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Abstract: Gene pyramiding aims to design superior trait through selecting and combiming favorite target alleles
into a single genotype, thus it was advocated for designing breeding programs via selecting and pyramiding
optimal combinations of alleles. Tn this study, we investigated selection for gene pyramiding design given the
animal segregating population and the target trait was controlled by major genes. The admixed population was
used as the base population. The mating parents were selected via detecting the favorite genes or linked
marlers and offspring were produced by the discrete recombination of parents. The phenotypic values were
predicted by the genotype-phenotype model. Three selection strategies-genotypic selection, simple phenotypic
selection and phenotypic selection integrating molecular information were developed. In genotypic selection,
we only considered the favorite allele frequencies and base population sizes in admixed population and in
phenotypic selection, we used genotype-phenotype model including trait heritability, gene effect and gene
interaction effects to predicate phenotypic values. In each generation, we calculated population hamming
distance, average superior genotype frequency and average phenotypic value to comprehensively measure the
progress of gene pyramiding. The strategy requires minimum generations to gain gene pyramiding were defined
as the optimization strategy. Examples were given for four target genes in order to compare the progress of gene
pyramiding. The results indicate that gene pyramiding breeding process was greatly affected by the selection
strategy. The gene effect and gene mteraction effects mformation affect the selection of optimal genotype
combinations and more precise molecular information was needed to guide the design of effective gene
pyramiding breeding programs.
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INTRODUCTION

Recently, rapid technological development in
molecular genetics and functional genomics has resulted
in new opportunities for the exploitation of quantitative
trait loci and linked markers from generally superior
populations (Hospital et al., 2000, Visscher et al., 1996,
Wall et al., 2005). The opportunities have promoted the
development of marker-assisted selection in plant and
animals  breeding. Some theoretical studies on
marker-assisted selection have been conducted (Hu, 2007,
Lande and Thompson, 1990; Lange and Whittaker, 2001).
In practice, single-gene introgression schemes have been
developed for plants such as barley (Jefferies ef al., 2003)
and experimental animals such as mice (Koudande ef al.,
2005) and marker-assisted selection has enormous
potential to improve the efficiency and precision of
conventional breeding. Gene pyramiding 1s an wnportant
application of marker assisted selection. Gene pyramiding

should be divided into two steps-pyramiding step and
fixation step (Ishii ef al., 2008; Ishii and Yonezawa, 2007,
Servin et al., 2004). Experimental and field data have
shown that gene pyramiding is a very effective strategy
in crop breeding. The most widespread application for
pyramiding has been for combimng multiple disease
resistance genes (Castro et al, 2003, Huang et al,
1997, Saghai Marrof et al., 2008; Singh et al., 2001). Gene
pyramiding has also been used m grain production
(Ashikari et al., 2005). There also exist study
demonstrates that gene pyramiding 1s feasible in animal
breeding using Drosophila melanogaster (liang et af.,
2008).

Servin ef al. (2004) mvestigated the theoretical issues
of gene pyramiding and proposed certain general
principles for designing gene pyramiding schemes and
theoretical research on this topic has extended to the
design and comparison of gene pyramiding schemes in
animals (Zhao et al., 2009).
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Servin et al. (2004) had not considered the influence
of imitial favorite allele frequency and selection effect on
gene pyramiding. The studies mainly focused on the gene
pyramiding at fixation step. Suppose the gene pyramiding
step have been accomplished and multiple target genes
have been dispersed in the admixed population with
various levels of favorite allele frequencies.

In this study, we firstly regarded gene pyramiding
breeding as a metaphor for ¢limbing mountains, inspired
by the science of evolutionary computation(Goldberg,
1989; Holland, 1992), mdividual carrying various genotype
combination responds to the various genotypic scores
and phenotypic values then these genotypic scores and
phenotypic values were used for individual selection.
Generation selection and genetic operator promoted more
and more individuals carry the optimal genotype
combination. Second, we mvestigated the gene
pyramiding progress aiming at pyramiding different
nmumber of target genes using genotypic selection over
nine generations. Third, examples are given for four target
genes and three selection strategies-genotypic selection,
simple phenotypic selection and phenotypic selection
mtegrating molecular mnformation were designed and
compared. We developed the method and model
integrating molecular information from multi-level and
gene pyramiding breeding simulation platform
incorporating flexible selection strategies would be used
to guide gene pyramiding breeding.

MATERIALS AND METHODS

Individual genotype and population genotype simulation:
The studies use two characters O or 1 to code one
genotype at one locus, assumed the target trait was
mainly controlled by several major genes. The initial base
population was coded by an Nx2M matrix (N represents
the number of individuals in the population, M represents
the number of loci, each loci has two alleles), population
with special preset initial favorite allele frequencies were
initialized as the base population, the favorite allele
denotes the allele 1 m the simulation. We defined an 1deal
population is the population in which all individuals
carrying favorite allele at target loci. Take the case of four
genes, the ideal genotype combination of individual 1s
11-11-11-11.

In the simulations, discrete recombination was used
to combine (mates) two mdividuals (parents) to produce
new offspring which inspired by evolution computer
(Goldberg, 1989, Holland, 1992), new individuals were
produced by the crossover of two selected parents.
Discrete recombination uses crossover mask to indicate
which parent will supply bits (allele) to the offspring, a
crossover mask 1s as the same length as the mndividual
structure which was randomly generated by 0 or 1 with

equal probability. Crossover mask 1 indicates the allele
of offspring at this locus inherited from parent 1,
crossover mask 0 indicates the allele of offspring
at this locus inherited from parent 2. Discrete
recombination at each locus produced offspring with new
genotype combination. Offspringl was produced by mast
1 and offspring 2 was produced by mast 2, the allele
inherited from parent 1 was marked with underline as
fellow:

Parentl 01110011
Parent? 10101100
Mastl g1100011
Offspringl 11101111 (1
Mast2 10011100

Offspring2 00 1 1000 0

Superior genotype 11 frequency and population hamming
distance: The superior genotype 11 frequency and
population hamming distance were calculated in each
generation to measure the process of pyramiding breeding
program. The initial favorite allele frequencies for target
genes were set at different levels to represent the
difference of base population. In mformation theory, the
Hamming distance, named after Richard Hamming is the
mumber of positions in two strings of equal length for
which the corresponding elements are different. Hamming
distance have been used to measure the number of
nucleotide differences between two genetic secuences
(Pilcher et al., 2008). In this research, we borrow this idea
to measure the distance between two populations which
is called the Population Hamming Distance (PHD). PHD is
the total number of different alleles at target loci in the
population at each generation compared to ideal
population. For the following example, pop(t) and
pop(ideal) both populations with four target loci
(two alleles at each locus) and population size is 6. Matrix
column represents target loci, row represents individuals
of population. Population hamming distance between
pop(t) and pop(ideal) is 19.

10 10 11 00
01 11 00 01
Pop(t)=| 00 01 11 10
01 11 10 00
11 10 10 o1

111 11 11
111 11 11

Pop(ideal)=| 11 11 11 11 (2)
111 11 11
111 11 11
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Genotypic selection and phenotypic selection: Using
genotypic selection, genotype 11 was given a genotypic
value 2, genotypic value of 10 or 01 15 1 and genotypic
value of 0018 0. The sum of the genotypic value at all loci
was taken as the genotypic selection score for an
individual.

In the smmple phenotypic selection strategy, the
phenotypic observation of each individual 13 modeled as
Eq 3:

D=l 38X, tE, 3
=1
Where:
P = The phenotypic observation of individual i
Iy = The population mean
g, = The gene effectat jthlocus j=1,2, ... , m)
x, = Anindicator variable of genotype k (11, 10, 00)
g = The residual error following the distribution N

(0, o2 ).

The genotypic values were defined in terms of the
midpoint (m), additive (a) and dommance (d) genetic
parameters. The numerical coding of three genotypes 11,
10, 00 were 5, 4, 1, respectively in the model 3. For an
analysis of genotypes in a single environment, heritability
on an mdividual basis will be estimated as Eq. 4. From the
defined heritability an estimate of s? is obtained by
calculating . and re-arranging Eq. 4-5:

&)
h* == “4)
g £
GZ
o :h% ~a’ (5)

In the phenotypic selection strategy integrating
molecular information, we use two genotype-phenotype
models to predict phenotype value, model 1 and 2 (Eq. 6):

pi= “‘u+2 giX; t gimc(m,xu) +g (6)

i=1

The variable p,, . %;, € were dencted as the same as
the model 3 in simple phenotypic selection strategy, the
difference among them depends on level of molecular
information integration. In genotype-phenotype model 1,
only gene effects were integrated, the values of
genotypes could be set to any quantitative values
according to specific genetic background. In
genotype-phenotype model 2 both gene effects and gene
interaction effects were integrated and the values of them

could also be set specifically to represent the given
molecular information. We supposed that target genes
effects and interaction effects have been identified as
available information with quantitative values and these
are prerequisites for implementing of model 6.

In the model II, gimg, 14 14 14 denotes the genotype
interaction effect, similar to polygenic effect but
represents the actual information mtegration in model 2.
For each specific genotype combination, the gim(1-1, 1-2,
1-3, 1-4) corresponds to a scalar. Considered the genotype
interaction effects were unknown, so in the simulation
they were taken as random variables and gimg, 1.5 1.3 1.~N
(0, 1) as in the results section rand 1 and 2 denote four
genotype interaction effects using 4D matrices as data
format 1n simulation, the values of rand 1 and 2 were
sampled from gimy, ;514 (Appendix).

Gene pyramiding at fixation steps: In this study, we
investigated gene pyramiding at fixation steps, admixed
population was taken as the base population, the target
genes and linked markers were detected for selection in
each generation. We performed simulation from admixed
population with various levels of favorite allele
frequencies and different selection strategies over several
generations. Moreover, the progress of gene pyramiding
were investigated and compared by the population
hamming distance, superior genotype 11 frequency and
average phenotypic values. In the simulations, the gene

pyramiding process at fixation step 1s as follows (Fig. 1):

Step 1: Create an initial string population as the basic
admixed population.

Step 2: Selection based on genotype score or phenotypic
value according to different selection strategies.

Step 3: Select the top 500 as the parents.

Step 4: Random mating to produce the next generation.
Step 5: Return to step 2.

These
pyramiding progress auming at pyramiding different
number of target genes using genotypic selection, set the
number of target genes at 4, 8, 16 or 20, the imitial favorite
allele frequency (denotes allele 1) at each locus was set
0.5, base population and parent population in each

studies  firstly investigated the gene

generation have a constant size 500. Random mating
produces four offspring in a sex ratio of 1:1, each male
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Fig. 1: Framework of gene pyramiding at fixation step

only mate with one female, the top 500 ndividuals were
selected for the next generations. Second, examples were
given for four target genes to compare the three types of
selection strategies. In the genotypic selection strategy,
we performed simulation with imtial superior gene
frequencies at 0.2, 0.4 or 0.6 for all four loci n base
population. We assumed that the base population and
parent population have a constant size 500. Random
mating produces four offspring in a sex ratio of 1:1 each
male only mate with one female. The top 500 individuals
were selected for the next generations. In phenotypic
selection strategies, we used two phenotypic selections
and the breeding process was similar to genotypic
selection. Once, the base population had been
established, the phenotypic values were calculated
using genotype-phenotype model 1 and 2; 500
mdividuals with the highest phenotypic values were
selected for mating m subsequent generations. For each
generation, the population hamming distance, average
phenotypic value and average genotype 11 frequencies
were calculated to measure the process of four target
genes pyramiding. Tn this study, Monte Carlo method was
used to sumulate the gene pyramiding design m order to
obtain an average assessment of the breeding process.
Each simulation was repeated 1000 times. The computer
programs were written in Matlab and run on an Inter (R)
Core (TM) 2 Duo CPU, Microsoft Windows XP.

RESULTS

Genotypic selection for different number of target genes:
Table 1 shows the changes of population hamming

distance using genotypic selection over generations
given 2, 4, 8 or 10 target loci in base population. The initial
favorite allele frequency at each locus is set to 0.5
approximately. The genotypic selection promotes the
target genes pyramided m subsequent generations
through selecting the top 500 individuals as parents
which were sorted by genotypic scores, population
hamming distance decreases to zero when all the target
genes pyramiding into an ideal genotype. As for 10 target
genes, some individuals retained certain loci not
pyramided wntil the minth generation. However, as for 2,
4 and 8 target genes, gene pyramiding was successfully
realized at the 5, 6 and Sth generation.

Simple genotype-phenotype model: When initial favorite
allele frequency of each locus is set at the same level,
results indicate that simulation series for trait heritability
0.2 need more generations than trait heritability 0.4 and
0.6. The population hamming distance decreases with
generations (Fig. 2).

As to allele frequency 0.6 and trait heritability 0.6,
four target genes pyramided at the seventh generation.
Supposed trait heritability 1.0, the selection strategy 1s
equivalent to genotypic selection. The least efficient gene
pyramiding scheme corresponded to the one with mitial
gene frequency of 0.2 and trait heritability of 0.2. When
the initial favorite allele frequency is set to 0.6 and
heritability is set to 0.6, the increasing trend is more
significant than others. Using simple genotype-
phenotype model, the changes of the average phenotypic
value over generations is contrary to that of
population hamming distance (Fig. 3). Thus, optimization
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Table 1: Changes of population hamming distance using genotypic selection over generations (1-9)*

Generations Gl G2 G3 G4 G3 Go G7 G8 G9

PHD-10 5000.57 4150.24 3334.57 2560.28 1826.49 1165.56 606.16 190.28 0.05
PHD-8 3998.29 3241.04 2509.66 183276 1193.08 641.11 218.96 0.27 0.00
PHD-4 2000.48 1472.00 977.38 52849 163.73 0.00 0.00 0.00 0.00
PHD-2 999.44 638.51 289.62 875 0.00 0.00 0.00 0.00 0.00

*Population hamming distance of zero indicating the fixation of favorite alleles at target loci

55009 —e=£(0.2, 0.2, 0.2)/h(0.2) -0~ (0.4, 0.4, 0.4)/h(0.6)

~®-(0.2,0.2, 0.2)/h(0.4) —&- (0.4, 0.4, 0.4)/h(1.0)
~8-1(0.2, 0.2, 0.2)/h(0.6) =& £(0.6, 0.6, 0.6)/h(0.2)
—®-£(0.4, 0.4, 0.2)/h(1.0) —&-£(0.6, 0.6, 0.6)/h(0.4)
——1(0.4, 0.4, 0.4)/h(0.2) ~¥-£0.6, 0.6, 0.6)/h(0.6)
—*- 1(0.4, 0.4, 0.4)/h(0.4) =¥ (0.6, 0.6, 0.6)/h(1.0)

5000

4500

4000

The population hamming distance

Gel

cration

=3

Fig. 2: Changes of population hamming distance over
generations (1-9); £ (0.2, 0.2, 0.2, 0.2) represents
the favorite allele frequency at
first/second/third/fourth locus and h (0.2)
represents trait heritability 0.2

of the trait via gene pyramiding largely depends on the
trait heritability which was controlled by the target
genes and imtial favorite allele frequency in base
population.

Figure 4 shows the changes of superior genotype 11
frequency over nine generations. As to base population
with the same favorite allele frequency at each locus, the
target genes controlled higher trait heritability could
easily reach to fixation. Supposed the same trait
heritability, we compared the gene pyramiding process
give different levels of mitial favorite allele frequencies
(Fig. 4e, b, £). The genotype 11 frequency for the £(0.6, 0.6,
0.6, 0.6)/h(0.4) easily reach a value of one at the ninth
generation (Fig. 4f) wlhich mdicate that all the loci had
pyramided to the 1deal genotype.

We also compared the result of phenotypic selection
with genotypic selection, the initial favorite allele
frequency of four targets genes are set to 0.2, 0.4 or 0.6,
respectively. Simulation results show that when initial
favorite allele frequencies 1s 0.2, the target gene were
pyramided at the mninth generation using genotypic
selection but as to phenotypic selection with trait
heritability 0.2, the average genotype 11 frequency is

-o—f(0.2, 0.2, 0.2)/h(0.2)
-8- (0.2, 0.2, 0.2)/h(0.4)
-8 (0.2, 0.2, 0.2)/h(0.6)
-B-£(0.4, 0.4, 0.2)/h(1.0)
- (0.4, 0.4, 0.4)/h(0.2)
—%- £(0.4, 0.4, 0.4)/h(0.4)

-0 £(0.4, 0.4, 0.4)/h(0.6)
— (0.4, 0.4, 0.4)/h(1.0)
—a (0.6, 0.6, 0.6)/h(0.2)
-&- (0.6, 0.6, 0.6)/h(0.4)
% (0.6, 0.6, 0.6)/h(0.6)
-¥- (0.6, 0.6, 0.6)/h(1.0)

The average phenotype value

T T T T 1
4 5 6 7 8 9 10
Generation

[
o

Fig. 3: Changes of population average phenotypic value
over generations (1-9); f (0.2, 02, 02, 0.2)
represents the favorite allele frequency at
first/second/third/fourth  locus and h (0.2)
represents trait heritability 0.2

0.176. When the initial favorite allele frequencies were set
to 0.6, four target genes pyramided at the 5th generation
using genotypic selection, compared to the traditional
phenotypic selection, the average genotype 11 frequency
are 0.4950, 0.7130 and 0.91 80, respectively when the trait
heritability are 0.2, 0.4, 0.6.

Phenotypic selection using genotype and phenotype model
1 and 2: As to phenotypic selection using model 1 only
considered the gene effect, selection prompted the
optimal genotype combination pyramided mto the ideal
individual. In this simulation, the mitial favorite allele
frequency for each locus 1s set at 0.3, the genotype 11 has
a larger predefined gene effect than genotypes 10 or 01
and 00 and trait heritability was setat 0.2, 0.4 or 0.6. The
most optimal genotype combination 1s the one with
maximum summary of the genotypic values, so optimal
genotype combination for four target locus 1s 11 11 11 11.
We investigated four target genes with the same trait
heritability of 0.4 (Fig. 5a-d), the genotype 11 frequency
increases more sigmificant than others when the gene
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Fig. 4: Changes of genotype 11 frequency using simple model over generations (1-9). a-d, each locus was imtialed with
the same favorite allele frequency, £ (0.4, 0.4, 0.4, 0.4), e, b and f set the same trait heritability, h(0.4); locus 1-4
represent the genotype 11 frequency at 1-4th locus, respectively; a) f (0.4, 0.4, 0.4, 0.4Yh(0.2); b) f
(0.4,0.4,0.4,0.4/h(0.4), ¢) £ (0.4, 0.4, 0.4, 0.4Yh(0.6);, d) £ (0.4,0.4,0.4,0.4/h(1.0); &) f{ 0.2,0.2,0.2, 0.2)/h(0.4), F) f
(0.6,0.6,0.6,0.6)/h(0.4)

1.29 (@ - 1.24 (b)
1.1 glh=04 1.1 23/h=04
1.01 1.04
5 & Locus | >
g 091 =% Locus 2 E 091
2 0.8 % Locus 3 z.- 0.84
o o cuQ =
f -®- Locus 4 & 0
: 0
g 3 0.5
g )
= = 0.3
0.2
0.1
1 0.0 T T T T T T T T 1
129 ¢ L4 (@)
1.1 £2/h=0.4 1.34 gi/h=0.4
1.2
1.04 )
B Z 114
2 0.9 5 Lo
2 5
g 081 2 094
Z 074 = 0.8
o 0.64 2 0.7
s =
£ 05 2 064
5 & 054
o 0.4 2
= £ 044
= 031
- 0.34
0.2 0.2
0.18 0.14
0.0 T T T T T T T T 0.0 T T T T T T T T ]
1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10
Generation Generation

Fig. 5: Continued

2426



J. Anim. Vet. Adv., 10 (18): 2421-2433, 2011

0.601 _
’ (e) 1.6 o)
0.554 g2/h=02 1 22/h =064
> 0.50 '
2
2 045 7 1.21
g 5
= S 104
2 b
= = 0.8
H &
;f 2 067
s H
£ 047
0.2+
[
2 0.0 T T T T T T T J
10 1 34 5 6 7 8 9 10

Generation

Generat;

ion

Fig. 5. P Changes of genotype 11 frequency using model 1 that integrates only gene effects over generations (1-9),
the imitial favorite allele frequency for each locus was set to 0.3. a-d show the same trait heritability h(0.4) but
different gene effects g 1-4. b, e and f show the same gene effects but different trait heritability h = 0.2, h = 0.4
orh=06aglh=04bg2h=04¢)g3h=04dgdh=04 Eyg2h=02,f)g2h=06;,¢g
1=[030201;030201;030201,030201],g2=[06040.2,06040.2,060402,060402],23=[0906
03,090603,;090603,090603],g4=[05060.3,060.402,03020.1,05050.5]

11 (@

g2/h (0.3)-rand 1 17 ) 22/h (0.3)-rand 1 :i- © £2/h (0.3)-rand 1
0.9 i .
0.9 134
L 087 7 0.84 5 12
2
dé" 0.7 EROVE % 14
2 —&—Locus 1 = E 091
= 061 — Locus 2 S 0.6 g 081
Q < —%— Locus 3 Q 2
. 2 071
= 05 ——Locus 4 & o053 2
g g g 061
5 041 S 04 5 054
5 o 2
2 = = 0.4
= 03 = 03 = 034
0.2 ¢ 0.2 0.24
0.1
0.1 0.1 0 ——
127 121 © N 149
. (d) €2/h (0.3)rand 2 1 £2/h (0.3)-rand 2 134 22/h (0.3)-rand 2
: 124
- 11 .
;, 1 ; _;} 1.1
5 097 g 099 ERRE
g g 0sH 2 091
£ 08 & =
= = 0.7 s 0.8
2 0.7 | 2 00 %0.7-
g 06] g0 £ 0.6
% 05 & 057 % 0.58
2 1 2 i 2 0.4
= 04 = 049 BV
N 5 0.3
0.3 0.31 0.2
0.2 0.2 0.1
0.1 T T 0.1 T T T T T T , 0 T T T T T T T T 1
2 4 5 6 7 9 10 2 3 4 05 6 8 9 10 2 03 4 5 6 7 8 9 10
Generation Generation Generation
Fig. 6: Changes of Genotype 11 10 00 frequencies using model 2 that integrates both gene effects and gene mteraction

effects over generations (1-9). The initial favorite allele frequency at each locus was set at 0.3, the trait heritability

was 0.3 and the randomly generated gene interaction effects were taken as rand 1 or 2 and randl and 2 represented
4D matrices from gim, g 2 is the gene effect as the same as Fig. 5

effects are larger (Fig. 5d). In the case of gene effects
g 1-3, the genctype 11 frequency shows the same
increasing trend over nine generations (Fig. S5a-c).
Supposed the same gene effects at four target loci, the
trait heritability 18 0.6, the genotype 11 frequency changes
more significantly than that of 0.2 and 0.4 (Fig. 5 e, b and
f). The genotype 00 and 10 or 01 frequencies with small
gene effects decrease with generations. The individual

carrying the superior genotype combination were selected
as the parents and inferior ones were eliminated. So, the
superior genotype at each locus is close to fixation over
generations. However as to the model integrating gene
effect and gene interaction, the changes of genotype 11
frequency over nine generations appeared to be
ambiguous (Fig. 6). As to the model 1, the population
hamming distance extiubited the same trend with the
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different gene effects g 1-3 with the same trait heritability
(Table 2). However, different gene effects greatly affect
the average phenotypic value (Table 3). Supposed trait
heritability was 0.4, the gene effect at four target locus
was set g 1, the average phenotypic value at the Sth
generation is 1.6502 as to gene effect g 2, 3 and 4, the
average phenotypic value are 4.1952, 6.2911 and 4.3311,
respectively.

In the genotype-phenotype model 2 integrating gene
effects and gene interaction effects, the initial favorite
allele frequency at each locus was set to 0.3 and trait

generations for both rand 1 and 2 with only slight
difference between them (the results were not
presented here). Figure 6 shows the changes of three type
genotypes frequencies given rand 1 and 2. When the
model mtegrating the rand 1 as the gene interaction
effects, the highest frequencies of genotypes are
genotype 00/00/10/00 at the first/second/third/fourth
loci, responds to 0.596/0.854/0.524/0.674, the preset
favarite allele don not pyramided over several generations

Table 2: Compared genotypic selection with phenotypic selection over nine

hertability 13 0.3 or 0.6. The gene interaction effects generations :

were randomly generated as randl or rand 2. The results Allele frequency Generation G ___ P-h=0.2 P-h=04 P:h=06
. . L . . £(0.2,02,02,022% Gor Lo® 017601 04970 0.84408

show that trait heritability and the gene interaction effect  f4, 0.4, 04,04 G710 03260 06175 09075

had no significant impact on the average phenotypic £(0.6,0.6 0.6, 0.6) G5 1.0 04950 0.7130  0.9180

&the favorite allele frequencies at first/second/third/fourth locus are 0.2, 0.2,
0.2, 0.2; © four target genes were pyramided at generation 9th using
genotypic selection; ™ the average genotype 11 frequency at four locus using
genotypic selection; S'the average genotype 11 frequency at four locus using
phenotypic selection given trait heritability 0.2; the average genotype 11
frequency at four locus using phenotypic selection given trait heritability 0.4;
§3 the average genotype 11 frequency at four locus using phenotypic selection
given trait heritability 0.6

value (the results were not presented here) more over, the
population hamming distance over nine generations did
not decrease significantly, the target genes can be
pyramided into one optimize genotype under the
selection of this integrate model (Table 4). The results
show that average phenotypic value increase with

Table 3: Changes of average phenotypic value using model integrating only gene effect over nine generations (1-9), gene pyramiding scheme considering gene
effects g 1-3 or 4 and trait heritability 0.2, 0.4 or 0.6

g

gl®! g2¥ g3¥% g4

Heritability
Generations 0.2 0.4 0.6 0.2 0.4 0.6 0.2 0.4 0.6 0.2 0.4 0.6
Gl 1.2802  1.2798  1.2800  2.5603 2.5598 25601  3.8405  3.8399 3.8404 29201 29201 29202
G2 1.2804 1.2801  1.2793 25626 2.5609 25508  3.8398  3.8395 3.8402 20195 29190 29192
G3 1.3299 13952 1.4535 2.6586 2.7915 29073 39897 41849 43630  3.0154 31360  3.2482
G 1.3805 1.5145  1.6288 27647 3.0294 32587 41445 45408 48895 31120 33642 3.5831
GSs 14333 1.6359  1.8069  2.8706 3.2721 36150 42997 49074 54243 32110 35952 3.9087
G 14879 1.7579  1.9800  2.9749 3.5178 39629 44608  5.2733 59451 33126 38173 4.1903
G7 1.5428  1.8775 21396  3.0827 3.7559 42812 46224 56318 64230 34123 4.0181  4.3984
G8 1.5960  1.9914  2.2745 3.1899 3.9838 45508 4739 59729 68258  3.5124 41914  4.5228
G9 16505 2.0971 23739  3.2991 4.1952 47489 49482 62011 71232 36123 43311 4.5950

Sloenotypic value of 11,10,00 at fist/second/third/fouth loci, gl =[0.3 0.2 0.1; 0.3 0.2 0.1; 0.3 0.2 0.1; 0.3 0.2 0.1];

52 genotypic value of 11,10,00 at

fist/second/third/fouth loci, g 2 =[0.6 0.4 0.2; 0.6 0.4 0.2; 0.6 0.4 0.2; 0.6 0.4 0.2]; ¥ genotypic value of 11,10,00 at fist’second/third/fouth loci, g 3 =[0.9
0.6 0.3; 0.9 0.6 0.3; 0.9 0.6 0.3; 0.9 0.6 0.3]; ¥ genotypic value of 11, 10, 00 at fist/second/third/fouth loci, g 4 =[0.9 0.6 0.3; 0.6 0.4 0.2; 0.3 0.2 0.1;
0.50.5 0.5]

Table 4: Changes of population hamming distance over generations (1-9)*, gene pyramiding scheme consider the trait heritability was 0.3 or 0.6 gene effect

g 2 and 4 and gene interaction effects rand 1 and 2

h=0.3" h=03 h=0.6 h=0.6

g2% g2 g™ gt g2 g2 gt gt
Genotypes rand 1 rand 2 rand 1 rand 2 rand 1 rand 2 rand 1 rand 2
Gl 2800.00 2800.00 2800.00 2800.00 2800.00 2800.00 2800.00 2800.00
G2 2724.65 2750.65 2750.30 2776.69 2666.22 2711.57 2695.27 2743.36
G3 2642.46 2714.97 2696.61 2755.94 2574.59 2681.67 2636.68 2705.54
G4 2569.43 2703.38 2649.33 2745.19 2532.88 2693.38 2617.25 2712.62
G5 2502.23 2708.21 2605.16 2739.98 2505.54 2727.24 2614.60 273214
Go 2439.04 2727.45 2559.43 2735.69 2484.44 2788.05 2616.93 2759.85
G7 2378.86 2760.44 2511.52 2731.02 2466.68 2873.14 2625.29 2786.53
G8 2323.11 2811.96 2455.97 2726.55 2448.34 2970.93 2638.06 2804.79
G9 2267.44 2881.62 2394.44 2724.10 2419.85 3060.92 2651.84 2819.85

*Population hamming distance of zero indicated the fixation of favorite alleles at four loci; *The trait heritability is 0.3; $Genotypic value of 11,10,00 at
fist/second/third/fouth loci, g2 = [0.6 0.4 0.2; 0.6 0.4 0.2; 0.6 0.4 0.2; 0.6 0.4 0.2]; #*Genotypic value of 11,10,00 at fist/second/third/fouth loci, g4 =[0.9
0.603,06040.2,03020.1;0.50.50.5]
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selection because of the gene interaction effects, the
optimal genotype combmation are 00 00 10 00 but not
1111 11 11 which are preset in the simulations. As to the
rand 2, the highest frequencies of genotypes are
genotype 00/11/10/00 at the first/second/third/fourth loci,
responds to 0.82/0.6624/ 0.744/0.782. Different gene
mteraction effects result in the different optinal genotype
combination by selecting the superior individuals over
generations.

DISCUSSION

Results from the studies clearly show that substantial
benefits can be expected from use of the selection on
gene pyramiding in admixed population, provided the
mformation on the major gene 1s incorporated properly in
selection models. The process of gene pyramiding can be
predicted given various selection strategies which would
guild the breeder to make properly selection decisions.

Tdeal genotypic selection strategy: Genotypic selection is
an ideal strategy in practical breeding programs, breeders
select the optimize genotype combination individuals to
realize the optimization of target economic traits. The
results clearly show that gene pyramiding risk and
difficulty mcrease with number of target genes (Table 1).
When the base population size was fixed at 500, target
genes pyramided at the earlier generation under the same
condition. The wutial favorite allele frequency has
significant mfluence on genotypic selection because each
target gene would provide adequate and -effective
information for decision-making of breeders. When
applying the genotypic selection strategy, we presumed
that several target genes effect were additive, this
presume may be suitable for the situation that all target
genes controlling quality trait However in practice
breeding, this assumption may not be entirely wvalid
because the agricultural traits of crops and economic
traits of animals are quantitative traits. Therefore, we
mvestigated the gene pyramiding breeding strategies
using the models (1 and 2) lnking genotype and
phenotype and focused on one trait with specific
heritability which was controlled by several major genes.

Phenotypic selection using the simple model and the
integrated models 1 and 2: In the simple
genotype-phenotype model, trait heritability is the main
factor that affecting the effective gene pyramiding
breeding. When the genotypic value was preset, trait
heritability would have a direct impact on the average
phenotypic value predicted by the model. In this simple

model, the preset genotypic values of three genotypes are
5, 4, 1, respectively so, the optimal genotype combination
13 11 11 11 11. As to the trait given more larger trait
heritability, the dominant components in the model 15 the
gene effect so, gene pyramiding breeding would be a
process of select mdividual with the maximum genotypic
value combination over generations (Fig. 4). The results
also indicate that the target genes with larger heritability
are pyramided at the earlier generation using this simple
genotype-phenctype model.

Figure 5 shows the changes of genotype 11
frequency using model 1 that integrates only gene effects
over generations (1-9), the main difference between this
model and simple genotype-phenotype model are the set
of genotypic values. The mtegrated model 1 can set the
genotypic value at various levels. The amm of this model
design 1s to investigate what optimal genotype
combination 15 given different genotypic value.

As a special example for Fig. 5d, the genotypic value
of 11, 10 and 00 are set to 0.5 at the fourth locus, results
indicate that selection has no effect on the gene
pyramiding >9 generations.

For the model 2 integrating the gene effect and gene
interaction effects which was defined as molecular
information integration selection, the results show that
phenotypic selection tend to select individuals with
superior values responds to the several different
genotype would make gene
pyramiding a difficult 1ssue and these target genes are
hard to pyramid mto one 1deal genotype combination. The
studies only give two randomly generated gene
interaction effects rand 1 and 2, supposed the gene
effects and gene interaction effects, trait heritability have
been identified, selection would promote several favorite
allele represents the optimal genotype combination fixed
in the subsequent generations. We designed the
integrated model in this study supposed that gene effect

combimations. This

and gene mteraction effects have been determined with
quantitative values representing the effective molecular
information, thus optimal genotype combination can be
predicted on the gene pyramiding simulation platform.
Also, the effectiveness of gene pyramiding can be shown
by the changes of genotypes frequencies.

Simulations based on evolutionary computation: The
studies use the metaphor of hill-climbing to model the
dynamic behavior of gene pyramiding, inspired by the
science of evolutionary computation (Goldberg, 1989;
Holland, 1992), this strategy can use inexact solutions to
deal with difficult tasks
NP-complete problems. This strategy 13 most appropriate

such as the solution of
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for studying the combinatorial optimization of genotypes.
As for gene pyramiding breeding, we considered a
complex trait controlled by a series of major genes as the
NP problem and genes were regarded as objects, gene
pyramiding is select the optimize genotype combination
mndividuals to realize the optimization of target economic
traits. In recently vyears, theoretical and experimental
studies on system biology would provide a new
perspective for understanding complex traits (Benfey and
Mitchell-Olds, 2008; Sauer et al., 2007; Sieberts and
Schadt, 2007). As the information from the analysis of
complex phenotypes becomes more and more precise, the
relationship between gene networks at a micro-level
would also become more and more clear. Further
development of accurate and practical models 1s
necessary to link the genotype and phenotype m order to
mcrease the accuracy of model prediction. Evolutionary
computation technology will help exploit useful
mformation and guide the precise optinal design of
breeding by gene pyramiding.

Discrete recombination (Goldberg, 1989) from the
evolutionary computation was used to produce the
genotype of offspring through the genotype of parents.
This strategy disregard the recombination rate based on
location of target gene in comparison to the more
commonly used mapping functions such as Haldane’s
and Kosambi’s. Discrete recombination may have
application certain limitations but suitable for the
simulation of multi-gene over multi-generations. Various
types
simulations, we
investigate the transmission of genotype from parent
generation to offspring generation for the sake of
demonstration and also, it was expected that the Monte
Carlo would balance the
uncertainty.

of recombination can be extended m the

used discrete recombination to

simulations crossover

Design of breeding programs using gene pyramiding:
The object of gene pyramiding breeding 1s to improve the
trait for entire population by selecting the most optimal
genotype combination. Servin et al. (2004) had shown the
gene pyramiding risk by statistical modeling. Their
designed several possible succession of pair crosses
leading to the target genotype (Servin et al., 2004) but did
not congider the selection effects and initial gene
frequency in base population so, the studies mainly focus
on these problems. In this study, the method and model
were provided would be used to integrate molecular
mformation from multi-level such as gene effect and gene
interaction effects. We built simulation platform for the
gene pyramiding breed and different level of population

size, initial gene frequency and flexible selection strategies
can be designed on this platform, the gene pyramiding
breeding progress would be predicted for us as valuable
references for decision-making of breeders.

CONCLUSION

The studies provide relatively simple models
linking the genotype information to phenotype and it
offers a new perspective to wuse information
available from marker and Quantitative Trait Loci (QTL) to
guide the gene pyramiding design breeding. We hope
more optimized models will be developed m future studies
as the development of system biology and high-
throughout array technology. Moreover, different cross
schemes and selection strategies can be designed and
compared based on this gene pyramiding simulation
platform.
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APPENDIX

In four loci gene effect matrix 1, three genotype
effects at four loci were represented by g (i, k) where, i
denotes the locus and k = 1-3 denotes three genotypes 11,
10 or 01 and 00, respectively. For example, locl-1 refers to
the genotype 11 effect at the 1st locus, loe2-2 refers to the
genotype 10 effect in the 2nd locus and loc4-3 refers to
the genotype 00 effect in the fourth locus:

loc1-1 locl-2 locl-3

. locZ—1 loc2—-2 loc2-3
gli, k) = ()

loc3—1 loc3—2 loc3-3

loc4—1 locd—2 locd-—-3

In four loci gene interaction effects matnix 2,
gimy, 131514 denotes the combinational interaction effects
oflocil-1,1-2,1-3, 1-4 and 1-1, 1-2, 1-3, 1-4 were coded by 123
to represent the three genotypes 11, 10 or 01 and 00. The
value of gimy, ,; 15 14 Tepresents the gene mteraction
effects of four genotype combination in genotype and
phenotype model 2 which were sampled from standard
normal distribution N (0, 1). For example, gimy,,,
represents the gene interaction effects for the
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genotype combination of 11-11-11-11, the 1st locus 10 or 01, 3rd genotype is 11 and 4th genotype is 00.
genotype is 11, 2nd genotype is 11, 3rd genotype is 11 g1Myy, Indicates the gene interaction effects for the
and 4th genotype is 11. gimy,;, represented the gene combmation of 00-00-00-00 in which the 1st locus
interaction effects for the combmation of 11-100r 01-11-00  genotype is 00, 2nd genotype is 00, 3rd genotype is 00
in which the 1st locus genotype is 11, 2nd genctype is and 4th genotype is 00:

(1111 1211 1311
1112 1212 1312

2111 2211 231113111 3211 3311
2112 2212 2312;3112 3212 3312

2121 2221 23213121 3221 3321
|
2122 2222 23223122 3222 3322

iy =| 11221222 1322
|
2123 2223 2323 13123 3223 3323

12132 2232 233253132 3232 3332
1133 1233 1333;2133 2233 2333;3133 3233 3333

In the model 2, gimy,;;4, denotes the genotype interaction effect, similar to polygenic effect but
represents the actual information integration in model 2. Considered the genotype interaction effects were
unknown, so in the simulation they were taken as random variables and gimg, ; 15 14y ~N (0, 1) as in the
results section rand 1 and 2 denote four genotype interaction effects using (4D) matrices, the values of rand
1 and 2 were sampled from gimg,,; 1.4 The following codes were detail description of gim4 in matlab:

== gmd(;,:;,1,1) = [-0.5839 0.8986 0.5768, -0.00291.6396-1.4264; -0.1237-0.2090 0.6300];

gimd(,,1,2)=[-1.5620 -0.2955 -1.0372; 0.1886 0.0579 -0.7288, 1.0144 -0.5551 0.2263];
gimd(;,,1,3)=[0.3766 13061 04233, 0.8616 -1.0946 0.0018;-1.8306 -04980 -0.6359],
gimrd(;,,2,1)=[0.9025  1.0415 24823, 0.1726 -09162 0.9498; -0.2932 -0.7769 -0.1439];
gimd(,.,.2,2)=[-0.1699 -1.4072 1.5671; 0.3425 -1.1499 -0.0336;, 0.9685 -0.7011 -0.5948],
gimd(,,2,3)=[1.0978 0.0615 04146, -1.0844 -0.2463 0.3544; 1.1517 -0.7214 -0.399¢];
gimd(;,,3,1)=[0.6040 0.0489 -09313; -0.1045 16993 -1.5508; 12477 -1.0951 -0.9404],
gimd(;,,3,27[0.5224 07156 25740, 02894 -0.0006 -03670; 1.7875 -2.2961 0.9563],
gimd(:,,.3,.3)= 0.5010 -1.4791 -0.2858,0.8811 0.2508 0.4403; -0.1095 -0.4080 0.8605];

> ginyd
gimd(:,;, 1,1 = gim4(;,;,2,1) = gimd(:,;,3,1) =
{.5839 (0.8986 0.5768 0.9025 1.0415 2.4823 0.6040 0.0489 -0.9313
-0.0029  1.6396 -1.4264 0.1726 -0.9162 0.9498 -0.1045  1.6993 -1.5508
-0.1237 -0.2000 0.6300 -0.2032 -0.7769 -0.1439 1.2477 -1.0951 -0.9404
gimd(:,:,1,2) = gimd(:,:,2,2) = gim4(:,:,3,2) =
-1.5620 -0.2955 -1.0372 -0.1699 -1.4072 15671 05224 -0.7156 25740
0.1886 0.0579 -0.7288 0.3425 -1.1499 -0.0336 02894 -0.0006 -0.3670
1.0144 -0.5551 0.2263 0.9685 -0.7011 -0.5948 1.7875 -2.2961 -0.9563
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gimd(:,;,1,3) = gimd(:,:,2,3) = gimd(;,:,3,3) =
0.3766 13061 0.4233 1.0978 0.0615 -0.4146 0.5010 -1.4791 -0.2858
0.8616 -1.0946 0.0018 -1.0844 -02463 0.3544 0.8811 0.2508 0.4403
-1.8306 -0.4980 -0.6359 1.1517 -0.7214 -0.3996 -0.1095 -0.4080 0.8605
T Sy e e

b besis B om0 hidd 21 Bt s Fe

NP ue w -
L uw____

=

i

4-D matrix B
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