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Abstract

Advances in clustered regularly inferspaced short

palindromic repeats (CRISPR] technology have allowed

targefed recombination in specific DNA sequences in yeast
[Saccharomyces cerevisiae). My objective was to determine if the
selection gains from targeted recombination are large enough fo
warrant the development of targeted recombination technology in
plants. Genomewide marker effects for quantitative fraifs in two
maize (Zea mays L) experiments were used to identify targefed
recombination points that would maximize the perchromosome
genetic gains in a given cross. With nontargeted recombination
in the intermated B73 x Mol7 population, selecting the best
out of 180 recombinant inbreds led to a 7.1% gain for tesfcross
yield. Having one targeted recombination on each of the 10
maize chromosomes led to a predicted gain of 15.3% for yield.
Targefed recombination therefore led to a predicted relative
efficiency (REngeTed] of (0.153 = 0.071) = 212% of targeted
recombination compared with nonfargefed recombination. For
the five other traits in the infermated B73 x Mol population
and for four traits in 45 other maize crosses, the REWeYed values
ranged from 105 to 600%. The targeted recombination points
differed among fraits and crosses. Predicted gains increased
when the number of targefed recombinations per chromosome
increased from one to two. Overall, the results suggested that
targefed recombination could double the selection gains for
quantitative traits in maize and that the development of targefed
recombination fechnology is worthwhile. Empirical experiments
with current markerassisted breeding procedures are needed fo
validate the perchromosome predicted gains.
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TARGETED RECOMBINATION refers to the possibility of
inducing homologous recombination (in mitosis) or
crossing over (in meiosis) at a specific point along a chro-
mosome. In this study, I investigated whether targeted
recombination in maize would lead to large genetic gains
for quantitative traits. Exploiting targeted recombination
in crops has two prerequisites: (i) targeted recombination
is technically feasible, and (ii) ideal recombination points
on each chromosome can be determined.

Genome editing technologies have enabled the dele-
tion, addition, or substitution of DNA bases at known
genes in plants (Gaj et al., 2013; Pennisi, 2013; Belhaj et
al., 2013; Bortesi and Fischer, 2015). A different appli-
cation of CRISPR technology involves its use not for
genome editing but for inducing mitotic recombination
at precise locations in the genome. Recently, Sadhu et al.
(2016) demonstrated that homologous repair of CRISPR-
induced double-strand breaks leads to chromosomes
with precise recombination breakpoints in yeast. Repair
of the double-strand break via homologous recombina-
tion led to yeast cells that exhibited a loss-of-hetero-
zygosity event [see figure 1 in Sadhu et al. (2016)]. By
creating a loss-of-heterozygosity mapping panel of yeast
strains that differed in their CRISPR-induced recombina-
tion points, Sadhu et al. were then able to fine-map Mn
sensitivity on chromosome 7 to a single polymorphism.
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It seems plausible, at least in concept, that the tech-
nology found useful in yeast by Sadhu et al. (2016) can be
adapted to eventually obtain F —derived doubled haploids
that have recombination events precisely where a plant
breeder wants them. A doubled haploid with targeted
recombination may be obtained if the following protocols
are developed: (i) a multiplex CRISPR system induces
mitotic double-strand breaks at multiple target DNA
sequences, (ii) cells with the desired loss-of-heterozygosity
events are screened, and (iii) the desired cells are regener-
ated into whole plants that carry the targeted recombina-
tions. From the regenerated plants, doubled haploids can
be developed via standard procedures that have already
been found routinely useful in breeding programs. Dou-
bled haploids that exhibit the targeted recombinations
can be identified via markers. In addition to the possible
use of CRISPR technology (Sadhu et al., 2016), targeted
meiotic recombination via the Spoll endonuclease is
being investigated [Bastianelli and Nicolas, 2015; http:/
www.meiogenix.com, (accessed 7 Apr. 2017)].

Of the two prerequisites mentioned above, determin-
ing where to induce recombinations is currently more
straightforward. Many studies have shown that genome-
wide selection (or genomic selection; Meuwissen et al.,
2001) is effective in plants (Lorenzana and Bernardo,
2009; Albrecht et al., 2011; Massman et al., 2013b; Asoro
et al., 2013; Combs and Bernardo, 2013; Jacobson et al.,
2014; Lian et al., 2014; Beyene et al., 2015; Rutkoski et al.,
2015). Estimated marker effects can be used to predict
the recombination points to target on each chromosome.
Suppose that eight single nucleotide polymorphism
(SNP) markers are found on a chromosome (Fig. 1). Sup-
pose further that for a given trait, the effects of the SNP
alleles carried by two parental inbreds range from —0.9
to 0.9. The parental genotypic values (0.2 and —0.2) are
obtained as the sum of the genotypic values associated
with the SNP alleles carried by each parent. To identify
where recombination should be targeted, recombina-
tion is assumed at each of the marker intervals, and the
recombination point and specific homolog that lead (in
doubled haploid form) to the highest predicted genotypic
value are determined. In Fig. 1, a targeted recombination
between the second and third SNP loci leads to a doubled
haploid with a predicted genotypic value of 2.2. A sec-
ond targeted recombination, between the two rightmost
markers on the chromosome, would increase the pre-
dicted genotypic value to 2.8.

Much work is obviously needed to transform targeted
recombination from possibility to reality in plants. Invest-
ment into both public and private research on targeted
recombination technology will depend on the prospective
genetic gains for important traits. If targeted recombi-
nation in maize is expected to increase the genetic gain
for grain yield by 5 to 10%, then targeted recombination
does not hold much promise because such gains can be
achieved by using a larger population size and more strin-
gent selection intensity. However, if targeted recombina-
tion can increase the yield gains by a substantial amount,
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Fig. 1. Targeted recombination on the basis of genome-wide
marker effects. The genotypic values of two parental inbreds and
a doubled haploid developed via targeted recombination are

in parentheses.

then developing targeted recombination technology in
plants may be worthwhile. To date, there have been no
estimates of the genetic gains from prospective targeted
recombination for quantitative traits in crops.

This study in maize was an attempt to begin to deter-
mine whether there is sufficient downstream impetus to
develop targeted recombination technology in crops. My
objectives were to assess (i) the predicted responses to
selection if one or two targeted recombinations were to
occur on each maize chromosome, (ii) the extent to which
the predicted responses with targeted recombination vary
among maize traits and populations, and (iii) the con-
sistency of the ideal recombination points among maize
traits and populations.

MATERIALS AND METHODS

Maize Populations and Marker
and Phenotypic Data

Phenotypic and marker data from two previous experi-
ments from the University of Minnesota were used.
Experiment 1 included 180 recombinant inbreds from
the intermated B73 x Mol7 population (Lee et al., 2002).
The recombinant inbreds were testcrossed to a propri-
etary Monsanto inbred that performed well when crossed
to both B73 and Mol7, and the testcrosses were evaluated
for grain yield (kg ha" at 150 g H,0O kg™"), moisture (g
kg™'), plant height (cm), stalk lodging (%), root lodging
(%), and stover quality traits that are important for pro-
ducing cellulosic ethanol (Lewis et al., 2010). The stover
quality traits included the amount of cell wall glucose
released from the stover on thermochemical pretreat-
ment and enzymatic saccharification (“glucose release”)
(Dien et al., 2006) and the concentration of Klason lignin
on a cell wall basis (“lignin”). The field trials were con-
ducted at four Minnesota locations in 2007. Informa-
tion on yield, moisture, stalk lodging, and root lodging
were combined by Massman et al. (2013b) into a yield
index. Retrospective weights applied by a team of maize
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breeders for these four traits (Bernardo, 1991) were used
to calculate the yield index.

Marker data for the intermated B73 x Mol7 recom-
binant inbreds were obtained from Liu et al. (2010). The
892 SNP loci considered in this study were a subset of
the 1016 SNP loci on the Iowa State University linkage
map (Liu et al., 2010). To reduce multicollineary among
the SNP markers, linkage disequilibrium between adja-
cent SNP markers was calculated with reference to the
180 recombinant inbreds, and the 892 SNP loci were
obtained after discarding one of a pair of adjacent SNP
loci that had r* > 0.95. The SNP genotypes were coded as
1 (homozygous for the B73 allele), —1 (homozygous for
the Mol7 allele), and 0 (heterozygous). Missing marker
data were projected as follows. If the two flanking loci
had the same genotype (1 and 1, —1 and —1, or 0 and 0),
then the middle SNP with missing data was assigned
the flanking marker genotypes. In all other cases, the
marker data remained missing. Among the 160,560 data
points between the 180 recombinant inbreds and 892
SNP loci, only 546 (0.34%) were heterozygous and only
679 (0.42%) had missing data after projection. For each
trait, genomewide marker effects were obtained via ridge
regression-best linear unbiased prediction (RR-BLUP) as
implemented in RRBLUP2 in-house software (available
at http://bernardo-group.org, accessed 7 Apr. 2017).

Experiment 2 comprised a subset of 10 representa-
tive inbreds (Bernardo, 2015) chosen from a larger panel
of 271 inbreds (Schaefer and Bernardo, 2013). These 10
inbreds were A321, A632, A641, F2, LHS82, LH127, ND203,
PH207, PHG80, and PHH93. The 271 inbreds were evalu-
ated for anthesis date (growing degree-days from planting
to when 50% of the plants were shedding pollen), plant
height (cm), kernel starch concentration (g kg™'), and
kernel protein concentration (g kg™') at five Minnesota
locations in 2011 and one Minnesota location in 2012.
Genomewide marker effects at 28,826 SNP loci were pre-
viously calculated by Schaefer and Bernardo (2013) using
rrBLUP software in R (Endelman, 2011).

Predicted Gains from Targeted Recombination

Targeted recombination was studied for each cross and
for each trait. Selection in Experiment 1 was for higher
yield, yield index, and glucose release and for lower
moisture, plant height, and lignin. Selection in Experi-
ment 2 was for higher starch and for lower values of pro-
tein (which is negatively correlated with starch), anthesis
date, and plant height.

In Experiment 1, genomewide marker effects in the
intermated B73 x Mol7 population were used to predict
the performance of a doubled haploid that has a recom-
bination event at the first marker interval, the second
marker interval, and so on within each chromosome (as
described in the Introduction). Each recombination event
leads to two possible doubled haploids, depending on
which chromosome in a homologous pair is eventually
inherited by the homozygous line. The better of the two
was recorded. Furthermore, double recombination events

were considered between all possible pairs of marker inter-
vals within a chromosome. The predicted performance
with double recombinants was recorded in the same man-
ner as that for single recombinants. The same procedures
were used for each of the 45 pairwise combinations among
the 10 inbreds in Experiment 2. For simplicity, particularly
given that the technology has not yet been developed, the
number of targeted recombinations in this study was lim-
ited to a maximum of two per chromosome.

The single-recombination and double-recombination
points that led to the best performance were identified on
each chromosome. Given that the different chromosomes
assort independently, the performance attributed to each
chromosome was summed across all chromosomes. In
both Experiments 1 and 2, the response to selection with
targeted recombination (R . .) was calculated as the pre-
dicted performance of a doubled haploid that had the ideal
recombinations on each of the 10 chromosomes, minus the
mean of the cross as obtained from RR-BLUP analysis.

In Experiment 1, the Ry erea 1D the B73 x Mol7 pop-
ulation was compared with the response when the best
recombinant inbred out of the 180 recombinant inbreds
was selected, the latter selection response being denoted
by Ry ntargeted: Genomewide prediction involves changes
in scale between the predicted versus the observed per-
formance. For example, the SD of the observed yields (kg
ha™!) of the 180 recombinant inbreds was 681, with the
observed yields ranging from 7099 to 10,352. Because of
shrinkage of the genomewide marker effects, the SD of
the predicted yields of the 180 recombinant inbreds was
271, with the predicted yields ranging from 8279 to 9618.
To avoid the effects of scale, Ry ontargeted W3S assessed on the
basis of the marker-predicted performance rather than
the observed performance of the 180 lines. This procedure
for assessing Ry ..o Was facilitated by the high cor-
relations between marker-predicted and observed per-
formance. These correlations in Experiment 1 (without
cross-validation) were 0.80 for yield, 0.85 for lignin, 0.86
for the yield index, and >0.89 for the three other traits. As
mentioned later, the ratio between Ry getea and Ry ontargeted
was calculated; this ratio was unaffected by scale. On
the other hand, targeted recombination would involve
predicting the performance of a line that is not part of
the training population (i.e., with cross-validation). The
estimates of prediction accuracy (Dekkers, 2007) with
cross-validation in the intermated B73 x Mol7 population
were 0.61 for yield, 0.58 for moisture, 0.73 for yield index,
0.70 for plant height, 0.57 for glucose release, and 0.54 for
lignin (Lorenzana and Bernardo, 2009).

For each of the 45 pairs of parents in Experiment
2, the performance of the best 1% of lines (assuming
random recombination) was obtained via virtual popula-
tions as described by Bernardo (2015). In particular, each
virtual population consisted of 1000 doubled haploids
simulated from the F, cross between the two parents. The
number of recombination events per chromosome was
simulated as a truncated Poisson process, with a maxi-
mum of three recombination events per chromosome.
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Table 1. Prospective targeted recombination and genetic gains in the intermated B73 x Mo17 maize population
(Experiment 1; Lewis et al., 2010; Liu et al., 2010) and in a maize diversity panel (Experiment 2; Schaefer and
Bernardo, 2013). Predicted performance assumes one (x = 1) or two (x = 2) targeted recombinations on each of

the 10 maize chromosomes.

Experiment 1

Experiment 2,

B Predicted performance REforgered$ mean] of RErurgeted
est 1 out of

Trait Meant 180% x=1 x=12 x=1 x=12 x=1 x=12

%

Grain yield (kg ha=") 8982 9618 10,330 10,599 212 254 - -
Moisture (g kg 201 170 125 240 340 - -
Yield index 3.35 45 6.15 6.58 242 280 - -
Lignin (g kg™") 2 207 195 187 403 631 - -
Glucose release (g kg~") 516 539 573 598 243 352 -
Plant height (cm) 282 259 224 204 252 337 208 (108—600) 263 (126—815)
Anthesis date (GDD#) - - - - - - 214 (105-536) 61 (119-637)
Starch (g kg ") - - - - - - 213 (108-556) 274 (125-754)
Protein (g kg ") — — — — — - 189 (109-577) 232 (126—692)

1 Mean of the 180 intermated B73 x Mol7 recombinant inbreds.
1 Marker-predicted performance of the best recombinant inbred out of 180.

§ RETurgel'
significantly greater (P=0.05) than 100%.

9 Among 45 pairwise crosses in Experiment 2. The range is shown in parentheses.

# Growing degree-days

The mean number of recombinations was one per 100
cM and the chromosome sizes were those in a published
maize linkage map (Senior et al., 1996). The RNontargete q
was obtained from the predicted mean of the best 10 out
of 1000 simulated doubled haploids (best 1% selected).
The correlations between predicted and observed per-
formance without cross-validation in Experiment 2 were
> 0.96 (Bernardo and Thompson, 2016). These high cor-
relations were consistent with the very high coefficients
of determination attributed to inbreds (0.92-0.99) in the
Schaefer and Bernardo (2013) study. The estimates of pre-
dictive ability from delete-one cross-validation among
the 271 inbreds in Experiment 2 were 0.55 for starch, 0.61
for protein, 0.64 for plant height, and 0.74 for anthesis.

Significance Tests

The relative efficiency of selection with targeted recombi-
nation versus selection with nontargeted recombination
was calculated as: RE =100 x (R

. Targeted Tar, eted
In Experiment 1, the significance of RE

Tar eted
the null hypothesis of RE,, geted = =100%) was testted by ()
obtaining values of RE,

within each of the 10 chro-
argeted

mosomes, and (ii) bootstrappmg on the within-chromo-
some values of RE, .. Bootstrap confidence intervals on
RE  icq WeTe obtamed for a significance level of P = 0.05
with 10,000 bootstrap samples. In Experiment 2, the mean
RE,  ica WS calculated across the 45 pairs of parents, and
t-tests (P = 0.05) were conducted on the basis of the vari-

ance of the estimates of RE | among the 45 crosses.
argeted

Nontargeted)

relative efficiency of selection with targeted recombination versus selection without targeted recombination. All RE

values in Experiment 1 and all mean RE,  values in Experiment 2 were

Target Torget

RESULTS AND DISCUSSION

Selection Gains from Targeted Recombination
The results indicated that only 10 targeted recombinations,
one on each of the 10 maize chromosomes, could double
the selection gains for quantitative traits in maize. In the
intermated B73 x Mol7 population, the mean grain yield
(in testcross combination) of the 180 recombinant inbreds
was 8982 kg ha™! (Table 1). Among the 180 recombinant
inbreds, the marker-predicted mean of the best inbred
(M0014) was 9618 kg ha™'. Selecting the best inbred out of
180 therefore led to a (9618 — 8982) + 8982 = 7.1% gain in
yield. In contrast, having one targeted recombination (x =
1) on each of the 10 maize chromosomes led to a predicted
yield of 10,330 kg ha™'. This predicted yield corresponded
to a 15.3% gain in yield compared to the mean of the pop-
ulation, and to a relative efficiency of RE; ., = (10,330 -
8962) + (9618 — 8982) = 212% compared with nontargeted
recombination. For the five other traits in the intermated
B73 x Mol7 population, the RE,, cied values with x = 1
ranged from 240 to 403%.

Among the 45 maize biparental crosses in Experi-
ment 2, the mean RE; ., values with x = 1 ranged
from 189% for kernel protein concentration to 214% for
anthesis date (Table 1). For each trait, the RE, Targeted values
differed among the crosses. For plant height, for example,
theRE, .., withx =1 ranged from 108% in A632 x
ND203 to 600% in F2 x ND203. Caution is needed in
interpreting these results because the highest RETErgete q
value tended to correspond to the smallest actual gains.

To illustrate, the RE., Targeted of 108% for plant height in
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A632 x ND203 corresponded to responses of Ry ontargeted
= —21.1 cm with nontargeted recombination and Ry eted
= —23.0 cm with targeted recombination (x = 1). In the
opposite extreme, the RETargete 40£600% in F2 x ND203
corresponded to Ry ontargeted = —1-7 €m and Ry et = —103
cm. Similar results were obtained for the other traits in
Experiment 2. Both F2 and ND203 are short inbreds
[106 cm in the Schaefer and Bernardo (2013) field trials],
whereas A632 is a taller inbred (147 cm). The differences
in height between the parents were reflected in the esti-
mated genetic variance (V) in virtual crosses (Bernardo,
2015), which was V. = 367 cm” in A632 x ND203 and
V.. =0.43 cm? in F2 x ND203. These results suggest that
targeted recombination may be most advantageous when
little genetic variance is expected in the biparental cross.
On the other hand, empirical validation of the usefulness
of virtual populations is still needed (Bernardo, 2015),
particularly because genomewide marker effects esti-
mated from diverse germplasm panels might not readily
apply to predicting the performance of progeny within a
much narrower biparental cross (Massman et al., 2013a).

The RE .., Values were always larger with two
targeted recombinations (x = 2) per chromosome than
with x = 1 (Table 1). In Experiment 1, the RETargete 4 val-
ues increased from ranging between 212 and 403% with
x = 1 to ranging between 254 and 631% with x = 2. In
Experiment 2, the mean RE, . values increased from
ranging between 189 and 214% with x = 1 to ranging
between 232 and 274% with x = 2. The predicted perfor-
mance with x = 2 in the B73 x Mol7 cross was 10,599 kg
ha! for yield and 93 g kg™! for moisture. It remains to be
seen whether these predicted gains are realistic. Based
on their field breeding experience, maize breeders may
conclude that developing an inbred with a moisture con-
tent of 9.3% from the B73 x Mol7 cross is unrealistic. On
the other hand, an inbred with the 20 specific targeted
recombinations in the B73 x Mol7 genome has probably
never been obtained either.

For each trait and chromosome in the intermated
B73 x Mol7 population, x = 1 was always superior to hav-
ing a parental chromosome passed intact from a parent
to a doubled haploid offspring (no recombination). Like-
wise, x = 2 was always superior to x = 1. In contrast to
the intermated B73 x Mol7 population, the 45 crosses in
Experiment 2 had instances in which having no recom-
bination was superior to x = 1. For example, out of the
450 combinations between the 10 chromosomes and 45
crosses, having no recombination on a specific chromo-
some was superior to x = 1 on that chromosome in 7 out
of 450 cases (1.5%) for plant height and in 6 out of 450
cases (1.3%) for anthesis date. For plant height, chromo-
some 4 was involved in three out of the seven instances
in which having no recombination was superior. These
three instances involving chromosome 4 corresponded
to A641 x PHH93, F2 x PH207, and F2 x PHGS80. These
three crosses involved a cross between a short and tall
inbred; although F2 was the shortest inbred, PHH93,
PH207, and PHG80 were not the tallest inbreds among

the 10 lines. Even though having no recombination was
sometimes superior to x = 1 in Experiment 2, x = 2 was
always superior to having no recombination or to x = 1 in
this experiment. This result indicated that when two par-
ents differed widely in their performance, more than one
targeted recombination per chromosome was sometimes
needed to obtain a progeny line that outperformed the
better parent in Experiment 2.

The RE ..q values will decrease if Ry ..o
increases because of a higher selection differential. How-
ever, increases in R, will be minor when selection
is already stringent. To illustrate, the standardized selec-
tion differential with the best out of 180 inbreds selected
in Experiment 1 was 2.710 (Becker, 1984). If the popula-
tion size is doubled to 360 and the best inbred is selected,
the standardized selection differential increases to 2.935.
Increasing the population size by 100% will therefore
increase the selection response by only (2.935-2.710) +
2.710 = 8%. The nonlinear relationship between the pro-
portion selected and the standardized selection differen-
tial therefore limits the extent to which a more stringent
selection process (with nontargeted recombination) will
decrease the RE, ., values.

Positions of Targeted Recombination

Different positions of recombination on the same chro-
mosome typically led to peaks and valleys in the pre-
dicted response to selection for a given trait. Consider
the contribution of chromosome 1 to yield in the inter-
mated B73 x Mol7 population (Fig. 2). Yield contributed
by chromosome 1 was predicted to be the highest (306
kg ha™) if a doubled haploid inherited the B73 genome
at SNPs 1 to 143 and the Mol7 genome at SNPs 144 to
158. The responses for yield remained high in the marker
intervals surrounding the SNP 143 to 144 peak: the yield
contribution was 284 kg ha™! for a targeted recombina-
tion in the SNP 139 to 140 interval, it increased to the
peak in the SNP 143 to 144 interval, and it decreased to
282 kg ha' in the SNP 146 to 147 interval. Peaks and
valleys were likewise observed for the other traits. The
profile of per-chromosome responses attributed to tar-
geted recombination was relatively smooth for yield but
not for moisture in the intermated B73 x Mol7 popula-
tion (Fig. 2). This result suggests that in a biparental
cross, the favorable alleles from one parent may be con-
centrated in larger chromosome segments for one trait
(vield) but in smaller chromosome segments for another
trait (moisture).

The targeted recombination points (i.e., those which
led to the largest gains) differed among the traits (Fig.
2). With x = 1 in the intermated B73 x Mol7 popula-
tion, none of the 10 targeted recombinations for yield
(indicated by green triangles in Fig. 2) were in the same
locations as the targeted recombinations for moisture.
For moisture and for the yield index (which included
moisture as a component), the targeted recombina-
tion on chromosome 10 was the only one in common
between the two traits. This result indicated that if
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Fig. 2. Predicted changes in performance when recombination occurs at different marker intervals in the intermated B73 x Mo17 maize
population. Different chromosomes are indicated by the alternating line colors. Targeted recombination points that led to the highest
yield and yield index and the lowest moisture are shown by the green triangles.

targeted recombination becomes a reality in plants, a
breeder would need to specify a priori how information
on different traits is to be combined in a selection index.
Currently, plant breeders use four approaches to distill
information on multiple traits into a yes-or-no selection
decision (Bernardo, 2010): (i) independent culling, in
which minimum levels of performance are assigned for
each trait; (ii) a formal selection index; (iii) an intuitive
selection index (Hallauer et al., 1988); or (iv) some com-
bination of these three aforementioned approaches. With
nontargeted recombination, a breeder can wait until

the progeny are developed before choosing a method to
combine information on multiple traits. With targeted
recombination, a formal selection index needs to be
specified beforehand because different weights placed on
each trait will result in different targeted recombination
points among the progeny.

For the same trait, the targeted recombination points
differed among crosses (Fig. 3). Consider the contribu-
tion of chromosome 1 to plant height when ND203 is
crossed with five other inbreds, including those with the
lowest RE,, . . (105% for A632 x ND203) and the high-
est RE, Targeted (600% for F2 x ND203). With x = 1 and with
ND203 as a common parent, the predicted plant height
resulting from chromosome 1 was lowest at the following

marker intervals: SNPs 1407 to 1408 with A641, SNPs
2885 to 2886 with A321, SNPs 2895 to 2896 with F2,
SNPs 3964 to 3965 with LH82, and SNPs 4142 to 4143
with A632. These results indicated that generalizations
regarding targeted recombination points cannot be made
even among crosses that share a common parent.

The double recombination points were sometimes
only several markers apart. For yield in the intermated
B73 x Mol7 population, the two targeted recombinations
on chromosome 7 were nine markers (19.6 cM) apart. For
moisture, the two targeted recombinations on chromo-
some 10 were six markers (30.2 cM) apart. There often was
correspondence between the targeted recombination point
with x = 1 and one of the two recombination points with
x = 2. For yield in the intermated B73 x Mol7 popula-
tion, the targeted recombination point with x = 1 was the
same as one of the two recombination points with x =2 on
chromosomes 2, 4, 5, 6, 7, 8, and 10. For the other traits in
the intermated B73 x Mol7 population, the number of tar-
geted recombination points common between x = 1 and x
= 2 was five for the yield index, six for moisture, and eight
each for plant height, lignin, and glucose release.
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Fig. 3. Predicted contribution of chromosome 1 to maize plant height, when recombination occurs at different marker intervals, in
crosses of ND203 to five other inbreds. Targeted recombination points for each cross are shown by the colored triangles beside the

inbred names.

Caveats to Using Genomewide Marker Effects
to Identify Targeted Recombination Points

Identifying targeted recombination points and predict-
ing the resulting genetic gains are predicated on having
good estimates of genomewide marker effects. Theoreti-
cal results (Daetwyler et al., 2008; Lian et al., 2014) and
empirical studies (Lorenzana and Bernardo, 2009; Lian et
al.,, 2014) have shown that prediction accuracy increases as
the size of the training population, trait heritability, and
number of markers increase. A larger number of markers
can increase the resolution of the targeted recombination
points, but increasing the number of SNP loci may lead

to severe multicollinearity between adjacent markers and
to poor estimates of marker effects. Furthermore, major
quantitative trait loci (QTL) were not detected in either
Experiment 1 (Lorenzana et al., 2010) or Experiment 2
(Schaefer and Bernardo, 2013). However, if major genes

or QTL are known to exist in the population, a Bayesian
model (Resende et al., 2012) or a fixed-effects model for
major genes or QTL (Bernardo, 2014a) is probably prefer-
able to the RR-BLUP procedure used in this study.

In phenotypic selection, realized responses are often
smaller than the predicted responses because of genotype
x environment interaction and error in the heritability
estimates (Hallauer and Miranda, 1989). Likewise, the
realized gains from targeted recombination may be less
than the predicted gains because of genotype x environ-
ment interaction and error in the estimates of genome-
wide marker effects. Nevertheless, the large values of
RE, q 10 Table 1 suggest that the realized gains from
targeted recombination will remain substantial.

The use of genomewide marker effects for identify-
ing targeted recombination points relies on the natu-
ral, meiotic recombination that has occurred and that
allowed estimation of the marker effects in the first
place. In other words, the targeted recombination points
identified from genomewide marker effects will only be

in genomic regions where there is sufficient recombina-
tion. In contrast, the targeted recombination points will
not cover any genomic regions where natural recombi-
nation is not observed. In this situation, targeted recom-
bination would serve a different purpose: it would allow
us to discover whether recombination cold spots harbor
unfavorable linkages that need to be broken or favorable
linkages that need to be preserved.

Targeted Recombination as a Breeding Tool

for Quantitative Traits

Plant breeders can currently control much but not all of
the breeding process. Breeders can choose which parents
to cross and which breeding methods, tools, and envi-
ronments to use in determining which progeny to keep.
However, breeders have thus far been unable to control
recombination among linked loci in a given cross. In this
study, the RE| ., values for maize yield and other agro-
nomic traits suggested that an ability to induce one or two
targeted recombinations per chromosome may double the
current selection gains. Developing targeted recombina-
tion technology therefore might be worthwhile, particu-
larly given the concerns that the current rates of increase
in crop productivity are not enough to meet the goal of
doubling global crop production by 2050 (Food and Agri-
culture Organization, 2009; Ray et al., 2013).

Targeted recombination would lead to a most funda-
mental change in the breeding process, as it would shift
breeding for quantitative traits from largely a numbers
game to more of a design approach. Targeted recombina-
tion might conjure images of being able to cherry-pick,
for example, 1000 favorable alleles and quickly assemble
them into a single cultivar. The approach proposed herein
is more realistic and attainable in that the number of tar-
geted recombinations per chromosome (1-2) is the same
number of nontargeted recombinations typically observed
in maize (Smith et al., 2008; Sleper and Bernardo, 2016).
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The Sadhu et al. (2016) CRISPR system for targeted
recombination worked well in yeast. There is interest in
extending the Sadhu et al. system from yeast to multicel-
lular organisms (Offord, 2016), but the feasibility and
efficiency of CRISPR-induced mitotic recombination in
plants remains to be seen. Repair of double-strand breaks
by homologous recombination is known to occur in plant
somatic cells (Schuermann et al., 2005) but the efficiency
of homologous repair differs among plant species and
cell types (Puchta and Fauser, 2014). Even if multiplex
CRISPR systems for inducing homologous recombina-
tion become feasible, protocols need to be developed to
screen for cells that have the targeted recombinations and
to regenerate such cells into whole plants. Furthermore,
although targeted recombination needs to be initially
induced, nontargeted recombination needs to be absent
when doubled haploids are developed from the regener-
ated plants that have the targeted recombinations. The
complexity of the task is acknowledged, and the develop-
ment of workflows for targeted recombination will be a
major undertaking among multidisciplinary teams.

A system for targeted recombination is likely to be
imperfect at the outset, and targeted recombination on
all of the chromosomes might not be possible. If so, a few
chromosomes could be given higher priority than others
for targeted recombination. For yield in the intermated
B73 x Mol7 population, the per-chromosome contribu-
tion (with x = 1 targeted recombination per chromosome)
was lowest for chromosome 4 (73 kg ha™!) and was highest
for chromosomes 1 (306 kg ha™'), 3 (157 kg ha™!), and 5
(150 kg ha™") (Fig. 2). Given the population mean of 8982
kg ha™! (Table 1), targeted recombination only on chro-
mosomes 1, 3, and 5 leads to a predicted yield of 9595 kg
ha™', which is 99.8% of yield of the best line out of the 180
lines (9618 kg ha™!, Table 1) in the intermated B73 x Mol7
population. Targeted recombination on chromosomes 1,
3, and 5, coupled with selection of the best nontargeted
recombinants on the seven remaining chromosomes is
likely to lead to yields that exceed that of the best line with
nontargeted recombination on all 10 maize chromosomes.

Because the technology for targeted recombination
in plants still needs to be developed, initial validation
experiments are likely to rely on the use of traditional
breeding procedures to develop lines with targeted
recombination on one or a few chromosomes at a time.
Among the 600 combinations between the six traits and
10 chromosomes in Experiment 1, a chromosome with
the desired targeted recombination was observed only
once. This lone instance was for glucose release and chro-
mosome 5 of line M0131, which had the Mo17 allele at
SNPs 450 to 524 and the B73 allele at SNPs 525 to 534.
Lines with targeted recombination can be developed
with methods akin to marker-assisted backcrossing (Ber-
nardo, 2014b): the procedure would involve both fore-
ground selection [for the chromosome(s) where targeted
recombination is desired] and background selection (for
a uniform genetic background across the remaining

chromosomes). Selection gains with targeted recombi-
nation on individual chromosomes can then be pooled
across the chromosomes to assess the realized gains.
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