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Plant breeding relies on crossing-over to create novel combinations of alleles needed 
to confer increased productivity and other desired traits in new varieties. However, 
crossover (CO) events are rare, as usually only one or two of them occur per chro-
mosome in each generation. In addition, COs are not distributed evenly along 
chromosomes. In plants with large genomes, which includes most crops, COs are 
predominantly formed close to chromosome ends, and there are few COs in the 
large chromosome swaths around centromeres. This situation has created interest 
in engineering CO landscape to improve breeding efficiency. Methods have been 
developed to boost COs globally by altering expression of anti-recombination genes 
and increase CO rates in certain chromosome parts by changing DNA methylation 
patterns. In addition, progress is being made to devise methods to target COs to 
specific chromosome sites. We review these approaches and examine using sim-
ulations whether they indeed have the capacity to improve efficiency of breeding 
programs. We found that the current methods to alter CO landscape can produce 
enough benefits for breeding programs to be attractive. They can increase genetic gain 
in recurrent selection and significantly decrease linkage drag around donor loci in 
schemes to introgress a trait from unimproved germplasm to an elite line. Methods 
to target COs to specific genome sites were also found to provide advantage when 
introgressing a chromosome segment harboring a desirable quantitative trait loci. 
We recommend avenues for future research to facilitate implementation of these 
methods in breeding programs.
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The key aspect of a successful breeding program is the amount of genetic diversity (or 
genetic variance) in the founder population (1). High levels of genetic diversity are par-
ticularly important to attain new breeding targets, such as those needed to respond to 
climate change or new pest pressure. The main process governing the amount and distri-
bution of genetic variation is meiotic recombination. In addition to generating new com-
binations of alleles underlying favorable traits, meiotic recombination is a driver of 
increased fitness, where it acts by purging deleterious mutations from populations (2). 
The rapid progress in understanding molecular mechanisms controlling the distribution 
of recombination events along chromosomes has brought interest in harnessing recombi-
nation to make breeding more efficient (3). In this paper, we review the current state of 
technology in this area, examine whether the existing technologies are indeed useful in 
breeding programs, and discuss which new developments are needed to make the latter 
possible.

Why is Recombination Important in Plant Breeding?

Breeders utilize recombination to increase variation in breeding populations in two 
main ways. Frequently, “wild” (i.e., unimproved) germplasm or germplasm not adapted 
to the intended growing environment is used as a source to introduce new desired 
traits into elite lines. These traits are often qualitative or influenced by only a few 
quantitative trait loci (QTL) exerting major effects (4). However, linkage drag can 
bring along with the target loci into the elite line undesirable characteristics of the 
donor germplasm, such as decreased agronomic performance (4, 5). It often takes 
several generations of backcrossing to limit the amount of donor genome “hitchhiking” 
with the target trait loci.

Another way to increase genetic variation of a population, if the desired variants 
already exist in elite breeding germplasm, are crosses among elite lines. In this case, there 
is no danger of bringing in agronomically undesirable traits. However, even here, it takes 
several generations of crossing and selection to obtain the most desired combination of 
traits.
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Recombination Mechanisms

Meiotic recombination is initiated by the formation of dou-
ble-strand breaks (DSBs) in chromosomal DNA in early meiotic 
prophase I (6) by a protein complex containing the topoisomer-
ase-like protein SPO11 (7). In plants, the number of DSBs per 
meiosis is largely proportional to the genome size, with Arabidopsis 
exhibiting about 200 DSBs (8), maize ~500 (6), and wheat ~2,100 
(9). Following their formation, DSBs are resected, and the sin-
gle-ended DNA overhangs created in this way invade dou-
ble-stranded DNA in search of homology (10). Eventually, 
cross-strand intermediates called double Holliday junction are 
formed, whose resolution leads to CO formation (11). However, 
this fate awaits only very few DSBs, ~4% in maize (12), as plants 
exhibit only from one to two COs per chromosome (13).

The majority of DSBs are repaired as non-COs (NCOs) by 
DNA synthesis utilizing the sister chromatid or the homologous 
chromosome as template (11). This process may result in a non-re-
ciprocal replacement of the original DNA segment by the invading 
strand (11). If the replacing segment differs in sequence from the 
original segment, the result of the replacement is a gene conversion 
(GC). Considering the number of NCOs, the average length of 
DSB resection, which in maize has been found to be ~1,100 bp 
(14), and the level of intraspecies DNA sequence polymorphism, 
GCs should be a significant contributor to genetic variation in 
plants. However, detailed analyses of recombination products 
performed in Arabidopsis failed to produce evidence of substantial 
GC numbers (15, 16). It might be that presence of inter-parental 
DNA sequence polymorphism in DSB vicinity causes the DSB 
to be repaired as a CO rather than an NCO (17). Alternatively, 
the forming GCs might be repaired back to the state of the original 
DNA segment (18). Regardless of the mechanism, these observa-
tions imply that most of the meiotic recombination-generated 
genetic variation in plants comes from COs.

Within the CO pathway, there are two possibilities. Class I COs 
are the most common CO products constituting roughly 85% of 
all CO events in plants (19). These COs are formed by a group of 
proteins, which includes homolog of enhancer of cell invasion no.10 
(HEI10) and MutL homolog (MLH) 1 and 3. Class I COs are 
sensitive to other COs forming nearby due to a phenomenon called 
CO interference. Interference prevents COs from forming close to 
each other (20). Therefore, class I COs on the same chromosome 
are limited in frequency. The second pathway produces class II COs, 
which are rarer than class I COs and not affected by CO interference 
(21). Proteins involved in class II CO formation include MMS4 
and UV sensitive81 (MUS81). These proteins are not meiosis-spe-
cific and are also involved in the repair of spontaneous DNA breaks 
in somatic cells (22), suggesting that the class II CO pathway may 
be primarily utilized to resolve defective recombination intermedi-
ates. Several proteins affecting class I as well as II COs have been 
labeled anti-CO factors, including RecQ helicase 4 (RECQ4) (23), 
Fanconi Anemia of Complementation group M (FANCM) (24–
26), and AAA-ATPase Fidgetin-like-1 (FIGL1) (27). RECQ4 and 
FANCM act by dissolving CO intermediates, while FIGL1 is 
thought to regulate DSB resection and limit strand invasion during 
DSB repair in class II CO formation. Mutating genes that encode 
these proteins leads to substantial CO number increases (28, 29).

CO Landscape in Crops

COs are not uniformly distributed along chromosomes but form 
distinct hotspots, which are usually defined as regions of 5 kb to 
10 kb exhibiting recombination rates fivefold or more than the 
genome average (30). Centromeres have been found to be depleted 

of COs in all species studied (31). In addition, in plants with large 
and complex genomes, which includes most crops, such as wheat, 
barley, and maize, there are substantial pericentromeric regions 
that also exhibit strong CO suppression (32, 33). In contrast, in 
the small-genome plant Arabidopsis thaliana, CO suppression 
affects a relatively small centromeric/pericentromeric segment, and 
there is no CO rate increase along chromosome arms toward chro-
mosome ends (34). The extent of the chromosome-end CO bias 
becomes larger with genome size increase. In maize, roughly 
one-quarter of the genome and one-fifth of the genes are in the 
CO-depleted pericentromeric areas (35). To put the size in per-
spective, the pericentromeric region of each of the largest maize 
chromosomes is approximately equal to the size of the entire 
Arabidopsis genome (36).

CO Landscape and Gene Distribution

At the fine scale, most COs are located relatively close to genes. 
In maize, about 90% of COs are located within 10 kb from genes, 
with peaks in gene promoters and terminators (37). Recombination 
occurring close to genes may be most beneficial from the point of 
view of creating genetic diversity. Recombination in promoter 
regions has the capacity to dramatically change the way a gene is 
expressed, and gene evolution frequently involves adaptive changes 
in regulatory sequences (38, 39). The close association of COs 
with genes implies that there should be a strong positive correla-
tion between recombination rates and gene density. As gene den-
sity tends to be lower in pericentromeric regions in large-genome 
plants (33), such correlation could explain the chromosome-level 
bias of CO distribution. Indeed, studies using an early version of 
the maize genome sequence assembly found strong correlations 
between recombination rates and gene density (r = 0.767 to 0.960) 
(40). We re-examined this issue using the more accurate and com-
plete recent maize genome assembly and annotation (36) utilizing 
recombination data from the maize Nested Association Mapping 
(NAM) recombinant inbred line population generated by crossing 
25 diverse maize inbreds to a common parent, the B73 inbred. 
This population captures about ~100,000 CO events (41). Gene 
density was calculated in 200 kb-long intervals and computed by 
dividing the total number of unique genes by the interval length. 
Because of the limited CO number in the dataset relative to the 
number of genes, intervals containing genes but lacking COs were 
omitted. We found a positive Spearmen’s correlation coefficient 
of 0.7400122 (P < 2.2e−16). The same analysis conducted in rice, 
a species with a genome roughly one-sixth the size of maize (42), 
produced a correlation coefficient of −0.07860649 (P = 0.9991) 
indicating no significant correlation. Taken together, these results 
indicate that the gene density bias can only partially modulate the 
genetic effect of the biased CO distribution in large-genome 
plants. Thus, the biased CO distribution has direct impact on 
genetic diversity in crops.

Genetic Consequences of Biased CO 
Landscape

Suppression of CO events exposes genes in pericentromeric 
regions of chromosomes to a large deleterious mutation load over 
evolutionary history (43). The larger the size of pericentromeric 
regions, the larger this hypothetical mutation load. Deleterious 
mutations have the potential to impact plant fitness as well as 
agronomic productivity but can be purged by recombination (2). 
When these mutations first arise, they are at a very low allelic 
frequency within the population, and if recombination is efficient 
enough, they can be segregated out quickly.
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In addition to harboring deleterious mutations, genetic link-
age between loci influencing agronomic traits is important to 
consider. Loci harboring alleles that confer positive effects are 
less advantageous when they are linked to loci with alleles exert-
ing negative effects. This phenomenon was described by Hill 
and Robertson in 1966 (44), who showed that loci under selec-
tion may have reduced fitness effects when they are linked to 
loci harboring deleterious alleles. In contrast to these repulsion 
phase linkages (i.e., a locus with a positive-effect allele next to 
a locus with a negative-effect allele), coupling linkages (i.e., a 
locus with a positive-effect allele next to a locus with a posi-
tive-effect allele or a locus with a negative-effect allele next to a 
locus with a negative-effect allele) are less affected by increased 
recombination. Coupling linkages may, however, affect hetero-
sis, as absence of recombination can lead to pseudo-overdomi-
nance, which is one of the proposed mechanisms of heterosis 
(45). Altogether, these linkage-related phenomena indicate that 
recombination suppression in the pericentromeric region may 
have larger consequences than just accumulation of deleterious 
mutations.

Controlling CO Landscape by Changing DNA 
Methylation

Patterns of CO distribution have been associated with numerous 
chromatin, DNA sequence, and chromosome location character-
istics in studies conducted in several plant species (46–49). A 
computational analysis using machine learning showed that by 
far the most important factor affecting CO landscape in plants is 
DNA methylation and chromatin openness measured by nucle-
osome occupancy (50). DNA methylation is of high importance 
in plants with large genomes, as in addition to controlling gene 
expression it is responsible for silencing of transposable element 
activity (51). Transposable elements make up substantial portions 
of large genomes; e.g., they constitute over 80% of the genome 
of maize (36). While removing DNA methylation in the small 
and compact Arabidopsis genome results in few immediate con-
sequences (52), mutations in many DNA methylation-controlling 
genes in maize often result in embryo lethality (53).

Methylation of cytosine residues (5mC) can occur in plants at 
CG, CHG, and CHH sites, where H = A, C, or T (54, 55). 
Detailed studies in Arabidopsis have revealed that the different 
methylation types are conveyed by different DNA methyltrans-
ferases and depend on distinct molecular mechanisms (56, 57). 
Methylation at CG sites is maintained by the methylase MET1 
and controlled by a DNA-replication-guided mechanism. CHG 
methylation is maintained by chromomethyltransferases and is 
heterochromatin guided. CHH methylation is maintained by 
DRM proteins and guided by an RNA-directed (RdDM) mech-
anism involving small interfering RNAs (58). The three DNA 
methylation types have distinct functions, although their exact 
roles have not been completely elucidated and may differ among 
species (57, 59). There are dramatic differences in DNA methyl-
ation levels among species. In maize, the average level of cytosine 
methylation is ~90% at CG sites, ~70% at CHG sites, and ~3% 
at CHH sites (60). In comparison, genome-wide DNA methyla-
tion levels in Arabidopsis at CG, CHG, and CHH sites are 24%, 
6.7%, and 1.7%, respectively (56). In addition to the core DNA 
methylation pathway components, other proteins, such as nucle-
osome remodelers, also affect DNA methylation. One of the 
best-studied of them is decrease in DNA methylation 1 (DDM1), 
which is a SNF1/SNF2 protein family member and affects DNA 
methylation in all three sequence contexts in Arabidopsis and 
maize (46, 61, 62).

Mutant studies show that changing DNA methylation patterns 
alters CO distribution. Loss of CG methylation in the Arabidopsis 
met1 mutant results in CO landscape remodeling, although, inter-
estingly, the increases are seen predominantly in the already hypo-
methylated chromosome arm regions (63). A similar pattern was 
observed in the Arabidopsis ddm1 mutant (47). The maize mop1 
mutant, which shows reduced CHH methylation, exhibits ele-
vated COs on chromosome arms (64). Maize plants defective in 
ddm1 exhibit similar but an even more pronounced recombination 
landscape alteration with steep CO increases at chromosome ends 
(65). In contrast, mutants affecting largely CHG methylation, 
cmt3 in Arabidopsis (66), and zmet2 in maize (65) exhibit 
increased pericentromeric COs with little to no effect anywhere 
else along chromosome arms. Altogether, these studies indicate 
that CO landscape could be manipulated in intricate ways by 
altering specific DNA methylation types.

Altering CO Landscape by Mutating CO 
Regulators

Studies in both Arabidopsis and large-genome plants: rice, tomato, 
and pea, have examined the possibility of increasing CO rates by 
altering expression of CO regulators. These studies used HEI10 
overexpression as well as mutations in anti-CO genes RECQ4, 
FANCM, and FIGL1 (28, 29). These modifications exhibit effects 
on CO landscapes distinct from the effects of most DNA meth-
ylation changes, as they tend to boost COs along chromosome 
arms, where COs already exist and do not facilitate CO increase 
in pericentromeric regions (67). Plants combining several of these 
genetic changes have been shown to exhibit substantial elevation 
of CO numbers (28).

Will Altering CO Landscape Genome-Wide 
Make Breeding Programs More Effective?

Since it has been established that recombination is a limiting factor 
in creating genetic variation, it is interesting to explore whether 
increasing recombination rates would improve genetic gain in 
breeding programs. Genetic gain is the key characteristic of success 
in breeding programs and measures the improvement of the aver-
age value of the trait(s) of interest in response to selection (68). 
Genetic gain expected from selection is typically calculated as ΔG 
= i r σa, where ΔG is the genetic gain, i is selection intensity, r is 
selection accuracy (i.e., the ability to accurately identify the most 
beneficial individuals), and σa is the standard deviation of the 
additive genetic variance of the target trait within the breeding 
population.

Several past analyses have shown that increasing CO rates both 
globally and at specific chromosome sites could result in genetic 
gain increase and linkage drag reduction in plants (69–72) as well 
as animals (73). However, it is only now that detailed studies of 
CO landscape in large-genome crops (37, 67, 74) allow these 
assessments to be based on fully realistic assumptions. In addition, 
recent crop studies have identified new avenues for modulating 
DNA methylation to alter CO landscape in more elaborate ways 
(64, 65, 75). Given these advances, we sought to examine whether 
the currently available methods of CO landscape engineering are 
sufficient to produce meaningful benefits on the scale that makes 
them attractive in breeding programs.

To conduct a comprehensive analysis of the impact of manip-
ulating CO landscapes on genetic gain, we used simulations to 
examine two common breeding scenarios, i) intermating of two 
elite breeding lines followed by recurrent selection and ii) back-
crossing to introgress desirable QTL from an unimproved parent 
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into an elite breeding line (Fig. 1). We explored two crops with 
different genome sizes, rice (0.39 Gb) (42) and maize (2.4 Gb) 
(36), and used actual recombination landscapes in the two species 
that considered the pericentromeric suppression of COs and their 
elevation near chromosome ends.

The goal of our simulation was to examine several alternative 
recombination landscapes (Fig. 2 and SI Appendix, Figs. S1 and S2). 
To do this, we modeled CO patterns from maize DNA methylation 
mutants showing CO increases in the pericentromeric regions 
(zmet2) and in chromosome arms (ddm1) as well as CO distribu-
tion of the rice fancm and recq4 mutants (59, 62). Since fancm and 
recq4 have not been studied in maize, their effects on recombina-
tion landscapes were extrapolated from rice to maize considering 
the size of the pericentromeric CO suppression region (see Materials 
and Methods). Similarly, the effects of maize DNA methylation 
mutants were extrapolated to rice, where such mutants have not 
been studied.

Recurrent Selection Scenario. The recurrent selection scenario 
modeled a polygenic trait underlain by 300 QTL with nearly 
equal additive effects, which is a genetic architecture resembling 
that of yield. Yield is the key target in most plant breeding 
programs. It is considered to be a highly polygenic trait and is 
most accurately predicted using an infinitesimal model, in which 
all loci are infinitely small and have equal effects on the trait (76). 
The 300 loci were placed genome-wide using gene density as a 
factor to guide their distribution (see Material and Methods). The 
simulated populations were tracked for 15 generations. Although 
most breeding programs perform recurrent selection for fewer than 
five generations, analyzing selection effects over a longer period 
should provide information on the limit of the potential impact 
of altered recombination landscapes.

In maize, all existing mutant CO landscapes (i.e., ddm1, fancm, 
recq4, and zmet2) showed positive effects on genetic gain (Fig. 3A), 
exhibiting in generation 6 (i.e., after five generations of selection) 
an average 1.6% increase over the amount of genetic gain in wild 
type at the same generation. In generation 15, the increase was 3.1%. 
As these increases were modest, we created two idealistic scenarios, 

a global 10-fold CO rate increase and a hypothetical double mutant 
of ddm1 and zmet2 (Fig. 2 and SI Appendix, Figs. S1 and S2). 
Although the two latter CO landscapes have not yet been demon-
strated in crops, they could be conceivably established by extending 
the currently existing CO landscape manipulation methods. We 
found that the 10-fold global increase outperformed the existing 
CO landscapes, yielding a 3.1% increase over the amount of genetic 
gain in wild type in generation 6 and a 11.0% increase in generation 
15 (Fig. 3A). A similar conclusion was reached in rice: All existing 
CO landscapes showed positive effects on genetic gain with an aver-
age of 3.3% increase over the amount of genetic gain in wild type 
at generation 6 and 9.7% at generation 15 (SI Appendix, Fig. S3A). 
The 10-fold global CO rate increase in rice yielded a genetic gain 
increase of 9.7% over the amount of genetic gain in wild type at 
generation 6 and 27.5% at generation 15 (SI Appendix, Fig. S3A).

We also tracked genetic variance over the 15 generations of 
recurrent selection to determine how the various recombination 
landscapes affected the dynamics of genetic diversity (Fig. 3B). In 
generation 6, wild type had a similar amount of genetic variance 
as most mutant populations. However, in generations 7 to 13, the 
populations with mutant CO landscapes had retained more 
genetic variance than wild type. The increase in genetic variance 
was followed by an increase in genetic gain a couple generations 
later. By generation 15, most genetic variance was depleted in both 
mutants and wild type, and all populations again exhibited similar 
variance amounts. Similar trends were observed in rice 
(SI Appendix, Fig. S3B).

In addition to the polygenic trait, we examined whether an 
oligogenic trait could benefit from a recombination landscape 
change in a recurrent selection program. Pest and pathogen resist-
ance are often oligogenic traits, exhibiting several contributing 
loci with known genomic positions (77). However, when we sim-
ulated a trait conditioned by 15 loci distributed genome-wide, we 
found that none of the mutant CO landscapes had detectable 
impact on genetic gain (SI Appendix, Fig. S4A). This outcome 
mirrors the results of Tourette et al. (69), who discovered that the 
more QTL a trait had, the more impact increased recombination 
had on genetic gain.

IntrogressionRecurrent Selection
Randomly cross founders for 
10 generations
N = 200 

Randomly cross top 5% 
of progeny for 15 
generations
N = 10

Select top 5% after 
15 generations 
of recurrent selection
N = 10

Diverge founder population 
into two 
N = 200 

Cross best 
unimproved 
and 
elite individuals.
N = 2 

Select top 5% 
after 
4 generations 
of backcrossing
N = 10

Backcross to 
elite parent 
for 
4 generations 
Select top 5% 
N = 10

Elite population
-high yield
-no resistance

Unimproved 
population
-low yield
-resistance

Fig. 1. Schematics of the recurrent selection and introgression scenarios 
used in simulations.
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Altogether, our simulations show potential for genetic gain 
improvements through utilization of mutant recombination land-
scapes in breeding highly polygenic traits, such as yield. CO land-
scapes based on the existing mutants resulted in modest genetic 
gain increases. However, a more substantial improvement of ~10% 

over the amount of genetic gain in wild type in maize and nearly 
30% in rice was achievable when using the idealistic recombina-
tion landscapes. Additionally, genetic variance was maintained 
over more generations in the populations with mutant recombi-
nation landscapes, which would improve the effectiveness of selec-
tion of the most desirable trait combinations.

Introgression Scenario. In the introgression scenario, we also 
modeled a yield-like polygenic trait with 300 QTL but added 
disease resistance loci. Introgressing disease resistance from 
unimproved germplasm to elite lines is a common practice in 
plant breeding programs. We examined a situation in which we 
believed increasing recombination rates could be most beneficial: 
three linked disease resistance loci placed about ~20 to 30 
centiMorgans (cM) apart and interspersed with QTL for the yield-
like trait. The three disease resistance loci were positioned either 
on a chromosome arm and away from the pericentromeric region 
or, alternatively, within the pericentromeric region. In maize, in 
both cases, the simulations showed that only the 10-fold global 
recombination rate increase accelerated the return to the recurrent 
parent genome and loss of the donor parent genome over four 
generations of backcrossing (Fig. 4 A and B). Genetic variance 
was maintained in similar ways in all populations, both mutant 
and wild type (Fig. 4C). In rice, the proportions of the recurrent 
and donor parent genomes (SI Appendix, Fig. S5 A and B) and the 
residual genetic variance recombination (SI Appendix, Fig. S4C) 
did not change with the use of any of the mutant recombination 
landscapes.

To measure the effectiveness of the backcrossing process in 
eliminating the potentially undesirable donor parent characteris-
tics linked to the introgressed disease resistance loci, we calculated 
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Fig. 4. Simulating introgression of disease resistance loci placed on chromosome 1 in maize. Generation 1 represents F1 progeny from the initial elite parent 
x wild parent cross. Generations 2 to 4 represent progenies from backcrossing to the elite parent. (A) Proportion of recurrent (elite) parent. (B) Proportion of 
donor (wild) parent. (C) Genetic variance. (D) Linkage drag around the introgression target (disease resistance) loci.

http://www.pnas.org/lookup/doi/10.1073/pnas.2205785119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2205785119#supplementary-materials


6 of 10   https://doi.org/10.1073/pnas.2205785119 pnas.org

the amount of linkage drag. To accomplish this goal, only the 
chromosome with the donor loci was considered and progeny 
genotypes for this chromosome were tracked in each generation. 
In both maize and rice when the disease resistance loci were placed 
on chromosome arms, most mutant CO landscapes, except for 
zmet2, resulted in significant reductions of linkage drag compared 
to wild type (Fig. 5D and SI Appendix, Fig. S5D). However, when 
the resistance loci were positioned in the pericentromeric region, 
only zmet2, ddm1/zmet2, and the 10-fold global CO increase 
landscape showed linkage drag reductions compared to wild type, 
and ddm1 even exhibited a linkage drag increase (SI Appendix, 
Fig. S6D). The latter could have occurred because of ddm1’s small 
ratio of pericentromeric to subtelomeric CO numbers.

Overall, the introgression scenario simulations showed that 
mutant recombination landscapes somewhat helped with the 
recovery of the recurrent parent genome and removal of the donor 
parent genome. Additionally, when QTL were at chromosome 
ends, most mutant CO landscapes decreased linkage drag around 
the donor loci, which is often a major goal in breeding programs. 
In contrast, only some mutant CO landscapes reduced linkage 
drag around pericentromerically located loci. The introgression 
scenario simulation results also demonstrate that CO landscape 
engineering still holds the promise shown in earlier studies (70), 
even when allowing for the restraints coming with using more 
realistic assumptions.

Selection Intensity. As selection intensity is a key contributor 
to genetic gain, we explored the effect of altering recombination 
landscape at different selection intensity levels using the maize 
ddm1 mutant as an example. In the recurrent selection scenario, 
increasing selection intensity resulted, as expected, in stronger 
genetic gains and decreased genetic variance in both ddm1 and 
in wild type. However, the impact on genetic gain and genetic 
variance was proportionally greater in the ddm1 population 
(SI Appendix, Fig. S7 A and B). In the introgression scenario, 
higher selection intensities, which resulted in faster return to 
the recurrent parent genome and faster loss of the donor parent 
genome, affected ddm1 and wild type in similar ways, but with 
ddm1 allowing a faster return to the recurrent parent and loss of 
the donor parent (SI Appendix, Fig. S8 A and B). Higher selection 
intensities also reduced linkage drag, although the difference was 
small compared to the overall difference between ddm1 and wild 
type (SI Appendix, Fig. S8C). Genetic variance was substantially 
greater with the use of the lower selection intensities of 5% and 
10% but was maintained at similar levels in ddm1 and wild type 
(SI Appendix, Fig. S7D). This result is consistent with the Bulmer 
effect (78), which is a reduction of genetic variance as a result of 
selection. Taken together, increasing selection intensities increased 
the impact of the ddm1 CO landscape, although the benefit was 
relatively small compared to the overall advantage of using ddm1.

Species Considerations. Although the same breeding scenarios 
were used for maize and rice, there was a large difference in 
the genetic gain increase between the two species. The reason 
behind this phenomenon could be that the pericentromeric CO 
suppression is much smaller in rice than maize, resulting in the 
overall CO rate increase in the mutants being greater in rice than 
maize. Additionally, rice has more chromosomes (12) than maize 
(10), which results in more COs per genome.

Beyond the factors taken into account in our simulations, it is 
also important to consider that rice, in contrast to maize, is a 
natural self-pollinator. As a result, the genomes of rice lines are 
made up of large linkage blocks—the extent of linkage disequi-
librium (LD) in maize is a fraction of that in rice (79). As these 

blocks can be shared among elite lines, the increase in genetic gain 
due to increased recombination may be more limited in rice (80).

Feasibility of Using Mutant CO Landscapes in Breeding Programs. 
The existing approaches to modulate CO landscape genome-
wide may not be without unintended consequences. Combining 
multiple anti-CO gene mutations has in some situations resulted 
in chromosome instabilities (81). These issues, possibly arising 
from defective CO intermediates being allowed to resolve as COs, 
may preclude application of anti-CO gene mutants to generate 
extreme CO number increases in breeding programs.

Similarly, although the maize DNA methylation mutants did 
not show obvious plant growth and development defects in the 
recombination studies (64, 82), full effects of genome demethyl-
ation in these mutants over multiple generations are not com-
pletely known. These effects may include changes in gene 
expression patterns as well as mobilization of transposable ele-
ments (83–86), both with potentially detrimental consequences. 
An alternative approach to avoid these problems would be to limit 
demethylation to reproductive tissues by transient treatment with 
DNA methylation-reducing drugs or transient silencing of DNA 
methylation machinery components (75). Demethylation could 
also be confined by targeting DNA demethylating enzymes to 
specific genome sites using the CRISPR/Cas system (87–89).

Targeted Recombination

There is significant interest in generating tools to target recombi-
nation to specific chromosome loci rather than increasing it 
genome-wide (3). Previous modeling studies have shown that by 
finding the most optimal breakpoints for targeted recombination, 
genetic gains could be increased for polygenic traits, such as yield, 
by as much as 15% (72, 80). Although this analysis assumed exact 
knowledge of the effects of each of the many QTL contributing 
to yield, which is not yet feasible for complex traits, it illustrates 
the high utility of CO targeting.

Studies in tomato, Arabidopsis, and maize (90–92) have shown 
that COs can be created by targeting DSBs in somatic tissues using 
CRISPR/Cas9. These DSBs are then repaired by non-homologous 
end joining (NHEJ) or, much less frequently, by homologous 
recombination (HR) resulting in COs. Since recombination can 
take place at any point during germline development, the efficiency 
of this method could be very high. Alternatively, instead of induc-
ing DSBs with active Cas9, a catalytically inactive (dead) Cas9, or 
another site-specific DNA binding protein, can be fused to active 
SPO11 to target it to a specific locus. When expressed during 
meiosis, the recombinant SPO11 protein would initiate meiotic 
recombination at the targeted site. So far, this approach has been 
successfully tried in yeast Saccharomyces cerevisiae, where it increased 
CO rates at several loci up to sixfold compared to wild type (93).

An alternative to targeting COs to specific sites could be pre-
venting their occurrence in all other regions on the chromosome. 
A recent study has shown that a CRISPR-Cas-generated chromo-
somal inversion resulted not only in a suppression of COs in the 
inverted region but also a redirection of COs toward the telomeres 
(94). This approach can be used to change CO landscape in more 
complex and elaborate ways.

Modeling the Effect of Targeted Recombination on Linkage Drag. 
The most compelling case for using targeted recombination in a 
plant breeding program is to facilitate introgression of a beneficial 
locus or chromosome segment. Thus, to test the efficiency of CO 
targeting, we set up a scenario in maize, in which COs were 
increased at the flanks of an interval containing the loci to be 

http://www.pnas.org/lookup/doi/10.1073/pnas.2205785119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2205785119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2205785119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2205785119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2205785119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2205785119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2205785119#supplementary-materials
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introgressed from the donor parent. The goal of this setup was 
to mimic a frequent situation, in which exact coordinates of the 
donor locus are not known and, as a result, a relatively large donor 
chromosome chunk needs to be introgressed. We tested the effect 
of a sixfold CO increase at the donor segment flanks, based on 
the S. cerevisiae CO targeting efficiencies (93). Additionally, we 
tested an idealistic 20-fold increase in COs at the same sites. 
Modeling both scenarios led to a substantial decrease of linkage 
drag around the donor segment, as well as faster return to the 
recurrent parent genome and faster removal of the donor parent 
genome (Fig. 5 A–C). Genetic variance was reduced compared to 
wild type (Fig. 5D), likely because of the progeny recovering more 
of the recurrent parent genome.

To further explore the potential of CO targeting, we also exam-
ined an interval targeting approach, in which COs were increased 
in a wider chromosome region. In this scenario, we modeled uni-
form sixfold and 20-fold CO increases in a 1 Mb interval con-
taining the donor locus. Technologies to create this type of 
recombination landscape do not exist yet. However, we hypoth-
esized that interval targeting could be more advantageous than a 
site-specific CO increase, given that the 1 Mb introgression region 
may contain QTL with negative effect on the yield-like polygenic 
trait, resulting in linkage drag with the introgression target loci.

As in the case of CO targeting to interval ends, we observed faster 
return to the recurrent parent genome, faster removal of the donor 
parent genome, substantial decrease in linkage drag, and reduced 
genetic variance compared to wild type (Fig. 5). However, the inter-
val targeting approach was, overall, not more efficient than targeting 
only the interval flanks. We believe that the reason could be that 
even if the introgressed region carried a few unfavorable yield QTL, 
their overall effect on the trait was minimal, given the large overall 
number of yield QTL in the genome. The magnitude of CO rate 
increase at the targeted region had a greater influence on linkage drag 
than the impact of the specific targeting approach that was used.

Taken together, targeting COs to specific genomic sites can be 
highly advantageous for improving introgression outcomes, with 
its overall efficiency matching even the idealistic 10-fold global 
CO increase. However, the effectiveness of CO targeting may be 
limited to the specific scenarios of introducing a small number of 
well-defined loci. Targeted recombination could be multiplexed 
to simultaneously pursue several genome sites, but it may not be 
easily scalable for a very large locus number.

Concluding Thoughts and Outlook

Altogether, our simulations have shown CO landscape engineering 
to be a promising tool in breeding programs. Even the currently 
existing DNA methylation and anti-CO gene mutants were able 
to produce significant decreases in linkage drag in a backcrossing 
scheme. However, achieving substantial genetic gain increases in 
recurrent selection required idealistic approaches for which meth-
ods do not yet exist. Furthermore, the specific outcomes were 
strongly dependent on the genetic architecture of the trait and 
QTL location. Mutant CO landscapes were able to increase 
genetic gain in the case of the highly polygenic yield-like trait but 
not for an oligogenic trait. More of the mutant CO landscapes 
showed significant linkage drag reduction when the introgressed 
QTL were positioned at chromosome arms versus the pericentro-
meric region. In summary, these results point to the need for 
further tool development. In particular, more effective methods 
are needed to boost pericentromeric COs.

Even though the current methods may be promising, they may 
not be ready for immediate deployment. Implementing these 
approaches will require developing novel technologies to avoid 
off-target effects, which might include genome instability and 
pleiotropic influence of DNA methylation changes on plant 
growth and development. For example, studies that used com-
binations of several Arabidopsis mutants to produce extreme CO 
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Fig. 5. Simulating the effect of targeted recombination at resistance loci placed on maize chromosome 1. Generation 1 represents F1 progeny from the initial elite 
parent x wild parent cross. Generations 2 to 4 represent progeny from backcrossing to the elite parent. (A) Proportion of recurrent (elite) parent. (B) Proportion 
of donor (wild) parent. (C) Linkage drag around the introgression target (disease resistance) loci. (D) Genetic variance.
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increases (28) suggest that CO landscapes most effective for 
increasing genetic gain may be associated with genomic instabil-
ity. Even a potential for genetic instability, or any other off-target 
effect, persisting in the final variety would make recombination 
landscape engineering unattractive to breeders. The technologies 
to-be-developed could alter recombination rates only in transient 
ways or allow for easy elimination of mutant gene copies, along 
with any lingering effects that may have, from the final varieties. 
In addition, implementing methods to increase CO rates may 
require adjustments in other technologies used to aid breeding. 
For example, genomic selection (GS) models used to help predict 
QTL effects for highly polygenic traits rely heavily on LD 
between the QTL and nearby markers. Increasing CO rates 
would necessitate increasing GS marker densities. Otherwise, 
improvements in breeding efficiency coming from increased 
recombination would be diminished by declines in GS prediction 
accuracy (95).

We found targeting COs very effective for improving intro-
gression of a defined donor region. For a trait with a few under-
lying loci, such as most disease resistance traits, this approach 
could be very beneficial, if methods to induce targeted recom-
bination become highly efficient. Using targeted recombination 
for polygenic traits could become a possibility only if every con-
tributing locus is known and its effects could be predicted accu-
rately. Future studies could focus on improving efficiency of CO 
targeting by increasing the odds of engineered DSBs to be 
repaired as COs. The route to achieve this goal is to better under-
stand the genetic mechanisms controlling the efficiency of 
HR-type repair of somatic DSBs and the CO/NCO decision in 
meiosis. The efficiency of CO formation varies among genome 
sites (96, 97), and elucidating how the local genome context 
affects this process will help selecting more effective sites for CO 
targeting.

Another area of helpful future development will be improving 
the understanding of genomic features and architecture of the 
species of interest. Knowing the genomic characteristics, such as 
DNA methylation patterns, within-species DNA sequence diver-
sity, marker density, and presence of whole or partial genome 
duplications, would be extremely useful in determining the spe-
cific approach for CO landscape engineering most productive for 
each specific situation.

Materials and Methods

Creation of Genetic Maps. All data analyses were done using R Studio. To 
construct the wild-type genetic map in maize, raw CO data from the NAM popu-
lation were downloaded from Cyverse (https://cyverse.org) and transformed to 
the v4 version of the maize genome assembly (98). To generate a set of genetic 
markers, single nucleotide polymorphism (SNP) data for the B73 × Mo17 hybrid 
were downloaded from maizeGDB (www.maizeGDB.org) and 2,000 of these SNPs 
were chosen at random but ensuring even coverage of each chromosome. Then, 
COs were binned into 1 Mb intervals. Recombination rates for each chromo-
some interval were calculated (as frequency of COs/population size *100)/interval 
length in Mb). SNPs that fell into an interval were assigned the recombination 
rate of the respective interval. To construct the wild-type genetic map of rice, 
high-resolution recombination rate data for O. japonica were taken from Marand 
et al. (74). Marand et al. (74) estimated recombination rates by treating phased 
haplotypes as haploid individuals within subsets of 2,000 consecutive SNP win-
dows overlapping by 250 SNPs using the program interval from the software 
package LDhat v2.2 (74). Since recombination rates for rice were calculated for 
specific intervals in previous studies, the recombination rates were assigned to 
SNPs that fell into each rate interval.

To find the genetic position of each SNP marker, cumulative genetic distances 
between markers were calculated. To calculate the cumulative genetic position, 
the previous marker’s genetic position in cM was added to the difference in 

physical distance in Mb between the current marker and the previous marker 
multiplied by the recombination rate of the interval of the marker location 
(genetic position [current] = genetic position [previous] + (physical position 
[current] – physical position [previous]) *recombination rate). The first marker 
on each chromosome’s genetic map was assigned the physical position of 0 Mb 
and the genetic position of 0 cM.

Because CO studies in recombination mutants were done using different 
marker sets from the one we used to construct the wild-type maps and/or using 
relatively small numbers of genetic markers, we devised a procedure to convert 
our higher-resolution wild-type genetic maps into mutant genetic maps using 
the difference in CO rate between mutant and wild type. CO data for wild type 
and mutants were first normalized by multiplying each interval by 2 and dividing 
by the population size. Once normalized, mean differences in CO rates between 
the mutant and wild-type intervals were calculated. The wild-type CO rate was 
multiplied by the difference between the mutant and wild-type rate and then 
added to the wild-type recombination rate: mutant rate = wild-type rate + (wild-
type rate × (mutant rate - wild-type rate)).

CO landscapes of the maize ddm1 and zmet2 mutants were extrapolated to 
rice taking into account the differences in the size of pericentromeric regions 
between the two species as well as the uneven effect of the mutations on CO 
rates in different parts of maize chromosomes. Each maize chromosome was 
split into six intervals of equal physical (Mb) size, with the first and last inter-
vals constituting chromosome ends and the third and fourth intervals covering 
the pericentromeric region. Rice chromosomes were split into five intervals to 
account for the smaller size of pericentromeric regions in this species. Since 
the mutants influence CO rates in specific chromosome regions rather than 
chromosome-wide, the mean CO rate difference was only applied to those spe-
cific regions. For example, if ddm1 showed a mean 2.35× CO rate increase at 
chromosome ends compared to wild type, the increase was only applied to the 
first and fifth interval of rice chromosomes. A similar approach was employed to 
extrapolate to maize the CO landscape of the recq4 and fancm mutants, which 
were found to increase CO rates in all regions of rice chromosomes, except 
pericentromeres (67).

Simulation Parameters. All simulations were done in AlphaSimR (99). The 
number of individuals in the founder population was 200. CO interference was 
modeled using the Kosambi mapping function assuming 15% of COs coming 
from the non-interfering pathway. The h2 heritability value was 0.8, chosen to 
increase the selection accuracy and therefore genetic gain outcomes. Previous 
studies have found that genetic gain outcomes did not change drastically when 
heritability was altered (69). To distribute the 300 polygenic trait QTL, gene 
densities were calculated in 200 kb windows genome-wide and used to guide 
the polygenic trait QTL placement, i.e., regions with higher gene density had 
higher probability of being selected as QTL locations (SI Appendix, Figs. S9 and 
S10). This approach was used to ensure that QTL were placed in accurate gene 
space because it has been shown in maize that QTL locations for highly poly-
genic traits like yield strongly correlate with gene density (100). For maize, the 
B73 v4 reference genome annotation was downloaded from maizeGDB (101), 
and for rice, the Nipponbare reference genome was downloaded from the Rice 
Annotation Project database (102). Gene densities in each of the 200 kb intervals 
were determined by dividing the number of genes in the interval by the actual 
length of the interval.

To create as realistic scenarios as possible, genetic markers represented a mix-
ture of repulsion and coupling linkages. Marker effects were established using the 
rnorm() function in R. To generate a mixture of repulsion and coupling linkages, 
a mean of 0 with a standard deviation of 1 was used. This approach was used to 
follow the infinitesimal model. The absolute value of marker effects was summed 
to estimate the limit of genetic gain in individuals.

For both breeding scenarios, the same yield-like additive polygenic trait with 
300 QTL was used. In the recurrent selection scenario, a founder population was 
created and randomly inter-mated. The polygenic trait was used as the basis for 
selection for 10 generations relying on the wild-type genetic map to create LD 
among the markers. The initial “burn-in” period was replicated 100 times, and all 
replicates were combined into one base population. The combined base popula-
tion was then used to conduct the recurrent selection scheme. To simulate each 
recombination mutant, the genetic map of the base population was changed 
from wild type to the respective mutant genetic map. The base population was 

https://cyverse.org
https://www.maizeGDB.org
http://www.pnas.org/lookup/doi/10.1073/pnas.2205785119#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2205785119#supplementary-materials
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then randomly inter-mated, the top 5% individuals were selected, maintaining 
the population size of 200, in every generation for 15 generations.

To set up the introgression scenario, two burn-in populations were used to first 
diverge the founder population into an elite population and a wild population. 
In the elite population, individuals best-performing for the yield-like trait were 
selected every generation for a total of 10 generations. For the wild population, 
selection was simultaneously performed for two traits, the same yield-like trait as in 
the elite population, and a disease resistance-like trait with additive and dominance 
effects. In the wild population, the lowest performing individuals for the yield-like 
trait were selected first, and out of those, the best-performing individuals for the 
resistance-like trait were selected. This approach was used to replicate wild popula-
tions with low yield but with strong disease resistance. To create the F1 population, 
the best individuals from the elite and the wild populations were crossed. The F1 
progeny was backcrossed to the same best individual from the elite population, and 
top 5% individuals were selected. Backcrossing was conducted for four generations.

The simulation scripts written in R are available at https://github.com/ruth-
kepstein/Recombination_sims. CO data for ddm1 and zmet2 and all genetic 
maps can be downloaded from Cyverse: https://data.cyverse.org/dav-anon/
iplant/home/rke27/RecombinationData (65). Please e-mail rke27@cornell.
edu with questions.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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