in a timely man-
ner (Olovnikov 2022). These attempts have been found to 
produce highly variable results. For example, high tem-
peratures have been reported to both impair synapsis and 
lower crossing over, but also lead to hyper-recombination 
in A. thaliana (Modliszewski et al. 2018; De Storme and 
Geelen 2020). Meiotic recombination may be compro-
mised in polyploid Arabidopsis at high temperatures, with 
similar inhibitory effects reported in polyploid rice and 
canola but not within naturally hexaploid wheat (Fu et al. 
2022). Beyond temperature impacts, plant nutrition may 
play an important role as high magnesium levels have been 
demonstrated to increase meiotic crossover frequencies in 
wheat (Rey et al. 2018). An increased understanding of 
the connection between the abiotic stress response and 
crossover formation provides an opportunity to identify 
indirect targets to facilitate artificial increases in crosso-
vers. In addition, modifying crossover rates using environ-
mental stressors may lead to the appearance of improved 
phenotypes specific to the stressor; therefore, breeding to 
address climate adaptations for certain crops may benefit 
from such an approach.

Beyond recombination: Apomeiosis and the fixation 
of heterosis

Meiosis is not always a desirable occurrence in crop pro-
duction. Although meiosis can help to combine beneficial 
traits as part of varietal development, once the optimum 
phenotype has been generated, continued recombination can 
break apart desirable combinations. Apomixis is a process 
by which seeds that are identical to the mother plant can be 
generated without fertilisation or meiosis occurring (Goeck-
eritz et al. 2024). Staple crops do not typically undergo this 
asexual reproduction strategy in their seeds. Many staple 
crop breeders embrace a phenomenon known as hybrid vig-
our (or heterosis) to generate varieties that outperform the 
parents. Heterosis can result in increased yield, vigour, tol-
erance to stress and uniformity of crop for easier machine 
harvesting, and has been applied to ~ 50 crop species, includ-
ing maize (Hochholdinger and Yu 2025). Unfortunately, 
the F2 progeny of these high-performing hybrids are highly 
variable and are undesirable for cultivation. Therefore, to 
retain the benefits of heterosis, crop producers must repeat 
the original cross. The ability to generate seed identical to 
the hybrid parents stands to have a large impact on the ease 
with which we can harness sustained hybrid vigour (Fiaz 
et al. 2021). Apomixis occurs naturally in several crop spe-
cies, for example in papaya (Vegas et al. 2003); it can also 
occur in cassava alongside polyploidisation, although the 
frequency is relatively rare. For cassava, apomixis occurs by 
a completely unique mechanism whereby somatic embryos 
arise inside the seed coat itself (Freitas and Nassar 2013). 
Apomixis can be induced through multiple strategies. Exper-
imentally, apomixis has been induced in A. thaliana through 
mutation of MiMe, a gene system consisting of SPO11-1, 
REC8 and OSD1, which was found to turn the process of 
meiosis into mitosis when mutated. In MiMe mutants, meg-
asporocytes skip the second phase of meiosis to produce 
seeds genetically identical to the parents (d’Erfurth et al. 
2009). MiMe has also been successfully targeted in rice, a 
genetically distant monocot (Mieulet et al. 2016) and elite 
hybrid tomatoes (Wang et al. 2026), leading to staple crops 
with the ability to produce asexual seeds. Researchers have 
also demonstrated the potential of targeting MiMe where 
clonal seed could be produced in sterile polyploid tomatoes 
(Wang et al. 2024). Another strategy to achieve apomixis 
involves targeting the BABYBOOM1 gene, which in elite 
hybrid rice lines results in seed parthenogenesis whilst the 
capacity for meiosis is retained, with > 95% of the result-
ing seeds being clonal (Song et al. 2024). Synthetic clonal 
seed production bypassing sexual reproduction has also been 
achieved in maize lines (Shi et al. 2025). Existing polyploid 
crops may stand to benefit substantially from this. Bananas 
may be a prime candidate for apomictic development, as 
cultivated desert bananas are triploid and infertile, requiring 
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clonal propagation post initial crossing. As such, apomictic 
bananas may have an impact on production and germplasm 
conservation of the species (Lin et al. 2024).

Manipulating the locations of crossovers

Hotspots for crossover events are typically observed in 
gene-rich regions, peaking in promoter and terminator 
regions, with crossovers forming along open chromatin that 
is nucleosome free and hypomethylated (Choi et al. 2018; 
Dluzewska et al. 2018; Lloyd 2023; Epstein et al. 2023). 
Moreover, crossover locations are typically conserved with 
four out of five crossovers occurring within the same “hot 
regions”, represented by 26% of the A. thaliana genome 
(Choi et al. 2013). Breeders frequently want to enhance 
recombination in recalcitrant or “cold regions” of a plant’s 
genome, thus enabling them to reduce the linkage drag asso-
ciated with desirable alleles, with new crossovers breaking 
linkage and expediting the removal of undesirable alleles 
(Blary and Jenczewski 2019). For example, one of the major 
pinch points in wheat breeding is the lack of recombination 
between alien homoeologous chromosomes from crop wild 
relatives. Indeed, it has been shown that manipulation of the 
RECQ4A gene in wheat was not only able to enhance recom-
bination frequency but also boost recombination between 
homoeologous chromosomes; the Ph1 and Ph2 loci contain-
ing genes ZIP4 and MSH7, respectively, have also been used 
to increase recombination between homoelogues (Bazile 
et al. 2023). However, others have observed that a constant 
boost to crossover number between homoeologous chromo-
somes leads to excessive chromosome rearrangements and 
thus increased infertility in progeny (Sánchez-Morán et al. 
2001). As such, it is clear that transient regulation of meiotic 
genes is key to achieving the benefits of enhanced crossovers 
as achieved by Knight et al. (2010). Others have sought to 
generate hypomethylated mutants in order to boost crosso-
ver formations in cold genome locations; however, this has 
been shown to have pleiotropic impacts and even lethality 
in the resulting plants (Hu et al. 2014). A more targeted 
approach to enhance recombination in cold regions of the 
genome employs CRISPR dead Cas9 technology to allow 
precise modification of methylation signals in a region of the 
genome and thus enable precision induction of crossovers 
(Dluzewska et al. 2018). Moreover, the use of spray-induced 
gene silencing provides opportunity for transient knockdown 
of recombination genes for a single generation of sex cell 
production. This, in turn, prevents the continuous crossing 
over seen in stable transformants whilst also preventing the 
breakup of beneficial combinations formed during earlier 
inductions (Younis et al. 2014; Dluzewska et al. 2018). 
The manipulation of pro and anti-crossover factors through 
modification of DNA through gene editing, mRNA foliar 
application, spray-induced gene silencing, or the targeted 

manipulation of epigenetic factors to influence the locations 
of crossovers by breeders is termed “Controlled recombina-
tion” (Taagen et al. 2020; Uslu et al. 2025).

The impact of chromosome architecture 
on crossovers

Natural variation in the pattern of crossover formation can 
be seen between different crops whereby the architecture 
of chromosomes appears to have a strong influence on 
crossover locations. Smaller genomes tend to have consist-
ent crossover frequencies along the lengths of their chro-
mosomes, whereas large genomes typically possess highly 
repetitive regions with the majority of crossovers forming 
in the distal euchromatin regions at the ends of the chro-
mosomes (Wang et al. 2021). For example, in maize with a 
genome size approximately 18 times the size of Arabidopsis, 
only 10% of the chromosomal regions undergo crossovers, 
leaving large interstitial cold regions intact (Wang et al. 
2021, Lui et al. 2019, Kiannan et al. 2018). Transposable 
elements (TEs) can play a large role in plant genome expan-
sion and also impact crossover locations (Sergeeva and 
Salina 2011). Genomic investigation of cucurbits has identi-
fied that genome expansion in melon has led to the formation 
of two distinct genome compartments that are subject to pro-
cesses of genome evolution at different rates. A core suite of 
ancestrally-shared genes is located in the euchromatin region 
which allows crossovers, whereas the pericentric region, 
which lacked crossovers, contained “young” melon-specific 
genes which were under selection through TE manipulation 
(Morata et al. 2018). Further investigation into plant genome 
compartmentalisation may provide a TE-based strategy of 
creating genetic variation in crop genomes or perhaps offer-
ing a solution to target crossover-poor TE-rich regions.

Exploitation in breeding programmes

Blary and Jenczewski (2019) discuss the trade-off of crosso-
vers between the downside of breaking up beneficial alleles 
and the upside of creating new variants. They suggest that a 
boost in crossover rate may be more useful where prebreed-
ers are seeking to introgress wild or non-refined material 
into their breeding programmes, rather than elite variety 
generation (Blary and Jenczewski 2019). In effect, crosso-
vers can help remove the unrefined and undesirable genetic 
material that is inherited alongside that controlling the 
trait(s) of interest. Ironically, breeders may unconsciously 
impact recombination frequencies through introgressing 
wild material into breeding populations. Whilst a boost 
in adaptive diversity can be achieved through incorpora-
tion of wild relatives into elite breeding germplasm, these 
crosses can also be associated with a decrease in crossover 
frequency (Bohra et al. 2022). Indeed, crosses between wild 



Theoretical and Applied Genetics         (2026) 139:213 	 Page 7 of 10    213 

and domesticated varieties in tomato have been shown to 
decrease crossover frequencies (Demirci et al. 2017; Dreis-
sig et al. 2020; Fuentes et al. 2024). This reduction is likely 
due to the structural differences between the two genomes 
that have diverged over time. The reduction in crossover 
frequency associated with introgression of crop wild rela-
tives highlights the importance of developing technologies 
to boost recombination frequencies.

More generally, it is important to keep making genetic 
gains within breeding programmes and to embrace new tech-
nologies in order to enhance staple crop yields. For example, 
in wheat, enhancing crossover numbers could lead to greater 
yield improvements, especially in genomic cold regions that 
contain a high proportion of genes, such as chromosome 
3B of wheat, where 70% of its genes are contained in cold 
regions (Choulet et al. 2014; Fayos et al. 2022; Epstein et al. 
2023). Current literature is in consensus that there is con-
siderable potential for manipulating crossover numbers in 
breeding programmes whilst acknowledging that there has 
been limited application of this knowledge to date (Blary 
and Jenczewski 2019). However, this may change with the 
advent and development of novel crop modification tools 
detailed above (Younis et al. 2014; Dluzewska et al. 2018).

Where next?

The global human population is expected to rise to 9.7 bil-
lion by 2050 (Gu et al. 2021). Feeding this growing popu-
lation is a substantial challenge, particularly when com-
bined with existing food poverty and the need to reduce 
our land-use footprint. As such, there is a pressing need 
to improve crop production through development and 
implementation of novel crop breeding technologies. Neo-
domestication breeding approaches such as gene-editing 
rely more heavily on understanding and manipulating the 
genomes of species through molecular approaches, as 
such, there is scope to apply the understanding of crosso-
ver formation during the initial phases of such breeding 
projects (Gutaker et al. 2022). Increasing crossover fre-
quency in populations of interest can help to generate a 
greater number of phenotype combinations, some of which 
are likely to contain rare crossover events which would be 
of interest to breeders (Bernardo 2025). Given that high 
recombination benefits non-elite germplasm; deploy-
ment of these techniques may be of particular benefit to 
underutilised and orphan crops; locally grown species with 
limited production and consumption. Such plants are of 
particular interest as climate resilient crops as they are 
often adapted to harsh climates, are nutritious, and hold 
potential for addressing food security. Genome sequenc-
ing projects and development of meiotic atlases have now 
been achieved for many underutilised crops, including 
lablab, golden thistle and cherimoya; however, there has 

been limited, if any, progress in increasing recombina-
tion levels in these species (Chapman et al. 2022; Talavera 
et al. 2023; Tek et al. 2025). Existing diverse germplasm 
collections, such as those at genebanks of the Consulta-
tive Group for International Agriculture (CGIAR) research 
centres, can serve as starting points to screen for inherent 
differences in recombination efficiency across species or 
provide valuable genetic variation which can be introduced 
into elite varieties through recombination technology. In 
particular, cassava is a prime candidate crop to benefit 
from recombination enhancement technology. Cassava 
breeding is in its formative years. Indeed, there is a lack of 
pre-existing elite germplasm, and limited genetic improve-
ment was made during the green revolution (Ceballos 
et al. 2004). Notwithstanding this, cassava is a nutrient 
dense food security crop that can provide reliable nutrition 
when grown in conditions where other crops would fail, as 
such, genetic refinement using advanced breeding strate-
gies has the potential to boost yields and further enhance 
resilience (Amelework et al. 2021). Ultimately, achieving 
long-term food security requires large-scale coordinated 
efforts amongst breeders, genbanks, geneticists and other 
stakeholders across the food chain.

Conclusion

Here, we provide a summary and visualisation of the cur-
rent state of knowledge for the molecular interactions 
controlling homologous recombination in plants. We dis-
cuss the parameters within which breeders may be able 
to make use of this knowledge, and discuss the potential 
for novel technologies to assist transient manipulation of 
crossover frequency or genomic location. In doing so, we 
highlight new crop improvement strategies for established 
and orphan crop systems.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s00122-​026-​05297-4.

Author contributions  A.K. and H.C. wrote the main manuscript 
text, and A.K prepared Fig. 1.  A.K. and H.C. prepared Supp. Fig. 1. 
H.C., A.A. and K.H. provided supervision. All authors reviewed the 
manuscript.

Funding  Funding was provided by South Coast Biosciences (SoCoBio) 
DTP and BBSRC, Training Grant, BB/T008768/1, Strength in Places, 
107139.

Data availability  No datasets were generated or analysed during the 
current study.

Declarations 

Conflict of interests  The authors declare no competing interests.

https://doi.org/10.1007/s00122-026-05297-4


	 Theoretical and Applied Genetics         (2026) 139:213   213   Page 8 of 10

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aklilu BB, Soderquist RS, Culligan KM (2014) Genetic analysis of the 
replication protein A large subunit family in Arabidopsis reveals 
unique and overlapping roles in DNA repair, meiosis and DNA 
replication. Nucleic Acids Res 42:3104–3118. https://​doi.​org/​10.​
1093/​nar/​gkt12​92

Amelework AB, Bairu MW, Maema O et al (2021) Adoption and pro-
motion of resilient crops for climate risk mitigation and import 
substitution: a case analysis of cassava for south african agricul-
ture. Front Sustain Food Syst. https://​doi.​org/​10.​3389/​fsufs.​2021.​
617783

Bazile J, Nadaud I, Lasserre-Zuber P et al (2023) TaRECQ4 contrib-
utes to maintain both homologous and homoeologous recombina-
tion during wheat meiosis. Front Plant Sci 14:1342976. https://​
doi.​org/​10.​3389/​fpls.​2023.​13429​76

Bernardo R (2025) Contribution of crossing over to genetic variance in 
maize and wheat populations. Plant Genome 18:e20552. https://​
doi.​org/​10.​1002/​tpg2.​20552

Blary A, Jenczewski E (2019) Manipulation of crossover frequency and 
distribution for plant breeding. Theor Appl Genet 132:575–592. 
https://​doi.​org/​10.​1007/​s00122-​018-​3240-1

Bohra A, Kilian B, Sivasankar S et al (2022) Reap the crop wild rela-
tives for breeding future crops. Trends Biotechnol 40:412–431. 
https://​doi.​org/​10.​1016/j.​tibte​ch.​2021.​08.​009

Capilla-Pérez L, Durand S, Hurel A et al (2021) The synaptonemal 
complex imposes crossover interference and heterochiasmy in 
Arabidopsis. Proc Natl Acad Sci USA. https://​doi.​org/​10.​1073/​
pnas.​20236​13118

Carja O, Liberman U, Feldman MW (2014) Evolution in changing 
environments: modifiers of mutation, recombination, and migra-
tion. Proc Natl Acad Sci USA 111:17935–17940. https://​doi.​org/​
10.​1073/​pnas.​14176​64111

Ceballos H, Iglesias CA, Pérez JC, Dixon AGO (2004) Cassava breed-
ing: opportunities and challenges. Plant Mol Biol 56:503–516. 
https://​doi.​org/​10.​1007/​s11103-​004-​5010-5

Chapman MA, He Y, Zhou M (2022) Beyond a reference genome: 
pangenomes and population genomics of underutilized and 
orphan crops for future food and nutrition security. New Phytol 
234:1583–1597. https://​doi.​org/​10.​1111/​nph.​18021

Chelysheva L, Vezon D, Chambon A et al (2012) The Arabidop-
sis HEI10 is a new ZMM protein related to Zip3. PLoS Genet 
8:e1002799. https://​doi.​org/​10.​1371/​journ​al.​pgen.​10027​99

Choi K, Zhao X, Kelly KA et al (2013) Arabidopsis meiotic crossover 
hot spots overlap with H2A.Z nucleosomes at gene promoters. Nat 
Genet 45:1327–1336. https://​doi.​org/​10.​1038/​ng.​2766

Choi K, Zhao X, Tock AJ et al (2018) Nucleosomes and DNA methyla-
tion shape meiotic DSB frequency in Arabidopsis thaliana trans-
posons and gene regulatory regions. Genome Res 28:532–546. 
https://​doi.​org/​10.​1101/​gr.​225599.​117

Choulet F, Alberti A, Theil S et al (2014) Structural and functional par-
titioning of bread wheat chromosome 3B. Science 345:1249721. 
https://​doi.​org/​10.​1126/​scien​ce.​12497​21

Crismani W, Mercier R (2012) What limits meiotic crossovers? Cell 
Cycle 11:3527–3528. https://​doi.​org/​10.​4161/​cc.​21963

d’Erfurth I, Jolivet S, Froger N et al (2009) Turning meiosis into mito-
sis. PLoS Biol 7:e1000124. https://​doi.​org/​10.​1371/​journ​al.​pbio.​
10001​24

De Storme N, Geelen D (2020) High temperatures alter cross-over 
distribution and induce male meiotic restitution in Arabidop-
sis thaliana. Commun Biol 3:187. https://​doi.​org/​10.​1038/​
s42003-​020-​0897-1

Demirci S, van Dijk ADJ, Sanchez Perez G et al (2017) Distribution, 
position and genomic characteristics of crossovers in tomato 
recombinant inbred lines derived from an interspecific cross 
between Solanum lycopersicum and Solanum pimpinellifolium. 
Plant J 89:554–564. https://​doi.​org/​10.​1111/​tpj.​13406

Dluzewska J, Szymanska M, Ziolkowski PA (2018) Where to cross 
over? Defining crossover sites in plants. Front Genet 9:609. 
https://​doi.​org/​10.​3389/​fgene.​2018.​00609

Dreissig S, Maurer A, Sharma R et al (2020) Natural variation in mei-
otic recombination rate shapes introgression patterns in intraspe-
cific hybrids between wild and domesticated barley. New Phytol 
228:1852–1863. https://​doi.​org/​10.​1111/​nph.​16810

Epstein R, Sajai N, Zelkowski M et al (2023) Exploring impact of 
recombination landscapes on breeding outcomes. Proc Natl Acad 
Sci USA 120:e2205785119. https://​doi.​org/​10.​1073/​pnas.​22057​
85119

Fayos I, Frouin J, Meynard D et al (2022) Manipulation of meiotic 
recombination to hasten crop improvement. Biology (Basel) 11:3. 
https://​doi.​org/​10.​3390/​biolo​gy110​30369

Fiaz S, Wang X, Younas A et al (2021) Apomixis and strategies to 
induce apomixis to preserve hybrid vigor for multiple genera-
tions. GM Crops Food 12:57–70. https://​doi.​org/​10.​1080/​21645​
698.​2020.​18084​23

France MG, Enderle J, Röhrig S et al (2021) ZYP1 is required for obli-
gate cross-over formation and cross-over interference in Arabi-
dopsis. Proc Natl Acad Sci USA 118:14. https://​doi.​org/​10.​1073/​
pnas.​20216​71118

Freitas DYH, Nassar NMA (2013) Apomixis in cassava: advances and 
challenges. Genet Mol Res 12:988–994. https://​doi.​org/​10.​4238/​
2013.​April.2.​14

Fu H, Zhao J, Ren Z et al (2022) Interfered chromosome pairing at 
high temperature promotes meiotic instability in autotetraploid 
Arabidopsis. Plant Physiol 188:1210–1228. https://​doi.​org/​10.​
1093/​plphys/​kiab5​63

Fuentes RR, Nieuwenhuis R, Chouaref J et al (2024) A catalogue of 
recombination coldspots in interspecific tomato hybrids. PLoS 
Genet 20:e1011336. https://​doi.​org/​10.​1371/​journ​al.​pgen.​10113​
36

Gardiner L-J, Wingen LU, Bailey P et al (2019) Analysis of the recom-
bination landscape of hexaploid bread wheat reveals genes con-
trolling recombination and gene conversion frequency. Genome 
Biol 20:69. https://​doi.​org/​10.​1186/​s13059-​019-​1675-6

Goeckeritz CZ, Zheng X, Harkess A, Dresselhaus T (2024) Widespread 
application of apomixis in agriculture requires further study of 
natural apomicts. iScience. https://​doi.​org/​10.​1016/j.​isci.​2024.​
110720

Gottlieb SF, Gulani A, Tegay DH (2018) Genetics, meiosis. In: Stat-
Pearls. StatPearls Publishing, Treasure Island (FL)

Gu D, Andreev K, Dupre ME (2021) Major trends in population growth 
around the world. China CDC Wkly 3:604–613. https://​doi.​org/​
10.​46234/​ccdcw​2021.​160

Gutaker RM, Chater CCC, Brinton J et al (2022) Scaling up neodomes-
tication for climate-ready crops. Curr Opin Plant Biol 66:102169. 
https://​doi.​org/​10.​1016/j.​pbi.​2021.​102169

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1093/nar/gkt1292
https://doi.org/10.1093/nar/gkt1292
https://doi.org/10.3389/fsufs.2021.617783
https://doi.org/10.3389/fsufs.2021.617783
https://doi.org/10.3389/fpls.2023.1342976
https://doi.org/10.3389/fpls.2023.1342976
https://doi.org/10.1002/tpg2.20552
https://doi.org/10.1002/tpg2.20552
https://doi.org/10.1007/s00122-018-3240-1
https://doi.org/10.1016/j.tibtech.2021.08.009
https://doi.org/10.1073/pnas.2023613118
https://doi.org/10.1073/pnas.2023613118
https://doi.org/10.1073/pnas.1417664111
https://doi.org/10.1073/pnas.1417664111
https://doi.org/10.1007/s11103-004-5010-5
https://doi.org/10.1111/nph.18021
https://doi.org/10.1371/journal.pgen.1002799
https://doi.org/10.1038/ng.2766
https://doi.org/10.1101/gr.225599.117
https://doi.org/10.1126/science.1249721
https://doi.org/10.4161/cc.21963
https://doi.org/10.1371/journal.pbio.1000124
https://doi.org/10.1371/journal.pbio.1000124
https://doi.org/10.1038/s42003-020-0897-1
https://doi.org/10.1038/s42003-020-0897-1
https://doi.org/10.1111/tpj.13406
https://doi.org/10.3389/fgene.2018.00609
https://doi.org/10.1111/nph.16810
https://doi.org/10.1073/pnas.2205785119
https://doi.org/10.1073/pnas.2205785119
https://doi.org/10.3390/biology11030369
https://doi.org/10.1080/21645698.2020.1808423
https://doi.org/10.1080/21645698.2020.1808423
https://doi.org/10.1073/pnas.2021671118
https://doi.org/10.1073/pnas.2021671118
https://doi.org/10.4238/2013.April.2.14
https://doi.org/10.4238/2013.April.2.14
https://doi.org/10.1093/plphys/kiab563
https://doi.org/10.1093/plphys/kiab563
https://doi.org/10.1371/journal.pgen.1011336
https://doi.org/10.1371/journal.pgen.1011336
https://doi.org/10.1186/s13059-019-1675-6
https://doi.org/10.1016/j.isci.2024.110720
https://doi.org/10.1016/j.isci.2024.110720
https://doi.org/10.46234/ccdcw2021.160
https://doi.org/10.46234/ccdcw2021.160
https://doi.org/10.1016/j.pbi.2021.102169


Theoretical and Applied Genetics         (2026) 139:213 	 Page 9 of 10    213 

Haquet C, Nadaud I, Martin AC et al (2026) Accumulation of ph1 
(zip4-5B) and ph2 (msh7-3D) mutations fails to boost homoe-
ologous recombination in hexaploid wheat. Front Plant Sci 
16:1733533. https://​doi.​org/​10.​3389/​fpls.​2025.​17335​33

Harper JW, Elledge SJ (2007) The DNA damage response: ten years 
after. Mol Cell 28:739–745. https://​doi.​org/​10.​1016/j.​molcel.​
2007.​11.​015

Hartung F, Suer S, Bergmann T, Puchta H (2006) The role of 
AtMUS81 in DNA repair and its genetic interaction with the 
helicase AtRecQ4A. Nucleic Acids Res 34:4438–4448. https://​
doi.​org/​10.​1093/​nar/​gkl576

Heitzeberg F, Chen I-P, Hartung F et al (2004) The Rad17 homologue 
of Arabidopsis is involved in the regulation of DNA damage repair 
and homologous recombination. Plant J 38:954–968. https://​doi.​
org/​10.​1111/j.​1365-​313X.​2004.​02097.x

Higgins JD, Sanchez-Moran E, Armstrong SJ et  al (2005) The 
Arabidopsis synaptonemal complex protein ZYP1 is required 
for chromosome synapsis and normal fidelity of crossing over. 
Genes Dev 19:2488–2500. https://​doi.​org/​10.​1101/​gad.​354705

Hochholdinger F, Yu P (2025) Molecular concepts to explain het-
erosis in crops. Trends Plant Sci 30:95–104. https://​doi.​org/​10.​
1016/j.​tplan​ts.​2024.​07.​018

Hu L, Li N, Xu C et al (2014) Mutation of a major CG methylase 
in rice causes genome-wide hypomethylation, dysregulated 
genome expression, and seedling lethality. Proc Natl Acad Sci 
USA 111:10642–10647. https://​doi.​org/​10.​1073/​pnas.​14107​
61111

Kegel A, Sjögren C (2010) The Smc5/6 complex: more than repair? 
Cold Spring Harb Symp Quant Biol 75:179–187. https://​doi.​org/​
10.​1101/​sqb.​2010.​75.​047

Knight E, Greer E, Draeger T et al (2010) Inducing chromosome pair-
ing through premature condensation: analysis of wheat interspe-
cific hybrids. Funct Integr Genomics 10:603–608. https://​doi.​org/​
10.​1007/​s10142-​010-​0185-0

Kurzbauer M-T, Janisiw MP, Paulin LF et al (2021) ATM controls 
meiotic DNA double-strand break formation and recombination 
and affects synaptonemal complex organization in plants. Plant 
Cell 33:1633–1656. https://​doi.​org/​10.​1093/​plcell/​koab0​45

Lehmann AR (2005) The role of SMC proteins in the responses to 
DNA damage. DNA Repair (Amst) 4:309–314. https://​doi.​org/​
10.​1016/j.​dnarep.​2004.​07.​009

Lim PX (2015) Mechanistic functions of the 9–1–1 complex subunit 
Hus1 In The maintenance of genomic integrity. Doctoral thesis, 
Cornell University. Available at: https://​ecomm​ons.​corne​ll.​edu/​
bitst​ream/​1813/​40589/1/​pl382.​pdf

Lin Y-E, Chiu H-L, Wu C-S, Chaw S-M (2024) Phylogenomics identi-
fies parents of naturally occurring tetraploid bananas. Bot Stud 
65:19. https://​doi.​org/​10.​1186/​s40529-​024-​00429-9

Lloyd A (2023) Crossover Patterning in Plants Plant Reprod 36:55–72. 
https://​doi.​org/​10.​1007/​s00497-​022-​00445-4

Mercier R, Jolivet S, Vezon D et  al (2005) Two meiotic crosso-
ver classes cohabit in Arabidopsis: one is dependent on 
MER3,whereas the other one is not. Curr Biol 15:692–701. 
https://​doi.​org/​10.​1016/j.​cub.​2005.​02.​056

Mercier R, Mézard C, Jenczewski E et al (2015) The molecular biology 
of meiosis in plants. Annu Rev Plant Biol 66:297–327. https://​doi.​
org/​10.​1146/​annur​ev-​arpla​nt-​050213-​035923

Mieulet D, Jolivet S, Rivard M et al (2016) Turning rice meiosis into 
mitosis. Cell Res 26:1242–1254. https://​doi.​org/​10.​1038/​cr.​2016.​
117

Mieulet D, Aubert G, Bres C et al (2018) Unleashing meiotic crosso-
vers in crops. Nat Plants 4:1010–1016. https://​doi.​org/​10.​1038/​
s41477-​018-​0311-x

Modliszewski JL, Wang H, Albright AR et  al (2018) Elevated 
temperature increases meiotic crossover frequency via the 

interfering (Type I) pathway in Arabidopsis thaliana. PLoS Genet 
14:e1007384. https://​doi.​org/​10.​1371/​journ​al.​pgen.​10073​84

Morata J, Tormo M, Alexiou KG et al (2018) The Evolutionary conse-
quences of transposon-related pericentromer expansion in melon. 
Genome Biol Evol 10:1584–1595. https://​doi.​org/​10.​1093/​gbe/​
evy115

Morgan C, Fozard JA, Hartley M et al (2021) Diffusion-mediated 
HEI10 coarsening can explain meiotic crossover positioning in 
Arabidopsis. Nat Commun 12:4674. https://​doi.​org/​10.​1038/​
s41467-​021-​24827-w

Muller HJ (1916) The mechanism of crossing-over. Am Nat 50:193–
221. https://​doi.​org/​10.​1086/​279534

Olivier M, Da Ines O, Amiard S et al (2016) The structure-specific 
endonucleases MUS81 and SEND1 are essential for telomere 
stability in Arabidopsis. Plant Cell 28:74–86. https://​doi.​org/​10.​
1105/​tpc.​15.​00898

Olovnikov AM (2022) Eco-crossover, or environmentally regulated 
crossing-over, and natural selection are two irreplaceable driv-
ers of adaptive evolution: eco-crossover hypothesis. BioSystems 
218:104706–104706. https://​doi.​org/​10.​1016/j.​biosy​stems.​2022.​
104706

Osman K, Higgins JD, Sanchez-Moran E et al (2011) Pathways 
to meiotic recombination in Arabidopsis thaliana. New Phy-
tol 190:523–544. https://​doi.​org/​10.​1111/j.​1469-​8137.​2011.​
03665.x

Otto SP (2009) The evolutionary enigma of sex. Am Nat 174(1):S1–
S14. https://​doi.​org/​10.​1086/​599084

Otto SP, Lenormand T (2002) Resolving the paradox of sex and 
recombination. Nat Rev Genet 3:252–261. https://​doi.​org/​10.​
1038/​nrg761

Potapova T, Gorbsky GJ (2017) The consequences of chromosome 
segregation errors in mitosis and meiosis. Biology. https://​doi.​
org/​10.​3390/​biolo​gy601​0012

Rey M-D, Martín AC, Smedley M et al (2018) Magnesium increases 
homoeologous crossover frequency during meiosis in ZIP4 
(Ph1 Gene) mutant wheat-wild relative hybrids. Front Plant Sci 
9:509. https://​doi.​org/​10.​3389/​fpls.​2018.​00509

Roeder GS (1990) Chromsome synapsis and genetic recombination: 
their roles in meiotic chromsome segregation. Trends Genet 
9525:385–389. https://​doi.​org/​10.​1016/​0168-​9525(90)​90297-J

Rosa M, Von Harder M, Cigliano RA et al (2013) The Arabidopsis 
SWR1 chromatin-remodeling complex is important for DNA 
repair, somatic recombination, and meiosis. Plant Cell 25:1990–
2001. https://​doi.​org/​10.​1105/​tpc.​112.​104067

Rowan BA, Heavens D, Feuerborn TR et al (2019) An ultra high-
density Arabidopsis thaliana crossover map that refines the 
influences of structural variation and epigenetic features. Genet-
ics 213:771–787. https://​doi.​org/​10.​1534/​genet​ics.​119.​302406

Sánchez-Morán E, Benavente E, Orellana J (2001) Analysis of 
karyotypic stability of homoeologous-pairing (ph) mutants in 
allopolyploid wheats. Chromosoma 110:371–377. https://​doi.​
org/​10.​1007/​s0041​20100​156

Sanchez-Moran E, Santos J-L, Jones GH, Franklin FCH (2007) 
ASY1 mediates AtDMC1-dependent interhomolog recombina-
tion during meiosis in Arabidopsis. Genes Dev 21:2220–2233. 
https://​doi.​org/​10.​1101/​gad.​439007

Sergeeva EM, Salina EA (2011) Transposable elements and plant 
genome evolution. Russ J Genet Appl Res 1:565–576. https://​
doi.​org/​10.​1134/​S2079​05971​10600​86

Serra H, Lambing C, Griffin CH et al (2018) Massive crossover 
elevation via combination of HEI10 and recq4a recq4b during 
Arabidopsis meiosis. Proc Natl Acad Sci USA 115:2437–2442. 
https://​doi.​org/​10.​1073/​pnas.​17130​71115

Sharma S, Anand R, Zhang X et  al (2021) MRE11-RAD50-
NBS1 complex is sufficient to promote transcription by RNA 

https://doi.org/10.3389/fpls.2025.1733533
https://doi.org/10.1016/j.molcel.2007.11.015
https://doi.org/10.1016/j.molcel.2007.11.015
https://doi.org/10.1093/nar/gkl576
https://doi.org/10.1093/nar/gkl576
https://doi.org/10.1111/j.1365-313X.2004.02097.x
https://doi.org/10.1111/j.1365-313X.2004.02097.x
https://doi.org/10.1101/gad.354705
https://doi.org/10.1016/j.tplants.2024.07.018
https://doi.org/10.1016/j.tplants.2024.07.018
https://doi.org/10.1073/pnas.1410761111
https://doi.org/10.1073/pnas.1410761111
https://doi.org/10.1101/sqb.2010.75.047
https://doi.org/10.1101/sqb.2010.75.047
https://doi.org/10.1007/s10142-010-0185-0
https://doi.org/10.1007/s10142-010-0185-0
https://doi.org/10.1093/plcell/koab045
https://doi.org/10.1016/j.dnarep.2004.07.009
https://doi.org/10.1016/j.dnarep.2004.07.009
https://ecommons.cornell.edu/bitstream/1813/40589/1/pl382.pdf
https://ecommons.cornell.edu/bitstream/1813/40589/1/pl382.pdf
https://doi.org/10.1186/s40529-024-00429-9
https://doi.org/10.1007/s00497-022-00445-4
https://doi.org/10.1016/j.cub.2005.02.056
https://doi.org/10.1146/annurev-arplant-050213-035923
https://doi.org/10.1146/annurev-arplant-050213-035923
https://doi.org/10.1038/cr.2016.117
https://doi.org/10.1038/cr.2016.117
https://doi.org/10.1038/s41477-018-0311-x
https://doi.org/10.1038/s41477-018-0311-x
https://doi.org/10.1371/journal.pgen.1007384
https://doi.org/10.1093/gbe/evy115
https://doi.org/10.1093/gbe/evy115
https://doi.org/10.1038/s41467-021-24827-w
https://doi.org/10.1038/s41467-021-24827-w
https://doi.org/10.1086/279534
https://doi.org/10.1105/tpc.15.00898
https://doi.org/10.1105/tpc.15.00898
https://doi.org/10.1016/j.biosystems.2022.104706
https://doi.org/10.1016/j.biosystems.2022.104706
https://doi.org/10.1111/j.1469-8137.2011.03665.x
https://doi.org/10.1111/j.1469-8137.2011.03665.x
https://doi.org/10.1086/599084
https://doi.org/10.1038/nrg761
https://doi.org/10.1038/nrg761
https://doi.org/10.3390/biology6010012
https://doi.org/10.3390/biology6010012
https://doi.org/10.3389/fpls.2018.00509
https://doi.org/10.1016/0168-9525(90)90297-J
https://doi.org/10.1105/tpc.112.104067
https://doi.org/10.1534/genetics.119.302406
https://doi.org/10.1007/s004120100156
https://doi.org/10.1007/s004120100156
https://doi.org/10.1101/gad.439007
https://doi.org/10.1134/S2079059711060086
https://doi.org/10.1134/S2079059711060086
https://doi.org/10.1073/pnas.1713071115


	 Theoretical and Applied Genetics         (2026) 139:213   213   Page 10 of 10

Polymerase II at double-strand breaks by melting DNA ends. 
Cell Rep 34:108565. https://​doi.​org/​10.​1016/j.​celrep.​2020.​
108565

Shi Q, Chen X, Ma L et al (2025) Inspiration from apomictic spe-
cies of rutaceae: AGL11-FIE module induces autonomous 
development of maize embryo and endosperm without ferti-
lization. Theor Appl Genet 138:195. https://​doi.​org/​10.​1007/​
s00122-​025-​04985-x

Singh G, Da Ines O, Gallego ME, White CI (2017) Analysis of the 
impact of the absence of RAD51 strand exchange activity in 
Arabidopsis meiosis. PLoS ONE 12:e0183006. https://​doi.​org/​
10.​1371/​journ​al.​pone.​01830​06

Song M, Li F, Chen Z, et  al (2024) Engineering high-frequency 
apomixis with normal seed production in hybrid rice. iScience 
27:111479.https://​doi.​org/​10.​1016/j.​isci.​2024.​111479

Stacey NJ, Kuromori T, Azumi Y et al (2006) Arabidopsis SPO11-2 
functions with SPO11-1 in meiotic recombination. Plant J 48:206–
216. https://​doi.​org/​10.​1111/j.​1365-​313X.​2006.​02867.x

Taagen E, Bogdanove AJ, Sorrells ME (2020) Counting on crosso-
vers: controlled recombination for plant breeding. Trends Plant 
Sci 25:455–465. https://​doi.​org/​10.​1016/j.​tplan​ts.​2019.​12.​017

Talavera A, Fernandez-Pozo N, Matas AJ et al (2023) Genomics in 
neglected and underutilized fruit crops: A chromosome-scale 
genome sequence of cherimoya (Annona cherimola). Plants, Peo-
ple, Planet. https://​doi.​org/​10.​1002/​ppp3.​10366

Tek AL, Kara Öztürk SD, YıldızAkkamış H et al (2025) Development 
of a meiotic atlas and chromosomal mapping of abundant genome 
elements in the orphan crop golden thistle (Scolymus hispanicus 
L.). Plant Gene 42:100493. https://​doi.​org/​10.​1016/j.​plgene.​2025.​
100493

Tsai F-L, Kai M (2014) The checkpoint clamp protein Rad9 facilitates 
DNA-end resection and prevents alternative non-homologous end 
joining. Cell Cycle (Georget) 13:3460–3464. https://​doi.​org/​10.​
4161/​15384​101.​2014.​958386

Uslu VV, Dobrowitsch M, Danger KP et al (2025) Foliar mRNA spray 
induces protein synthesis in monocot crop and dicot model plant 
species. BioRxiv. https://​doi.​org/​10.​1101/​2025.​08.​07.​668951

Vegas A, Trujillo G, Sandrea Y, et al (2003). Apomixis, poliembrionía 
somática y cigótica in vivo en lechosa. Interciencia, 28: 715–718. 
http://​ve.​scielo.​org/​scielo.​php?​script=​sci_​artte​xt&​pid=​S0378-​
18442​00300​12000​09&​lng=​es&​tlng=​es.

Wang Y, van Rengs WMJ, Zaidan MWAM, Underwood CJ (2021) Mei-
osis in crops: from genes to genomes. J Exp Bot 72:6091–6109. 
https://​doi.​org/​10.​1093/​jxb/​erab2​17

Wang Y, Fuentes RR, van Rengs WMJ et al (2024) Harnessing clonal 
gametes in hybrid crops to engineer polyploid genomes. Nat Genet 
56:1075–1079. https://​doi.​org/​10.​1038/​s41588-​024-​01750-6

Wang Y, Zahn IE, Heidemann B et al (2026) Synthetic Apomeiosis in 
tomato via the mutagenesis of SlSPO11-1, SlREC8, and SlTAM 
to engineer mitosis instead of meiosis. In: Radoeva T, van Dijk 
PJ (eds) Apomixis: methods and protocols. Springer, US, New 
York, NY, pp 255–273

Whitbread AL, Dorn A, Röhrig S, Puchta H (2021) Different func-
tional roles of RTR complex factors in DNA repair and meiosis 
in Arabidopsis and tomato. Plant J 106:965–977. https://​doi.​org/​
10.​1111/​tpj.​15211

Younis A, Siddique MI, Kim C-K, Lim K-B (2014) RNA interference 
(RNAi) induced gene silencing: a promising approach of Hi-Tech 
plant breeding. Int J Biol Sci 10:1150–1158. https://​doi.​org/​10.​
7150/​ijbs.​10452

Ziolkowski PA (2023) Why do plants need the ZMM crossover path-
way? A snapshot of meiotic recombination from the perspective 
of interhomolog polymorphism. Plant Reprod 36:43–54. https://​
doi.​org/​10.​1007/​s00497-​022-​00446-3

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.celrep.2020.108565
https://doi.org/10.1016/j.celrep.2020.108565
https://doi.org/10.1007/s00122-025-04985-x
https://doi.org/10.1007/s00122-025-04985-x
https://doi.org/10.1371/journal.pone.0183006
https://doi.org/10.1371/journal.pone.0183006
https://doi.org/10.1016/j.isci.2024.111479
https://doi.org/10.1111/j.1365-313X.2006.02867.x
https://doi.org/10.1016/j.tplants.2019.12.017
https://doi.org/10.1002/ppp3.10366
https://doi.org/10.1016/j.plgene.2025.100493
https://doi.org/10.1016/j.plgene.2025.100493
https://doi.org/10.4161/15384101.2014.958386
https://doi.org/10.4161/15384101.2014.958386
https://doi.org/10.1101/2025.08.07.668951
http://ve.scielo.org/scielo.php?script=sci_arttext&pid=S0378-18442003001200009&lng=es&tlng=es
http://ve.scielo.org/scielo.php?script=sci_arttext&pid=S0378-18442003001200009&lng=es&tlng=es
https://doi.org/10.1093/jxb/erab217
https://doi.org/10.1038/s41588-024-01750-6
https://doi.org/10.1111/tpj.15211
https://doi.org/10.1111/tpj.15211
https://doi.org/10.7150/ijbs.10452
https://doi.org/10.7150/ijbs.10452
https://doi.org/10.1007/s00497-022-00446-3
https://doi.org/10.1007/s00497-022-00446-3

