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Abstract Computer simulations were used to study the
efficiency of MAS for breeding self-fertilizing crops,
based on a general model including additive, dominance
and epistasis. It was shown that MAS not only gave
larger genetic responses but also dramatically increased
the frequencies of superior genotypes as compared with
phenotypic selection. However, the advantages of MAS
over phenotypic selection were considerably reduced
when conducting selection in later generations. A modi-
fied method combining MAS in early generations with
phenotypic selection in later generations was thus pro-
posed from an efficiency standpoint. We also proposed a
potential index to measure the probability of an individual
showing superior genotypes under selfing. It was apparent
that more superior genotypes could be derived from se-
lection by using the potential index than by using other
methods. The implications of these findings for plant
breeding are discussed.

Introduction

Breeding strategies for self-fertilizing crops are often
aimed at obtaining pure homozygous lines with superior
genotypes. However, the likelihood of selecting superior
genotypes is not high for low to moderately heritable traits
(Johnson 1989). Plant breeders cope with this problem by
producing and testing progeny from numerous crosses
with low selection intensities, replicated testing, testing
advanced generations, and recurrent selection (Hallauer
and Miranda 1981). Marker-assisted selection (MAS)
has emerged as an efficient strategy to increase accuracy
of selection (Lande and Thompson 1990; Dudley 1993;
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Bouchez et al. 2002). MAS should be most effective in
early generations of selection among progeny from crosses
between inbred lines (Lande 1992; Zehr et al. 1992;
Stromberg et al. 1994).

Recently, numerous papers have been published to
evaluate MAS (e.g. Lande and Thompson 1990; Zhang
and Smith 1992, 1993; Gimelfarb and Lande 1994,
Whittaker et al. 1995; Hospital et al. 1997, 2000; Luo et al.
1997; Berloo and Stam 1998; Knapp 1998; Moreau et al.
1998; Ollivier 1998; Spelman and Bovenhuis 1998; Xie
and Xu 1998; Charmet et al. 1999). However, all MAS
efforts, except the two studies of Berloo and Stam (1998)
and Charmet et al. (1999), have mainly focused on im-
proving the population mean rather than on selecting ho-
mozygous superior genotypes. Even in the two exceptional
cases (Berloo and Stam 1998; Charmet et al. 1999), the
researchers investigated a specific strategy based on in-
tercrosses of pairs of recombinant inbred lines for one or
two generations only. Knapp (1998) presented an explicit
expression of the probability of selecting one or more
superior genotypes by MAS. This parameter is a function
of heritability, the proportion of additive variance associ-
ated with markers, and the genotypic superiority. Knapp
(1998) showed, in theory, that a breeder using phenotypic
selection must test 1.0-16.7 times more progeny than a
breeder using MAS to be assured of selecting one or more
superior genotypes. Recently, Bouchez et al. (2002) re-
ported marker-assisted introgression of favorable alleles at
three QTLs for earliness and grain yield among maize elite
lines. The study proved successful to manipulate genetic
markers at the genotypic level to increase the efficiency of
marker-assisted introgression.

In our recent study, we proposed a method for MAS
based on QTLs with complicated epitasis (Liu et al.
2003). However, this study was also focused solely on
population improvement, which is more relevant to open-
pollinated outcrossing plants. The purpose of the present
study was to investigate, by stochastic simulations, the
effectiveness of MAS in comparison to the conventional
selection method for breeding self-fertilizing crops. A
secondary purpose was to examine the differential effi-



ciency of MAS conducted in early segregating genera-
tions and advanced generations.

Materials and methods
Genetic model

Considering the case of a population derived from a cross between
two homozygous lines, we evaluated the efficiency of MAS in
improving the mean genotypic value of the breeding population and
increasing the frequencies of superior homozygous genotypes in
segregating generations of self-fertilizing crops. We adopted the
model described by Liu et al. (2003), in which quantitative genetic
variation was assumed to be under control of additive, dominant
and epistatic effects. Suppose that there are n QTLs, and denote Q;
as the ith QTL. Each Q; is bracketed by two flanking marker alleles
M;_ and M;,. When there are no QF interactions, the phenotypic
value of individual k can be expressed as (for i, j=1, 2, ..., n),

Yk =p+ Z xa, + Z dixp, + Z Z AAGXAN
7 7 i<
+ Z Z ad,»ijDl.jk—Q—Z Z dainDAl.jk
i< j i<
+ Z Z ddeDDijk + & (])
i<

where u is the population mean; a; and d; are the additive and
dominant effects of Q;, respectively; aa;;, ad;, da; and dd; are the
epistatic effects of additivexadditive, additivexdominant, domi-
nantxadditive and dominantxdominant between Q; and Q; re-
spectively; the coefficient xa, and xp, are 1 and O for genotype
0,0;, xa, and xp, are —1 and O for genotype g;q;, xa, and xp,
are 0 and 1 for genotype Q,q;; XAA ;= XA XAj s XAD = XAy XDy
XDA;y = XDy XAjys XDy = XDyXDys € 1S the residual effect,
& ~ (0, o2).

In our previous study (Liu et al. 2003), we presented a Bayesian
approach to estimate the probability of a particular QTL genotype
conditioned on its marker type and phenotype. In the Bayesian
framework, the probabilities of all possible QTL genotypes that
each individual contains can be obtained given the observed data
(i.e. marker type and phenotype) during selection procedures. These
probabilities can then be used in calculating the following selection
indices.

Potential index

In self-fertilizing crop breeding programs, those individuals that
have the potential to propagate as many offspring containing su-
perior genotypes as possible are retained for self-fertilization in the
next generation. From this guideline, we propose a potential index
to rank individuals as follows. The potential index can be viewed as
the weighted sum of all possible superior homozygous genotypic
values. Denote the probability of QTL genotype i as p;, for indi-
vidual k. Assuming that breeders intend to select the top ¢ homo-
zygous superior genotypes, we can write the potential index of
individual k as (for i=1, ..., 3" and j=1, ..., 1)

Iy = ZpikZﬁ(i)gj (2)
i j

where fj;) is the frequency of the superior homozygous genotype j,
which is produced from the self-fertilization of a specific individual
containing QTL genotype i; g; is the genotypic value of the superior
homozygous genotype j.

In practice, however, we have no way of determining the ga-
metal phase for heterozygotes. We thus proposed an algorithm to
calculate multi-locus gamete frequencies for heterozygotes (shown
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in the Appendix). For individual k containing m heterozygous loci,
Equation 2 is accordingly modified as

Iy = Zpikz ilefj(l)gj 3)
7 7 7

where f; is the frequency of the /th gametal phase of QTL genotype
i, S ifi=1, I=1,..,2"", 2<m<n; py and fj;) have the same
[

meanings as in Equation 2. If the QTL genotypes are known, it is
easy to calculate the potential index directly (py=1, i=1).

Marker index

If the target gene is tightly linked to a marker and there is no
crossover event in the bracket covering the target gene and marker,
it is possible to infer the presence of a gene from the presence of a
marker tightly linked to the gene. We can derive the marker index
in terms of a potential index using Equation 3

My = Z iﬁz.fj(l)gj (4)
l J

Note that the marker index can also be viewed as the weighted sum
of the superior homozygous genotypic values, but here the QTL
genotype i of individual k is uniquely determined by its marker
genotype.

Breeding value and genotypic value are also used as an index in
selection. For instance, breeding value B, of individual k can be
calculated as (Liu et al. 2003)

B pn (S + X )9
z i i<

where p(zlyy, h) is the probability of QTL genotype z conditional on
its marker type h and phenotype yy.

Simulations

The genetic map of simulations were similar to those of Liu et al.
(2003). However, this map had eight chromosomes with 12 diallelic
QTLs and 24 digenic epistases assigned randomly on the map. This
is because the fewer the number of QTLs, the quicker the alleles of
the QTLs are fixed under self-fertilization. Additive and dominant
effects at different loci, and epistatic interactions between loci were
first generated by drawing a standard normal distribution. These
genetic effects were then rescaled according to their relative con-
tributions to the total genetic variation. For simplicity, the trait
heritability 4% was set as 0.4 and total phenotypic variance Vp
was fixed at 1.0. The relative genetic contributions were set as
VA:VD:VAA:VAD:VDA:VDD=4Z2:2:1:1:2 where VA, VD, VAA: VADs
Vba and Vpp are genetic variances due to additive, dominance,
and epistatic interactions of additivexadditive, additivexdominant,
dominantxadditive and dominantxdominant, respectively (Liu et al.
2003) and VA+VD+VAA+VAD+VDA+VDD=h2VP~ The phCI‘lOtypiC
value of individual k£ was calculated as

Vi =1+ Gr + & (6)

where u is the population mean; Gy is the genotypic value of in-
dividual k by summing all genetic effects within and between loci;
€. is the residual effect and is obtained by generating a pseudo-
random normal deviate with zero mean and known variance (1-/?)
Vp. Detailed procedures for generating phenotypic data were given
in our previous study (Liu et al. 2003).

Selection methods
Eight methods were compared using computer simulations. They

were: (1) selection based on an individual’s phenotypic value P; (2)
selection based on the marker index M; (3) selection based on the
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potential index by using the true QTL genotype I; (4) selection
based on the genotypic value of the true QTL genotype G; (5)
selection based on the breeding value of the true QTL genotype B;
(6) selection based on the estimated potential index /; (7) selection
based on the estimated genotypic value G; and (8) selection based
on the estimated breeding value B.

Three breeding strategies were also examined: (1) early-gen-
eration selections in F,, F5 and Fy; (2) later-generation selections in
Fs, Fg and F;; and (3) all-generation selections in generations in F,
to F7. An alternate method combining MAS on the estimated po-
tential index / in early generations with phenotypic selection P in
later generations (/4+-P) was also simulated.

Outcomes of selection

Genetic response is usually used to measure the efficiency of se-
lection. Cumulative genetic response achieved by selection in each
generation is calculated as

G — G

(7)
©

where (_?([) is the genetic mean of the population at generation # (=0

representing the initial population F,), and 96 is the genetic

standard deviation in the F, (Liu et al. 2003).
We also complement another measurement, the frequency of the

superior homozygous genotype, to evaluate the final outcome of

selection. Suppose that a population is composed of N individuals,

and there are N; individuals containing homozygous genotype j

within this population. The frequency of homozygous genotype j is

thus

N
f i N (8)

We only calculated the frequencies of the superior homozygous
genotypes in the final population, in which the selected individuals
have been self-fertilized up to the 20th generation.

The main breeding objective is assumed to be to obtain the top
20 superior homozygous genotypes (i.e. 7=20). The initial breeding
population was composed of a total of 500 F, individuals derived
from a cross between two homozygous lines. In each generation
with selection, the top 20% of individuals were selected using a
mass selection strategy and each selected individual was self-fer-
tilized to produce five offspring. Note that the five offspring that
were derived from the same parents could be all selected at the next
generation and the size of the new breeding populations is also 500
individuals. In other generations without selection each individual
was fertilized to produce one offspring. Selections were performed
by the above methods for several generations and then repeatedly
self-fertilized up to the 20th generation. Simulations were repli-
cated 200 times for each case and the mean results of the 200
simulations were presented.

Results

Cumulative genetic responses in each generation are
presented in Fig. 1 for the various methods of early, later,
and all-generation selection. The cumulative frequencies
of the top 20 superior genotypes in the final population
is shown in Table 1. There was a general tendency; the
cumulative responses to the various selection methods
increased rapidly in selecting generations, but decreased
thereafter until equilibrium was reached under inbreeding.
Higher cumulative responses in the final population usu-
ally resulted from the higher frequencies of superior geno-

types.
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Fig. 1 Cumulative genetic response in each generation for various
selection methods when selecting in early generations F, to F4 (a),
in later generations Fs to F; (b), and in all generations F, to F; (¢).
P Phenotypic selection, M marker index selection, I potential index
selection, G genotypic selection, B breeding value selection. /, G
and B indicate selection based on estimates of /, G, and B, re-
spectively. [+P indicates selection based on estimated potential
index in early generation and phenotypic selection in later gener-
ations

Selection in early generations

Of all the selection methods, phenotypic selection yielded
the smallest response and the lowest frequencies of su-
perior genotypes. Selections using the known parame-
ters without error (i.e. the selection methods /, G and B)



Table 1 Cumulative frequency of the top 20 superior homozygous
genotypes in the final population for various selection methods. P
Phenotypic selection, M marker index selection, / potential index
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selection, G genotypic selection, B breeding value selection. IG
andB indicate selection based on estimates of /, G, and B, respec-
tively

Selection generations Selection methods

P M I G B 1 G B
F, to Fy 0.111 0.515 0.582 0.233 0.244 0.832 0.289 0.315
Fs to F; 0.196 0.554 0.629 0.335 0.307 0.990 0.511 0.511
F, to Fy 0.612 0.553 0.898 0.706 0.776 0.990 0.815 0.999

worked marginally better than those using the estimated
parameters (i.e. the selection methods I, G and B), indi-
cating that there is considerable room for improvement in
the estimation of QTL parameters. Selections based on
the QTL genotype tended to give higher selection effi-
ciency than those based on the genotypic value. Selection
on the marker index (i.e. the method M) also performed
reasonably well in several early generations. It should be
noted, however, that all target genes were tightly linked to
a marker with a genetic distance less than 5.0 cM in the
present study. These tight linkages are favorable for the
method M.

In all the cases studied, selection based on the potential
index using true QTL genotype (i.e. the method /) per-
formed dramatically better than the other methods. Se-
lection based on the estimated potential index (i.e. the
method /) ranked second among all the selection methods.
The overall genetic response provided by this method
was two times greater than that by phenotypic selection,
while the cumulative frequency of the top 20 homozygous
genotypes was more than five times higher than that
of phenotypic selection in the final population. It is also
worth noting that genetic responses to all the selection
methods dropped slightly after the F, generation, mainly
due to the disappearance of the remaining dominance and
its epistatic interactions under selfing.

Selection in later generations

Selections in later generations provided larger genetic
responses, especially in the first selected generation, and
higher frequencies of superior homozygous genotypes
in the final population than those in early-generation
selections. However, the advantages of the method  over
P, G, and B were reduced. For instance, the ratio of the
cumulative frequency of the method / to the cumulative
frequency of phenotypic selection was halved in com-
parison with selection in early generations. These results
were expected, since many alleles at QTLs were inclined
toward homozygosity after selfing for several generations,
and heritability of the improved trait was consequently
increased. Another noticeable feature of Fig. 1b was that
considerable inbreeding depression was observed to ac-
company self-fertilization in all cases. This result also
provided indirect evidence suggesting the poor perfor-

mances of such selection methods as P, G and G in early
generations.

Selection in all generations

In comparison with the aforementioned two breeding
strategies, there were considerable increases in the cu-
mulative genetic responses, and in the cumulative fre-
quency of the top 20 homozygous genotypes among all
selection methods. This was due to the reason that se-
lections in all generations were favorable for additional
advances in the later three generations based on the past
gains achieved in the early three generations.

Of all the selection methods, phenotypic selection re-
ceived the maximum benefits from additional selections
in later generations. The method M performed reasonably
well in early generations, but poorly in later generations.
It was expected that the linkage disequilibrium between
the marker and the QTL would be gradually eroded by
recombination and selection. It was a little surprising to
find that selection on breeding value does so well relative
to selection on genotype.

Efficiency of a modified method

Efficiency of a modified method combining MAS (/) in
early generations with phenotypic selection (P) in later
generations was also presented in Fig. 1c. Results from
selections in all generations have shown that phenotypic
selection was reasonably good in the later generations,
while / was quite good in the early generations. We thus
proposed a modified method combining the method 7 in
early generations with phenotypic selection (P) in later
generations ([+P), in which the cost of genotyping is
hence reduced. Figure lc shows that there was a slight
decrease in the selection efficiency of the method [+P as
compared with the method 7 in all generations. The cu-
mulative frequency of the top 20 superior homozygous
genotypes in the final population for /+P was 0.787,
which was lower than that of I (0.898), but higher than

those of B (0.706) and G (0.776) as shown in Table 1.
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Discussion

Substantial genetic diversity due to recombination and
segregation that can be explored by plant breeders occurs
in early segregating generations. However, early genera-
tion selection has generally been found to be ineffective
for conventional phenotypic selection (McGinnis and
Shebeski 1968; Knott 1972; Depauw and Shebeski 1973;
Hanson et al. 1979). This is in agreement with our results
that phenotypic selection in early segregating generations
leads to smaller genetic responses and lower frequencies
of superior genotypes. In consideration of the limitations
of early generation selection, plant breeders usually delay
phenotypic selection until most alleles at QTLs tend to be
fixed under self-fertilization. However, as shown in our
results, even MAS conducted in early generations still
obtains a larger genetic response and higher frequencies
of superior genotypes than phenotypic selection in later
generations. We also showed that, although MAS con-
ducted in later generations works better than that in early
generations, the advantages of MAS over phenotypic se-
lection are reduced noticeably. Therefore, MAS is more
suitable for selection in early segregating generations.
Thus, a modified method with MAS in early generations
combining phenotypic selection in later generations (/+P)
was recommended from an efficiency standpoint. This
method does well relative to the method / in all-genera-
tion selections. As Valentine (1979) stated, if yield is to
be maximized, no opportunity for selection in early gen-
erations should be lost. The [+P method could be an
optimum breeding strategy for self-fertilizing crops, to
maximize benefits from marker-based procedure.

It is apparent that more superior genotypes derive from
selection by QTL genotype than that by phenotypic value
and genotypic value. We proposed a potential index to
measure the probability of an individual showing superior
genotypes under a selfing system. This index depends on
the number of the top homozygous genotypes that
breeders intend to select and the genotypic values of these
top genotypes. It appears that the smaller number of the
top homozygous genotypes selected, the higher the fre-
quencies of the top genotypes achieved. In our previous
study (Liu et al. 2003), we also proposed a selection index
termed as a “breeding value” for a random mating system.
MAS using this breeding value usually performs better
than other methods in population improvement (Liu et al.
2003). Interestingly, in the case of selection in all gen-
erations, this breeding value also does very well relative
to the potential index under a selfing system. This is in
part because the breeding value accounts for additive
effects and additive x additive epistasis that can be
gradually fixed under inbreeding (Liu et al. 2003).

For simplicity, we adopted a mass selection technique,
and the size of selection population was fixed. In practice,
for self-fertilizing crops the breeding methods commonly
used are pedigree, bulk, backcross, and their modifica-
tions. In the case of the pedigree method, family data can
be used to not only enhance the efficiency of phenotypic
selection, but also to improve the precision of estimation

of the QTL genotype. MAS in early generations allows
breeders to discard a large number of lines with inferior
genotypes in the inbreeding process and, at the same time,
maintain a high probability of superior genotypes at ho-
mozygosity, as shown by our results. Conversely, plant
breeders using phenotypic selection have to advance a
considerable number of lines that are eventually dis-
carded, to be assured of selecting one or more superior
genotypes (Singh 1994). However, in the case of the bulk
method, delaying selection in later generations is more
favorable for phenotypic selection than for MAS. The
superiority of MAS over phenotypic selection depends
largely on the breeding methods used. The performance
of these selection schemes requires further investigation.
However, our previous conclusion that MAS is more cost-
effective for selection in early segregating generations
still holds.

In our previous study (Liu et al. 2003), we showed that
errors in QTL detection may reduce genetic responses to
MAS under population improvement. However, the MAS
using inaccurate QTL estimates still gives better results
than phenotypic selection in most cases. The inaccuracy
of QTL estimation may affect MAS for breeding self-
fertilizing crops in a way similar to that shown in our
previous study (Liu et al. 2003). Therefore, verifications
of the putative QTL and its magnitude of effect and ac-
curate chromosome map location are also imperative to
realize the potential of MAS for developing inbred lines.
In addition, we assumed no QF interactions in the model
in the present study. QF interaction is less favorable for
phenotypic selection than MAS, especially in early seg-
regating generations. We thus can expect that if there are
QF interactions the superiority of MAS over phenotypic
selection in segregating generations of self-fertilizing
crops will increase.
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Appendix

An algorithm to calculate multi-locus gamete frequencies
for self-fertilization

Derivation of the frequency of each gametal type from a
given parental genotype, when self-fertilizing, requires its
gametal phase to be known. The frequency of each ga-
metal type is easily calculated in the F,. However, for
subsequent generations, more work is required. An effi-
cient algorithm to calculate multi-locus gamete frequen-
cies is given as follows.

Suppose that there are n QTLs, and denote Q; allele at
the ith QTL. We then obtain (n—1) possible heterozygotic
types in total, each containing 2, 3, ..., n heterozygous loci



Table 2 The relative frequency of each gametal type in the gth
generation for double heterozygotes. Note that fi(g) and f>(g) are
the relative frequencies of the first (Q;0,/¢1g») and second (Qq»/
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q10>) types of informative gametes in the gth generation, respec-
tively; ry, is the recombination fraction between Q; and Q»

Freq. 010:/919> Code Freq. 0192/9,:0> Code
AW (=)’ 0 A1) S 1
A@  J(=m)lA() + A1) (0).(1) £2) S fi(1) +5(1 = r)’fa(1) (1,(0)
A Y0-m)lhe-D+ihAg-1) OO (@) L filg—D+10—m)hlg-1) (1.0

respectively. Denote the m-locus heterozygote as H,,
(m=2, ...,n, and each heterozygote H,, consists of 2’"_1)
types of informative gametes. Note that the total number
of gametes is 2" but the number of informative gametes is
only 2"/2, since one type of gamete is complementary to
another. For simplicity, we present the exact expression of
gamete frequencies for double heterozygotes. Assuming
the original population to be entirely Q,0,/q,g>, we can
obtain the relative frequency of two types of informative
gametes in the gth generation (Table 2). In summary, for
m-locus heterozygotes, the relative frequency of each
gametal type is analogically calculated by the following
recurrence equation,

i) =5 S TT [(1 = ry 0
v 1

2Cv~>u(/)
+rl - l]mfv(g - 1)

where ,f,(g) is the frequency of the uth gametal type of
m-locus heterozygote in the gth generation; C,_,, is a
transformation vector from C, to C,; C, is a vector of
crossover event(s) corresponding to the uth gametal type,
as a result of C,; the uth type of recombinant gamete is
derived from its parental gamete type; C,=(Cy1), .Cuq), ...
Cuimy)> Cuay 1s 0 and 1 corresponding to the situations in
that there is no crossover and a crossover occurred in a
specific QTL bracket / respectively; 7, is the recombinant
fraction of QTL bracket /; for m=2, ..., n, u=1, ..., 2! and
=1, ..., m—1.
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