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Abstract With best linear unbiased prediction (BLUP),
information from genetically related candidates is com-
bined to obtain more precise estimates of genotypic values
of test candidates and thereby increase progress from
selection. We developed and applied theory and Monte
Carlo simulations implementing BLUP in 2 two-stage
maize breeding schemes and various selection strategies.
Our objectives were to (1) derive analytical solutions of the
mixed model equations under two breeding schemes, (2)
determine the optimum allocation of test resources with
BLUP under different assumptions regarding the variance
component ratios for grain yield in maize, (3) compare the
progress from selection using BLUP and conventional
phenotypic selection based on mean performance solely of
the candidates, and (4) analyze the potential of BLUP for
further improving the progress from selection. The breed-
ing schemes involved selection for testcross performance
either of DH lines at both stages (DHTC) or of S, families
at the first stage and DH lines at the second stage (S;TC-
DHTC). Our analytical solutions allowed much faster
calculations of the optimum allocations and superseded
matrix inversions to solve the mixed model equations.
Compared to conventional phenotypic selection, the pro-
gress from selection was slightly higher with BLUP for
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both optimization criteria, namely the selection gain and
the probability to select the best genotypes. The optimum
allocation of test resources in S;TC-DHTC involved >10
test locations at both stages, a low number of crosses (<6)
each with 100-300 S; families at the first stage, and
500-1,000 DH lines at the second stage. In breeding
scheme DHTC, the optimum number of test candidates at
the first stage was 5-10 times larger, whereas the number
of test locations at the first stage and the number of test
candidates at the second stage were strongly reduced
compared to S;TC-DHTC.

Introduction

In commercial maize (Zea mays L.) breeding, a very large
number of new inbreds and hybrids is generated in each
breeding cycle. Selection of the best ones is a challenge
and, therefore, should be based on the most reliable crite-
rion for the true performance of genotypes. Furthermore,
resources (such as human resources, finances, infrastruc-
ture) are limited and, thus, their optimum allocation is of
crucial importance for the efficiency and competitiveness
of breeding programs. For optimal progress from selection,
a plant breeder has to strike a balance among the number of
(1) parental crosses, (2) test candidates within each cross
(e.g., testcrosses of S families and doubled haploid (DH)
lines in the present study), and (3) test environments as
well as field replications.

Estimation of the genotypic value is commonly based on
the phenotypic value of the tested candidate itself, whereas
information on related genotypes is largely neglected. The
best linear unbiased prediction (BLUP) method was orig-
inally developed to estimate breeding values in animal
breeding (cf., Robinson 1991). With BLUP, the prediction
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of breeding values is based on (1) known genetic rela-
tionships among genotypes and (2) the available pheno-
typic data of related genotypes (Bernardo 1996). It also
enables to cope with unbalanced data sets. Bernardo (1996)
and Piepho et al. (2008) advocated application of the
BLUP approach in plant breeding, because it has a good
prediction accuracy and promises to enhance the efficiency
of selection. Nevertheless, BLUP is rarely used in plant
breeding (Piepho et al. 2008).

Line development by the DH technology is increasingly
replacing conventional recurrent selfing in maize breeding.
It enables extremely rapid development of a large number
of lines and testing of their experimental hybrids very early
in a breeding cycle. DH lines may be developed from S,
plants in the source germplasm, as is general practice
(Smith et al. 2008), or from S; families selected on the
basis of their testcross performance (Longin et al. 2007;
Bernardo 2009). Longin et al. (2007) and Wegenast et al.
(2008, 2010) compared these two breeding schemes con-
sidering two-stage selection for testcross performance of
(1) DH lines at both stages (DHTC) and (2) S; families at
the first stage and DH lines at the second stage (S;TC-
DHTC) for optimization of allocation of test resources and
progress from selection. Further, Wegenast et al. (2010)
evaluated the efficiency of selection assuming equal or
variable numbers of DH candidates per cross at one
selection stage. The same assumption was also made for S,
families. In these studies, classical phenotypic selection
based solely on simple phenotypic testcross means was
used, i.e., without giving weight to information from
related genotypes. For variable numbers of candidates,
heritabilities differ for each candidate making prediction of
the selection gain hardly feasible, thus, simulation studies
are used to optimize these scenarios. However, BLUP has
so far not been considered for optimizing the selection
process.

In BLUP, pedigree information is reflected in the mixed
model equations (MME) by the genetic relationship
matrices A and R, which is calculated by using the coef-
ficient of coancestry among the test candidates. The matrix
inversion to solve the MME is generally computation
intensive, and, thus, hardly feasible even when breeding
programs are of moderate size. To calculate the optimum
allocation of resources in a breeding program, the MME
need to be solved for every combination of allocation of
resources under consideration. This is only feasible if the
time-consuming matrix inversions are avoided by using
general mathematical solutions of the MME, but no such
formulas are available for DHTC and S;TC-DHTC. Fur-
ther, to the best of our knowledge, no formula or simulation
program is published in the literature to compute the
optimum allocation of test resources and estimates of
selection gain in hybrid maize breeding.
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The objectives of our study were to (1) derive analytical
solutions of the mixed model equations in the breeding
schemes DHTC and S{TC-DHTC, (2) determine the opti-
mum allocation of test resources with BLUP under dif-
ferent assumptions regarding variance component ratios for
grain yield in maize, (3) compare the progress from
selection with BLUP and classical phenotypic selection
based on mean performance solely of the candidate, and (4)
analyze the potential of BLUP for further improving the
progress from selection with both breeding schemes.

Materials and methods
Breeding schemes

The two breeding schemes, DHTC and S;TC—DHTC
considered in this treatise, were described in detail by
Wegenast et al. (2010). Briefly, to start a new breeding
cycle, parents for generating new base populations were
selected on the basis of their performance in previous
breeding cycles. For each combination of different vari-
ables, an initial number of DH lines or S; families were
produced from randomly taken S, plants in the parental
crosses, and the numbers of DH lines or S; families were
limited by the total resources. In S;TC-DHTC, selection at
the first stage was performed among S; families; subse-
quently, selected S; families were used to develop DH lines
for evaluation in the second stage of selection. In DHTC,
two-stage selection among DH lines was conducted. In
both breeding schemes, the best 10 DH lines were selected
based on testcross performance. The breeding schemes
used in the aforementioned and the present study are
identical, except for the selection criterion. Wegenast et al.
(2010) considered conventional phenotypic selection based
on only mean performance of the candidates themselves,
whereas in the present study, selection was based on
BLUPs, which were estimated using the data on phenotypic
performance of the testcrosses of the candidate itself and its
relatives, employing the BLUP approach and MME (see
below).

Selection strategies

For each breeding scheme, we compared two selection
strategies (Wegenast et al. 2010). In all cases, selection
among DH lines and/or S; families was based on their
testcross performance. In strategy 1, sequential selection
was performed among parental crosses and then in two
stages among DH lines in DHTC or among parental
crosses, S; families at the first stage, and DH lines at the
second stage in S{TC-DHTC. The numbers of DH lines
(DHTC) or S, families within each parental cross and DH
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lines within each S; family (S;TC-DHTC) were assumed to
be uniform. In strategy 2, selection among parental crosses
was not considered. Selection was performed among DH
lines at both stages in DHTC and among S; families at the
first stage and among DH lines at the second stage in S;TC-
DHTC. Strategy 2 had three variants: in strategy 2a, the
numbers of DH lines or S; families were constant as in
strategy 1; in strategies 2b and 2c, these numbers varied
depending on the parental performance. In DHTC, the
number of DH lines within each parental cross in the first
stage depended on the rank of the performance of the
parental cross. In S{TC-DHTC, the number of S; families
and DH lines within S; families within parental crosses
depended on the testcross performance of the cross. With
lower rank, the number of candidate DH lines or S; fam-
ilies decreased moderately in strategy 2b and strongly in
strategy 2c.

Economic frame and quantitative-genetic parameters

A fixed total budget for the production and evaluation of
the test candidates was defined in terms of testcross plot
equivalents. The budget and the production costs were
calculated as described by Wegenast et al. (2010). The
assumed budget was 20,000 testcross plot equivalents in a
heterotic pool.

The values of variance components (O'ZG, a%;xy,
a%;x,, O’ZGX[Xy, ag) for grain yield were based on the
evaluation of DH lines in maize breeding programs in
Central Europe (Wegenast et al. 2008), where 0'26 is the
genotypic variance among testcrosses of the candidate lines
with a given tester, azcxy the variance of the geno-
type X year interactions, ogy; the variance of the geno-
type x location interactions, og ixy the variance of the
genotype x location x year interactions, and ¢ the vari-
ance of the residual error. The index G in the variance
component ratios refers to the respective test candidates,
i.e., parental crosses (C), DH lines within crosses (D), S;
families within crosses (F), or DH lines within S; families
(D/F). Three scenarios of relative ratios of variance com-
ponents were considered. In scenario VC1, we assumed a
variance component ratio o%;:o%;x_vza%;x L1055 lxyzag =
0.5:0.125:0.125:0.25:1, respectively, for C =G and
D = G, and 0.25:0.0625:0.0625:0.125:1, respectively, for
F =G and D/F = G (Wegenast et al. 2008). In other
scenarios, the contribution of ¢ was kept constant, but all
other variances were doubled (VC2) and quadrupled
(VC3).

Mixed model equations

Analysis of the simulated phenotypic data was based on a
mixed linear model (Piepho et al. 2008). Following Bauer

et al. (2006), we assumed all effects as random, except the
population mean, which was treated as a fixed effect and
set equal to 0 as is common practice (Bernardo 2003). All
non-genetic effects were combined together into the ran-
dom error ¢, following Bernardo (2002, Chap. 10). The
target variable was the genotypic value of the testcross
performance for grain yield. In the absence of epistasis, the
average effect of gene substitution in testcrosses behaves
like the additive effect for per se performance (Melchinger
1987; Melchinger et al. 1998) and consequently, the
covariance between testcross progeny due to the common
tester is 0. The variance components for grain yield were
assumed to be known, with values as defined in the pre-
vious section.

In breeding scheme DHTC, the linear model used was

y:ZCuC+ZDuD +e (1)
where y is the vector of phenotypic observations, € is the
vector of the random error with variance o2, u is the vector
of random effects, Z is the design matrix associated to the
random effects, the index C refers to crosses, and D to DH
lines within crosses. The MME to calculate the BLUPs
were
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where A is the genetic relationship matrix associated with
the respective random effects, R is the design matrix
associated with the random error, and ¢ and d are the
vectors of predicted BLUPs of the crosses and DH lines.

In breeding scheme S, TC-DHTC, the linear model used
at the first stage was

Y= Zcuc + ZFuF +e (3)

where the index F refers to S; families within crosses. The
MME to calculate the BLUPs were
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where T is the vector of the predicted BLUPs of the S,
families. The linear model used at second stage of breeding
scheme S{TC-DHTC was

y= Zcuc + ZFuF + Z[)/Ful)/l-' te (5)

where the index D/F refers to DH lines within S; families.
The MME to calculate the BLUPs were
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The variance—covariance matrices A are identity
matrices. The matrix R is not an identity but a full rank
matrix with several blocks, each block representing a group
of DH lines or S; families within the same cross and/or S;
family and DH lines within S; family. As we assumed all
progenies within a cross to have a constant covariance with
each other, the blocks have identical values in the non-
diagonal elements. The lines used for producing the
parental crosses were assumed to be unrelated and each
line was used in only one cross. Further, the inbreeding
coefficient of DH lines was considered to be equal to 1.

Simulation model

We applied Monte Carlo simulations to investigate the
selection strategies (1, 2a, 2b, and 2c) in both breeding
schemes DHTC and S;TC-DHTC. Gaussian normal dis-
tributions of the genotypic and phenotypic values were
assumed for grain yield. Parental cross selection was based
on the genotypic values of the crosses, which were taken
from a distribution N(0, o*c). The phenotypic values for
testcrosses of (1) DH lines in DHTC-2 and (2) S; families
and DH lines in S;TC-DHTC-2 were modeled as described
by Wegenast et al. (2010). For faster random number
generation, the simulation programs were written in C and
implemented in the statistical software R (R Development
Core Team 2006), using a method equivalent to the R
package mvtnorm. Test locations common at both stages
(L.) were assumed such that L. = min(L;, L,). Without
restriction on L; in stage j, one replication at each test
location was considered, as AG has been reported to be
maximum for one replication per test location for both
stages of selection (cf., Bernardo 2002; Melchinger et al.
2005).

Optimum allocation of test resources and optimization
criteria

The optimum allocation of test resources for the two
optimization criteria, namely selection gain (AG) and the
probability to identify superior genotypes [P(g)], as well as
their standard deviations (SDag,SDp(,)) were estimated
following Wegenast et al. (2010). Thus, P(g) corresponds
to the probability that the selected DH lines belong to the
fraction of the g% DH lines with the highest genotypic
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value of testcrosses in the base population. The value of g
considered was 0.1%. The allocation of test resources
refers to the pairs (N, L;) for both stages, where N; is the
number of test candidates at stage j. It was considered
optimum if it maximized the corresponding optimization
criterion AG or P(g). An asterisk was used to indicate the
optimum allocation as well as the corresponding optimi-
zation criteria (e.g., L}, AG*). Since the optimization cri-
teria were estimated with a precision of 0.01, the optimum
allocation (Nj, L) was determined such that SDag or
SDp(;) was minimum among all allocations within a 0.01
drop-off of AG or P(g).

Results
Solutions of the mixed model equations

General analytical solutions of the MME were derived for
both breeding schemes DHTC and S;TC-DHTC. The for-
mulas hold true for any variance component ratio and
allocation of test resources (numbers of crosses, DH lines,
S, families, test locations, and replications), provided the
parental crosses and parental lines are unrelated and the
population mean is equal to zero. In DHTC, the BLUP of
the kth cross (¢, ) and the mth DH line within the kth cross

(c?km) at both selection stages are as follows:

O.2

) (7)
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where y, = n;l 22:1 Y, 1, 18 the number of DH lines
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2 2 2
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.
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test locations, Y is the number of test years, and R is the
number of replications (Y =1 and R =1 in the present
study).

In breeding scheme S;TC-DHTC, the BLUPs of the

crosses and S; families at the first stage are as follows
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where y, = n;l Z?ilyk,,nk is the number of S; families
within the kth cross, yy; is the phenotypic value of the /th S,

a2 a2 .
and ¢? =74 Loy

€
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In the second stage of the breeding scheme S;TC-
DHTC, the BLUPs of the crosses, S; families, and DH
lines are

(11)
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Simulation results

In DHTC, selection strategy 2a generally resulted in a
slightly larger AG* and P(gq)" compared with the other
strategies (Table 1). The standard deviation of the opti-
mization criteria generally increased with decreasing rela-
tive contribution of the genetic variance from VC1 to VC3.
For AG* in DHTC-2a and VCI (with highest AG* and
P(gq)" compared to VC2 and VC3), the optimum allocation
was 1 (L7) and 14 (L) test locations, four crosses (N7,) and
2,290 DH lines (NI*D) of each cross in the first stage, and

404 DH lines (N;p) in the second stage. For P(g)" in
DHTC-2a and VCI, N was smaller, and Ljwas larger than
that for AG*.

In S, TC-DHTC, selection strategy 2 generally resulted
in a larger AG* than strategy 1 (Table 2). The standard
deviation of the optimization criteria increased with
decreasing relative contribution of the genetic variance
from VCI1 to VC3. The optimum number of initial crosses
N;_ under VCI and VC3 was generally larger for P(g)"

than for AG*. For P(q)", the optimum number of test

locations L} generally increased from VCI to VC3. The
optimum allocation for AG* in S;TC-DHTC—2c¢ in com-
bination with VC1 (with highest AG* and P(q)" compared
to VC2 and VC3) was 10 (L}) and 11 (L) test locations,
five crosses, and 196 S, families of each cross in the first
stage, and 812 DH lines (N;) in the second stage. In S, TC-
DHTC—2c and VC1, N} was reduced and L} increased for
P(q)" compared to AG*, whereas N; was similar.

Breeding scheme S;TC-DHTC (Table 2), compared
with DHTC (Table 1), was superior for both optimization
criteria, AG* and P(gq)" under all assumptions. The
superiority was relatively more pronounced for P(g)" than
for AG*, and for VC2 than for VC1 and VC3. Further, for
both breeding schemes and all selection strategies, the
estimates of both optimization criteria were generally
reduced as the contributions of the genetic variance rela-
tive to the masking variances decreased from VCI to
V(3.

Discussion
Effect of BLUP on the optimization criteria

In an earlier paper, we studied the breeding schemes with
the same assumptions concerning the variance component
ratios, test resources, and production costs as in the present
one, but employed conventional phenotypic selection based
on mean performance only of the candidates rather than
BLUP (Wegenast et al. 2010). Selection based on BLUP
(Tables 1, 2) instead of mean performance solely of the test
candidates slightly increased the progress from selection in
both breeding schemes. This enhancement of AG* and
P(q)" was due to the theoretical model underlying the
selection based on BLUP, i.e., the use of the information of
related genotypes in addition to that of the test candidate as
a selection index in BLUP. The impact of BLUP might
have been reduced by the large test capacity of the
breeding program which lead to very reliable values of the
mean performance of the test candidates leaving a little
scope of their improvement with the use of the additional
information of related genotypes. Therefore, in breeding
programs with smaller budgets, the relative advantage of
BLUP compared to simple means is expected to be larger.

Our study focused on investigating the general influence
of BLUP on the progress from selection and the optimum
allocation of test resources. In order to keep the formulas
and the computing time for the simulations at an acceptable
level, we made a few simplifying assumptions. These were
unrelated parental crosses, a constant coancestory coeffi-
cient ® among the candidates within crosses expected on
the basis of quantitative genetic theory (neglecting the
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Table 1 Two-stage breeding scheme DHTC (evaluation of testcross
progenies of DH lines within crosses at both stages) with selection
based on BLUPs: optimum allocation of test resources to maximize

the optimization criteria (OC), namely selection gain (Aé*) and the

probability of selecting superior genotypes [ﬁ (g = 0.1%)"], for three
different ratios of variance components (VC) a%;:azcx y:o'%;x,:a(;X lxyzof
assuming equal ratios for crosses and DH lines

Selection strategy® vcP Optimum allocation
N} N; Ly L; ocC SDoc

Optimization criterion AG*
1 1 5,502 (2 x 2,751)° 372 (2 x 186)° 2 15 3.62 0.29
2a 1 9,160 (4 x 2,290)° 404 1 14 3.64 0.31
2b 1 8,676 (3 x N;,)* 490 1 13 3.63 0.32
2c 1 5,866 (2 x Ny,)* 334 2 14 3.64 0.28
1 2 3,956 (2 x 1,917)° 392 (2 x 196)° 3 15 3.33 0.33
2a 2 4,590 (3 x 1,530)° 232 3 14 3.36 0.33
2b 2 3,850 (2 x Ni,)* 388 3 15 3.34 0.29
2c 2 3,548 (2 x Ny,)* 221 4 15 3.36 0.29
1 3 3,566 (2 x 1,783)° 232 (2 x 116)° 4 14 3.06 0.34
2a 3 2,524 (2 x 1,262)° 191 6 15 3.08 0.30
2b 3 3,234 (2 x Np,)° 338 4 14 3.06 0.30
2c 3 3,704 2 x Ny,)* 188 4 14 3.07 0.32

Optimization criterion P(q = 0.1%)"
1 1 5,684 (4 x 1,421)° 342 (2 x 171)° 2 15 0.80 0.23
2a 1 5,760 (4 x 1,440)° 329 2 15 0.83 0.20
2b 1 9,075 (5 x Ny,)* 386 1 15 0.82 0.21
2c 1 8,180 (4 x N;,)* 473 1 15 0.83 0.19
1 2 5,622 (3 x 1,874)° 352 (2 x 176)° 2 15 0.65 0.29
2a 2 5,620 (3 x 1,810)° 384 2 15 0.67 0.26
2b 2 4,595 (5 x Np,)° 231 3 14 0.65 0.26
2c 2 4,572 (3 x Ny, 254 3 13 0.65 0.29
1 3 3,210 (2 x 1,605)° 346 (2 x 173)° 4 14 0.50 0.30
2a 3 3,570 (2 x 1,785)° 231 4 14 0.50 0.28
2b 3 3,798 2 x Ny,)* 400 3 15 0.50 0.28
2c 3 3,436 2 x Ny,)* 255 4 15 0.50 0.28

N7 optimum number of test candidates in stage j, L; optimum number of test locations in stage j, SD standard deviation

? 1: Sequential selection among and within parental crosses; selection among all DH lines with 2a = fixed numbers of DH lines, 2b = mod-

erately, or 2c = strongly variable numbers of DH lines within crosses

® VCI1 = 0.5:0.125:0.125:0.25:1; VC2 = 0.5:0.25:0.25:0.5:2; VC3 = 0.5:0.5:0.5:1:4

¢ Number of crosses x DH lines within crosses

¢ Number of crosses x variable number of N;, DH lines within crosses

variance of ® due to segregation), and known instead of
estimated variance components. The use of empirical
BLUP using variance components estimated with restricted
maximum likelihood instead of true BLUP (Piepho et al.
2008) would probably slightly reduce the advantage of
BLUP. A direct and more reliable estimate of the actual
coancestory coefficient ® for each pair of candidates based
on molecular markers, might have enhanced the impact of
BLUP. Therefore, incorporation of marker information
(Bauer et al. 2006; Lorenzana and Bernardo 2009; Schrag
et al. 2010) or the estimation of variance component ratios
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for each trial separately could make the selection based on
BLUP more efficient and also influence the optimum
allocation of test resources. Then, the relationship matrix A
would be non-diagonal.

In breeding scheme S;TC-DHTC, the use of BLUP led
to a very high probability [P(q)*] for the selection of the
best ¢ = 0.1% genotypes under the assumption of VCI,
i.e., when relative contribution of genetic variance is
high. Response to selection increased with the application
of BLUP. The positive effect of BLUP was also found in
studies on the prediction of the performance of maize
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Table 2 Two-stage breeding scheme S;TC-DHTC (evaluation of
testcrosses of S; families at the first stage and of DH lines within
S; families at second stage) with selection based on BLUPs:
Optimum allocation of test resources to maximize the optimization

criteria (OC), namely selection gain (Aé*) and the probability of

selecting superior genotypes [P(0.1%)"], for three different ratios
of variance components (VC) azczaéxyzaéx,:ozcxlxyzag for crosses,
S; families, and DH lines assuming equal ratios for S; families and
DH lines

Selection strategy” vcP Optimum allocation

N} N; Ly L; ocC SDoc
Optimization criterion AG*
1 1 800 (4 x 200)° 760 (2 x 1 x 380) 13 11 3.96 0.46
2a 1 864 (4 x 216)° 716 (2 x 1 x 358) 11 13 3.98 0.43
2b 1 516 (4 x 129)° 956 (2 x Ny, x N))° 14 12 3.99 0.45
2c 1 980 (5 x 196)° 812 (2 x Ny, X Np)° 10 11 4.00 0.44
1 2 736 (4 x 184)° 712 (2 x 2 x 178)¢ 11 15 3.58 0.51
2a 2 940 (5 x 188)° 568 (2 x 2 x 142)¢ 11 15 3.65 0.47
2b 2 788 (4 x 197)° 600 (2 x Ny, X Nop)° 14 13 3.64 0.49
2c 2 1,080 (6 x 180)° 360 (2 x Ny, x Ny p)° 11 15 3.64 0.49
1 3 604 (2 x 302)° 698 (2 x 1 x 349) 14 14 3.23 0.54
2a 3 537 (3 x 179)° 716 (2 x 2 x 179)¢ 15 15 3.27 0.50
2b 3 600 (2 x 300)° 754 (2 x Ny x Npp)° 15 13 3.28 0.49
2c 3 424 (2 x 212)° 952 (2 X Ny, X Na,)° 15 13 3.28 0.52
Optimization criterion P(0.1%)"
1 1 944 (8 x 118)° 764 (2 x 1 x 382)¢ 11 11 0.92 0.17
2a 1 770 (7 x 110)° 918 (2 x 1 x 367) 10 12 0.93 0.14
2b 1 655 (5 x 131)° 800 (2 x Ny, X Na)° 14 12 0.93 0.16
2c 1 660 (6 x 120)° 794 (2 x Ny x Nap)° 13 13 0.93 0.15
1 2 955 (5 x 191)¢ 680 3 x 1 x 200) 9 15 0.77 0.29
2a 2 760 (4 x 190)° 744 (2 x 3 x 100)* 11 14 0.81 0.25
2b 2 975 (4 x 197)° 600 (2 x Ny, X Nop)° 14 13 0.79 0.27
2c 2 1,080 (6 x 180)° 398 (2 x Ny, x Np,)° 12 15 0.80 0.24
1 3 666 (3 x 222)° 636 (2 x 3 x 171) 14 15 0.58 0.35
2a 3 716 (4 x 179)° 544 (2 x 3 x 187)¢ 15 15 0.59 0.33
2b 3 564 (2 x 282)° 794 (2 x Ny, x Npp)° 15 13 0.58 0.36
2c 3 720 (4 x 180)° 586 (2 x Ny, X Nap)° 14 15 0.60 0.33

J

N = optimum number of test candidates in stage j, Lj optimum number of test locations in stage j, SD standard deviation

% 1 = Sequential selection among and within parental crosses; sequential selection among and within parental crosses at the first stage and
selection among all DH lines at the second stage with 2a = fixed numbers of S; families and DH lines, 2b = moderately, or 2c¢ = strongly

variable numbers of S; families and DH lines

® VC1 = 0.5:0.125:0.125:0.25:1 (crosses) and 0.25:0.0625:0.0625:0.125:1 (S; families and DH lines), VC2 = 0.5:0.25:0.25:0.5:2 (crosses) and
0.25:0.125:0.125:0.25:2 (S; families and DH lines), VC3 = 0.5:0.5:0.5:1:4 (crosses) and 0.25:0.25:0.25:0.5:4 (S; families and DH lines)

¢ Number of crosses x S; families within crosses

4 Number of crosses x S; families within crosses x DH lines within S; families

¢ Number of crosses x variable number of N,, S; families within crosses and N,, DH lines within S; families

single crosses (Bernardo 1996). In addition, the use of
BLUP compared to conventional phenotypic selection led
to a closer relatedness of the selected DH lines, expres-
sed as the average coefficient of coancestry, in selection
strategies 2b and 2c with variable numbers of S; families
and DH lines in both breeding schemes (data not shown).
In the selection based on BLUP, candidates having a

larger number of relatives with desirable performance
have a bonus to be selected, because more information is
available leading to more accurate BLUPs. Thus, it is
likely that DH lines within crosses or within S; families
with a larger number of related DH lines may get
selected rather than those within a smaller cross or S;
family.
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Advantage of formulas to estimate genotypic values
and optimally allocate test resources

Since we assumed special structures of the covariance
matrices Ac,Ap,Ar,Ap,r, and R (e.g., constant covari-
ances within crosses and S; families within crosses), the
development of mathematical formulas to estimate the
genotypic values of the test candidates rendered matrix
inversion of the MME unnecessary. These formulas facil-
itated and accelerated the simulations considerably. Using
the statistical software R (R Development Core Team
2006) in breeding scheme S;TC-DHTC, the mathematical
formulas saved approximately two-thirds of the simulation
time compared to the matrix inversions (data not shown),
whereas in breeding scheme DHTC, BLUP-based simula-
tions could not be undertaken as this required more com-
puting power than available. The simplifying assumption
of unrelated crosses was, however, necessary for the
development of the mathematical formulas. We combined
all non-genetic effects (i.e., the genotype X environment
interactions as well as the residual error) into the random
error €. Thus, the error effects of related candidates may be
correlated and consequently, R was a block diagonal
matrix. The model used in this study is therefore an
extension to that used in the literature on BLUPs in plant
breeding, where R was assumed to be diagonal (Bernardo
1996).

We developed our formulas by calculating a general
inverse of the MME analytically using methods described
in the literature (cf., Searle 1996). The calculations were
made with the statistical software Mathematica 7 (Wolfram
Research Inc 2008), which is widely used for symbolic
matrix calculations. Finally, the general formulas were
triple-checked numerically for correctness using the soft-
ware programs Mathematica 7, SAS Proc IML (SAS
Institute 2004), and R (R Development Core Team 2006)
for various allocations of resources. In addition, our for-
mulas are in agreement with others given in the literature
(Searle 1996; Holland et al. 2003).

With our formulas, the BLUP of each cross (c),S;

family within a cross (f;), and DH line within a cross

(jkm) or S; family (c?klm) can be calculated directly from
the phenotypic data (Eqs. 7-13). Thus, BLUPs of indi-
vidual candidates can be computed without calculating the
BLUPs of all others. The formulas solely depend on the
phenotypic values of the candidates, the variance compo-
nent ratios, the allocation of test resources, as well as the
number of test candidates n, and the genetic relationship of
the candidates, which are all fixed for a given breeding
scheme. Thus, the influence of (1) the resource allocation,
i.e., numbers of test candidates, locations and replications
and (2) the underlying variance component ratios on the

@ Springer

BLUPs can be calculated directly from the formulas
without matrix inversion. In breeding scheme DHTC, the
BLUP of a cross is the phenotypic mean of the cross
multiplied with an adjusted heritability. The BLUP of a DH
line within a cross is the phenotypic value minus the effect
of a cross multiplied with the heritability. The calculation
of the BLUPs at the first stage of S{TC-DHTC is analogous
to DHTC. At the second stage of breeding scheme S;TC-
DHTC, the BLUP of a cross can be considered as the
harmonic mean of the families within that cross.

Optimum allocation of test resources

In both breeding schemes, the optimum number of test
locations increased with decreasing relative contribution of
genotypic variance from VC1 to VC3 (Tables 1, 2). In
breeding scheme DHTC, the optimum number of test
candidates in the first (N7), and also in most cases in the
second stage (N;), decreased to counterbalance the addi-
tional budget for the test locations. In breeding scheme
S| TC-DHTC, the same trend was generally observed for
the test locations.

When comparing the optimum allocation of test
resources for selection based on BLUPs in the present
study with that based on mean performance solely of the
candidates (Wegenast et al. 2010) in breeding scheme
DHTC, the optimum number of test candidates N| at the
first stage was strongly reduced with BLUP. This leads to
a shift of resources from the first to the second stage of
selection, and, thus, a more intensive evaluation of the
promising candidates in the second stage. For S,TC-
DHTC, no clear trend was discernible from the compari-
son of the optimum allocation of resources for selection
based on BLUP versus mean performance solely of the
candidate.

In applied breeding programs, elite inbreds within the
heterotic groups have complex pedigree structure and
relationships, leading to varying coefficients of coancestry
among and within crosses (Bernardo 1996). This complex
structure requires simplifying assumptions. However, when
crosses are related, a larger number of crosses with a lower
number of candidates within crosses might be optimum for
selection based on BLUP, because data of related crosses
could also be used to estimate the BLUPs of the candidates.

Comparing the optimum allocation for AG* with P(g)"
in S{TC-DHTC, the optimum number of crosses at the
first stage (Ny.) was generally larger for P(q)" (Table 2).
However, the values of Nj and Lj did not show any
consistent trend between the two optimization criteria.
Similarly in breeding scheme DHTC, the optimization
criterion had no consistent effect on the optimum
allocation.
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Comparison of selection strategies

In both breeding schemes, the values of both optimization
criteria decreased from VC1 to VC3 (Tables 1, 2). This
decrease was due to the progressive relative increase in
non-genetic variances from VCI1 to VC3 and hence,
reduced heritability. The relative decrease for AG* was
smaller in DHTC than in S;TC-DHTC, whereas for P(q)
the trend was the opposite. This trend underpins the results
of an earlier study (Wegenast et al. 2010) that breeding
scheme S;TC-DHTC is more robust for the criterion P(q).

With BLUP, differences among selection strategies
narrowed down compared to that for mean performance
solely of the test candidates (Wegenast et al. 2010). This
may be due to the fact that with BLUP, the values of the
individuals are adjusted with the performance of related
individuals which leads to shrinkage as compared with
conventional phenotypic selection.

In breeding scheme DHTC, all three variants of selection
strategy 2 involving selection among DH lines at both stages
resulted in equal or higher AG* and P(g)" than selection
strategy 1 involving sequential selection among and within
crosses (Table 1). Further, strategy 2 resulted generally in
equal or lower SDy¢ for both criteria, particularly P(q)",
compared with strategy 1. In breeding scheme S, TC-DHTC,
all three variants of selection strategy 2 generally resulted in
larger estimates of AG*, whereas for P(q)*, both selection
strategies 1 and 2 showed comparable results.

In both breeding schemes, selection strategies using
variable rather than fixed numbers of S; families and DH
lines did not consistently lead to higher AG* and P(g)"
(Tables 1, 2). Thus, the advantage of strategies 2b and 2c
in breeding scheme S;TC-DHTC reported earlier in We-
genast et al. (2010) using selection based solely on phe-
notypic values of the candidate itself was not supported by
the present study. This may be due to the effect of cross
and/or family size, i.e., the number of DH lines or S,
families within crosses, and the number of DH lines within
S; families. The identification of a superior DH line
belonging to a very small-sized cross or S; family com-
pared with larger-sized ones is less likely.

Conclusions

The formulas for the calculation of the BLUPs, developed
in this study greatly facilitate the computation of AG* and
P(q)" estimates as well as the optimum allocation of test
resources compared with the approach using the MME.
These formulas not only accelerated the computations but
also facilitated investigations of the effect of various factors
on the BLUP estimates more explicitly. Selection based on
BLUPs rather than phenotypic values had a positive, though

small, effect on progress from selection in both breeding
schemes. The progress is higher for breeding scheme S, TC-
DHTC than DHTC, whereas the differences among the
selection strategies are small for both optimization criteria
and breeding schemes. Further research is warranted to
study the effect of BLUP on the progress from selection by
the additional integration of marker information to deter-
mine directly the relationship matrices A and R.
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