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RESUME 
 

Plant improvement would markedly change if breeders and geneticists are able to routinely 
increase the level of recombination across the genome (enhanced recombination), or induce or 
select for recombinations at specific chromosome locations (targeted recombination). Our research 
at the University of Minnesota has shown that in both autogamous and allogamous species, the rates 
of genetic gain are predicted to be doubled, on average, if breeders can induce or select for one 
targeted recombination per chromosome. Furthermore, instead of introgressing an individual 
quantitative trait locus (QTL), longer chromosome segments that likely harbor multiple QTL for 
different traits can be introgressed from an exotic line to an adapted line for germplasm 
enhancement. Enhanced recombination will likely be most useful in long-term recurrent selection. In 
contrast, targeted recombination seems more useful in the development of finished cultivars. 
Methods to suppress (rather than enhance) recombination would be helpful in stacking copies of 
chromosomes, found in different donors, into a single line. We speculate on manipulating 
recombination to uncover hidden variation, developing protocols for CRISPR-induced mitotic 
recombination, finding ways to suppress recombination, and using targeted recombination to 
develop outlier cultivars.  
 
Mots-clés : plant breeding, recombination, chromosome, genomewide prediction, introgression, 

backcrossing, stacking. 
 

 
1 - INTRODUCTION 

 
Plant breeders have traditionally been able to control most of the breeding process. In 

particular, breeders have been able to choose which parents to cross to form new breeding 
populations, what breeding method to use, which traits to select for, and how many testing 
environments to use during each stage of evaluation. Yet breeders have not been able to control 
meiosis, in that the plants that go through the selection process are the result of uncontrolled 
recombination during the formation of the male and female gametes. 

 
Recent developments, however, have allowed plant breeders to begin to consider what the 

breeding process might look like if some degree of control over recombination becomes possible. A 
first way of manipulating recombination is to increase the recombination rate across the entire 
genome (Crismani et al., 2012) or in pericentromere regions (Leflon et al., 2010). Increasing 
recombination rates in this manner is agnostic to the underlying genes controlling traits that are of 
interest to breeders, and such manipulation of recombination is called enhanced recombination in 
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this article. A second way of manipulating recombination is by targeted recombination, which is 
defined from a breeder’s perspective as the ability to induce or select for recombination events at 
specific marker intervals where a breeder wants such recombinations to occur (Bernardo, 2017). 
Induced targeted recombination during mitosis has been achieved via CRISPR technology in yeast 
(Sadhu et al., 2016) and tomato (Solanum lycopersicum) (Hayut et al., 2017), but protocols for 
induced targeted recombination are far from being routine. In contrast, targeted recombination can 
already be achieved simply by selecting for progeny that harbor the desired recombination events 
(Bernardo, 2017). These recombination events will only be at genomic positions where natural 
recombination already occurs. 

 
The ability to manipulate recombination opens new ways to increase genetic gains. Achieving 

such gains may require new breeding approaches that exploit enhanced recombination or targeted 
recombination. Our objective is to summarize research at the University of Minnesota on genetic 
gains from targeted recombination, and to speculate on breeding approaches that exploit the ability 
to manipulate of recombination. 

 
 

2 – DOUBLING OF PREDICTED GENETIC GAINS VIA TARGETED RECOMBINATION 
 

A breeding approach that exploits natural targeted recombinations requires three steps. First, 
marker intervals where recombination is favorable need to be identified. A plausible way for doing so 
is via genomewide marker effects that are obtained from a genomewide prediction approach such as 
ridge regression-best linear unbiased prediction (Meuwissen et al., 2001). Second, progeny that carry 
the targeted recombination on a given chromosome need to be identified. Third, copies of 
chromosomes that harbor different targeted recombinations need to be put together in a cultivar. 
This last step is not trivial and is likely the most difficult of the three. 

 
Our results at the University of Minnesota have shown that targeted recombination can 

double the predicted gains from selection in multiple species. Details are found in the articles cited 
below, but the results are summarized here for the reader’s convenience. In the B73 x Mo17 maize 
(Zea mays L.) population, the mean yield among 180 testcrosses was 8.98 Mg/ha and the highest 
yield was 9.62 Mg/ha (Bernardo, 2017). Selection of the best individual therefore leads to a gain of 
(9.62 – 8.98)/8.98 = 7.1%. If one targeted recombination can be achieved on each of the 10 maize 
chromosomes, the predicted testcross yield of the resulting line is 10.33 Mg/ha. This yield 
performance represents a predicted gain of 15.0%, or a relative gain compared with nontargeted 
recombination of (10.33 – 8.98)/(9.62 – 8.98) = 212%. If two targeted recombinations could be 
achieved on each chromosome, the relative gain compared with targeted recombination increased 
to 254%. Similar results were found for other agronomic traits (Bernardo, 2017). 

 
Results across multiple elite maize populations likewise showed that, on average, predicted 

gains are doubled if targeted recombination can be achieved (Brandariz and Bernardo, 2018). The 
amount of increase in predicted gains, however, varied across populations. Lastly, targeted 
recombination led to a doubling of predicted gains in agronomic traits in self-pollinated species such 
as wheat (Triticum aestivum L.), soybean [Glycine max (L.) Merrill], and barley (Hordeum vulgare L.) 
(Ru and Bernardo, 2019). 
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3 – INTROGRESSION OF CHROMOSOME SEGMENTS INSTEAD OF QTL 
 
The concept of targeted recombination implies finding certain chromosome segments that are 

predicted to lead to favorable performance for multiple traits of interest. This concept may be 
applied to the introgression of exotic germplasm (Ru and Bernardo, 2020). Traditional approaches for 
marker-assisted selection have relied on finding specific quantitative trait loci (QTL). A marker 
interval that harbors a favorable QTL allele can then be introgressed into other germplasm. With 
targeted recombination, a longer chromosome segment instead of a single marker interval would be 
introgressed. Such longer chromosome segment could harbor multiple QTL that each have smaller 
effects, but when introgressed together would lead to meaningful improvement of one or more 
traits.  

 
Our analysis of a soybean nested association mapping experiment (Diers et al., 2018) 

suggested that targeted recombination is potentially useful for the controlled introgression of exotic 
germplasm. In the cross between IA3023 (adapted) and PI 574486 (plant introduction from China), 
introgressing and pyramiding only two linkage groups from recombinant inbreds (developed from 
IA3023 × PI 574486) into IA3023 was predicted to achieve an 8% yield gain over IA3023 without 
sacrificing the performance for other traits (Ru and Bernardo, 2020). We plan to conduct empirical 
studies to validate these predicted gains. 

 
 

4 – STACKING COPIES OF CHROMOSOMES FROM RECOMBINANT INBREDS 
 

Suppose that on chromosome 1, the highest predicted yield gain from a single recombination 
event is 250 kg/ha, with this gain resulting from recombination between markers 10 and 11. If 
CRISPR-based protocols are available to artificially induce recombination in plants, recombination 
between marker 10 and 11 can be induced and a line that exhibits the desired targeted 
recombination can be recovered. 

 
But in the absence of such technology for artificial targeted recombination, breeders will need 

to rely on selecting for natural targeted recombinations. It is possible that the desired recombination 
will not be recovered, and the breeders would need to settle on finding natural recombinants (for a 
given chromosome) with the best predicted performance. In the current example, suppose the 
breeders create a large population of recombinant inbreds with the hope of finding an inbred that 
exhibits the desired recombination between markers 10 and 11 on chromosome 1. However, 
suppose that such a recombinant inbred is not found. Instead, the highest predicted gain for 
chromosome 1 among the generated inbreds is 242 kg/ha, with this predicted gain resulting from 
recombination (found in recombinant inbred j) between marker 15 and 16. In this situation, the 
breeders would proceed to use recombinant inbred j as the donor for targeted recombination on 
chromosome 1, even though the recombination event between markers 15 and 16 did not represent 
the marker interval (markers 10-11) with the highest possible predicted performance. On the other 
hand, it is also possible that recombinant inbred j would have a predicted performance higher than 
that from recombination between markers 10 and 11 alone: this situation will occur if recombinant 
inbred j exhibits a second or third recombination event, on chromosome 1, that leads to a higher 
predicted performance. 

 
We define a "chromosome copy" as a unique copy of a chromosome among a group of 

individuals. Maize has 10 pairs of chromosomes and an F2 plant, being diploid and heterozygous, will 
have 20 chromosome copies. A group of 50 F2 plants will have 1000 chromosome copies. A maize 
recombinant inbred, being diploid and presumably completely homozygous, will have 10 
chromosome copies. Further suppose that 150 maize recombinant inbreds are created from the 
cross between Parent 1 and Parent 2. From genomewide marker effects, the predicted contribution 
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to the trait of interest is calculated for the 1500 chromosome copies that result from 10 
chromosomes among 150 homozygous individuals. For each chromosome, the recombinant inbred 
having a chromosome copy with the best predicted performance is identified. A heat map is used 
herein to depict the predicted performance for the 1500 chromosome × recombinant inbred 
combinations. Now suppose, as shown by the green shading and blue stars in Figure 1, that four 
high-value chromosome copies are found: recombinant inbred 6 for chromosome 1 (denoted by 
chr1-RI6); recombinant inbred 7 for chromosome 2 (chr2-RI7); recombinant inbred 9 for 
chromosome 3 (chr3-RI9) and recombinant inbred 2 for chromosome j (chrj-RI2). These four copies 
of chromosomes, each from a different recombinant inbred, then need to be stacked or pyramided 
into a single inbred. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1. Heat map of the sum of marker effects, for a given trait, found on each of 10 chromosomes in 

hypothetical parents and 150 recombinant inbreds. Red indicates unfavorable chromosomal 
effects and green indicates favorable chromosomal effects. The blue stars indicate chromosome-
recombinant inbred combinations chosen for stacking. 

 
 

Stacking copies of multiple chromosomes into a single inbred is not a trivial task, particularly as 
the number of chromosomes to be stacked increased. We are currently investigating ways to 
efficiently stack copies of multiple chromosomes from different recombinant inbreds. What is 
becoming clear is that the efficiency of stacking is determined largely by the probability of a 
chromosome being inherited intact from a parent to its offspring. This implies that methods to 
suppress recombination would be helpful, because recombination in chr1-RI6, chr2-RI7, chr3-RI9, 
and chrj-RI2 would destroy the favorable combinations of alleles already found on these copies of 
these four chromosomes. Enhanced recombination is therefore detrimental in the context of 
stacking copies of multiple chromosomes. 

 
 

5 - TARGETED RECOMBINATION VERSUS ENHANCED RECOMBINATION 
 

Whether enhanced recombination (across the entire genome) or targeted recombination (in 
specific marker intervals) is more suitable depends on whether QTL are mostly linked in repulsion or 
in coupling phase. Suppose favorable alleles are denoted by + and unfavorable alleles are denoted by 
–. If QTL are linked in repulsion phase so that a nonrecombinant gamete is + – + – + – + –, enhanced 
recombination is helpful because it would break up linkages and allow recovery of gametes with as 
many + alleles as possible. But if QTL are mostly linked in coupling phase so that a nonrecombinant 
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gamete is + + + + – – – –, enhanced recombination would disrupt the block of + alleles. Targeted 
recombination is then the preferred approach in this situation. 

 
The predominance of coupling versus repulsion linkages cannot be directly assessed because 

the actual genes underlying a quantitative trait remain largely unknown. For practical purposes, 
however, we may consider molecular markers as surrogates for nearby QTL. Genomewide marker 
effects would then provide at least some indication of the predominance of coupling versus repulsion 
linkages. Assuming that molecular marker effects are a surrogate for QTL effects, results suggest in 
linkages are predominantly in coupling phase in breeding germplasm. These are illustrated in the 
soybean nested association mapping population in Figure 2, where orange indicates that the marker 
from IA3023 has a negative effect, whereas blue indicates that the marker from IA3023 has a positive 
effect. For the cross of IA3023 with an adapted line and with an exotic line, IA3023 had large blocks 
—rather than a mosaic— of favorable alleles and large blocks of unfavorable alleles for the two 
largest linkage groups in each cross. The preponderance of coupling linkages is further illustrated by 
the sizes of the predicted gains with one targeted recombination per chromosome (Bernardo, 2017; 
Brandariz and Bernardo 2018; Ru and Bernardo 2019). If linkages are in repulsion phase, targeted 
recombination would not lead to large predicted gains because the dispersion of + and – alleles 
would make recombination at any point on the chromosome lead to similar gains. In contrast, the 
doubling of predicted gains from only one targeted recombination per chromosome indicated that 
blocks of mostly + alleles and blocks of mostly – alleles were present, to the extent that targeted 
recombination between the predominantly + block and the predominantly – block led to a large 
predicted gain. 

 
Enhanced recombination will likely be most useful in a long-term recurrent selection program 

(Tourrette et al., 2019), perhaps with multiple alleles at each locus and multiple parents contributing 
such alleles. The goal in such a program will be to increase the frequency of favorable alleles. As the 
frequency of favorable alleles increases, the frequency of heterozygotes will also decrease. This 
expected decrease in heterozygotes will then gradually lead to recombination being less and less 
important because crossing-over affects the gametic output only of individuals that are heterozygous 
at more than one locus (i.e., single heterozygotes such as + – / + + are unaffected by crossing over). 
Overall, we speculate that enhanced recombination is more important for prebreeding and 
enhancement of a base population, whereas targeted recombination is more important for the 
development of pureline and hybrid cultivars. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Configuration of favorable versus unfavorable alleles in two soybean crosses. 
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6 – FOUR SPECULATIONS ON PLANT BREEDING VIA MANIPLATED RECOMBINATION 
 
The ability to manipulate recombination was previously unthinkable for plant breeders. It is 

exciting to speculate on how plant breeding would be like if and when recombination can be 
manipulated, and this is no longer the far-away dream that it once was given the increasing 
knowledge of the molecular genetic mechanisms of recombination, the development of breeding 
methods that exploit natural targeted recombination (Bernardo, 2017; Ru and Bernardo, 2020) and 
enhanced recombination (Tourrette et al., 2019), and the growing interest in this area of research 
and technology among plant breeding organizations. Predicting the future is a hazardous occupation, 
yet it is worthwhile to nevertheless speculate on four aspects that pertain to plant breeding if and 
when we can control recombination. 

 
First, enhanced recombination or artificial targeted recombination could allow the release of 

genetic variation that has been hidden in cold regions in the genome. One may argue that such 
hidden recombination is likely harmful rather than beneficial because having cold regions could be a 
mechanism to ensure that deleterious variation remains hidden. On the other hand, plant breeding is 
the genetic improvement of plants for human benefit rather than for the plant’s benefit. It is possible 
that a trait deleterious to the plant (e.g., non-shattering of seeds at maturity) is beneficial to humans. 
Natural targeted recombination can only focus on areas in the genome where recombination readily 
occurs, and enhanced recombination or artificial targeted recombination will be needed to unlock 
genetic variation in cold regions. 

 
Second, more research is needed to develop genetic and nongenetic ways to control 

recombination. The latter may involve manipulation of growth conditions such as temperature and 
plant nutrition. Or perhaps chemical inducers or suppressors or recombination can be discovered or 
developed. While this may seem far-fetched, we can also remember that colchicine can be used as a 
chemical agent to induce polyploidy. If a chemical agent can disrupt the formation of spindle fibers, 
can there likewise be chemical agents that would be effective for stimulating or suppressing the 
formation of chiasmata in crossing over? 

 
Third, would CRISPR technology be a viable option for mitotic targeted recombination (Sadhu 

et al., 2017; Hayut et al., 2018) in plants? Suppose a multiplex system for CRISPR-induced targeted 
recombination is developed. Could such a system be used on F1 cells (from the cross between two 
inbred parents) in tissue culture? Can the efficiency be high enough and can a selectable system be 
developed to so that only those cells that carry targeted recombinations survive, thereby allowing 
such cells to be regenerated into whole plants? Such an in vitro system would circumvent the 
multiple generations of crossing, backcrossing, and selfing that are likely needed to pyramid targeted 
recombinations in vivo. Developing such a system will require a major investment, but the returns 
will likely be worth the investment. 

 
Fourth, we speculate whether targeted recombination would lead to an increased frequency 

of superior outliers. Anecdotal evidence suggests that much of crop improvement is due to step 
changes, manifested in outliers, rather than incremental improvements in cultivar performance. In 
humans, the U.S. basketball player Shawn Bradley is an example of an outlier. Mr. Bradley is 7’6” 
(2.29m) tall, and his height exceeds the mean of the U.S. population by 8.6 standard deviations. 
Comparison of Mr. Bradley’s DNA sequence against height variants showed that he does not have 
any major genes for height (Sexton et al., 2018). Instead, Mr. Bradley has an highly uncommon 
combination of common genes. In plants, it is plausible to speculate that targeted recombination 
could likewise lead to outlier cultivars that have highly uncommon combinations of small-effect, 
common polygenes.  

Journée Scientifique ASF du 6 février 2020 
“La recombinaison génétique en amélioration des plantes" 
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