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Doubled haploid (DH) lines are increasingly being used in plant breeding. They 

can be derived via anther culture (e.g. in rapeseed) or interspecific crosses (e.g. in 

barley with Hordeum bulbosum L., in wheat with Zea mays L.). If DH lines can 

routinely be produced at low costs, this can fundamentally alter the procedures of 

plant breeding. Instead of several generations of selfing accompanied by pedigree 

selection, potential varietal parents are directly produced and can be evaluated for 

their breeding value with regard to their line per se and/or testcross performance 

and combining ability. 

 Doubled haploids (DHs) are also considered as an attractive alternative in 

recurrent selection for allogamous species such as maize (Bouchez and Gallais, 

2000). In a theoretical approach, these authors compared the potential of recurrent 

selection with a tester using DHs with testcrosses (T) of S0, S1 or S2 plants. With 

the use of off-season nurseries, a 3 year cycle of DH × T had the biggest 

advantage (27%) over a 3 year cycle of S0 × T for selection gain per year (∆G/y) at 

low heritability and the same selection intensity. When using a constant effective 

population size for the recombined fraction, the advantage of DH × T was reduced 

or surpressed in comparison to S0 × T. In addition to potential benefits in recurrent 

selection, Bouchez and Gallais (2000) predicted an increased interest in DHs 

because they allow a rapid development of new hybrids. 

 During the past two decades, big efforts have been made to establish anther 

culture in maize. Nevertheless, response to anther culture seems to be a complex 

trait and is highly genotype dependent with most genotypes being non-responders 
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(Wan and Widholm, 1993). In addition, anther culture is affected by many factors, 

very expensive and gametic selection can lead to a distorted segregation after 

anther culture (Büter, 1997).  

 A first method to produce doubled haploids in maize was proposed by Chase 

(1952) using monoploids or synonymously haploids. Haploids occur spontaneously 

at a rate of about 10-3 and about 10% of these yield successfully selfed progeny. 

Some genotypes showed a higher potential to induce haploids and selecting them 

seemed to be promising. Progress in selection of pollen parents led to the in-vivo 

haploid induction, which is now established as a routine method for maize (Bordes 

et al., 1997; Röber, 1999). Inducer lines such as UH400 (www.uni-hohenheim.de/ 

~ipspwww/350a/linien/indexl.html#uh400) have been developed that warrant 

induction rates of 10% haploids and higher. Identification of haploid embryos is 

commonly based on color markers such as Rn-j, which work fairly reliable in dent 

materials and after initial rounds of selection also in flint germplasm. “False 

positives” can be identified by morphological markers such as “glossy” or 

anthocyan coloration of the stalk.  

 Progress has also been made in the procedures for chromosome doubling by 

colchizine or other chemicals (Melchinger, unpubl. data) and usually surpass a rate 

of 10%. Compared to anther culture, in-vivo haploid induction can be easily 

integrated in conventional maize breeding programs because it involves only 

ordinary breeding operations except for the special treatment of seedlings or plants 

required for chromosome doubling. Once established, the method allows 

production of doubled haploid lines in large numbers at low costs. In view of the 

numerous advantages of doubled haploids in maize breeding, in-vivo haploid 

induction has been adapted as a routine method in many commercial hybrid maize 

breeding programs in Europe and North America (Schmidt, 2004; Seitz, 2005). 

 With the introduction of a new breeding method, besides purely technical 

aspects it is important to develop appropriate selection procedures and in 

particular, to optimize the allocation of resources. To reach this goal, two avenues 

have been pursued in the literature: (i) model computations based on analytical 

quantitative genetic theory and (ii) computer simulations (Jannick and Abadie, 

1999). The objectives of this paper were to (a) provide basic results of quantitative 
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genetic theory concerning DHs and (b) present first results on optimizing selection 

for testcross performance in a standard breeding scheme with DHs. 

 

QUANTITATIVE GENETIC THEORY 

 Genetic model. We assume a randomly mating population π'e in Hardy-

Weinberg and linkage equilibrium. From π'e, DH lines are extracted without 

selection or any other forces altering gene and gametic frequencies so that linkage 

equilibrium remains conserved. Consider the case of two loci A and B with alleles Ai 

(i = 1, …I) and Bj (j = 1, …J). The tester T can be any population π" of arbitrary 

structure such as an inbred line, a single cross, or a randomly mating population. 

Adopting the partioning of genotypic values in the gene-orthogonal population 

corresponding to the population cross π' × π" given by Griffing (1962) and Schnell 

(1965), the testcross values T
ijY  of a DH line with genotype AiBj/AiBj can be 

expressed as  

                    ...++++=
jiji BATBTATT

T
ijY ααααµ                                        [1]                      

with 

)( T
ijT YE=µ  … mean testcross performance of population  π'; 

)( T
ijiAT YE

i
=α  … additive effect of allele i at locus A; 

)( T
ijjBT YE

j
=α  … additive effect of allele j at locus B; 

)( T
ijijBAT YE

ji
=αα  … additive × additive effect of allele Ai with allele Bj; 

and E denotes either the unconditional or conditional (index below symbol) 

expectation. With these definitions, we have 0
1

=∑
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p αα , where 
iAp  and  

jBp  refers to the 

corresponding gene frequencies. Note that all effects in Eq. [1] are defined in 

statistical terms and consequently depend on the gene and gamete frequencies of 

the tester T in addition to the genetic model. An important feature is, however, that 

the genetic model for testcross performance behaves like the ordinary statistical 
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model used in a random mating population in the absence of dominance or 

epistasis including dominance terms. 

 Means. With the above definitions it is clear that testcrosses of population π' 

and DH lines derived from it, have both a mean of Tµ . Deviating from our initial 

assumption for π'e, the base material (elite lines) used in recycling breeding for 

generating DH lines from F1, F2 or BC populations of homozygous lines P1 and P2 

are not in linkage equilibrium. Using (i) the model in Eq. [1] with effects referring to 

the F2 population and generalized to an arbitrary number of loci in linkage 

equilibrium and (ii) results given by Melchinger (1987), the expected testcross 

means of DH lines derived from the F1, F2, BC1, BC2 or BC1-Syn and BC-Syn can 

be expressed with digenic epistasis but no linkage as: 

   αααµ TTT
T xxY 2++=      .                  [2] 

Here, 
TY = testcross mean of the generation considered; 

Tµ = testcross mean of the F2 population in gametic equilibrium; 

i iT A T A
i

α α= Θ∑ ; 
i j i jT A B T A B

i j

αα αα
<

= Θ Θ∑∑ and =Θ  +1 if P1 contains the    

        favorable allele at locus i ( 1>
iATα ) and -1 otherwise.               

The coefficient, x, is generation dependent and a linear function of the proportion of 

germplasm from the two parent lines (x = 1, -1, 0, 0, 1/2, -1/2, 1/2, -1/2 for P1, P2, 

F1-DH, F2-DH, BC1-DH, BC2-DH, BC1-Syn-DH, BC2-Syn-DH, respectively). Thus, 

in the absence of epistasis, the testcross mean of the various populations is a linear 

function of Tα , i.e., depends linearly on the percentage of germplasm from the two 

parents. With epistasis, this relationship may become non-linear, the curvature 

depending on the sign of Tαα  (Melchinger, 1987).  

Variances. With regard to testcrosses of population π'e with tester T, we define 

the variances of additive and additive × additive testcross effects as follows: 

             [3] 
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Restricting epistasis to pairs of loci and with the assumption of linkage equilibrium, 

the genotypic testcross variance among plants in π'e is  

         .      [5] 

The total genotypic testcross variance among DH lines that can be derived from the 

population is 

            .      [6] 

The genotypic testcross variance among DH lines from the same S0 plant is the 

residual, 

  ...3)()():( 22
0

22
0

2 ++=−=
TTTTT AAAGGG SDHSDH σσσσσ   .   [7] 

  Consider two related zygotes X and Y with a coefficient of kinship YX ,ϕ . Using 

results of Schnell (1965) on the covariance between non-inbred relatives, the 

covariance of testcross performance for X and Y can in the absence of linkage be 

expressed as  

                                      .     [8] 

The coefficient YX ,ϕ is 1/2 for full sibs (FS) between inbred parents (F = 1), 1/4 for 

double cousins with inbred grandparents, and 3/8 for double cousins with inbred 

grandparents and one inbred parent.  

 The variance between mother plants within crosses (single crosses = 2W, 

three-way crosses = 3W, double crosses = 4W), denoted as ):( 0
2 CS

TGσ , is the 

difference between the total testcross variance among mother plants ( )( 0
2 S

TGσ ) and 

the testcross variance among crosses (Cov FST) 

             . [9] 

This yields the coefficients of 2
TAσ  and 2

TAAσ  of the segregation variance for 

testcross performance among S0 plants from 2W, 3W and 4W base populations 

produced from homozygous lines (Table 1). The corresponding coefficients of the 

segregation variance for testcross performance among S0 plants from F2, BC1 or 

BC1-Syn base populations can be readily derived from results given by Melchinger 

(1987) and are also shown in Table 1.  

Setting the expected segregation variance for testcrosses among DH lines 

  

2 2 2
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,
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Table 1: Total ( ):(2 CDH
TGσ ), primary ( 2

0( : )
TG S Cσ ), and secondary ( )::( 0

2 CSDH
TGσ ) 

segregation variances between S0 plants or DH lines derived from 2W-F1, 2W-F2, 

3W, 4W, and BC1 generations. 

Source population for generating DH lines Genetic 

variance 

Variance 

comp. 2W-F1 2W-F2 BC1 BC1-Syn 4W 3W 

):(2 CDH
TGσ  2

TAσ  1 1 3/4 3/4 3/2 5/4 

 2
TAAσ  3 3 45/16 45/16 15/4 55/16 

2
0( : )

TG S Cσ  2
TAσ  - 1/2 1/4 3/8 1/2 1/4 

 2
TAAσ  - 3/4 9/16 45/64 3/4 7/16 

)::( 0
2 CSDH

TGσ  2
TAσ  1 1/2 1/2 3/8 1 1 

 2
TAAσ  3 9/4 36/16 135/64 3 3 

 

derived from 2W equal to 100%, we obtain the ratios of the primary ( ):(2 CDH
TGσ ) 

and secondary ( )::( 0
2 CSDH

TGσ ) segregation variance given in Table 2. In the 

absence of epistasis, the total testcross genetic variance among DH lines is 50% 

higher in 4W and 25% higher in 3W compared to 2W, while BC1 populations 

release only about 75% of this variance. With increasing epistasis, all ratios shrink 

towards 100%. In the absence of epistasis, the ratio of primary to secondary 

(segregation) variance is 1 : 1 for 2W-F2, 1 : 2 for BC1, 1 : 1 for BC1-Syn, and 1 : 2 

and 1 : 4 for 4W and 3W, respectively. These ratios increase with greater 

importance of the epistatic variance 2
TAAσ . 

Applications. The results given in Tables 1 and 2 are relevant for important 

decisions with regard to optimum use of the DH technique in recycling breeding. An 

example is the choice between an 2W-F1-DH or BC1-DH populations from a cross 

between two inbreds. Fig. 1 presents the genotypic frequency distribution for the 

means of testcross progenies of random DH lines from the F1 and BC1 population 

in the absence of epistasis. Obviously, a BC1–DH population is more promising 
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Table 2: Total ( ):(2 CDH
TGσ ), primary ( ):( 0

2 CS
TGσ ), and secondary ( )::( 0

2 CSDH
TGσ ) 

segregation variances between S0 plants or DH lines derived from 2W-F1, 2W-F2, 

3W, 4W, and first backcross generations expressed in percent of ):(2 CDH
TGσ  for 

2W-F2-DH lines. 

Source population for generating DH lines Genetic§ 

variance 

 

2W-F1 2W-F2 BC1 BC1-Syn 4W 3W 

  % 

):(2 CDH
TGσ  Min.† 100 100 75 75 150 125 

 Max.‡ 100 100 94 94 125 115 

2
0( : )

TG S Cσ  Min.† - 25 19 23 25 15 

 Max.‡ - 50 25 37,5 50 25 

)::( 0
2 CSDH

TGσ  Min.† 100 50 50 37,5 100 100 

 Max.‡ 100 75 75 70 100 100 

†,‡ Refers to a model with 2
TAAσ = 0 (no epistasis) and 2

TAσ = 0 (only epistatic 

variance), respectively. 

§  For definitions, see Table 1 and text. 

 

Fig. 1: Assumed genotype 

frequency distribution for the 

means of testcross of random 

DH lines from the F1 and BC1 

population of the cross of two 

inbred lines P1 and P2. 
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when one parental inbred is clearly superior to the other (d large) and when the 

selection intensity α is low. For a detailed discussion of the arguments, the reader 

is referred to Melchinger (1987) with straight-forward extension to the case of DH 

lines. 

 Another important application refers to the optimum allocation of resources in 

breeding programs with two selection steps: one at the level of the primary 

variance, which corresponds to “early testing” (Richey, 1922; Jenkins, 1935), and 

the second between DH lines as exemplified in the standard breeding scheme 

given below.  

 

SELECTION THEORY FOR BREEDING SCHEMES WITH DHs 
In a standard breeding scheme for DHs in maize breeding (Fig. 2), the F1 

cross serving as base population is directly pollinated by the inducer for generation 

of haploids/doubled haploids. 

 

Fig. 2: Standard 

breeding scheme 

using DH lines in 

hybrid maize 

breeding. Ns (s = 1, 

2) refers to the 

number of plants or 

DH lines at the 

corresponding 

breeding steps. 

 

 

 

Let us assume that a total of N0 plants from generation D0 are available at the 

beginning of the testing scheme. The final goal is to identify the DH line with the 

highest value in the target criterion Y, using the selection indices X1, X2 etc. at the 

1st, 2nd selection stage, given a fixed total budget B for producing the DH line and 

Year   Season   Activity

1 W

S

2 W

S

3 W

S

4 W

S

P1 x P2
{F1 x Inducer}

< Haploids >

< D0 >
< D1 >

< Di >

D0  · T1

D1  · T1

{ D1  x T1} etc.

{ D0  x Tester T1} etc.

5 – 20 Kernels

Exp. Hybrids: Di · T1 etc.

|

|

|

||

Number of 
candidates

100 N0 = 0.5 N0F1 ears
10 N0 Kernels

N0

N1

N2

N3 = 1

Number of 
candidates

100 N0 = 0.5 N0F1 ears
10 N0 Kernels

N0

N1

N2

N3 = 1

< D2 >
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testing them or selected subsets in the various stages. The target criterion Y could 

be for example 

- the genotypic value of testcross performance with tester T1, 

- GCA in crosses with lines from the opposite heterotic group, 

- the genotypic value for line per se performance, 

- or any (linear) combination of these criteria. 

The selection criterion could be  

- line per se performance evaluated in L0 locations with R0 replicates, 

- testcross performance with tester T1 evaluated in L1 locations with R1 

replicates, 

- testcross performance with tester T2 evaluated in L2 locations with R2 

replicates. 

 Using general results about multi-stage selection (Cochran, 1951; Utz, 1969) 

with fixed genotypes, as represented by DH lines and their testcross progenies, the 

general formula for the selection gain ∆Gm expected from m selection stages is: 

      

                                                                         [10] 

where α  is the total selected fraction with ∏
=

=
m

s
s

1

αα , sα  is the fraction selected at 

selection stage s, sρ  is the correlation coefficient between the selection criterion 

employed at stage s and the target criterion Y, sz  is the ordinate of the univariate 

normal distribution at the truncation point 
S

kα at selection stage s, and msJ  is the 

integral of a standardized (m-1)-variate normal distribution with parameters 

depending on the correlations ss ′ρ  among the selection criteria used at selection 

stages s and s’. The optimum allocation of resources is obtained by a grid search in 

the admissible parameter space of resource allocations for the total budget B. An 

example illustrating this approach is given in the next paragraph.  

 

NUMERICAL RESULTS FOR ONE-STAGE AND TWO-STAGE SELECTION 
 The optimum allocation of resources (Ns, Ls, Rs) for one-stage (s = 1) and two-

stage (s = 1, 2) testcross selection in the standard breeding scheme (Fig. 2) was 

mss

m

s
sm JzG ∑

=

=∆
1

1 ρ
α
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investigated based on mG∆  in Eq. [10]. The main goal was to identify the best DH 

line showing the highest genotypic value when testcrossed with tester T1. The total 

budget B was defined in plot equivalents as ∑
=

+=
m

s
sss RLNMNB

1
0 , where M 

denotes the extra costs for production of one DH line, which is either zero (M0), or 

equal to one- half (M0.5) or to one plot equivalent (M1). Two different budgets were 

compared assuming a maximum number of plots of 200 (B1) and 1000 (B2). Three 

different ratios of variance components (VC) were considered (Table 3).  

 

Table 3: Approximate ratios of variance components (VCs) based on experimental 

data. VCs were standardized for the genetic variance. 2
gσ , 2

glσ , 2
gyσ , 2

glyσ , and 2
eσ  

denotes the variances of genotype, genotype × location interaction, genotype × 

year interaction, genotype × location × year interaction, and error, respectively. 

VC 2
gσ  2

glσ  2
gyσ  2

glyσ  2
eσ  

VC1 1 0.25 0.25 0.5 1 

VC2 1 0.5 0.5 1 2 

VC3 1 1 1 2 4 

 

 VC1 and VC2 were based on estimates determined from official maize variety 

performance tests in Germany from 1991 to 2001 and from 1976 to 1986, 

respectively (Laidig, pers. comm.). VC3 is an approximation of variance 

components from official maize variety performance tests in the state of Baden-

Württemberg from 1981 to 1986 (P. Herrmann, pers. comm.). 

 For one-stage selection, B2, VC1, and M0, the optimum allocation was L1 = 4 

and R1 = 1 with mG∆ = 2.17 (Fig. 3). A change in L diminishes mG∆ . The influence 

on the selection gain was greater for L than for R. The different production costs 

(M0, M0.5, M1) of DH lines resulted in nearly the same allocation optima with small 

differences in mG∆  (Tab. 4). In contrast, the available budget B, the variance 

components and the  
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Fig. 3: The maximum 

selection gain and its 

dependence on the 

number of locations for 

one-stage selection 

assuming a total budget 

of 1000 plot equivalents, 

VC1 (see Table 3), no 

extra costs for DH line 

production and the 

selection of one DH line. 

The number of 

replications (R) varied, 

with R = 1 (●), R = 2 (□), 

R = 3 (◊), and R = 4 (∆). 

 

number of selection stages had a significant impact on both the optimum allocation 

and mG∆ . Larger masking variances in VC2 and VC3 led to an increased optimum 

number of L and a decreased mG∆ . Selection gain was lower for B1 than for B2 

with a smaller number of N and L being optimal. For optimum allocation of the two-

stage selection, more lines could be tested in more locations than for the one-stage 

selection. 

  Our results demonstrate the following general aspects: 

A) Curves of mG∆  are flat close to the optimum; thus, mG∆  is only little below the 

maximum when an unfavorable allocation is chosen. Nevertheless, L and R have a 

strong influence on mG∆  with R = 1 being optimal when the number of L is not 

restricted.  

B) Costs for producing DHs are only of secondary importance for optimizing 

breeding strategies. M0.5 corresponds to the actual costs and will continue to 

decline in the near future owing to further improvements in generating doubled  
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Table 4: Optimum allocation for maximizing selection gain ( mG∆ ) with one-stage   

(s = 1) or two-stage selection (s = 1, 2) aiming to select one DH line. (B = total 

budget in plot equivalents; M = production costs of one DH line relative to the costs 

of one plot; L, N, α  = number of locations, tested lines and ratio of selected and 

tested lines at stage s = 1 and s = 2.) 

Assumptions  Optimum allocation   

s B VC‡ M  L1 L2 N1 N2 1α  2α   mG∆ † 

1 1000 1 0  4 - 250 - 0.004 -  100 

   0.5  4 - 222 - 0.005 -  98.6 

   1  5 - 166 - 0.006 -  97.7 

  2 0  5 - 200 - 0.005 -  85.3 

  3 0  7 - 142 - 0.007 -  70.0 

 200 1 0  3 - 66 - 0.015 -  80.2 

1, 2 1000 1 0  1 9 739 29 0.039 0.035  119.4 

1, 2 200 1 0  1 5 150 10 0.067 0.100  95.4 

  

† Relative to the optimum of s = 1 assuming B = 1000, VC1 and M = 0. 

‡ For variance component ratios, see Table 3.  

 

haploids (Seitz, pers. comm.). Thus, the effect of production costs for DHs will 

decrease even further in the near future. 

C) Increasing the budget B increases the selection gain mG∆ , but the return of 

investment is rather low: a fivefold higher budget (B2 vs. B1) caused only an 20 % 

increase in mG∆ . Changing the breeding strategy from one-stage to two-stage 

selection yielded also a 20 % higher selection gain.  

Further research is warranted to make best use of DH in maize breeding in the 

future looking a broader spectrum of scenarios and breeding schemes.  
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SUMMARY  
 Inbred line development via doubled haploids (DH) produced by in-vivo 

haploid induction is an attractive method in hybrid breeding of maize and currently 

integrated in many commercial breeding programs. In this treatise, we provide the 

quantitative genetic theory underlying testcross performance of DH lines. In 

particular, formulas are given for the testcross means and variances among DH 

lines derived from different types of base populations such as F1, F2, BC1, 3W or 

4W populations. The theory can be applied with regard to the choice of F1 vs. BC1 

base populations as well as the use of early testing prior to testing the testcross 

performance of DH lines. For a standard breeding scheme (DH lines developed          

without “early testing”), classical selection theory allows calculation of the selection 

gain mG∆  from multi-stage selection (given a fixed budget B) and determination of 

the optimum allocation or resources in a breeding program. The latter is illustrated 

by numerical results from one-stage and two-stage selection for testcross 

performance with a given tester.  
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