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Abstract Multiple trait integration (MTI) is the
process by which a target hybrid (or variety) is
converted to add value-added traits to the compre-
hensive performance package represented by that
genotype. The goal is to recover all the attributes of
the target hybrid, with the addition of the specified
value-added traits. In maize, this process utilizes the
backcross breeding method to incorporate transgenic
events (or genes) of interest. Thus, MTI involves four
main steps: single event introgression, event pyra-
miding, trait fixation, and version testing to ensure
recovery of equivalent performance with at least one
version of the converted hybrid. Based on a case
study involving conversion of a target hybrid for 15
transgenic events (the female inbred parent was
converted for 8 events, and the male inbred parent
was converted for 7 events), we explored parameters
in version testing to facilitate a high likelihood of
recovering at least one version of the hybrid conver-
sion with yield performance equivalency within 3 %
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of unconverted target hybrid. Using computer sim-
ulation, we explored the impact of two factors on the
success rate of the MTI outcome: (1) the amount of
residual NRP (non-recurrent parent) germplasm
remaining in the converted hybrid and (2) the number
of versions of each parental line conversion created.
A range of residual NRP germplasm from 120 to
180 cM (which represents 95.0-96.6 % germplasm
recovery of the target hybrid in maize) and up to 5
versions of each parental conversion were consid-
ered, with all possible hybrid combinations of each
version of female and male RP (recurrent parent)
conversion evaluated for yield. With 5 versions of
each RP conversion and testing of 25 hybrid versions,
a >95 % rate of success was realized when the
amount of residual NRP germplasm in the hybrid
conversion was <180 cM. When hybrid conversions
contained <120-cM residual NRP germplasm, only 4
versions of one of the parental conversions were
needed (rather than 5), requiring 20 versions of the
hybrid conversion to be yield tested. These results
have implications in the strategic design of an overall
conversion program and for the upstream MTI
process, especially in setting thresholds for the
amount of NRP germplasm remaining in RP conver-
sions. Furthermore, these results validate findings of
(Peng et al. in Mol Breed 33:189-104, 2014a. doi:10.
1007/s11032-013-9936-7, in Mole Breed 33:105-115,
2014b. doi:10.1007/s11032-013-9937-6) which out-
line effective breeding strategies to optimize earlier
steps in MTI (preceding version testing).
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Abbreviations

cM centiMorgan

MTI Multiple trait integration
NRP Non-recurrent parent

QTL Quantitative trait locus (loci)
RP Recurrent parent

RPr  Female recurrent parent

Introduction

Since the commercial release of the first transgenic
crop cultivars in the mid-1990s, the role of genetically
modified (GM) traits in the development of new and
improved cultivars has expanded (Moose and Mumm
2008). Transformation has not only facilitated access
to useful traits not otherwise available through cross-
ing, these value-added traits have been rapidly adopted
by farmers worldwide due to economic and environ-
mental benefits offered (Brookes and Barfoot 2012),
fueling the trend to include more and more GM traits
in new cultivars. Today, new maize hybrids, especially
those developed for North America, generally contain
multiple transgenic events. SmartStax'™ maize
hybrids, for example, feature 8 different transgenes
for various insect resistances and herbicide tolerances
through the incorporation of 4 events (Monsanto
Company 2007). By the year 2030, as many as 15-20
biotech traits may be routinely ‘stacked’ in new corn
hybrids (Fraley 2012).

Multiple trait integration (MTI), the process of
converting a target cultivar for multiple transgenic
events (or other genetic factors) through backcrossing,
is widely practiced in maize and other crops. This
process typically consists of four steps: single event
introgression, event pyramiding, trait fixation, and
version testing which is defined as performance testing
of various versions of a given target hybrid conversion
(see Peng et al. 2014a for a detailed description of each
step). Given the overarching aim of MTI to recover at
least one version of the hybrid conversion with
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equivalent performance to the unconverted target
hybrid along with stable expression of all the value-
added traits, the version testing step is essential to
achieving overall success in this process. If equivalent
performance is not attained in the hybrid conversion,
the product target has not been realized and commer-
cial launch of the value-added cultivar may be delayed
or canceled.

In order to minimize the risk of failure to recover
the target hybrid performance, typically multiple
versions of the parental conversions are generated
(Mumm and Walters 2001). This can be accomplished
through parallel streams of backcrossing that originate
with different BC1 families in single event introgres-
sion. Thus, n versions of each single event conversion
of a given parent line (Fig. 1), each containing the
same transgenic event of interest, are produced.
However, each version reflects a unique distribution
of residual non-recurrent parent (NRP) germplasm
from the trait donor. Versions of the parent line
conversions are crossed in hybrid combination to
produce various versions of the converted target
hybrid, with the number of versions of the hybrid
conversion being equal to the product of number of
versions of the female RP conversion and the number
of versions of the male RP conversion. The versions of
the hybrid conversion are then typically evaluated as
to performance, particularly yield performance, rela-
tive to the unconverted target hybrid to ascertain
performance equivalency. In the converted hybrid
versions, not only is distribution of NRP germplasm
unique in the RP line conversions, the complementar-
ity of the converted RPs is unique which may be
important to the expression of heterosis for grain yield
thought to be based mainly on dominant gene action.

This study builds upon work by (Peng et al. 2014a,
b) to optimize MTI by identifying ‘best’ strategies and
approaches for marker-assisted conversion involving a
number of value-added traits. Whereas previous work
concentrated on single event introgression, event
pyramiding, and trait fixation in MTI, the present
work focuses on version testing and recapturing yield
performance equivalency within a strict range and
with a high degree of probability. Success in version
testing ultimately represents success in the entire MTI
process. Although there have been numerous investi-
gations to optimize breeding strategies in trait intro-
gression (Hospital and Charcosset 1997; Hospital
2001; Visscher et al. 1996; Peng et al. 2014a, b), little
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Fig. 1 Process of generating n versions of a female recurrent
parent (RPg) converted for k events (in this example, n = 5 and
k=8). Tan and blue boxes indicate homozygous and

has been published on the topic of version testing,
despite its role and critical nature in determining the
ultimate outcome of the MTI process.

In this study, we aimed to quantify the effect of the
amount of residual NRP germplasm remaining in the
converted hybrid and the number of versions of each
parental line conversion created on the success rate,
i.e., the probability of recovering at least 1 version of
the hybrid conversion with equivalent performance
with the unconverted target hybrid. Using computer
simulation, the amount of residual NRP germplasm
was varied from 120 to 180 cM (representing
96.6-95.0 % germplasm recovery of the target maize
hybrid) and up to 5 versions of each RP conversion
were produced. In addition, we considered ways to
maximize efficiency in a breeding program by min-
imizing the number of versions of RP conversions to
be created and the number of hybrid versions to be
evaluated.

This present work utilizes a realistic breeding
scenario (Peng et al. 2014a, b) that might be

2" RP; version

5" RPg version

heterozygous states, respectively; red and blue box outlines
signal differences in genetic backgrounds

encountered in the seed industry involving the
conversion of a target maize hybrid for 15 transgenic
events. The breeding scenario assumes that (1) the
transformation line is considered to be related to the
female side of the heterotic pattern, (2) some events
are required on the male side of the target hybrid;
therefore, to balance out the number of events for
introgression into each parent, 8 events will be
introgressed into the female RP and 7 events into the
male RP; (3) all events are new so conversions for each
event are required; (4) events to be combined in a
given RP are not linked genetically; (5) single event
RP conversions containing 8—12 cM or less of NRP
germplasm can be produced, with the caveat that
~1 cM or less of the residual NRP is in the 20-cM
region flanking the event locus (as demonstrated in
Peng et al. 2014a), and (6) hybrid conversions with a
threshold of residual NRP germplasm of no more than
120, 140, 160, or 180 cM can be produced (using 15
single event RP conversions containing 8-12-cM
residual NRP germplasm). Furthermore, we assumed
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that the hybrid targeted for conversion yields an
average of 235.6 bushels per acre (14.79 metric tons
per hectare) and we conservatively designated perfor-
mance equivalency to be within 3 % (i.e., 7.1 bushels
per acre or 0.44 metric tons per hectare).

Materials and methods
Genetic simulation

Computer simulations in this study were conducted in
R statistical software (v2.10.1) (R Development Core
Team 2011). Models of the genome and the MTI
process followed Peng et al. (2014a, b) with two
essential enhancements: representation of genetic
architecture for grain yield (i.e., genes, QTL, and
associated additive and dominance effects) and track-
ing residual NRP germplasm (i.e., size and location of
fragments) remaining after completion of single event
introgression in MTI through the event pyramiding
and trait fixation steps.

The genome model for simulation was constructed
according to the published maize ISU-IBM genetic
map, with a total of 1788 cM (Fu et al. 2006). Events
to be introgressed were assumed to be positioned on
different chromosomes, avoiding issues related to
linkage. That is, the 8 events introgressed into the
female RP were arbitrarily assigned to Chromosomes
1,3,4,5,7,8,9, and 10; and the 7 events introgressed
into the male RP were arbitrarily assigned to Chro-
mosomes 1,2, 3,4, 6,8, and 9. Event placement within
the chromosome was random. Furthermore, events
were assumed to be traceable by a single (perfect)
marker and no genetic variation was considered for the
event expression.

Equivalent performance between the converted and
unconverted target hybrid was based on grain yield,
assumed in our simple model to be controlled by 100
QTL randomly positioned across the genome. Addi-
tive and dominance effects were assigned to QTL in
accord with the method by Sun and Mumm (2015)
based on distributions of additive and dominance
effects derived from meta-analyses of previously
published QTL studies. A QTL was assumed to be a
gene cluster with 5 genes spanning 1 ¢M in total with a
distance of 0.2 cM between genes. All genes and
markers were assumed to be bi-allelic and informative
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(polymorphic between RPs), thus, resulting in a QTL
represented by a multi-allelic haplotype. In the
computer simulation, genetic markers were evenly
spaced across the 10 chromosomes of maize at 0.2-cM
interval (8950 markers in total across the genome) for
use in tracking QTL (and genes) associated with yield.

Modeling heterosis

We further assumed that alternate alleles were fixed on
opposite sides of the heterotic pattern through gener-
ations of selections to maximize heterosis; in other
words, heterosis was assumed to be purely caused by
dominance effects. Prior to introgression, alleles from
male and female side were set to ‘G’ and ‘g,
respectively. However, residual NRP germplasm
resulting from the conversion process may lead to
certain loci with homozygous (e.g., GG or gg) status
instead of heterozygous in the converted hybrid,
particularly in cases where the transformant line used
to generate the event originated from a heterotic group
different than one of the RPs. In our breeding scenario,
all events were assumed to be generated in a female-
type transformant line, so the possibility exists for
male RP conversions to harbor some germplasm from
the female heterotic group.

Although heterosis is primarily explained by two
important theories, dominance and overdominance
(Birchler et al. 2003), in this study we adopted the
suggestions from Edwards et al. (1987) who attributed
QTL overdominance effects detected in maize yield to
the repulsion phase linkage of several genes with
partial dominance. Specifically, additive effects of
genes sampled from the normal distribution with null
mean were automatically assigned positive or negative
sign, indicating random repulsion phase linkages
between genes. The positive mean of dominance
coefficients (i.e., 0.152; see Sun and Mumm 2015) fit
with overall partial dominance gene action and
findings of Kacser and Burns (1981) that dominance
coefficients tend to have a positive direction.

Genotypic values

Equivalent performance between the converted and
unconverted target hybrid was tracked by the geno-
typic value, which was estimated according to Cock-
erham (1954):
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Geno; = Z Uik + V,'kdk, (1)
k=1

where Geno; was the ith individual hybrid and design
elements u; and v, were defined according to the
traditional F',, model as

1 GG 0 GG
uy = 0 Gg and vi=<¢ 1 Gg,
-1 gg 0 g¢

and parameters o;; and d; were additive and domi-
nance effects of kth gene. Additive effects o (o)
defined as the effect of homozygote carrying the allele
from male (female) were drawn from a normal

distribution N (0, 0.0440'2) (per Sun and Mumm

2015), where o, was the phenotypic standard devia-
tion of inbred parents. «j; was used in (1) because
ury = 1 when male allele ‘G’ was homozygous. And
dominance effects, d, were obtained from the product
of homozygous effects (a) defined as half of the
difference between two homozygotes (a = *5%2)
(Falconer and Mackay 1996) and the dominance
coefficients (d/a ratio) which were sampled from a
normal distribution N(0.152,0.392) (per Sun and
Mumm 2015).

The genotypic variance was calculated as follows

N N
VG:VA+VD:ZGik+ZU§k, (2)
k=1 k=1

where N was the number of gene loci, and o7, and o
were additive and dominance variance for kth locus. In
case of the hybrid population derived from two inbred
lines, the allele frequency was 0.5 for all segregating
genes and the additive and dominance variance of a
single locus became ¢ =1a? and a(zl = %dz (Fal-

a

coner and Mackay 1996), leading (2) to

N
1
VA ==X Zai and VD = Z X Zd]% (3)
k=1

N =

Phenotypic hybrid mean and standard deviation

Simulated hybrids were considered to have an
expected mean performance (4standard deviation)
for grain yield of 235.6 (448.1) bushels per acre
[14.79 (£3.02) metric tons per hectare], which was

computed as follows. The target hybrid performance
(H) is a function of mid-parent value and heterosis
which was assumed to be purely caused by dominance
effects. Thus, expected target hybrid performance
E(H) = p, + N x E(d), where u, was the mean of
two inbred parents, N was the number of gene locus
and E(d) was the mean of dominance effect. Given the
distribution of additive effects and dominance coeffi-
cients, E(d) = E(a x %) = E(a)E(¢) = 0.152 x E(a),
where a was the homozygous effect following a
truncated distribution of additive effects, i.e.,

a~ TN (0,0.044 X a]%), with truncation point at 0.

And E(a) = Ofaf(a) zof%e%da = o\/%, where
f(a) was the probability density function of TN and
o was the standard deviation of additive effects, i.e.,
o = +/0.0440,. Mean and standard deviation of inbred
population, 1, and o, were set to 70 and 13 bushels per
acre (4.40 and 0.82 metric tons per hectare), respec-
tively, based on average values of grain yield perfor-
mance of 12 elite inbred lines representing important
heterotic subgroups in US maize commercial germ-
plasm (Mansfield and Mumm, unpublished data).
Given the above values, the expected hybrid was

E(H) =, + N x E(d) =70+ 500 x 0.152 x /2 =

235.6 bushels per acre.
Based on (3), the expected additive and dominance
are E(V4) = 0.5 x 500 x E(a?), and E(Vp) = 0.25%

500 x E(d?) = 125 x E(@)E((4)?), where E(a?) =
E ((“‘;2“2)2) = %E (oc%) (Falconer and Mackay 1996).
Therefore, E(V4) = 125 x 0.044 x 13% = 925.5, and
E(Vp) = 125 x 20413 5 (0392 — 182.2 bushels per
acre. Estimating narrow sense heritability (%) for
grain yield at 0.4, the expected error variance is

E(V.) = 1.5E(V4) — E(Vp) = 1212.1. And the total
phenotypic standard deviation of the hybrid is

vVVa+Vp+V,=48.1 bushels per acre (or 3.02
metric tons per hectare).

Representation of differences between the versions
of a conversion

In this study, we simulated introgression of 15 events

into a target elite hybrid, integrating 8 and 7 events
into female and male inbred parents, respectively.

@ Springer
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Since each version of a RP conversion has at most
8—12 cM of residual NRP remaining in its genome, a
version of the female RP containing all 8 events will
contain at most 64-96-cM residual NRP. The varia-
tions between versions of the RP thus arise from
different distributions of the residual NRP. Note that
the number of versions of each single event RP
conversion was the same as the number of versions of
the multi-event RP conversion, which in this study was
5. We modeled the size and location of NRP fragments
resulting from recombination and selection during
MTI in accordance with the results obtained by Peng
et al. (2014b) as to the amount of residual NRP
germplasm.

The length of residual NRP germplasm segments,
expressed in terms of units of genetic distance (cM), at
the conclusion of single event introgression was
assumed to follow an exponential distribution. Since
the smallest NRP segment was always larger than
zero, we fitted a truncated exponential distribution to
the data. The density for the truncated distribution was

e Je i)
[ dePdy ’

c

P(yi|2) = (4)
where y; was ith observed data, ¢ was the truncation
point, and 4 was the rate. Referring to the previous
introgression results (Peng et al. 2014a, b), the
minimum size of NRP segments in the 20-cM flanking
regions bracketing events was 1 cM (i.e., c = 1). To
draw sample Y from the truncated distribution, we

simply simulated X ~ EXP ()A), where /1 was obtained

by taking the reciprocal of expected genetic length of
non-flanking regions defined as NRP residing outside
of the 20-cM regions flanking the event of interest and
further took ¥ = X + 1.

To represent pyramiding of the single events in a
specific RP, we repeated the above sampling proce-
dure over k times, where k was the total number of
events to be introgressed. The above procedure was
based on assumptions that the introgression of one
event was independent of others and that the pyra-
miding process contributed little to genetic content
shuffling. When introgressing 15 events into the target
hybrid, with 8 events to a female line and 7 events to a
male line, the total amount of residual NRP in a hybrid
conversion was set to a series of values: 180, 160, 140,
and 120 cM, which corresponds to 10, 8.9, 7.8, and
6.7 % proportion on NRP germplasm across the
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genome, respectively. Thus, for each event in the
converted target hybrid, an average of 12, 10.6, 9.3,
and 8 cM, respectively, was associated with each
single event conversion, 1 ¢cM of which was located in
the region flanking the event locus and the rest located
at other genomic locations across the genome. The
1-cM-length fragments in the regions flanking the
event loci were randomly positioned within this
20-cM region in the simulation, and the balance of
the NRP fragments were randomly placed across the
rest of genome in accord with (4). In silico female
(male) inbred versions were thus generated by repeat-
ing the above sampling-positioning procedure ny (1,,)
times, where ng (1) was the number of female (male)
versions. To stay within realistic bounds, the analysis
considered ng(ny) < 5 to find the optimal number of
inbred versions on each pedigree side. Versions of a
target hybrid conversion were created by crossing
ng X nyy versions of the parental conversions,
respectively.

We also examined whether it was possible to
identify the ‘best’ versions of the RP conversions, i.e.,
those not having yield genes indigenous to the target
RP replaced by residual NRP germplasm. Genotypic
values were estimated for the versions of the target
hybrid conversion to provide a ranking of the ‘best’ RP
versions.

This simulation scenario (including creating
genetic map, positioning QTL, modeling genetic
effects, generating versions of the RP conversions,
and estimating genotypic values of versions of the
hybrid conversion) was repeated 1000 times to
calculate the average success rate, which in this study
is the likelihood of covering at least one hybrid
conversion with equivalent performance within 3 %.
To calculate the mean and standard errors of the
success rate, the whole procedure was also repeated
six times.

Results and discussion

Since version testing is the ultimate determination of
the success of the MTI process and the achievement of
a given product (cultivar) target, the ideal success rate
would be 100 %. In this case, the MTI process would,
without fail, result in recovery of at least one version
of the target hybrid conversion with equivalent
performance. In reality, a somewhat lower success
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rate of 95 % might be considered an acceptable and
realistic threshold.

Results of computer simulation indicated that a
>95 % success rate is achievable within the range of
120-180 cM of residual NRP germplasm in the
converted hybrid using >5 versions of the female
and male parent conversions (Table 1). Specifically,
with 5 versions of each parent conversion and
performance testing of all 25 versions of the hybrid
conversion, the success rate ranged from 96.60 to
95.18 %, respectively, as the amount of residual NRP
germplasm increased from 120 to 180 cM in the
converted hybrid. However, as the amount of residual
NRP germplasm in the converted hybrid increased, the
success rate steadily decreased.

In general, the success rate was positively corre-
lated with the number of versions of the RP conversion
(Table 1). Across a range of 120-180 cM of NRP
germplasm remaining in the hybrid, 5 versions of each
parental conversion were associated with a >95 %
success rate (Table 1); 4 versions of each parental
conversion were associated with a <94 % success rate;
and 3 versions of each parental conversion were
associated with a <89 % success rate. In each of these
cases, the success rate assumes that all possible hybrid
combinations of versions of parental conversions were

Table 1 Estimated success rate of recovering >1 version of
the target hybrid conversion with yield equivalency within 3 %
across a range of amounts of residual NRP germplasm in the

evaluated in yield performance trials. In this specific
range of residual NRP germplasm, an approximate
8 % increase in success rate was observed as the
number of parental conversions on each side of the
pedigree was increased from 3-5.

In the particular case of <120-cM NRP germplasm
remaining in the converted hybrid, a >95 % success
rate can be achieved with 5 versions of one parental
conversion and 4 of the other. With 5 versions of the
male parent conversion and 4 versions of the female
parent conversion, the success rate averages 95.05 %;
with 4 versions of the male parent conversion and 5
versions of the female parent conversion, the success
rate averages 95.20 %. Statistically, there is no
difference in these likelihoods of success (given the
magnitude of standard error) despite the fact that 8
events were introgressed into the female parent and
only 7 into the male parent. This was balanced
somewhat by the fact that male conversions are
somewhat riskier given the assumption that the
transformant line used to generate the events was
related to the female heterotic group, meaning that
residual NRP germplasm in the male parent conver-
sion can dilute expression of heterosis in the converted
hybrid. The potential for reduction in the number of
parental versions per conversion has important

hybrid conversion, based on performance testing of all possible
hybrid combinations of various versions of both hybrid parent
conversions

NRP germplasm in Germplasm recovery  Total residual NRP for each single No. female No. male parent
converted hybrid (%) of the target hybrid NRP germplasm event conversion (cM)  parent versions
(%) (cM) versions
3(%) 4 (%) 5 (%)
6.7 96.6 120 8.0 3 88.82 9223 93.68
4 9220 93.73  95.05
5 93.25 9520 96.60
7.8 96.1 140 9.3 3 88.73 9193 9258
4 90.82  93.13  94.67
5 93.05 94.88 95.87
8.9 95.5 160 10.7 3 88.15 90.85 91.92
4 90.70  93.02 9445
5 92.30 94.73 95.32
10 95.0 180 12.0 3 87.13  90.73 91.18
4 90.50 92.57 93.75
5 92.03 93.97 95.18

Values were obtained from 1000 simulations with six repeats. Standard errors of the estimates were 0.56-0.59 %
The relationship between NRP% and Germplasm Recovery% is given by NRP(%) = (100 — GR%) x 2
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implications for resource allocation in the conversion
program. Furthermore, with the reduction in the
number of versions of one parent also comes a
reduction in the number of hybrid combinations to
be yield tested, i.e., performance testing of 20 versions
of the hybrid based on combination of the 4 + 5
versions of the parental conversions.

We explored the potential for reducing the number
of hybrid versions to be tested even further by
identifying a ‘best’ subset of parental versions using
estimated genotypic values. Versions of the converted
hybrid were ranked based on genotypic value to assess
the ‘best’ 3 versions of each RP, i.e., those not having
yield genes indigenous to the target RP replaced by
residual NRP germplasm. However, identifying the
‘best’ 3 versions from up to 5 versions of each parent
and then testing 9 versions of the converted hybrid did
not result in achieving the 95 % success rate threshold
across the range of residual NRP germplasm consid-
ered. Table 2 displays the estimated success rates of
recovering >1 hybrid conversion with yield equiva-
lency within 3 % based on performance testing of 9
hybrid combinations of versions of RP conversions
after selecting the ‘best’ 3 versions of each RP from
the total number of versions created. Looking partic-
ularly at the case involving <120-cM residual NRP

Table 2 Estimated success rate of recovering >1 version of
the target hybrid conversion with yield equivalency within 3 %
based on performance testing of 9 hybrid combinations of
versions of the RP conversions after selecting the ‘best’ 3
versions of each RP from the total number of versions created

Total residual No. female No. male versions

NRP germplasm  versions

(M) 3 (%) 4 (%) 5 (%)

120 3 88.82 90.45 91.62
4 90.42 91.67 92.96
5 91.20 93.11 94.47

140 3 88.73 90.16 90.55
4 89.06 91.08 92.58
5 91.00 92.80 93.76

160 3 88.15 89.10 89.89
4 88.95 90.97 92.37
5 90.27 92.65 93.22

180 3 87.13 88.98 89.18
4 88.75 90.53 91.69
5 90.01 91.90 93.09

Values were obtained from 1000 simulations with six repeats.
The standard errors of estimates were 0.51-0.57 %
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germplasm in the converted hybrid and creation of 5
versions of the female conversion and 4 versions of the
male conversion, when the number of selected
versions based on breeding value are reduced to 3
for each parent, the success rate is 93.11 %, which
falls short of the 95 % threshold by nearly 2 % points.

In general, the success rate dropped approximately
2 % when testing a subset of 9 hybrid versions based
on the 3 versions of each RP ranked highest for
genotypic value. In real life, this reduction could be
even more for a lowly heritable trait like yield since, in
this present study, we used true genotypic value rather
than estimated breeding value to serve as the selection
index. In short, with this approach to cut the number of
hybrid versions tested to 9 in total, not only is the
threshold success rate not achieved but additional
genotyping costs associated with genomic selection
among finished conversions would be incurred in a
conversion program as well. It may be more reason-
able to conduct genomic selection during single event
introgression, which would simply involve a denser
marker set to select for RP germplasm recovery (Peng
et al. 2014a used 100 markers to select for RP
germplasm recovery), not only to identify those
progeny with the least NRP germplasm overall but
to assess the positional effects of NRP fragments in the
genome as well.

In conclusion, version testing is implemented in a
trait integration program to identify at least 1 version
of the target hybrid conversion that satisfies both
requirements of incorporating all the transgenic events
(or genes) of interest and recovering equivalent
performance of the target hybrid. Unless these criteria
are met, the MTI may not achieve commercial reality
and all efforts may have been in vain. While failure
does not generally mean a complete restart, it would
likely result in significant delay of perhaps multiple
years in commercial introduction of the new value-
added cultivar.

Our results highlight the vulnerability and risk level
associated with a conversion program. Even with
reduction of total NRP germplasm in the hybrid
conversion to as little as 6.7 % or less and 5 versions of
each parent conversion and testing of 25 versions of
the converted hybrid with 96.6 % recovery of the
target hybrid germplasm, there is an estimated success
rate of 96.60 %. While this success rate is reasonable,
even encouraging, any room for failure is difficult to
reconcile given the resources and time expended in
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MTI. The importance of strategic design and opti-
mization of a conversion program for greatest effi-
ciency is emphasized.

We used computer simulation to explore and
develop some guidelines and approaches for such a
program. The value of computer simulation in guiding
critical decisions facing the plant breeder is enhanced
if the underlying models such as the genome model
accurately portray real genetic processes and true
genetic architecture (Sun et al. 2011). In the present
study, we used distributions of additive and domi-
nance effects which were derived from meta-analyses
of previously published QTL studies (Sun and Mumm
2015) to update the genome model used to simulate
genetic effects. This aided us in estimating the
positional effects of NRP germplasm remaining in
finished conversions of the target hybrid improved for
15 events relative to recovery of yield performance
equivalency.

These results have implications in the strategic
design of an overall conversion program and for the
upstream MTI process, especially in setting thresholds
for the amount of NRP germplasm remaining in RP
conversions. Our results suggest that such thresholds
for single event introgression are optimal at levels
<(1/k) x 120 cM, where k is the number of events to
be stacked in the target hybrid. Furthermore, these
results validate findings of Peng et al. (2014a, b) which
outline effective breeding strategies to optimize earlier
steps in MTI (preceding version testing).

Acknowledgments This research was supported in part by a
grant from Monsanto Company, St. Louis, MO, USA. In
addition, X. Sun was also supported in his graduate studies as a
Monsanto Fellow in Plant Breeding through a gift of Monsanto
Company to the University of Illinois.

Open Access This article is distributed under the terms of the
Creative Commons Attribution 4.0 International License (http://
creativecommons.org/licenses/by/4.0/), which permits unre-
stricted use, distribution, and reproduction in any medium,
provided you give appropriate credit to the original
author(s) and the source, provide a link to the Creative Com-
mons license, and indicate if changes were made.

References

Birchler JA, Auger DL, Riddle NC (2003) In search of the
molecular basis of heterosis. Plant Cell Online
15(10):2236-2239. doi:10.1105/tpc.151030

Brookes G, Barfoot P (2012) Global impact of biotech crops: envi-
ronmental effects, 1996-2010. GM Crops Food 3(2):129-137

Cockerham CC (1954) An extension of the concept of partitioning
hereditary variance for analysis of covariances among rela-
tives when epistasis is present. Genetics 39:859-882

Development Core Team R (2011) R: a language and environ-
ment for statistical computing. R Foundation for Statistical
Computing, Vienna

Edwards MD, Stuber CW, Wendel JF (1987) Molecular-mar-
ker-facilitated investigations of quantitative-trait loci in
maize. I. Numbers, genomic distribution and types of gene
action. Genetics 116(1):113-125

Falconer DS, Mackay TFC (1996) Introduction to quantitative
genetics. Longman and Company, Essex

Fraley R (2012) A tale of two farms. Food & agricultural com-
munications: the next frontier. University of Illinois agri-
cultural communications symposium, February 17, 2012

FuY, Wen T-J, Ronin YI, Chen HD, Guo L, Mester DI, Yang Y,
Lee M, Korol AB, Ashlock DA, Schnable PS (2006)
Genetic dissection of intermated recombinant inbred lines
using a new genetic map of maize. Genetics 174(3):1671—
1683. doi:10.1534/genetics.106.060376

Hospital F (2001) Size of donor chromosome segments around
introgressed loci and reduction of linkage drag in marker-
assisted backcross programs. Genetics 158(3):1363-1379

Hospital F, Charcosset A (1997) Marker-assisted introgression
of quantitative trait loci. Genetics 147(3):1469-1485

Kacser H, Burns JA (1981) The molecular basis of dominance.
Genetics 97(3—4):639-666

Monsanto Company (2007) Monsanto, Dow AgroSciences
Complete U.S. and Canadian Regulatory Authorizations for
SmartStax Corn; Plans Set to Launch Seed Platform on 3
Million- to 4 Million-Plus Acres. http:/news.monsanto.com/
press-release/monsanto-dow-agrosciences-complete-us-and-
canadian-regulatory-authorizations-smartstax#sthash.
j7yfSCVm.dpuf

Moose SP, Mumm RH (2008) Molecular plant breeding as the
foundation for 2lIst century crop improvement. Plant
Physiol 147:969-977

Mumm RH, Walters DS (2001) Quality control in the devel-
opment of transgenic crop seed products. Crop Sci
41(5):1381-1389

Peng T, Sun X, Mumm R (2014a) Optimized breeding strategies
for multiple trait integration: I. Minimizing linkage drag in
single event introgression. Mol Breeding 33:89-104.
doi:10.1007/s11032-013-9936-7

Peng T, Sun X, Mumm R (2014b) Optimized breeding strategies
for multiple trait integration: II. Process efficiency in event
pyramiding and trait fixation. Mol Breeding 33:105-115.
doi:10.1007/s11032-013-9937-6

Sun X, Mumm RH (2015) Method to represent the distribution
of QTL additive and dominance effects associated with
quantitative traits in computer simulation. BMC Bioinform
(in press)

Sun X, Peng T, Mumm R (2011) The role and basics of com-
puter simulation in support of critical decisions in plant
breeding. Mol Breeding 28(4):421-436. doi:10.1007/
s11032-011-9630-6

Visscher PM, Haley CS, Thompson R (1996) Marker-assisted
introgression in backcross breeding programs. Genetics
144(4):1923-1932

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://dx.doi.org/10.1105/tpc.151030
http://dx.doi.org/10.1534/genetics.106.060376
http://news.monsanto.com/press-release/monsanto-dow-agrosciences-complete-us-and-canadian-regulatory-authorizations-smartstax%23sthash.j7yf5CVm.dpuf
http://news.monsanto.com/press-release/monsanto-dow-agrosciences-complete-us-and-canadian-regulatory-authorizations-smartstax%23sthash.j7yf5CVm.dpuf
http://news.monsanto.com/press-release/monsanto-dow-agrosciences-complete-us-and-canadian-regulatory-authorizations-smartstax%23sthash.j7yf5CVm.dpuf
http://news.monsanto.com/press-release/monsanto-dow-agrosciences-complete-us-and-canadian-regulatory-authorizations-smartstax%23sthash.j7yf5CVm.dpuf
http://dx.doi.org/10.1007/s11032-013-9936-7
http://dx.doi.org/10.1007/s11032-013-9937-6
http://dx.doi.org/10.1007/s11032-011-9630-6
http://dx.doi.org/10.1007/s11032-011-9630-6

	Optimized breeding strategies for multiple trait integration: III. Parameters for success in version testing
	Abstract
	Introduction
	Materials and methods
	Genetic simulation
	Modeling heterosis
	Genotypic values
	Phenotypic hybrid mean and standard deviation
	Representation of differences between the versions of a conversion

	Results and discussion
	Acknowledgments
	References




