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Abstract Biofortification for pro-vitamin A content
(pVAC) of modern maize inbreds and hybrids is a feasible
way to deal with vitamin A deficiency in rural areas in
developing countries. The objective of this study was to
evaluate the probability of success of breeding strategies
when transferring the high pVAC present in donors to elite
modern-adapted lines. For this purpose, a genetic model
was built based on previous genetic studies, and different
selection schemes including phenotypic selection (PS) and
marker-assisted selection (MAS) were simulated and com-
pared. MAS for simultaneously selecting all pVAC genes
and a combined scheme for selecting two major pVAC
genes by MAS followed by ultra performance liquid chro-
matography screening for the remaining genetic variation
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on pVAC were identified as being most effective and cost-
efficient. The two schemes have 83.7 and 84.8% probabili-
ties of achieving a predefined breeding target on pVAC and
adaptation in one breeding cycle under the current breeding
scale. When the breeding scale is increased by making 50%
more crosses, the probability values could reach 94.8 and
95.1% for the two schemes. Under fixed resources, larger
early generation populations with fewer crosses had similar
breeding efficiency to smaller early generation populations
with more crosses. Breeding on a larger scale was more
efficient both genetically and economically. The approach
presented in this study could be used as a general way in
quantifying probability of success and comparing different
breeding schemes in other breeding programs.

Introduction

Vitamin A deficiency has been recognized by the World
Health Organization as a major public health problem that
afflicts more than 100 million people in the developing
world, especially young children and women. HarvestPlus
(http://www .harvestplus.org) is a Challenge Program of the
Consultative Group on International Agricultural Research
(CGIAR) that holds the view that micronutrient malnutri-
tion can be reduced by enhancing the nutrient content of
staple crops through modern breeding technologies. This
approach is referred to as biofortification, a strategy that is
more sustainable and cost-efficient compared with the
traditional nutrition interventions such as supplementation,
food fortification, and dietary diversification (Pfeiffer and
McClafferty 2007; Bouis and Welch 2010).

Maize is a model cereal crop for developing strategies to
solve global micronutrient deficiencies, showing promise for
pro-vitamin A biofortification (Wurtzel 2010). It is a staple
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food for more than one billion people in sub-Saharan Africa
and Latin America, and exhibits a broad range of genetic
variation for pVAC (Kurilich and Juvik 1999; Egesel et al.
2003; Chander et al. 2008b; Menkir et al. 2008). However,
most modern elite-adapted maize inbreds and hybrids have
low levels of pVAC (i.e., 1-2 pg/g), compared with some
donor parents, whose pVAC can reach 10 pg/g (Pfeiffer and
McClafferty 2007; Pixley et al. 2010). High performance lig-
uid chromatography (HPLC) is currently used for testing
pVAC in maize grain (Weber 1987); however, it is expen-
sive and time-consuming, which makes it impossible to
apply in the large-scale selection of early-generation breed-
ing lines. Less expensive and high-throughput methods such
as near infrared reflectance (Brenna and Bernardo 2004;
Tallada et al. 2009) and ultra performance liquid chromatog-
raphy (UPLC) are being developed for the large-scale
screening of pVAC. The precision of these methods is usually
lower compared with HPLC.

Progress in developing saturated genetic maps and quan-
titative trait loci (QTL) mapping methods (Bernardo 2002;
Li et al. 2007a) has led to the intensive use of QTL map-
ping in various segregating populations to study the genetic
control of carotenoids in maize grain (Wong et al. 2004;
Chander etal. 2008a). Major genes with large genetic
effects (i.e., crtRBI and LcyE), have been identified and
confirmed across different populations (Harjes et al. 2008;
Yan et al. 2010). Though biochemical regulation of carot-
enoid biosynthesis in maize endosperm has not yet been
fully characterized, key genes encoding major structural
enzymes that synthesize and regulate carotenoids have been
isolated, characterized and cloned (Buckner et al. 1990; Li
etal. 1996, 2007b; Sun et al. 1996; Tian and DellaPenna
2001; Bai et al. 2009). These genetic studies provide not
only a better understanding of the genetic control of carote-
noids in maize grain, but also the opportunity to use
marker-assisted selection (MAS) to enhance expression of
the trait through breeding (Bouis and Welch 2010).

Micronutrients have not been the major target traits of
modern maize breeding. Most genetic materials rich in the
favored micronutrients are usually poorly adapted and
show poor agronomic performance, whereas most elite-
adapted maize inbreds and hybrids have low micronutrient
content. Our objective in this study was to simulate breed-
ing strategies for transferring high pVAC from donor
parental lines to elite-adapted lines. Specifically, we tried to
answer questions relevant to pVAC improvement in maize
breeding. For example, based on breeders’ current knowl-
edge of the genetic structure of pVAC and of parental lines,
can a target concentration for pVAC in maize grain be
achieved in just one breeding cycle? What are the most
efficient breeding strategies for achieving this target? How
would the probability of success change if the investment in
maize breeding were increased?

@ Springer

Materials and methods
The hybrid breeding simulation tool of QuHybrid

As a genetic and breeding simulation tool based on the
QU-GENE platform (Podlich and Cooper 1998), QuLine is
capable of simulating most breeding methods for selecting
fixed lines as cultivars (Wang et al. 2003, 2004). Breeding
methods that can be simulated in QuLine include mass
selection, pedigree breeding (including single seed
descent), bulk population breeding, backcross breeding,
topcross (or three-way cross) breeding, doubled haploid
breeding, MAS, and combinations and modifications of
these methods. QuHybrid was developed to simulate breed-
ing programs for selecting hybrids as cultivars. While
retaining most QuLine functionalities, QuHybrid is able to
make testcross and hybrid performance predictions; it is
thus possible to simulate the hybrid breeding program and
optimize the hybrid breeding strategy. Both breeding simu-
lation tools are freely available from http://www.uq.edu.au/
Icafs/qugene/.

Genetic models used in simulation

We considered a genome of ten chromosomes, similar to
the maize genome. Two traits were defined, one for pVAC
in maize grain, and the other for field adaptation. Based on
previous genetic studies (Wong et al. 2004; Chander et al.
2008a; Harjes et al. 2008; Yan et al. 2010), four additive
genes, distributed on four chromosomes, were assumed to
control pVAC (Table 1). The total additive effect of these
genes was 7.5 ng/g and the mid-parent value of pVAC was
7.5 ng/g. Therefore, the maximum pVAC value was 15 pg/g
when all favorable alleles were present in one individual,
and the minimum value was 0. Each pVAC gene was com-
pletely linked with a co-dominant molecular marker, which
allows selecting a gene through its linked marker. When
there is no closely linked marker, the use of two flanking
markers can also assure the selection of the target gene
(Wang et al. 2007). The broad-sense heritability of pVAC
at the individual plant level was set at 0.4 when pVAC was
tested by UPLC, which is faster and less expensive than
HPLC, but also less precise. Heritability was 0.8 when
pVAC was tested by HPLC (Weber 1987), which is time-
consuming, expensive, but more precise (Table 1).
Adaptation in this study was defined as an integrated
index of various breeding target traits (other than pVAC),
such as maturity, plant height, yield and yield components,
and resistance or tolerance to biotic and abiotic stresses.
Adaptation was used to evaluate whether the final selected
lines had similar or improved agronomic traits, compared
with the initial adapted lines. Heritability at the individual
plant level was set at 0.2 for adaptation (Hallauer 2007).
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Table 1 Four pVAC genes, their additive effects and explained
phenotypic variances (PVE), and genotypes in the donor and adapted
parents

Locus Additive PVE (%) Donor Adapted
effect parent®  parent”
(nglg) H=0.8" H=04"

pVACI  2.28 0.28 0.14 AA aa

pVAC2  2.28 0.28 0.14 BB bb

pVAC3 1.72 0.16 0.08 cc cC

pVAC4  1.22 0.08 0.04 DD dd

% H represents the broad-sense heritability. H=0.4 indicates that
pVAC was tested by UPLC, and 0.8 indicates that pV AC was tested by
HPLC

® A-a, B-b, C—c, and D—d are the two alleles at the four pVAC loci,
respectively. Three favorable alleles, i.e., A, B and D, exist in the donor
population, and one favorable allele, i.e., C, exists in the adapted pop-
ulation

It was assumed that adaptation was controlled by a total of
100 genes evenly distributed on the ten chromosomes; the
additive effect of each gene was 0.5. The maximum value
for adaptation was 100 when all favorable alleles were
fixed in one genotype.

We generated three populations, representing adapted,
donor, and tester lines, respectively. The adapted population
consisted of 40 modern elite inbred lines, where the fre-
quency of favorable adaptation alleles was 0.90. Of the four
favorable alleles, the one at locus pVAC3 was present in the
adapted population (Table 1). Thus, the average genotypic
values were 90 for adaptation and 3.44 ng/g for pVAC.
There were ten inbred lines in the donor population, where
the frequency of favorable adaptation alleles was 0.60.
Favorable alleles at pVACI, pVAC2 and pVAC4 were pres-
ent in this population (Table 1). Thus, the average genotypic
values were 60 for adaptation and 11.56 pg/g for pVAC.
The tester population consisted of one inbred line, where the
frequency of favorable adaptation alleles was assumed at
0.80, and all favorable alleles for pVAC were absent. Thus,
the average genotypic values were 80 for adaptation and
zero for pVAC. We understand that different testers may
result in varied combining abilities of the final selected lines.
The choice of suitable testers maximizing the genetic gain
on hybrid performance was not the topic of this study. Also
as the study is looking at pyramiding of additive QTL, the
choice of tester is not relevant here. Therefore, we did not
include results from other potential testers.

Breeding strategies used in simulation

The breeding target is to select inbred lines whose pVAC is
>11.5 pg/g and whose adaption is >90 (or no worse than
that of current inbred lines) after one breeding cycle. A
breeding cycle begins with crossing and ends when the

selected advanced lines are almost fixed. The pVAC breed-
ing program being implemented at CIMMYT currently
makes 40 crosses, and generates 600 BC,F, individuals for
each cross every year (Fig. 1; Table 2). Screening for adap-
tation (including disease resistance, maturity, yield, etc.) is
conducted based on the field performance at all generations
except BCF; and BCF,, where selection is based on test-
cross performance. For testcross selection, each BC F,,
family is crossed with the tester line, and top families, i.e.,
those with the best testcross performance in the field, are
selected. Each selected family is harvested in bulk to form
BC,F, for the next generation (Fig. 1). Testcross selection
is performed once again in BC,Fy to choose the best fami-
lies with superior combining ability. Final retained lines are
tested in the BCF; generation by HPLC to confirm
whether the target of pVAC >11.5 has been met after one
cycle of breeding (Fig. 1). The procedure described above
is similar to the single backcrossing breeding strategy used
in CIMMYT’s wheat breeding programs (Wang et al.
2009a).

After selecting for adaptation, pVAC could be selected
in the BC,F, and BC/F, generations as well, using the self-
pollinated seeds of individual plants (Fig. 1). Two pheno-
typic selection (PS) schemes were simulated by considering
two methods for measuring pVAC, i.e., UPLC and HPLC
(Table 3). Hypothetically, MAS can be conducted for the
four pVAC genes (i.e. MAS4 in Table 3), as follows. In the
BC,F, generation, individuals homozygous for pVAC3, and
heterozygous for pVACI, pVAC2 and pVAC4, were
selected. The total proportion for selecting pVAC in the
BC,F, generation was estimated at 0.5*=0.0625, as the
selected proportion was 0.5 for each of the four selected
loci assuming no segregation distortion. It should be noted
that the favorable allele at pVAC3 was fixed in the BC,F,
generation. In the BC|F, generation, individuals homozy-
gous for pVACI, pVAC2 and pVAC4 were selected so as to
fix the four pVAC alleles. The total proportion for selecting
pVAC in the BC/F, generation was estimated at
0.25% = 0.015625, as the selected proportion was 0.25 for
each of the three selected loci. Segregation distortion for
pVAC markers may be observed in practical breeding pop-
ulation, but was not considered in this simulation study.

When MAS is applied for all four pVAC genes, i.e. MAS4,
no PS on pVAC is needed since the four genes explain all the
genetic variation for pVAC. For comparison, MAS for fewer
genes was also considered (Table 3). For example, MAS was
conducted only for the largest-effect genes, and PS was con-
ducted for selecting other genes. MASI + UPLC and
MASI + HPLC were the two schemes in which the largest-
effect pVAC gene was selected by MAS, and the other three
were selected by the UPLC and HPLC phenotyping test,
respectively (Table 3). Similarly, MAS2+ UPLC and
MAS?2 + HPLC were the two schemes where the two largest-
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Season

A

B

Planting, selection and harvest details

40 single crosses randomly made between 40 adapted and 10 donor parents

40 F1s backcrossed with their adapted parents, and 200 seeds harvested in bulk for
each family

40 BC1F1 families planted, each of 200 individuals
32 BC1F1 families are selected based on family mean of adaptation
For each retained family, 100 individuals are selected on adaptation in the field, and
harvested individually. Among the 100 selected individuals, 6 are selected by pVAC
tested on self pollinated seeds. Seeds from the 6 selected individuals were bulked.

32 BC1F2 families planted, each of 600 individuals
16 BC1F2 families are selected based on family mean of adaptation
For each retained family, 300 individuals are selected on adaption in the field, and
harvested individually. Among the 300 selected individuals, 5 are selected by pVAC

Generation
Adpated x Donor

F1

!

BC1F1

BC1F2

tested on self pollinated seeds.

A 80 BC1F3 families planted, each of 40 individuals BC1F3

40 BC1F3 families are selected on family mean of adaptation
For each retained family, 4 individuals are selected on adaption in the field, and
harvested individually. In the meantime, testcrosses are made on the 160 selected
individuals, resulting in 160 testcross families.

B 160 testcross families in multi-location trials, each of 20 individuals in each location
32 testcross families are selected based on their testcrosses performance, and their
corresponding BC1F3 seeds are advanced to BC1F4.

Testcross

A 32 BC1F4 families planted, each of 20 individuals BC1F4

6 BC1F4 families are selected based on family mean of adaptation
For each retained family, 4 individuals are selected on adaption in the field, and
harvested individually.

v

B 24 BC1F5 families planted, each of 20 individuals BC1F5

5 BC1F5 families are selected based on family mean of adaptation
For each retained family, 4 individuals are selected based on adaption in the field,
and harvested individually.

v

A 20 BC1F6 families planted, each of 10 individuals BC1F6

4 BC1F6 families are selected based on family mean of adaptation
For each retained family, 2 individuals are selected on adaption in the field and
harvested in bulk. In the meantime, testcrosses are made on the 4 families.

B 4 testcross families in multi-location trials, each of 20 individuals in each location
2 families are selected based on their testcrosses performance, and their
corresponding BC1F6 seeds are advanced to BC1F7.

Testcross

Lines with adaption > 90 and pVAC > 11.5 pg/g determined

v
BC1F7

Fig. 1 Flowchart of the breeding strategy currently used at CIMMYT for improving pVAC. Forty crosses are made, 600 BC,F, individuals from
each cross are grown, and pVAC is tested by UPLC in early generations, and by HPLC in late generations

effect pVAC genes were selected by MAS, and
MAS3 + UPLC and MAS3 + HPLC were the two schemes
where the three largest-effect pVAC genes were selected by
MAS. Varied proportions of PS on pVAC were used to make
sure each selection scheme had similar selection intensity.

Breeding scales and the evaluation of genetic gain and cost

Two factors were considered in defining the breeding scale:
(1) number of crosses, and (2) BC,F, population size of
each cross. There were four levels for the number of
crosses (i.e., 40, 60, 80 and 100), and five levels for BC,F,
population size (i.e., 400, 600, 800, 1,000 and 1,200), rep-
resenting various operational scales or investments. In total,

@ Springer

we simulated 20 breeding scales and 9 selection schemes
(Table 4). QuHybrid was used to simulate the breeding pro-
cedure. One thousand runs were repeated for each strategy,
from which the probability of success was calculated. By
success we mean that at least one target line was selected at
the end of one breeding cycle. In the cost-benefit analysis,
we assume that it costs $2 to grow one maize plant, to make
one single cross, backcross or self-pollination; $5 to acquire
one marker data point; and $20 to test pVAC by UPLC and
$50 to test pVAC by HPLC in one sample (Pfeiffer and
McClafferty 2007). The calculation of cost in each breeding
generation for selection scheme HPLC is given in detail in
the last column in Table 2. Total cost of each scheme was
given in Table 4. As expected, the use of HPLC in selecting
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Table 2 Flowchart of the breeding strategy used at CIMMYT for improving pVAC, where 40 crosses are made, 600 BC,F, individuals from each
cross are grown, and pVAC is tested by HPLC

Generation Seed propagation® Generation Families Family size Among family Within family Cost ($)¢
advance® selection® selection®
Adaptation pVAC
Parents Selfing Bulk 50 10 1.0 1.0 1.0 1,080
F1 Hand pollination Bulk 40 10 1.0 1.0 1.0 880
BCI1F1 Backcrossing Bulk 40 200 0.8 0.5 0.0625 182,400
BCIF2 Selfing Pedigree 32 600 0.5 0.5 0.015625 288,000
BC1F3 Selfing Pedigree 80 40 0.5 0.1 1.0 6,720
BCIF3T Testcross Bulk 160 20 0.2 1.0 1.0 6,400
BC1F4 Selfing Pedigree 32 20 0.2 0.2 1.0 1,328
BCIF5 Selfing Pedigree 24 20 0.2 0.2 1.0 1,000
BC1F6 Selfing Bulk 20 10 0.2 0.2 1.0 408
BCI1F6T Testcross Bulk 4 20 0.5 1.0 1.0 160
BC1F7 Selfing Bulk 2 10 140

# Seed propagation specifies how the seed is formed for the next generation. Available methods in QuHybrid are testcross, clone, selfing, random
mating, backcross, topcross, doubled haploids, and noselfing (random mating but selfing pollination avoided)

b There are two options in QuHybrid for generation advanced method, one is pedigree and the other is bulk. When pedigree is used, each selected
individual will form a family in the next generation. When bulk is used, all selected individuals in a family will be harvested in bulk and form one
family in the next generation

¢ For among family selection, the number for each generation is the proportion of families to be selected. For within family selection, the two
numbers for each generation are proportions of individuals to be selected on field adaptation and on pVAC

4 We assumed the cost was $2 to grow one maize plant, to make one single cross, backcross or self-pollination, $5 to acquire one marker data
point, and $20 to test pVAC by UPLC and $50 by HPLC in one sample

Table 3 Genotypes to be selected by markers and proportions in phenotypic selection (PS) on pVAC in two generations

Selection scheme? BCF, BC/F,

Genotypes
to be selected

Proportion
to be selected in PS

Genotypes
to be selected

Proportion
to be selected in PS

PS N.A. 0.0625 N.A. 0.015625
MAS4 Aa Bb CC Dd N.A. AA BB DD N.A.
MASI + PS Aa 0.125 AA 0.0625
MAS2 + PS Aa Bb 0.25 AA BB 0.25
MAS3 + PS Aa Bb Dd 0.5 AA BB DD N.A.

4 PS represents only phenotypic selection was conducted for pVAC, which can be based on either UPLC or HPLC. MAS4 represents all four pVAC
genes were selected by markers and no phenotypic selection on pVAC was conducted. MASI + PS represents that pVACI was selected by its asso-
ciated marker and the remaining variation by phenotypic selection. MAS2 + PS represents that pVACI and pVAC?2 were selected by markers and
the remaining variation by phenotypic selection. MAS3 + PS represents that pVACI, pVAC2 and pVAC3 were selected by markers and the remain-
ing variation by phenotypic selection

pVAC is most expensive. In comparison, UPLC and MAS
greatly reduce the cost to run the breeding program.

>90 is selected after one breeding cycle. Probability of suc-
cess values for the nine selection schemes and 20 breeding
scales are presented in Table 5. Great differences can be
observed for the nine schemes on a fixed breeding scale,
indicating the importance of choosing appropriate selection
schemes in breeding. Due to the high precision of HPLC in

Results

Comparison of selection schemes by probability of success

A selection scheme is successful if at least one maize
inbred line whose pVAC is >11.5 pg/g and adaptation is

pVAC testing, PS based on HPLC has much higher proba-
bility of success than PS based on UPLC, indicating the
importance of high phenotyping precision in selection.
When the four pVAC genes have molecular markers that
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Table 4 Cost (in K$) of each breeding scheme in simulation

Number Segregating Selection scheme
of crosses population size
UPLC HPLC MAS4 MASIT + MAS2 + MAS3 + MASI + MAS2 + MAS3 +
UPLC UPLC UPLC HPLC HPLC HPLC

40% 400 194.1 386.1 178.1 146.1 150.1 170.1 218.1 180.1 182.1
600" 248.6 488.6 224.6 184.6 190.6 216.6 268.6 223.6 228.6
800 300.0 588.0 268.0 220.0 228.0 260.0 316.0 264.0 272.0
1,000 354.3 690.3 314.3 258.3 268.3 306.3 366.3 307.3 318.3
1,200 405.9 789.9 357.9 293.9 305.9 349.9 4139 347.9 361.9

60 400 290.8 578.8 266.8 218.8 224.8 254.8 326.8 269.8 272.8
600 372.5 732.5 336.5 276.5 285.5 324.5 402.5 335.0 342.5
800 449.6 881.6 401.6 329.6 341.6 389.6 473.6 395.6 407.6
1,000 531.1 1035.1 471.1 387.1 402.1 459.1 549.1 460.6 477.1
1,200 608.0 1184.0 536.0 440.0 458.0 524.0 620.0 521.0 542.0

80 400 387.3 771.3 355.3 291.3 299.3 339.3 4353 359.3 363.3
600 496.3 976.3 448.3 368.3 380.3 4323 536.3 446.3 456.3
800 598.7 1174.7 534.7 438.7 454.7 518.7 630.7 526.7 542.7
1,000 707.7 1379.7 627.7 515.7 535.7 611.7 731.7 613.7 635.7
1,200 810.2 1578.2 714.2 586.2 610.2 698.2 826.2 694.2 722.2

100 400 483.9 963.9 4439 363.9 373.9 4239 543.9 448.9 4539
600 620.1 1220.1 560.1 460.1 475.1 540.1 670.1 557.6 570.1
800 748.2 1468.2 668.2 548.2 568.2 648.2 788.2 658.2 678.2
1,000 884.7 17247 784.7 644.7 669.7 764.7 914.7 767.2 794.7
1,200 1012.7 1972.7 892.7 7327 762.7 872.7 1032.7 867.7 902.7

# Underlined values represent the number of crosses and segregating population size currently used in CIMMYT

are completely linked, MAS for all pVAC genes shows the
highest probability of success among all schemes. There are
other combined MAS/PS schemes between PS + UPLC and
MAS4, but the difference between MAS2 + PS and MAS4 or
MAS3 + PS and MAS4 is minor.

Effect of an increased breeding scale

For the current breeding scale (number of crosses = 40 and
BC,F, population size = 600), probability of success is
43.7% when PS for pVAC is based on UPLC, and 73.8%
when PS is based on HPLC (Table 5). When the four
pVAC genes have molecular markers that are completely
linked, MAS for all pVAC genes shows a probability of
success of 83.7%. Other combined MAS/PS schemes have
probability of success between 60.0 and 84.8%. Thus, there
is still a risk that the breeding target will be missed using
the current breeding scale.

If the number of crosses stays at 40, but the size of the
BCIF2 generation doubles, ie., BC,F, population
size = 1,200, PS based on HPLC will have a greater than
90% probability of achieving the breeding target, and
MAS4 will have a probability above to 95% (Table 5). The
risk of missing the breeding target is greatly reduced by the
increase in breeding population size. A comparable
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increase in breeding scale can also be achieved by doubling
the number of crosses. When the number of crosses is dou-
bled, i.e., number of crosses of 80, but the size of BC1F2
stays at 600, each selection scheme shows similar probabil-
ity of success as that of the breeding scale number of
crosses of 40 and BC,F, population size of 1,200 (Table 5).
Thus, the risk can also be reduced by increasing the number
of crosses as well.

In Table 5, similar probability of success can be
observed for the same breeding scale. For example, number
of crosses = 40 and BC,F, population size = 1,200, number
of crosses = 60 and BC,F, population size = 800, and num-
ber of crosses = 80 and BC,F, population size = 600 have
similar probability of success no matter which scheme is
used. Therefore, increasing the number of crosses or the
increasing the segregating population size can increase the
probability of success significantly.

Cost and benefit analysis

Different selection schemes have different breeding costs,
from which the cost of selecting one target line can also be
calculated. The cost of selecting one target line is defined in
this study as the ratio of the breeding cost in one cycle to
the number of target inbred lines selected at the end of the
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Table S Probability of success (%) when number of crosses was equal to 40, 60, 80, and 100, and BC,F, population size was equal to 400, 600,

800, 1,000, and 1,200

Number Segregating Selection scheme
of crosses population size
UPLC HPLC MAS4 MASI + MAS2 + MAS3 + MASI + MAS2 + MAS3 +
UPLC UPLC UPLC HPLC HPLC HPLC

40° 400 28.3 50.5 62.8 38.7 54.5 56.6 56.4 56.8 60.4
600" 437 73.8 83.7 60.0 81.6 82.5 76.5 84.8 82.4
800 56.2 86.3 93.1 70.2 91.0 89.8 90.4 92.9 91.7
1,000 64.2 88.5 96.6 74.1 92.6 93.0 91.9 94.0 93.4
1,200 66.9 94.3 96.5 80.1 95.7 96.3 96.1 97.4 96.7

60 400 48.3 76.2 85.4 56.6 80.3 81.7 80.9 84.8 82.1
600 58.0 87.3 94.8 72.3 91.9 92.8 91.5 95.1 922
800 68.2 93.7 97.3 83.1 96.3 95.3 97.6 97.2 95.2
1,000 79.1 97.1 99.0 88.8 98.2 98.2 98.6 99.4 98.3
1,200 82.5 98.3 99.9 91.2 99.4 99.6 98.8 99.6 99.2

80 400 56.3 87.4 93.2 67.8 89.7 89.7 89.0 93.1 90.3
600 68.7 94.3 97.1 78.5 96.2 95.4 94.5 97.5 95.9
800 74.3 97.1 99.4 86.4 98.2 98.3 97.8 99.1 98.9
1,000 83.8 99.0 99.8 92.1 98.7 99.3 99.2 99.6 99.5
1,200 86.9 99.0 99.9 93.1 99.7 100.0 99.7 100.0 99.7

100 400 58.0 89.1 97.1 72.9 93.2 94.0 92.0 95.0 94.3
600 76.2 97.4 99.4 87.6 98.4 97.8 97.9 99.2 98.9
800 83.9 99.1 99.9 93.2 99.1 99.7 99.6 99.7 99.7
1,000 92.6 99.9 100.0 96.0 100.0 99.9 99.5 100.0 99.9
1,200 92.4 99.9 100.0 97.3 100.0 100.0 99.7 100.0 100.0

# Underlined values represent the number of crosses and segregating population size currently used in CIMMYT

breeding cycle; this is a suitable index for measuring the
cost-efficiency of a selection scheme (Fig. 2). For a certain
breeding scale, the selection scheme with higher probability
of success is generally more cost-efficient as well (Fig. 2).
The cost of selecting one target line for MAS4 is similar to
the cost of selecting one target line for MAS2 and one for
MAS3 (MAS4 not shown in Fig. 2), regardless of whether
UPLC or HPLC is used in PS for pVAC. Breeding with
larger scales not only resulted in higher probability of suc-
cess (Table 5) but also was more cost-efficient. A clear
trend is evident, i.e., that a large breeding scale decreases
the cost of selecting one target line, regardless whether
HPLC (Fig. 2a) or UPLC (Fig. 2b) is used in PS for pVAC.

Scheme MAS2 + UPLC was identified as being most
cost-efficient (Fig. 2). When the number of crosses of 60
and selection scheme MAS2 + HPLC were applied, the cost
of selecting one target line decreased from $215k to $138k,
as BC,F, population size increased from 400 to 1,200. In
comparison, when selection scheme MAS2 + UPLC was
applied, the cost decreased from $190k to $130k, as
BC,F, population size increased from 400 to 1,200 (Fig. 3).
Though more efficient genetically, PS based on HPLC is
less cost-efficient compared with PS based on UPLC
(Fig. 3).

Robustness of the genetic and population models

Computer simulation greatly facilitates the comparison of a
large number of possible crossing and selection scenarios in
breeding. However, simulation results may always depend
on the genetic models used. From previous genetic studies,
it is generally accepted that pVAC has a fairly simple
genetic architecture controlled by a few additive genes.
Adaptation was considered in this study as a combined trait
that may be controlled by many genes having complicated
genetic actions. To validate the simulation results in this
study, we built one other adaption model that included both
major and minor genes. Four major genes were considered,
each having an effect of five on adaptation, which is ten
times the effect in the previous model. Each major gene was
linked with a pVAC gene. For this genetic model, the prob-
abilities of successful results for all selection schemes are
shown in Table 6. These results are not exactly the same as
the results in Table 5, but major observations remain
unchanged. To give a few examples, PS based on HPLC
resulted in higher probability of success than PS based on
UPLC; scheme MAS4 was most efficient based on the num-
ber of selected target lines; combined MAS for two or three
pVAC genes and PS were as efficient as MAS4; doubling
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used to test the value of pVAC in phenotypic selection. Results of
scheme MAS4 are almost identical to those of MAS3 + PS, and there-
fore are not shown
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Fig. 3 Cost of selecting one target line when the two largest pVAC
genes were selected by their associated markers and the remaining ge-
netic variation on pVAC was selected by HPLC and UPLC. The num-

the current breeding scale can assure a probability of suc-
cess close to 90%; and the increase in number of crosses
had similar consequence as the increase in BC,F, popula-
tion size under a fixed breeding scale (Table 6).

In the present study, adaptation in donor parents was
assumed to be 60. However, donors with favorable pVAC
may have lower levels of adaptation if they come from
more ancient maize germplasm. Additional simulations
were conducted assuming the adaptation of donor parents
was only 40 (Table 7). As expected, probability of success
for all selection schemes in Table 7 were lower than proba-
bility of success in Table 5, indicating that it is more diffi-
cult to achieve the breeding target when donors are less
adapted. In this case, if the breeding scale is increased to
number of crosses = 60 and BC,F, population size = 1,200,
or to number of crosses=80 and BC;F, population
size = 800, the selection scheme can still be identified to
make sure that the breeding target will be achieved with a
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ber of crosses was equal to 40, 60, 80, and 100, and the BC,F,
population size was equal to 400, 600, 800, 1,000, and 1,200

probability of around 90% (Table 7). When the donors have
an even lower adaptation, one may want to consider the two
times backcrossing strategy (Wang et al. 2009a). Another
option may be to adopt two cycles of the improvement
strategy without significantly increasing the breeding scale.
In the first cycle, the breeding target is to achieve the high
level of pVAC (i.e., pVAC > 11.5 pg/g) and improved
adaptation (i.e., adaptation > 60). In the second cycle, the
breeding target is to achieve pVAC > 11.5 pg/g and adap-
tation >90.

Discussion

Computer simulation makes it possible to evaluate the
efficiency of breeding strategies both genetically and eco-
nomically. Under the current investment, available genetic
materials and existing breeding method, how likely can a
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Table 6 Probability of success (%) in a genetic model including large-effect adaptation genes, and linkage between major adaptation genes and

pVAC genes

Number Segregating Selection scheme

of crosses population size

UPLC HPLC MAS4 MASI + MAS2 + MAS3 + MASI + MAS2 + MAS3 +
UPLC UPLC UPLC HPLC HPLC HPLC

40° 400 7.9 13.3 52.1 27.7 558 59.5 44.6 56.5 60.5
600* 13.9 22.8 52.7 41.0 65.0 65.2 62.6 66.3 67.5
800 19.8 29.7 69.6 553 80.1 76.4 76.5 82.8 80.5
1,000 18.1 29.7 79.6 59.0 86.1 86.2 83.0 88.8 86.5
1,200 24.1 35.1 87.3 65.7 90.1 89.5 86.1 91.4 88.9

60 400 13.7 17.0 55.4 37.8 63.9 66.9 59.8 68.3 68.8
600 17.2 22.8 74.8 55.3 82.5 84.5 79.9 87.4 85.8
800 19.7 28.5 87.7 64.9 89.8 93.6 85.0 92.1 94.3
1,000 25.4 353 92.4 68.5 93.5 92.8 90.1 94.4 93.1
1,200 27.4 36.7 94.2 78.3 96.4 96.7 94.8 97.1 96.7

80 400 18.4 26.6 69.7 51.2 81.1 85.2 74.6 82.2 84.6
600 22.8 333 88.6 62.7 90.3 91.5 84.9 90.8 922
800 28.8 40.4 92.6 71.5 94.7 95.6 92.1 94.7 96.6
1,000 347 46.4 95.0 78.5 97.0 97.4 96.4 97.5 97.2
1,200 35.7 45.6 98.2 85.3 97.9 98.6 97.5 98.8 98.6

100 400 17.8 26.9 83.2 60.1 88.8 91.1 82.5 91.3 93.3
600 27.2 39.5 922 71.6 94.4 94.3 90.3 96.1 95.6
800 32.0 443 96.0 79.8 97.3 97.8 95.7 97.6 98.0
1,000 433 56.3 98.7 86.2 99.2 99.3 971 98.4 99.4
1,200 423 57.3 99.5 90.4 99.7 99.7 99.1 100.0 99.8

# Underlined values represent the number of crosses and segregating population size currently used in CIMMYT

breeding target be achieved? How much could the probabil-
ity of success be increased if we increase the breeding effort
and investment? These questions can be properly investi-
gated by simulation. Though breeding scheme used for the
micronutrient breeding activities in CIMMYT was applied
as an example, other breeding methods can be simulated
and then optimized by applied simulation tools QuLine and
QuHybrid as well. Modified pedigree and bulk breeding
strategy simulated in this study has been widely used in
CIMMYT, not only by maize breeders but also by wheat
breeders. This methodology is more cost-efficient than the
traditional pedigree breeding and has proved to be very suc-
cessful (Wang et al. 2003, 2009a). By applying bulk, we
may not know which F,, F; or F, individual derives which
final fixed line, but parental lines deriving each fixed line
are still known, which provides the most important infor-
mation for the next cycle of breeding.

In previous simulation studies, we normally used genetic
gain to compare different breeding methods/scenarios
(Wang et al. 2003, 2004, 2007, 2009a, b). In this paper, we
used probability of success as a criterion for the comparison
of breeding methods. Results of this study showed that
probability of success of current breeding scale was as large

as 70% (Table 5), and can be much smaller when donor
parents are less adapted (Table 7). Increasing the breeding
scale can make sure there is a greater than 90% probability
of achieving the maize breeding target on pVAC in one
breeding cycle. In CIMMYT, two generations of maize can
be grown in 1 year (Fig. 1). F; hybrids normally need 7-8
generations (depending on genetic diversity between the
two parental lines) of self-pollination and selection (include
line per se and testcross) so as to derive pure inbred lines
which can be used to make new hybrids and/or to derive
new inbreds. Thus, it takes 3.5—4 years to complete one
breeding cycle, and to miss the target in one breeding cycle
means the delivery may be delayed 3.5—4 years. Therefore,
increasing the probability of success by increasing the
breeding scale may become worthwhile when the breeding
target has to be achieved with high probability in one
breeding cycle.

Breeding scale can be increased by increasing the num-
ber of crosses and the segregating population size. The
issue on the number of crosses versus segregating popula-
tion size has been investigated by various authors, and con-
flicting results have been obtained. Yonezawa and
Yamagata (1978) and Weber (1979) concluded that number
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Table 7 Probability of success (%) when donors are less adapted, i.e. the mean adaptation in the donor population was 40

Number Segregating Selection scheme
of crosses population size
UPLC HPLC MAS4 MASI + MAS2 + MAS3 + MASI + MAS2 + MAS3 +
UPLC UPLC UPLC HPLC HPLC HPLC

40% 400 16.7 30.8 33.6 18.9 334 30.8 30.9 35.6 314
600" 26.6 504 50.2 36.5 57.4 47.7 54.2 58.5 494
800 374 654 66.7 47.6 69.9 62.2 69.9 71.9 64.8
1,000 37.2 68.4 75.3 50.9 71.6 69.3 70.9 75.6 74.3
1,200 48.3 76.6 77.1 55.8 82.7 74.9 71.7 79.6 76.4

60 400 25.8 514 50.5 374 56.9 49.1 54.3 59.6 49.9
600 38.2 68.2 74.8 46.8 74.6 68.9 71.3 75.4 69.6
800 46.2 78.6 81.7 57.8 81.0 74.4 79.5 82.5 75.0
1,000 53.9 85.2 86.2 64.2 84.9 83.6 87.1 86.4 84.5
1,200 59.2 88.6 91.9 71.8 90.4 89.4 91.9 924 89.2

80 400 36.0 65.2 67.1 50.2 74.6 61.6 68.1 69.8 62.4
600 46.2 78.6 77.9 59.2 79.7 76.0 80.1 82.4 75.8
800 55.5 84.0 90.1 67.5 88.2 84.8 87.7 89.9 83.1
1,000 65.8 91.9 91.6 72.6 93.3 92.2 91.7 95.0 91.6
1,200 67.4 92.6 95.5 80.0 96.3 95.4 95.5 97.4 94.7

100 400 36.9 65.8 76.4 474 69.9 74.6 70.8 74.2 73.9
600 55.0 85.5 86.2 68.9 85.7 83.9 86.3 89.4 84.9
800 63.8 90.2 91.6 76.7 94.2 914 923 94.7 92.7
1,000 77.6 97.1 97.4 82.0 96.8 95.9 95.4 97.6 96.4
1,200 76.3 97.6 97.8 86.8 98.6 97.5 98.1 98.9 97.9

# Underlined values represent the number of crosses and segregating population size currently used in CIMMYT

of crosses rather than segregating population size should be
maximized to reduce the risk of excluding superior geno-
types. In other words, segregating population size should be
equal to one, and number of crosses should be maximized.
In contrast, Huehn (1996) found that when a finite amount
of resources (2,000 recombinant inbreds) was available, the
selection response was largest when an intermediate level
of number of crosses was used, i.e., number of
crosses = 50-100. In this study, we found that, when the
number of crosses is greater than 40, different combinations
of number of crosses and segregating population size had
minor effect on breeding efficiency under a fixed resource.
For example in Table 5, when number of crosses = 60 and
BC,F, population size = 800, probability of success was
68.2, 83.1, 96.3, 95.3, and 97.3% for UPLC, MASI +
UPLC, MAS2 + UPLC, MAS3 + UPLC, and MAS4, respec-
tively. In comparison, when number of crosses = 80 and
segregating population size = 600, probability of success
was 68.7, 78.5, 96.2, 95.4, and 97.1% for above-mentioned
selection schemes. The difference between different combi-
nations of number of crosses and segregating population
size was minor. However, we have noted that fewer crosses
with larger population size may result in greater variance in
the final selected breeding population.
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Two most effective and cost-efficient selection schemes
were identified: (1) simultaneous MAS for all pVAC genes
(which is purely hypothetical because more than four genes
are known to influence pVAC, and because we currently
have markers for only two genes in the pVAC pathway),
and (2) a combination of marker-assisted phenotypic selec-
tion, where two major pVAC genes were selected by mark-
ers and the remaining genetic variation was then selected
by UPLC screening (a strategy that can be implemented at
present). Breeding programs with larger scales were more
efficient in terms of genetic gain and economic cost. Two
pVAC test methods were considered in this study. One
method is precise but expensive and time-consuming,
which cannot be applied on high-throughput analysis. The
other method is faster and less expensive, but less precise,
which allows the high-throughput analysis. However, we
will not exclude the possibility that the precision of UPLC
may be much improved as the advance of new techniques.
If HPLC and UPLC have same precision (represented by
the correlation between true pVAC and observed pVAC),
we use the one that is less expensive to reduce the breeding
cost.

As anticipated, the use of gene and marker associations
identified from genetic studies can improve breeding



Theor Appl Genet (2012) 125:235-246

245

efficiency, and enhance genetic gain. In this study,
MAS?2 + UPLC was identified as being an efficient selection
scheme, in which diagnostic markers were used to screen
the two largest pVAC genes, followed by phenotypic selec-
tion on pVAC tested by UPLC. Phenotypic selection thus
performed has the potential to select the other two pVAC
genes, and perhaps any other unidentified pVAC genes as
well (Wang et al. 2009b). It is also useful when markers are
not completely linked with the targeted genes (Wang et al.
2007).

Marker screening has been implemented in CIMMYT’s
pVAC breeding program for selecting favorable alleles at
loci LcyE and crtRBI from a number of donor inbred lines.
Promising advanced lines may have up to 15 pg/g pro-vita-
min A carotenoids in the grain. New maize hybrids, using
lines containing the favorable crtRBI allele, are now being
tested in the field (Pixley et al. 2010). Based on preliminary
field data, the new hybrids promise to achieve pro-vitamin
A concentrations higher than 10 pg/g. The cost of acquiring
one marker data point was estimated at $5 based on
CIMMYT’s current genotyping system. We understand that
the cost may be lower in commercial molecular marker lab-
oratories. In addition, the use of gel-free electrophoresis
and a seed DNA-based genotyping system could also
reduce the genotyping cost (Gao et al. 2008). When more
advanced and cheaper genotyping methods become avail-
able, MAS should become more cost-efficient.

We assume pVAC were controlled by four additive genes,
based on previous genetic studies. However, QU-GENE
can handle more complicated models, such as epistasis and
genotype by environment interactions. When more genes
and more complicated effects are involved, it can be
expected that the relative gain of MAS compared with PS
will be reduced, unless the trait heritability is extremely
low. So the conclusion from pVAC cannot be extended to
other traits, whose genetic models are not similar to the model
of pVAC. However, the approach presented in this study
could be used as a general way for quantifying probability of
success and comparing different breeding schemes in other
breeding programs.
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