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		Chapter 6: Marker Assisted Backcrossing

					Thomas Lübberstedt; William Beavis; and Walter Suza

			

	
				Backcrossing (BC) describes a plant breeding procedure used to incorporate one or several genes into an adapted or elite variety. The BC method (Fig. 1) is a form of recurrent hybridization by which a superior characteristic is added to an otherwise desirable genetic background. In this method the breeder has considerable control of the genetic variation in the segregating population in which the selections are to be made.
 Learning Objectives 	Understand backcross (BC) breeding
 	Understand the main application of molecular markers for BC breeding
 	Understand factors influencing the efficiency of BC breeding
 
 
 
 [image: Generation, Donor genome %, and recipient information visualized with pie charts. 50% donor genome is shown as a 50% blue pie chart in F1. Generation BC1 has 25% donor genome, BC2 has 12.5%, and so on.]Fig. 1 The backcross method. Recurrent backcrossing with the recipient reduces the donor parent genome in each generation by one half. General Considerations
 The Goal of Backcrossing
 The goal of a BC program is to recover a pure line or inbred that will contain the novel allele and be as good as the recurrent parent for all other important traits. For this reason, the BC method has been extensively used for transferring alleles for novel traits into elite germplasm (Fig. 2). The novel alleles may be natural mutations or may be the result of mutagenesis or genetic engineering.
  
 [image: Visualizations of backcrossing as flow charts. Described in caption.]Fig. 2 Backcrossing for introgression of dominant (A and B) and recessive (C) genes. In (A and B) selfing of BC, generates pure-breeding line with the AA genotype. In (C) carriers of the target gene can be identified by crossing P1 (aa, resistant) with susceptible individuals (AA and Aa). Thus, if the target gene is recessive (C), the required testcrosses will add additional generations and prolong the BC procedure. The number of BC generations in (A and C) is denoted by n. Genotype Structures
 Backcross works well when a variety to be improved is an inbred line. Also, the inheritance of the trait to be introgressed must be monogenically or oligogenically inherited for backcross to work. The method does not work (well) for clonal and synthetic cultivars because self-pollination or the mating of related individuals does not (fully) recover the recurrent parent which thus is in conflict with the goal of the BC method: to add one or few genes to the recurrent parent. The desired trait for backcrossing must be present in a donor genotype which can be crossed with the cultivar to be improved. Thus, the trait must be available in the primary or secondary germplasm pool.
 The expected proportion of genome originating from the recurrent parent in backcross generations can be estimated using the following formula:
 [image: E_t \approx 1-(\frac{1}{2})^{t+1}]
 where:
 Et = expected proportion of the recurrent parent genome
 t = backcross generation
 Limitation of BC Method
 The goal of the BC method for line and hybrid breeding is to add one or few genes to an existing line or variety. However, varieties in major crops have a short half-life, maybe only a couple of years. Thus, until the gene(s) have been introduced into an existing variety, it might already be outdated. The challenge for breeders is, to introduce genes of interest (including transgenes) into the most recent germplasm, which increases the effort. A recent study using computer simulation suggests incorporating intercrossing in trait introgression might be more efficient in lowering the cost and time than the BC method (Zheng et al. 2023). 
 Marker-Assisted Backcrossing
 Examples of Marker-Assisted Backcrossing
 As mentioned above, five to eight BC generations are usually required for gene introgression into a target variety. However, this consideration is also affected by the following factors:
 	Genetic similarity between donor and recipient
 	Necessity to recover the properties of the recipient
 	Linkage between undesired genes of the donor and the target gene, referred to as “linkage drag” MABC is widely applied in plant breeding programs (Collard and Mackill, 2008).
 
 3 Steps of MABC
 In general, MABC Involves Three Steps:
 Step 1: Foreground selection for the target gene(s). Marker-based foreground selection is particularly useful, if the target gene is recessive, or for combining redundantly acting target genes. Also, foreground selection is useful for environmentally-sensitive genes and in case of expensive phenotyping, for example, some grain quality traits. Finally, marker-based foreground selection enables early selection and elimination of undesirable plants, thus reducing costs related to growing and managing plants.
 Step 2: Background selection near the target gene(s) to reduce linkage drag when introgressing wild or exotic germplasm.
 Step 3: Background selection throughout the genome. Markers enable the identification of progeny most similar to the recurrent parent. Thus, the use of markers helps accelerate a BC program.
 Parameters to be optimized in MABC:
 	Optimal distance between target locus and flanking markers for a given population size
 	Minimal number of individuals for detecting recombinants in a given marker interval
 	Minimal number of data points to achieve fast completion of BC program
 	Allocation of marker analyses to different BC generations
 
 Foreground Selection
 Marker-assisted foreground selection involves the use of markers closely linked to the target gene as diagnostic tools (Fig. 3) for genes controlling traits that are difficult to evaluate, such as recessive traits, or traits that express late during plant development. Ideally, a marker derived from the target locus can be used for foreground selection. More information about foreground selection can be found here:
 [image: visualization of locus markers]Fig. 3 Foreground selection focuses on a specific target locus. Estimating the Number of Individuals Required for Foreground Selection
 It is important to estimate the minimum number (n) of individuals that are required for successful foreground selection for g unlinked target genes, in case gene-derived markers are available for all target genes.
 The minimum population size required to find with probability q = 0.99 at least one BC1 individual of Type 2 can be estimated by the following binomial expression:
 [image: q = (_{m}^{n}) p_{i}^{m} (1-p_i)^{n-m}]
 where:
 m = number of individuals with target genotype
 n = minimum sample size
 q = probability to find at least one individual of a desired genotype
 p = probability for occurrence of a particular genotype i
 The probability q that at least one individual among n individuals has the desired genotype (Also, see Lubberstedt and Frei, 2012) is:
 [image: q = P \left \lfloor m > 0 \right \rfloor = 1 - P \left \lfloor m = 0 \right \rfloor = 1 - (1-p)^n]
 From the above equation, the minimum population size needed to identify at least one desired genotype in the population can be derived from the following equation:
 [image: n \geq \dfrac{ln (1-q)}{ln (1-p)}]
 Estimating Number of Genes to Consider
 The probability p that a BC individual has the desired genotype when g genes are under consideration is calculated using the following formula:
 [image: p = (\frac{1}{2})^g]
 The probability of finding a BC individual with the desired genotype diminishes with an increasing number of genes to be introgressed. Therefore, MABC is most efficient for introgression of one or fewer target genes.
 Trait Introgression
 Trait introgression is one of the important examples for foreground selection. In that case, the target gene is known. Thus, a marker derived from the target gene can be derived. A suitable marker for use in foreground selection should possess the following properties:
 	Co-dominant inheritance to allow distinction between homozygotes and heterozygotes. Co-dominant markers are most useful for marker-assisted backcrossing because selection among backcross progeny involves selection for heterozygous progeny. If a dominant marker, such as an AFLP band, is used for selection, it will be informative during backcross generations, if the dominant allele (conferring band presence) is linked to the donor parent allele. If the recessive allele (conferring band absence) is linked to the donor parent allele, then all backcross progeny will either be heterozygous or homozygous for the dominant allele that produces the marker band, so the marker will be useless for selection among backcross progeny
 	Reproducible
 	Allows automation for high-throughput scale
 	Linked with target gene(s) of interest
 
 During foreground selection, there is a risk that the target gene is lost due to recombination between target gene and flanking marker(s) used for foreground selection. To determine the probability that a desired allele will be lost during backcrossing, let us use the following model.
 Probability Model
 Assume there are two marker alleles m1 and m2, and two alleles of the target gene a1 and a2 (r = recombination rate between m and a). m1 is linked in coupling with a1 and in repulsion with a2. The goal is to backcross a2 into our elite line, which contains a1. At the F1 generation the backcross progeny will be of the following genotype:
 [image: Illustration of two marker alleles m1 and m2, and two alleles of the target gene a1 and a2. Recombination rate between m and a = r. m1 is linked in coupling with a1 and in repulsion with a2]
 Table 1 Gametes produced by an F1 heterozygous at both gene and marker loci. 	Gamete 	Frequency 
  	m1 a1 	½(1 – r) 
 	m1 a2 	½(r) 
 	m2 a1 	½(r) 
 	m2 a2 	½(1 – r) 
  
 and will produce gametes listed in Table 2.
 Table 2 BC1F1 genotype frequencies. 	Genotype 	Frequency 
  	m1m1a1a1 	½(1 – r) 
 	m1m1a1a2 	½(r) 
 	m1m2a1a1 	½(r) 
 	m1m2a1a2 	½(1 – r) 
  
 The objective is to select the a1a2 plants in the BC1F1 generation by selecting for the m1m2 plants. However, there is a probability that the target allele may be lost in the m1m2 plants due to recombination (r). The probability (P) to lose the allele (by selecting an individual of the a1a1 genotype) is:
 [image: P(m1m2a1a1) = (2)r/(2) = r]
 The Reliability of Selection
 Thus, if the recombination frequency (r) between flanking markers and gene loci is 5%, the chance of selecting a plant that is m1m2 but does not have the target gene (a2) is also 5%. Therefore, it is critical to use markers that are tightly linked to the gene of interest to ensure success in a MABC program. The chance of a double crossover event between flanking markers on each side of the target gene is much lower than for a single crossover event, if only one marker is employed (Fig. 4). For this reason: if no target gene-derived marker is available, it is much preferable to use two flanking markers on each side of the target gene, compared to only a single flanking marker. Moreover, the closer those flanking markers are linked to the target gene, the higher the chance of correct marker-assisted transfer of the target gene across BC generations.
  
 [image: visualization of flanking marker measures]Fig. 4 The reliability of selection using single and flanking markers. Adapted from Collard and Mackill, 2008. Use of Markers
 An example of the use of markers for foreground selection is described in Fig. 5. Without a marker, it would be difficult to distinguish heterozygous carriers of the recessive male sterility allele ms (Msms) from homozygous (MsMs) genotypes, because both genotypes result in fertile plants. By using a co-dominant marker linked to Ms/ms, heterozygotes can be readily identified, and there is no need to spend time and resources on selfing and scoring offspring in the next generation based on pollen production.
 [image: visualization of foreground selection]Fig. 5 The use of molecular markers for foreground selection. Backcross of (S) Msms to (N) MsMs produces fertile plants, but of different genotypes (Msms or MsMs). Selfing the MsMs BC1 progeny will produce all MsMs fertile plants. Selfing of BC1 Msms progeny will produce fertile and sterile plants in the ratio of 3:1. The use of a linked marker will help eliminate additional work to self and phenotypic screening of the plants. Foreground Selection For Transgenic Traits
 Table 3 Examples of transgenes used in plant breeding. 	Trait 	Crop species 	Transgene 
  	Insect/pest resistance 	Cotton, maize 	Resistance to the European corn borer, through the expression of a transgene encoding the Cry1Ab insect toxin from Bacillus thuringiensis. 
 	Disease resistance 	Papaya, tobacco 	Resistance to viral diseases by expression by viral coat protein genes. 
 	Herbicide tolerance 	Cotton, maize, soybeans 	Glyphosate herbicide (Roundup) tolerance conferred by expression of a glyphosate-tolerant form of the plant EPSP synthase encoded by a transgene from the soil bacterium Agrobacterium tumefaciens stain CP4. 
 	Tolerance to environmental stress 	Maize 	Expression of a drought-resistance gene from Bacillus subtilis. 
 	Improved nutritional value 	Canola 	High laureate levels achieved by a gene encoding ACP thioesterase from the California bay tree Umbellularia californica. 
  
 Background Selection
 After carriers of the target trait were identified by foreground selection, the next issue is to efficiently recover the recurrent parent genome in as few generations as possible. Phenotypic selection of plants that closely resemble the recurrent parent (Fig. 6A) is challenging for traits that are difficult to score, and mostly due to the impact of linkage drag (see below). Consequently, for the transfer of a single dominant gene using the classical BC method, five or more BC generations are needed to recover 99% of the recurrent parent genome. To speed up the recovery of the recurrent parent genome, markers are used for selecting individuals that closely resemble the genetic background of the recurrent parent. The application of markers to analyze the genetic background of the recurrent parent in BC generations is referred to as marker-assisted background selection (Fig. 6B).
  
 [image: visualizations of conventional vs marker-assisted backcrossing]Fig. 6 Conventional (A) versus marker-assisted (B) backcrossing. Objective of Background Selection
 The objective of background selection is to accelerate the return to recipient parent genome outside the target gene so as to:
 	Reduce the length of the donor chromosomal portion dragged along with the target gene on the carrier chromosome. This can be achieved by selecting recombinants between target gene and one or both flanking markers. The probability of finding a recombinant depends on the distances between the target gene and those flanking markers, number of BC generations, and number of individuals evaluated.
 	The aim of background selection is to reduce the donor genome contribution in subsequent BC generations efficiently by selecting in each generation BC individuals with the lowest donor genome percentage across the genome (Fig. 7).
 
 [image: lines and arrows to visualize markers loci spread across genome]Fig. 7 Background selection involves use of multiple marker loci spread across the genome of the donor. Versatility of MABC
 Selecting in BC1 individuals with the highest recurrent parent genome content would help approach or even exceed the expected genome fraction of BC2 (Fig. 8). Therefore, using markers is a “shortcut” to “jump” BC generations and in this way speed up the BC process.
 [image: bell curve distribution]Fig. 8 The versatility of MABC in selecting individuals that more closely resemble the recipient’s genome. Example of Background Selection
 The following is a summary of use of background selection in a BC program for disease resistance in wheat showing the introduction of strip rust resistance by backcross breeding in wheat.
  
 [image: text boxes with arrows to show the background selection process]Fig. 9 Adapted from Randhawa et al., 2009. Controlling Linkage Drag
 For this section it is recommended that you review the module on Linkage from Crop Genetics: genes located on the same chromosome are genetically linked. Closely linked genes are not segregating independently, like genes located on different chromosomes. This has different implications, e.g., in relation to trait correlations.
 Conventional BC programs are designed with an assumption that the proportion of the recurrent parent genome will be recovered at a rate of 1 – (1/2)t+1 for each t generation of backcrossing. Therefore, after 5 generations of backcrossing, the rate of recovery of the recurrent parent genome would be 0.98%. However, the reality is that the actual outcome deviates from the expected recovery rate due to chance and in particular, linkage between the target gene from the donor parent with other regions of the donor chromosome (linkage drag). The remaining regions of the donor chromosome may contain genes that negatively affect agronomic performance (Fig. 10) and impose a drag on the improvement process.
  
 [image: visualization of gene backcrossing]Fig. 10 Many BC generations are required to reduce the amount of donor chromosome portion around the target gene. Reducing BC Generations
 As indicated in Fig. 11, a classical BC program consists of at least five generations with random selection between all carriers of the target genes. The use of markers in backcrossing helps to detect and greatly minimize the number of donor chromosomes in the recurrent parent (Fig. 12). For this reason, markers can be applied to identify rare individuals resulting from recombination close to the desired gene, helping to minimize linkage drag. Consequently, MABC reduces the number of BC generations required for gene introgression from six to three.
  
 [image: Lines to show the amount of generations needed for backcrossing.]Fig. 11 Marker-assisted backcrossing can achieve the same level of line conversion in fewer generations as would be achieved by conventional backcross breeding. Adapted from Ribaut and Hoisington, 1998.  
 [image: line graph illustrating efficiency of marker-assisted backcrossing]Fig. 12 The efficiency of marker-assisted BC evaluated from expected length of the donor segment among genotypes. The major effect on reducing donor segment length is observed from increasing total duration from BC1 to BC2. Increasing total duration (BC3-BC10) has less effect on reducing donor segment length. Adapted from Hospital, 2001. Reducing Linkage Drag
 Reduction of linkage drag requires both background and foreground selection. The minimum number of markers required for linkage drag reduction is three: one for the target gene to make sure it is still present in recombinants, and two flanking markers to search for recombinants. To minimize this risk of losing the target allele through crossover events, flanking markers on both sides can be applied (Fig. 13), but ultimately phenotyping is required to make sure that the target gene is still present. If the target gene sequence is known (for example, a transgene), phenotypic validation may not be required. But to ensure the gene is correctly expressed, phenotypic validation would still be done before a variety is released.
 [image: A line showing flanking markers around target locus position a]Fig. 13 Use of markers as diagnostic tools in marker-assisted foreground selection. Chromosome of length L with target locus position a and two flanking marker loci at positions m1 and m2. l1 and l2 are the map distances between the target locus and the ends of the chromosome. d1 and d2 are map distances between the target locus and the flanking markers. Adapted from Frisch et al., 1999a. Target Locus
 Positions on the chromosome shown in these are in a scale of 0 to L in Morgan units. Presence of locus a is diagnosed by the presence of closely linked (d1, d2 < 3 cM) marker alleles m1 and m2 with the assumptions that, (a) the average number of crossovers = the length of the chromosome in Morgan units, and (b) the locations of crossovers are independently distributed on the chromatid. Assumptions (a) and (b) are based on Haldane’s mapping function (Haldane, 1919), and imply that there is no crossover interference.
 Plants would be heterozygous at target locus (a) and otherwise be:
 	Type 1: homozygous carrier of recipient allele at both flanking markers.
 	Type 2: homozygous carrier of recipient allele at one flanking marker, and heterozygous at the other.
 	Type 3: homozygous carrier of recipient allele at one flanking marker, and homozygous or heterozygous at the other.
 	Type 4: heterozygous for the donor allele at the target locus and heterozygous for the recurrent parent at both flanking markers.
 	Type 5: homozygous for the recurrent parent allele at the target locus; i.e., not a carrier of the target allele.
 
 Minimum Population Size
 As described previously, the minimum population size required to generate with probability q = 0.99 at least one BC1 individual of Type 2 can be estimated by the following formula:
 [image: q = (_{m}^{n})p_i^m (1-p_i)^{n-m}]
 where:
 m = number of individuals with target genotype
 n = minimum sample size
 q = probability to find at least one individual of a genotype
 pi = probability for occurrence of a particular genotype i [image: \in] {1, 2L, 2R, 3L, 3R, 4}, L and R denote chromosome positions, left or right of the target locus (Frisch et al. 1999a), [image: \in] is defined as “is a subset of”. Therefore, i is a subset of {1, 2L, 2R, 3L, 3R, 4}.
 Solving for n yields the minimum population size required to find with probability q at least one individual occurring with probability pi (see Table 4).
 [image: n \geq \dfrac{\ln(1-q)}{\ln(1-p_i)}]
 Table 4 Various Types of BC individuals as dictated by (a) the genotype at the target allele and flanking marker loci and (ii) on bordering chromosome segments without recombination. Data from Frisch et al., 1999a.
 Note that, P1 value/expression in the formula above depends on the Type of individual identified. 	Event G (type) 	Event G (Genotype) 	Event G (No crossover in) 	Condition H: NRP is of Genotype 	Conditional probability P(G|H) 
  	1 	y1– x + yr– 	—– 	y1+ x + yr+ 	P1 = PBPC /2 
 	2L 	y1– x + yr– 	—– 	y1+ x + yr+ 	P2L = PB(1 – pc) /2 
 	2R 	y1– x + yr– 	—– 	y1+ x + yr+ 	P2R = (1 – pB) pc /2 
 	2 	2L or 2R 	p2 = p2L + p2R 
  
 Target Genotype
 In Table 5, numerical values for the minimum number of individuals required to find a target genotype are provided, (a) in case of looking for a double cross-over event (Type 1), or two subsequent generations of recombination (Type 2, Type 3L combined). For example, if the distance of both flanking markers is 5 cM, then at least 4066 individuals are required to find a double recombinant with q = 0.99. If two subsequent generations are considered, then the respective minimum number of individuals required is 292, i.e., 100 (Type 2) + 192 (Type 3L) = 292. Thus, the number of plants to be genotyped in this second scenario is substantially reduced.
 Table 5 Minimum number of individuals (n) required to obtain with probability q = 0.99 at least one plant of Type 1, 2 or 3L. Data from Frisch et al., 1999a.
 	Distance of flanking marker d1 [cM] 	5 	10 	15 	20 	25 
 	Distance of flanking marker d2 [cM] 	5 	10 	15 	20 	25 
 	Minimum number of Type 1 individuals 	4066 	1119 	547 	337 	236 
 	Minimum number of Type 2 individuals 	100 	54 	39 	32 	27 
 	Minimum number of Type 3L individuals 	192 	100 	69 	54 	45 
  
 
 MABC for Single Gene
 Comparing Different BC Strategies
 Frisch et al. (1999b) conducted simulations to compare several different BC strategies in terms of the speed of recovery of a large proportion of the recurrent parent genome (Table 6). The simulations were based on a maize genetic map (n = 10 chromosomes) with markers spaced about 20 cM.
 Table 6. Different selection strategies on MABC. Data from Frisch et al., 1999b.
 	Selection for 	Number of selection steps 
 	 	Two 	Three 	Four 
 	Presence of the target gene 	1 	1 	1 
 	Homozygosity for the recurrent parent allele at flanking markers 	No data 	2 	2 
 	Homozygosity for the recurrent parent allele at all markers on the carrier chromosome 	No data 	No data 	3 
 	Homozygosity for the recurrent parent allele at markers across the genome 	2 	3 	4 
  
 
 Note that, each stage is run in each BC generation. That means, in two-stage selection, there is both foreground and background selection done in BC1, then also in BC2. The same holds true for three-, and four-stage selection. In performing the simulations, Frisch et al. (1999b) used the following parameters:
 a. Marker data points (MDP) The mean number of MDP required over 10,000 repetitions of the simulation was calculated. Each analysis of a marker locus in a backcross individual was counted as 1 MDP. If one BC individual was genotyped with 100 markers, this would be counted as 100 MDP. Similarly, if 100 BC individuals are genotyped with 100 markers each, this results in 10,000 MDP.
 Recurrent Parent Genome
 b. Recurrent parent genome (RPG) The 10% percentile (Q10) of the empirical distribution of the RPG in the 10,000 repetitions was calculated. For example, Q10 = 98.0% means that a RPG proportion of greater than 98% is attained with a probability of 90%. Table 7 contains simulations results of the distribution of the recurrent parent genome in BC generations 1-10 when foreground selection was implemented or not implemented.
 Table 7 Simulation results for the mean and 10% percentile (Q10) of the distribution of the recurrent parent genome in several BC generations with random selection of individuals carrying the target allele and expected values for the mean without selection. Data from Frisch et al., 1999b.
 	 	No selection 	Selection 	Selection 
 	Generation 	Mean (%) 	Mean (%) 	Mean Q10 (%) 
 	BC1 	75.0 	74.0 	67.4 
 	BC2 	87.5 	86.1 	80.7 
 	BC3 	93.8 	92.4 	88.3 
 	BC4 	96.9 	95.6 	92.7 
 	BC5 	98.4 	97.3 	95.2 
 	BC6 	99.2 	98.2 	96.7 
 	BC7 	99.6 	98.7 	97.6 
 	BC8 	99.8 	99.0 	98.1 
 	BC9 	99.9 	99.1 	98.5 
 	BC10 	100.0 	99.3 	98.7 
  
 
 Detect the Level of RPG
 Following the criteria mentioned above, the number of individuals and MDP required to detect the level of RPG in various BC generations can be estimated. Let us compare two-stage and three-stage selection strategies with respect of RPG and MDP criteria and a Q10 threshold of 96.7% as proposed by Frisch et al. (1999b).
 Tables 8 and 9 contain results from the simulation at the two-stage selection with constant and varied population sizes, respectively. Table 10 contains results for the three-stage selection with constant population size.
 Table 8 Two-stage selection, constant population size. Data from Frisch et al., 1999b.
 
 	Number of individuals per BC generation 
 	20 	40 	60 	80 	100 	125 	150 	200 
 	 	Q10 of the RPD (10%)
  
 	BC1 	76.7 	78.7 	79.7 	80.3 	80.7 	81.3 	81.7 	82.2 
 	BC2 	90.3 	91.9 	92.8 	93.3 	93.6 	93.9 	94.0 	94.6 
 	BC3 	95.8 	06.2 	97.1 	97.3 	97.4 	97.5 	97.6 	97.8 
 	Number of MDP required in total
  
 	BC1 	795 	1560 	2400 	3200 	4000 	5000 	5990 	8000 
 	BC2 	1010 	2130 	3150 	4170 	5180 	6430 	7670 	10100 
 	BC3 	1180 	2280 	3340 	4390 	5430 	6720 	7990 	10500 
  
 Results Using Different Ratios
 Considering results in Table 8, based on 3340 MDP, Q10 amounted to 97.1% in BC3 with population (n1) of 60 individuals. Also, increasing the population (n) size beyond 100 has little effect on the RPG, but requires a large number of MDP. Importantly, the total number of MDP required is approximately proportional to the number of individuals.
 Results in Table 9 suggest that the different ratios do not have a large impact on the Q10 values in BC3. In contrast, the MDP required is strongly reduced for larger populations in BC3. Also, with the ratio of 1:3:9 about 50% less MDP are required as compared to the ration of 1:1:1.
 Table 9 Two-stage selection, increasing or decreasing population size. Data from Frisch et al., 1999b.
 	Ratio n1 :  n2 :  n3 
 	 	3:2:1 	1:1:1 	2:3:4 	1:2:3 	1:3:5 	1:2:4 	1:3:9 
 	Number of individuals nt 
 	BC1 	150 	100 	66 	50 	33 	43 	23 
 	BC2 	100 	100 	100 	100 	100 	86 	68 
 	BC3 	50 	100 	133 	150 	166 	171 	209 
 	 	Q10 of the RPG (%) 
 	BC1 	81.6 	80.7 	80.0 	79.3 	78.3 	78.9 	77.1 
 	BC2 	93.8 	93.6 	93.2 	93.1 	92.8 	92.8 	91.9 
 	BC3 	97.3 	97.4 	97.4 	97.4 	97.4 	97.4 	97.3 
 	Number of MDP required in total 
 	BC1 	6010 	4000 	2680 	2000 	1370 	1720 	920 
 	BC2 	7120 	5180 	3910 	3290 	2720 	2850 	1900 
 	BC3 	7240 	5430 	4280 	3720 	3230 	3380 	2650 
  
 Three-Stage Selection
 Table 10 Three-stage selection with constant population size. Data from Frisch et al., 1999b.
 	 	Number of individuals per BC generation 
 	 	20 	40 	60 	80 	10 	125 	150 	200 
 	 	Q10 of the RPG (%) 
 	BC1 	71.2 	72.7 	73.4 	73.6 	73.3 	73.2 	72.8 	72.2 
 	BC2 	86.1 	87.2 	88.5 	89.3 	90.2 	90.7 	91.3 	91.8 
 	BC3 	94.4 	95.7 	96.5 	96.9 	97.2 	97.3 	97.5 	97.6 
 	 	Number of MDP required in total 
 	BC1 	250 	320 	420 	510 	590 	690 	750 	840 
 	BC2 	440 	610 	830 	1100 	1390 	1780 	2210 	3110 
 	BC3 	550 	820 	1130 	1470 	1810 	2260 	2740 	3740 
  
 Results in Table 10 indicate that the Q10 values for BC1 and BC2 are lower than those obtained in two-stage selection. However, the difference is marginal for the two approaches at BC3. Using 1470 MDP, the threshold of 97.0% was reached when 80 individuals were considered in the three-stage selection. This means that a reduction of about 50% in the required number of MDP can be achieved using the three-stage selection as compared to two-stage selection.
 Tables 11 and 12 contain summaries of number of individuals and MDP for different selection strategies at different BC generations.
 Attaining a Desired Q10 Percentile
 Table 11 Number of individuals required to attain a desired Q10 percentile of the RPG. Data from Frisch et al., 1999b.
 
 	 	Number of individuals n1 per backcross generation 
 	Generation 	20 	4 	6 	80 	100 	125 
 	Two-stage selection 	Q10 of the RPG (%) 
 	BC1 	76.7 	78.7 	79.7 	80.3 	80.7 	81.3 
 	BC2 	90.3 	91.9 	92.8 	93.3 	93.6 	93.9 
 	BC3 	95.8 	96.2 	97.1 	97.3 	97.4 	97.5 
 	BC4 	97.8 	97.9 	98.4 	98.5 	98.5 	98.6 
 	BC5 	98.7 	98.9 	99.0 	99.0 	99.0 	99.0 
 	Three-stage selection 	Q10 of the RPG (%) 
 	BC1 	71.2 	72.7 	73.4 	73.6 	73.3 	73.2 
 	BC2 	86.1 	87.2 	88.5 	89.3 	90.2 	90.7 
 	BC3 	94.4 	95.7 	96.5 	96.9 	97.2 	97.3 
 	BC4 	97.7 	98.2 	98.4 	98.4 	98.4 	98.5 
 	BC5 	98.7 	98.8 	98.9 	98.9 	98.9 	98.9 
 	Four-stage selection 	Q10 of the RPG (%) 
 	BC1 	71.0 	71.9 	72.1 	71.7 	71.6 	71.5 
 	BC2 	85.5 	86.2 	87.2 	87.6 	88.2 	88.7 
 	BC3 	93.7 	95.0 	96.0 	96.5 	96.8 	97.0 
 	BC4 	97.6 	98.2 	98.3 	98.4 	98.4 	98.4 
 	BC5 	98.7 	98.8 	98.9 	98.9 	98.9 	98.9 
  
 Detecting a Desired RPG Level
 Table 12 Number of MDP required to detect a desired level of RPG. Data from Frisch et al., 1999b.
 
 	 	Number of individuals n1 per backcross generation 
 	Generation 	20 	40 	60 	80 	100 	125 
 	Two-stage selection 	Number of MDP required in total 
 	BC1 	800 	1560 	2400 	3200 	4000 	5000 
 	BC2 	1010 	2130 	3150 	4170 	5180 	6430 
 	BC3 	1180 	2280 	3340 	4390 	5430 	6750 
 	BC4 	1210 	2310 	3380 	4430 	5470 	6750 
 	BC5 	1220 	2320 	3380 	4430 	5470 	6760 
 	Three-stage selection 	Number of MDP required in total 
 	BC1 	250 	320 	420 	510 	590 	690 
 	BC2 	440 	610 	830 	1100 	1390 	1780 
 	BC3 	550 	820 	1130 	1470 	1810 	2260 
 	BC4 	590 	860 	1170 	1500 	1840 	2280 
 	BC5 	590 	860 	1170 	1500 	1840 	2280 
 	Four-stage selection 	Number of MDP required in total 
 	BC1 	230 	270 	340 	390 	430 	470 
 	BC2 	370 	460 	590 	750 	910 	1140 
 	BC3 	460 	660 	900 	1140 	1290 	1710 
 	BC4 	500 	710 	950 	1190 	1430 	1740 
 	BC5 	510 	710 	950 	1190 	1430 	1740 
  
 Altering Size of Populations
 Table 13 The impact of altering size of populations on MDP and detection of desired QP10 percentile of RPG. Data from Frisch et al., 1999b.
 	 	Ratio n1 : n2 : n3 
 	Generation 	3:2:1 	1:1:1 	2:3:4 	1:2:3 	1:3:5 	1:2:4 	1:3:9 
 	 	Number of individuals nt 
 	BC1 	150 	100 	66 	50 	33 	43 	23 
 	BC2 	100 	100 	100 	100 	100 	86 	68 
 	BC3 	50 	100 	133 	150 	166 	171 	209 
 	Two-stage selection 	Q10 of the RPG (%) 
 	BC1 	81.6 	80.7 	80.0 	79.3 	78.3 	78.9 	77.1 
 	BC2 	93.8 	93.6 	93.2 	93.1 	92.8 	92.8 	91.9 
 	BC3 	97.3 	97.4 	97.4 	97.4 	97.4 	97.4 	97.3 
 	Three-stage selection 	Q10 of the RPG (%) 
 	BC1 	72.8 	73.1 	73.7 	73.1 	72.3 	72.8 	71.4 
 	BC2 	90.5 	90.0 	89.5 	88.8 	88.1 	88.3 	86.9 
 	BC3 	97.0 	97.1 	97.1 	97.0 	96.9 	97.0 	96.7 
 	Four-stage selection 	Q10 of the RPG (%) 
 	BC1 	71.2 	71.6 	72.0 	72.0 	71.5 	71.9 	71.1 
 	BC2 	88.5 	88.2 	88.0 	87.4 	87.0 	87.0 	86.9 
 	BC3 	96.5 	96.7 	96.8 	96.8 	96.6 	96.6 	96.3 
 	Two-stage selection 	Number of MDP required in total 
 	BC1 	6010 	4000 	2680 	2000 	1370 	1720 	920 
 	BC2 	7120 	5180 	3910 	3290 	2720 	2850 	1900 
 	BC3 	7240 	5430 	4280 	3720 	3230 	3380 	2650 
 	Three-stage selection 	Number of MDP required in total 
 	BC1 	750 	590 	450 	370 	290 	240 	250 
 	BC2 	1740 	1390 	170 	930 	740 	790 	580 
 	BC3 	1930 	1820 	1690 	1660 	1620 	1680 	1760 
 	Four-stage selection 	Number of MDP required in total 
 	BC1 	480 	430 	350 	300 	260 	290 	240 
 	BC2 	1070 	910 	740 	640 	540 	570 	440 
 	BC3 	1310 	1290 	1400 	1400 	1400 	1450 	1500 
  
 Key Points from the Simulation Work of Frisch et al. (1999b):
 	Increasing the number of individuals genotyped each generation had minor effect.
 	Using markers, about 97% of the recurrent parent genome can be accomplished in three BC generations.
 	The three- and four-stage selection strategies are more efficient.
 	In a three-stage selection program, increasing population sizes with each generation is most efficient.
 	Fewer marker data points are required for three- and four-stage programs than for two-stage selection to recover nearly the same content of the recurrent parent genome.
 
 Although the simulation study by Frisch et al. (1999b) revealed that the four-stage selection strategy is the most efficient procedure in MABC, the success of MABC also relies on several factors, including distance between markers and the target gene, the number of target genes to be backcrossed, the number of individuals that can be evaluated and the genetic background of the recurrent parent, types of molecular markers and instrumentation for marker analysis.
 A Two-Generation Breeding Plan
 A two-generation breeding plan for introgression of a dominant gene:
 	Choosing the desired probability of success q(2), set q(1) = q(2) 
 	Carrying out BC1 with n(1) such that at least one individual of Type 2L or 2R is generated with the probability q(1) 
 	Selecting a BC1 individual according to (d1 < d2), recall this is the distance of the flanking markers from the target genes (Fig. 14). Such that, Type 1 > Type 2L > Type 2R > Type 4
 	Carrying out generation BC2 n(2) such that at least one individual of Type 2R is generated with probability q(2) 
 	Optimizing of the breeding plan such that:  [image: n_1 + E(n_2) \rightarrow \textrm{min,} \ q^{(2)} = 0.99]
 
 Developing Improved Lines
 Developing improved lines and varieties is often done by combining desirable traits from multiple parental lines by the process referred to as gene stacking or gene pyramiding. Thus, gene stacking is the production of a plant with a desired combination of two or more unique genes. This can be done when the genes are initially transferred into the plant cells by transformation or during breeding by crossing two lines that each contains a different gene resulting in progeny with both genes. Gene stacking has several applications, for example, introduction of durable resistance that is harder to overcome by the pathogen than a monogenic resistance. Guidelines for Simultaneous Introgression of Two GenesFrisch and Melchinger (2001) compared various selection strategies and breeding plans (Fig. 14) for the simultaneous introgression of two genes with respect to the recurrent parent genome (RPG) recovery and the number of marker data points (MDP) required.
 
  
 [image: Image illustrating gene stacking strategies]Fig. 14 Gene stacking strategies. Breeding plan 1 involved a BC program with selection only for presence of the target genes. Breeding schemes 2-6 employ selection for presence of the target genes as well as background selection. DA and DB are the donor lines of the target genes, R is the recipient line. Adapted from Frisch and Melchinger, 2001. Proposed Guidelines
 The following guidelines were proposed:
 	In comparison to two-stage and three-stage selection, fewer marker data points (MDP) are required. Also greater values for recurrent parent genome (RPG) are achieved.
 	The selection intensity depends on the breeding plan. For example, A: 50%, B: 25% of one generation will be genotyped.
 	Merging the target genes in later generations will require more MDP and will result on greater RPG value.
 
 Based on the strategies described in Fig. 14, probability of occurrence can be determined (see Table 2 in Frisch and Melchinger, 2001).
 MABC for several genes
 Table 14 Simulation results for the 10% percentile (Q10) of the distribution of the recurrent parent genome in the selected BCyS1 individual and total number of marker data points (MDP) required in a backcross program to introgress two unlinked target genes. Values of MDP are rounded to multiples of ten. Data from Frisch et al., 1999b.
 
 	 	Population size in generation 	Selection strategy 
 	Merging of target genes in generation 	BC1 	BC2 	BC3 	Two-stage selection 	Three-stage selection 	Four-stage selection 
 	 	 	 	 	Q10 (%) /mdp 
 	P 	60 	120 	180 	94.9/2560 	94.2/780 	93.9/750 
 	 	120 	120 	120 	94.9/350 	94.3/820 	93.9/800 
 	 	180 	120 	60 	94.7/4540 	94.2/810 	93.8/820 
 	 	 	 	 	Q10 (%) /mdp 
 	F1 	60 	120 	180 	95.2/4200 	95.0/1200 	94.7/1090 
 	 	120 	120 	120 	95.1/4780 	95.1/120 	94.7/1140 
 	 	180 	120 	60 	94.9/5390 	94.9/1200 	94.5/1140 
 	 	 	 	 	Q10 (%) /mdp 
 	BC1 	2 x 30 	120 	180 	05.4/4590 	95.5/1590 	95.4/1380 
 	 	2 x 60 	120 	120 	95.5/6730 	95.8/1780 	95.5/1480 
 	 	2 x 90 	120 	60 	95.4/8970 	95.6/210 	95.4/1550 
 	 	 	 	 	Q10 (%) /mdp 
 	BC2 	2 x 30 	2 x 60 	180 	95.8/4670 	96.0/1910 	95.8/1530 
 	 	2 x 60 	2 x 60 	120 	95.9/6810 	96.1/2240 	95.9/1690 
 	 	2 x 90 	2 x 60 	60 	95.8/9050 	96.2/2590 	95.9/1860 
 	 	 	 	 	Q10 (%) /mdp 
 	BC3 	2 x 30 	2 x 60 	2 x 90 	96.2/4780 	96.3/2280 	96.2/1960 
 	 	2 x 60 	2 x 60 	2 x 60 	96.2/6770 	96.4/2340 	96.3/1910 
 	 	2 x 90 	2 x 60 	2 x 30 	96.1/8900 	96.3/2470 	96.2/1870 
 	 	Reduced selection strategies 	Q10 (%) /mdp 
 	BC1 	2 x 30 	120 	180 	95.4/4380 	95.5/1550 	95.3/1380 
 	 	2 x 60 	120 	120 	95.4/6280 	95.7/1720 	95.4/1480 
 	 	2 x 90 	120 	60 	95.3/8270 	95.6/1920 	95.4/1550 
 	 	Reduced selection strategies 	Q10 (%) /mdp 
 	BC2 	2 x 30 	2 x 60 	180 	95.8/4290 	96.0/1780 	95.8/1490 
 	 	2 x 60 	2 x 60 	120 	95.8/190 	96.1/2080 	95.9/1650 
 	 	2 x 90 	2 x 60 	60 	95.7/8190 	96.1/2370 	95.9/1780 
 	 	Reduced selection strategies 	Q10 (%) /mdp 
 	BC3 	2 x 30 	2 x 60 	2 x 90 	96.2/4310 	96.3/1780 	96.2/1850 
 	 	2 x 60 	2 x 60 	2 x 60 	96.2/6100 	96.3/2140 	96.3/1820 
 	 	2 x 90 	2 x 60 	2 x 30 	96.1/8030 	96.3/2280 	96.2/1790 
  
 Detecting a Desired Genotype
 Application of the doubled haploid (DH) method allows the development of completely homozygous plants from which breeding lines or cultivars are derived within two years. The main advantage of using DHs versus BCnF2-derived lines is, that in case of introgression of an increasing number of unlinked genes, the number of offspring required to find a line with all target genes fixed is increasingly demanding for F2-derived lines versus DHs. For example, to find at least one homozygous offspring (q = 0.95) with 8 fixed genes, about 1000 DHs are required. For the same objective, about 100,000 F2-derived are required (Fig. 15). Similarly, much fewer DHs are required compared to F2 to identify recombinants between two genes linked in repulsion (Fig. 16).
  
 [image: Line graph illustrating use of F2 and DH plants to detect a desired genotype]Fig. 15 Number of F2 or DH plants (in logarithmic scale) required for detection of a desired genotype. Adapted from Lübberstedt and Frei, 2012. Identification of Genotypes
 [image: Bar graph illustrating detection of homozygous genotypes for genes linked in repulsion]Fig. 16 Number of F2 and DH plants (in logarithmic scale) required for identification of genotypes homozygous for two target genes linked in repulsion. Adapted from Lübberstedt and Frei, 2012. References
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				[image: Photo of a microscope on a table in front of a line of maize samples in bowls.]Fig. 1 Operations research is a tool to address crop breeding objectives. Photo by Iowa State University. One of the main challenges in plant breeding is the development of the best marker-assisted breeding method for complex traits. At the present, marker-based approaches are limited in their ability to detect and quantify marker-trait relationships, in particular for traits that are under the influence of gene x gene and gene x environment interactions. Also, as you have learned in previous lessons of this course, QTL estimates are biased by population size and a limited set of environments, making QTL estimates less suitable for crop improvement. For this reason, simulation modeling is an emerging important tool to choose among proposed breeding methods because experimental evaluation of breeding methods is time and resource-limited. Another challenge is management of multiple breeding objectives for several complex traits, making it more likely that an operations research approach called multi-objective optimization will gain favor in crop breeding. Thus, this lesson will introduce operations research as a tool to address multiple crop breeding objectives.
  
 Learning Objectives 	Summarize and state the concept of genetic gain
 	Introduce the concept of multi-objective optimization
 	Introduce the concept of operations research in plant breeding
 
 
 
 [image: Plants in test tubes.]Fig. 2 Evaluating materials requires expert training, patience, equipment and time. Photo by Iowa State University. Recapitulation of the Concept of Genetic Gain
 Definition
 Genetic gain (∆G) is defined as the predicted change in the mean value of a trait within a population as a result of selection. The ∆G equation (Fig. 3) allows the comparison of predicted effectiveness of particular breeding methods and helps breeders decide how resources should be allocated for achieving various breeding objectives.
 [image: Simple distribution graph with equation for genetic gain. Described in caption.]Fig. 3 The genetic gain equation and its components. The curve illustrates the distribution showing frequency of individuals in a breeding population (y axis) that display various phenotypic values (x axis) of individuals in a breeding population. For the above curve, the mean phenotypic value of the original population is denoted µ0, and the mean phenotypic value for the selected individuals is denoted µS. Genetic components (σ2) and phenotypic distribution (σP) are indicated. Adapted from Moose and Mumm, 2008. Commercialization Challenges
 Figure 4 illustrates a generic plant breeding program involving mating, evaluation, selection, and testing of breeding materials resulting in commercialization of a cultivar. Such a program faces the challenges of time to commercialization of a cultivar, and resources allocated to obtain such cultivar from thousands of individuals.
 [image: Process for a breeding program. Parents are selected, image of distribution graph, create genetic variability, evaluate, test, strip trials, and commercialization.]Fig. 4 An example of a breeding program. Crop Yield Progress
 Despite such challenges, from the 1940s, the yields of corn and soybean in the United States have continued to rise (Fig. 5) mainly due to improvement in crop genetics and agronomic practices.
 [image: Corn and soybean yield graphs. Corn yields similar results in both states; soybeans are more reliable in high yield states.]Fig. 5 Average corn and soybean yields (in kg/ha) for the U.S. from 1866 to 2015 in high-yield potential states (Iowa, Illinois, and Indiana) and low-yield potential states (Kentucky, Missouri, and Tennessee). Data from National Agricultural Statistics Service. Global Food Demand Trends
 [image: Layered bar chart of food production from 1964-66, 1997-99, and 2023, estimated. General growth across all areas.]Fig. 6 Global progress in food consumption. Adapted from FAO, 2002. Despite the upward trend in crop yields in the US and other parts of the world, rising human and animal populations will pose a greater demand for more to be produced per unit of land. The growing global demand for food (Fig. 6) raises the question of whether it is possible to double the current level of production in the next 20 years (Fig. 7). Undoubtedly, to reach 300 bushels/acre of corn by 2030 will require cutting-edge approaches in genomics and breeding. But the problem will be the cost of reaching such a high level of yield with limited time and resources. Thus, integration of new approaches, for example, Genomic Selection, transgenics, and operations research, may be necessary. The next lesson sections entail application of operations research tools in plant breeding as a novel approach to increase ∆G.
 Need for Advancement
 Historically plant breeding has been a form of art: to create new varieties. Thus, ∆G has depended on management of resources, to produce new varieties; while optimization has been ignored. Nonetheless, plant breeding has the potential to become an engineering discipline, relying on operations research, which will be necessary for average yields to double by 2030 (Fig. 7).
 [image: Line chart of bushels per acre over timefor US corn yields, 1985 to 2014. If current trends continue, the goal of 300 bushels per acre won't be hit until 2092.]Fig. 7 New plant breeding tools will be needed to produce 300 bushels (Bu) per acre by 2030. Data from National Agricultural Statistics Service. Multi-Objective Optimization
 [image: Area graph showing genetic diversity by number of successions. A steep rise is shown in the graph.]Fig. 8 Some multi-objective optimization problems involve maximizing one variable while minimizing another. Introduction
 Multi-objective optimization (MO) is an operations research approach used in various fields, including engineering, finance, biomedicine and management. Optimization involves application of more than one objective processes for evaluation that can take into account multiple criteria that need to be considered for making a decision. Therefore, as information on plant genomes continue to emerge, it is now possible to apply the MO approach for large scale plant breeding (Xu et al., 2011). For example, a plant breeding goal may have two objectives, 1) selection and fixation of desirable genes at a set of loci controlling a trait of interest, and 2) keeping genetic variability at the remaining loci to retain adaptability. The challenge of applying MO to solve these competing objectives is identification of optimal solutions to the problems (Chinchuluun and Pardalos, 2007). Such solutions are called Pareto optimal solutions, and they are a measure of MO optimization efficiency.
 Pareto optimal solutions
 We will not dwell on the mathematics used to derive Pareto optimal solutions in this lesson. But it is important to know that there usually exist multiple Pareto optimal solutions for MO problems, and searching for all Pareto optimal solutions can be expensive and time consuming (Chinchuluun and Pardalos, 2007). Nonetheless, recent advances in computational research suggest that it is possible to obtain Pareto optimal solutions for plant breeding problems within reasonable computation time (Xu et al., 2011). Such solutions will be useful tools to help plant breeders make informed decisions in the world of large amounts of genomics data for multiple breeding objectives for complex traits. 2011). Such solutions will be useful tools to help plant breeders make informed decisions in the world of large amounts of genomics data for multiple breeding objectives for complex traits.
 [image: Decorative image.]Fig. 9 Computer systems can now yield Pareto optimal solutions in acceptable time frames. Operations Research in Plant Breeding
 Operations Research involves the application of mathematical models to provide optimal solutions to a problem. An OR approach (Fig. 10) consists four components, 1) Problem, 2), Model, 3) Algorithm, and 4) Solver.
 [image: The words Problem, model, algorithm, and solver with arrows pointing between each item.]Fig. 10 A multi-objective optimization plant breeding problem requires the use of optimization models, algorithms, and computer technologies. Complexity of the problem, robustness of model, algorithm used, and computer solvers influence the cost of solving the problem. Step 1: Defining the Problem
 There is an original population of individuals (Fig. 11). Each individual has a pair of chromosomes, and each chromosome has a number of genes. Some genes are undesirable, while the desirable ones have different variants. The desirable genes will be assigned a value of 1 and undesirable 0. What is the best way to assemble all variants of desirable genes into a target population?
 [image: Integer Programming from an original population to a target population. Rows of numbers and letters are represented.]Fig. 11 Operations research can help assess the possibility of stacking genes into multiple backgrounds. Step 2: Developing a Model
 A model has four key elements – data, decisions, objective, and constraints.
 	Data
 	Decisions – A decision would have to be made about number of data and recombination points, and number of chromosomes in the target population.
 	Objective – The objective is to maximize probability of getting the target population.
 	Constraints – Constraints can be, for example, the number of chromosomes in target population without undesirable alleles, but such that all desirable variants are retained. Also, the maximum number of recombination events could be another constraint.
 
 Step 3: Designing a Suitable Algorithm
 The problem in this example belongs to a class of so-called non-deterministic polynomial-time hard (NP-hard) problems (Xu et al. 2011). Importantly, if an algorithm solves one NP-hard problem, it can be used to solve all other NP-hard problems.
 [image: Decorative image.]Fig. 12 Often a computer program will be used as an algorithm for solving NP-hard problems, such this one for the Traveling Salesman Problem. Step 4: Solving the Problem
 Computation time spent to solve the problem in Figure 11 was 0.03 seconds (W.D. Beavis, personal communication).
 [image: Integer programming image with a photo of someone holding a stopwatch overlaid on it.]
 Genome Construction vs. Genomic Selection
 The hypothesis is that genome construction is better than genomic selection (Fig. 13). The hypothesis is developed from the premise that a target genotype can be defined. However, if the target genotype has to be determined using experimental methods, then GS will be more effective because experimental methods are underpowered and biased.
 [image: Two lines graphs for genome construction and selection. Genome construction sees genetic gain over generations in a step-pattern, whereas selection sees genetic gain in a curve over time.]Fig. 13 Comparison of genome construction and genomic selection approaches References
 Chinchuluun, A. P. M. Pardalos. 2007. A survey of recent developments in multiobjective optimization. Ann. Oper. Res. 154: 29-50.
 Egli, D. B. 2008. Comparison of corn and soybean yields in the United States: Historical trends and future prospects. Agron J. 100: S-79-S-88.
 Expert Meeting on “How to Feed the World in 2050,” FAO, Rome, 24-26 June 2009.
 FAO, 2002. World agriculture: towards 2015/2030. United Nations, 2002.
 Moose, S. P., and R. H. Mumm. 2008. Molecular plant breeding as the foundation for 21st century crop improvement. Plant Physiol. 147: 969-977.
 Xu, P., L. Wang, and W. D. Beavis. 2011. An optimization approach to gene stacking. Europ. J. Oper. Res. 214: 168-178.
  
 How to cite this module: Lübberstedt, T., W. Beavis, and W. Suza. (2023). Genome Construction. In W. P. Suza, & K. R. Lamkey (Eds.), Molecular Plant Breeding. Iowa State University Digital Press.
 
 
	

			
			


		
	
		
			
	
		

		Chapter 11: Modern Tools for Line Development and Predicting Hybrid Performance

					Thomas Lübberstedt and Walter Suza

			

	
				[image: Maize seeds]Fig. 1 Maize seeds are shown at Victoria Seeds production facility in Kampala, Uganda. Photo By Iowa State University Several steps are involved in hybrid seed production, including the creation of genetic variability, the production of inbred lines by continuous selfing for several generations, testing lines for their combining ability, and crossing the best inbred lines to create hybrids. There are two drawbacks facing the selection of the promising line combinations. Selecting the best breeding population is similar to the above-mentioned usefulness problem in line breeding programs. The majority of the base populations are usually discarded after preliminary evaluation for per se and performance in an “early testing” program. As inbred lines are typically produced in two opposite heterotic groups, the main challenge in hybrid breeding ultimately is, to identify the best inbred line combination among those two heterotic groups. The presence of 100 inbred lines in each of two heterotic groups would potentially enable the production of 10,000 hybrids. Thus, the prediction of hybrid performance and heterosis without having to assess thousands of single-cross hybrids in field trials would reduce the time and efforts required to identify promising inbred combinations substantially.
  
 Learning Objectives
 	Understand breeding schemes for line development
 	Familiarize with the doubled haploid technology
 	Understand marker applications for heterotic pool formation and assignment
 	Familiarize with application of genomic tools to understand the nature of heterosis
 	Familiarizes with genomic tools for predicting hybrid performance
 
 
 
 [image: Photo of a field of pearl millet.]Fig. 2 Pearl millet seed production plots at ICRISAT (Patancheru, Hyderabad, India), the panicles covered in parchment paper bags to ensure self-pollination in this normally mainly cross-pollinating crop. Photo by Rik Schuiling / TropCrop. Licensed Creative Commons Attribution-Share Alike 3.0 Breeding Schemes for Line Development
 There are two main methods by which lines are developed: pedigree method and bulk method. Both methods start with the generation of genetic variation by the hybridization of two parents (Phase I).
 [image: Breeding schemes]Fig. 3 The application of pedigree and bulk methods in line breeding. Inbred lines in hybrid breeding schemes can be developed similarly, but will be evaluated for their testcross performance in addition. Doubled Haploids
 Definition: A doubled haploid (DH) cell contains the doubled chromosome number of the haploid and two identical gene sets (Fig. 4). As illustrated in Fig. 5, haploids can be induced either spontaneously or by various in vitro methods using female or male gametes. The methods of haploid induction are described below.
 [image: Diploid, haploid, and doubled haploid chromosomes]Fig. 4 A plant cell containing two sets of chromosomes which are not identical (A). Pollen has only one set of chromosomes (i.e., it is haploid). The genome can be duplicated by various methods to produce a doubled haploid (B). For this example, doubled haploid plants resistant to nematodes will survive nematode inoculation, but those that are susceptible would be eliminated. In addition, molecular markers linked to nematode resistance can be used to pre-screen desirable individuals before field trials. Methods of Producing Haploid Plants
 An extensive discussion of the development of haploids and doubled haploids in plant breeding was recently published (Murovec and Bohanec, 2012), and Fig. 5 illustrates various methods for plant haploid production.
 Androgenesis is defined as male parthenogenesis in which the embryo contains only paternal chromosomes owing to the failure of the egg nucleus to participate in fertilization or the regeneration of whole plants from sexual male cell culture: anthers or isolated immature pollen, at extremely low frequencies. Gynogenesis refers to spontaneous or induced female parthenogenesis in which the embryo contains only maternal chromosomes owing to the failure of the sperm cell to fuse with the egg nucleus.
 Interspecific crossing is used to develop a haploid embryo by fertilizing an ovule with pollen of another species and the subsequent elimination of the chromosomes of the pollen.
 
 [image: Haploid development]Fig. 5 Methods of plant haploid production. Spontaneous haploids can be observed via semigamy, polyembryony, chromosome elimination, gynogenesis and androgenesis. Use of Inducers (Step 1)
 The in vivo haploid induction can result in either paternal or maternal haploidy. For maternal haploid induction, the target germplasm is pollinated with pollen from a haploid inducer genotype. For paternal haploidy, specific inducer genotypes are used as the female parent. An example of haploid induction in maize is illustrated in Fig. 6.
 [image: illustration of two corn plants, Step 1: Pollinate source germplasm with pollen from inducer]Fig. 6 Schematic description of doubled haploid line development with the in vivo haploid induction method. Step 1: Pollinate source germplasm with pollen from inducer. Adapted from Prigge and Melchinger, 2012. Use of Inducers (Step 2)
 [image: decorative image]Step 2: Score pollinated ears using a marker system to identify haploid kernels. [image: Three images of maize kernels, showing pigmentation of haploid seed, F1 seed, and color inhibited seed.]
 
 Use of Inducers (Steps 3 and 4)
 [image: Step 3: Germinate putative haploid seeds. Trim 2mm from tip of seedlings' coleoptiles and treat with colchicine to double chromosomes.]
 [image: Step 4: Self-pollinate DH plants to produce seeds for maintenance and multiplication of DH lines.]
 
 Inducer Effects
 Use of inducers
 	Pollination with irradiated pollen may be used to develop a haploid embryo by fertilizing an ovule with irradiated (inactive) pollen that nevertheless is capable of introducing cellular divisions in the ovule and in the development of the embryo.
 	Semigamy refers to an abnormal type of fertilization whereby either reduced or unreduced male and female gametes participate in embryo formation but fertilization does not occur.
 	Polyembryony is the production of two or more embryos in one seed, owing either to the existence and fertilization of more than one embryonic sac or to the origination of embryos outside of the embryonic sac.
 
 Application of DH Technology
 DH lines are usually produced from F1 or F2 plants. DH lines are comparable to lines obtained by the bulk method (Fig. 3), only in shorter time. DH technology allows development of completely homozygous plants, from which breeding lines or cultivars are derived, within two generations.
 To identify best genotypes, breeders perform a multi-stage selection by first testing many genotypes with low precision/efforts and subsequently testing fewer and fewer genotypes with high precision and effort (with respect to locations, replications, etc.).
 [image: Crossing founder lines]Fig. 7 DH technology helps speed up line development process. Plants selected from conventional breeding population do not breed true resulting in increased generations of inbreeding and selecting desirable lines. The advantages of DH technology are:
 	Rapid generation of homozygous genotypes (Fig. 8)
 	No masking of undesirable genes in the heterozygotes
 	Maximum genetic variance from the first generation
 	Perfect compliance with DUS criteria
 	Short time to market
 	Simplified logistics
 	Reduced expenses for selfing and maintenance breeding
 
 Phenotypic Markers
 The key is to have an early expressed marker, which enables discrimination of seed with a haploid versus diploid embryos. Only kernels with a haploid embryo are useful for DH line production. The R1-nj marker provides easy and fast visual assessment of DH and hybrid grain (Fig. 8A). Also, other dominant color marker genes expressed in other organs can be used, for example, the PI1 gene that is expressed in primary roots (Fig. 8B).
 [image: Using R1-nj marker gene to identify haploid seed]Fig. 8 The R1-nj marker gene produces diploid hybrid seed with a purple embryo. The haploid seed has a colorless embryo (A). Alternative markers, such as the PI1 gene that produces purple color in primary roots may also be used (B). Metabolite Markers
 Near infrared reflectance spectroscopy (NIRS) enables both early and automated discrimination of kernels with haploid versus diploid embryos. Thus, 10,000s of kernels can be sorted with minimal human interference.
 [image: Graph of hybrid class distance - hapliod class distance]Fig. 9 Biochemical differences between haploids and hybrids of maize. In this example, the oil contents of haploids and hybrid seed is analyzed by Near-Infrared Spectroscopy (NIRS). NIRS is a spectroscopic method that uses the near-infrared region of the electromagnetic spectrum (from about 800 nm to 2500 nm). Adapted from Jones et al., 2012. Doubled Haploids and Gene Pyramiding
 DNA-Based Markers
 DNA markers are useful in gene pyramiding schemes for resistance when phenotypic selection cannot be achieved due to lack of differentiating pathogen strains, for example, Barley Yellow Mosaic Virus (Werner et al., 2005). In such gene pyramiding schemes, DH techniques are valuable because the frequency of homozygous recessive genotypes is higher in DH populations than in segregating F2 populations.
 
 [image: Barely showing yellow mosaic virus symptoms]Fig. 10 Barley Yellow Mosaic Virus symptoms. Photo by Mike Adams Rothamsted. Licensed under Creative Commons Attribution-Share Alike 3.0 via Wikimedia Commons. Application Example
 
 [image: Virus resistance gene pyramiding in barley]Fig. 11 Scheme of pyramiding Barley Yellow Mosaic Virus resistance genes using marker selection in combination with the doubled haploid method. Adapted from Werner et al., 2005. Challenges in Application
 Like any other technology, the DH technology has its own strengths and weaknesses. The strengths and weaknesses of DH technology as applied to maize breeding are summarized in Table 1 below.
 Table 1 Comparison of DH methods in maize. 	Approach 	Strengths 	Weaknesses 
  	In vitro 		No need of inducer
 
  		Low induction rate
 	Genotype dependency
 	Need of tissue culture
 
  
 	In vivo — paternal 		Simple inheritance
 	cms conversion
 
  		Low induction rate
 	Genotype dependency
 	Need of tissue culture
 
  
 	In vivo — maternal 		Limited genotype dependency
 	Induction rate (10%)
 
  		Backgrond effects
 	Complex inheritance
 
  
  
 Other Concerns: Adapted Inducers
 Need for developing adapted inducers: For large-scale haploid seed production, it is important to use inducer genotypes that are adapted to the haploid seed production environment (Fig. 12).
 [image: Maize plants]Fig. 12 Storm damage of European inducer grown in the Midwest US. Photo by Iowa State University. Other Concerns: Alternative Markers
 Need to apply alternative markers: The R1-nj marker works in a in a wide range of donor genotypes since the majority of commercial corn is unpigmented. However, the marker may be suppressed by inhibitor genes (e.g. C1-I), that are carried by the female parent (Fig. 13B).
 [image: Dark maize seeds (A) compared to bright yellow maize seeds (B).]Fig. 13 Phenotypic evaluation of haploid seed may not work all the time. For example, due to coloration (left) or inhibition of R1-nj expression (right). Photos by Iowa State University. Other Concerns: Toxicity
 Toxicity of chemical inducers: Colchicine inhibits microtubule polymerization during meiosis by binding to tubulin, one of the main constituents of microtubules. However, colchicine is also very toxic. Less toxic inhibitors of mitosis than colchicine are presently under evaluation or already in use for large-scale chromosome doubling programs. These include (a) herbicides, e.g., Pronamid, Trifluralin, and Oryzalin; (b) caffeine; and (c) nitrous oxide.
 [image: Colchicine and tubulin]Fig. 14 Colchicine binds to tubulin, one of the main constituents of microtubules. Image by Group6-3. Licensed under Creative Commons Attribution-Share Alike 3.0 via Wikimedia Commons. Genomic Tools for Hybrid Breeding
 Description
 The seed of a hybrid variety used for a commercial planting is produced by crossing two inbred parent lines from different heterotic groups. Individuals within a F1 hybrid variety are genetically heterozygous and homogeneous.
 The two main goals of hybrid breeding are to maximize the agronomic performance (hybrid performance) and to identify the best performing genotype, while being able to reproduce this one genotype from its homozygous parents.
 Part of the superiority of hybrids compared to inbred lines comes from heterosis. Parental lines have to perform sufficiently well, in particular the “seed parent”, on which hybrid seed will be produced. More important for selecting inbred lines in the breeding process is their general and specific combining ability.
 Per se performance of inbred lines is a poor predictor for their combining ability, i.e., the yield potential of respective hybrids produced with those inbred lines. Thus testcrosses to determine general and later specific combining ability are crucial to identify best inbred line combinations.
 [image: Light white maize seed photo]Fig. 15 Hybrid seed from a production company in Uganda. Photo by Iowa State University Breeding Scheme
 As only 100 inbred lines in each of two heterotic groups result in 100 x 100 = 10,000 potential hybrids (Fig. 16), any procedures that identify the most promising combinations contribute substantially to the efficiency of hybrid breeding programs. Molecular and biotechnological tools contribute to more efficient hybrid breeding schemes (see bullets in Fig. 16).
 [image: Hybrid breeding scheme]Fig. 16 Simplified hybrid breeding scheme. Associations
 Molecular markers are useful to assign inbred lines to heterotic groups based on their genetic similarity, e.g., by a principle coordinate analysis (Fig. 17).
 [image: Principle coordinate chart]Fig. 17 Associations among maize inbred lines revealed by principal coordinate analysis performed on genetic similarity estimates calculated from AFLP data. PC1 and PC2 = first and second principal coordinates. Adapted from Lübberstedt et al., 2000. Molecular Basis of Heterosis
 Three traditional hypotheses try to explain heterosis: dominance, overdominance, and epistasis:
 	In the dominance hypothesis, superiority of hybrids is caused by total or partial dominance, due to masking of undesirable recessive alleles from one inbred parent by dominant alleles from the other inbred parent.
 	The overdominance hypothesis posits that hybrid vigor is caused by superior performance of heterozygotes due to over-dominance at loci contributing to the trait of interest.
 	The interaction of favorable alleles at different loci (i.e., epistasis) is another classical explanation of hybrid vigor.
 
 [image: Photo of sorghum crop in a field.]Fig. 18 Sorghum is one commodity crop whose productivity can be enhanced by hybridization. Photo by Iowa State University. Changes in Gene Expression
 Another important factor leading to superiority of hybrids over inbred parents are changes in gene expression (Figs. 19 and 20). Gene expression describes regulation of gene activity according to the physiological demands of a particular cell type, developmental stage, or environmental condition. In the context of gene expression, DNA sequence motifs in the vicinity of the structural portion of the gene that are necessary for gene expression are referred to as cis-elements. Transcription factors that bind to cis-elements are referred to as trans-acting factors. The combination of cis- and trans- regulation in allele specific gene expression might lead to significant increase in the hybrid performance over the parental lines. However, a gene that is exclusively subjected to trans-regulation is expected to provide an equal expression of both alleles in the hybrid, whereas genes exposed to cis-regulation will exhibit unequal expression of the two alleles in the hybrid (Figure 22; Hochholdinger and Hoecker, 2007).
 [image: Bar chart]Fig. 19 depicts relative levels of gene expression with parental lines (Inbred A and Inbred B) and their F1 hybrid (Hybrid A x B). Adapted from Hochholdinger and Hoecker, 2007.  
 
 [image: Chart illustrating cis vs trans gene regulation]Fig. 20 depicts regulation of allele-specific gene expression in hybrids. Adapted from Hochholdinger and Hoecker 2007. Gene Expression Studies
 These studies (Table 2 ) analyzed heterosis-associated gene expression in various species by comparing expression patterns of selected genes in inbred lines and hybrids.
 Table 2 Expression analyses show either additivity or nonadditivity or both, depending on the approach, developmental stage, and tissue. Source: Hochholdinger and Hoecher, 2007. 	Plant organ 	Developmental stage 	Approach 	Genetic background 	Global expression trend 
  	Maize 
 	Embryo 	6 DAP 	12K cDNA microarrays SSH 	UH005
 UH301 	Additivity 
 	Endosperm 	10, 14, 21 DAP 	GeneCalling 	7 Pioneer® inbred lines 	Nonadditivity 
 	Endosperm 	18 DAP 	RT-PCR 	B73
 BSSS53 	Nonadditivity 
 	Embryo 	19 DAP 	13.5 microarrays 	Mo17 	Additivity 
 	Seedling 	11 DAG 	B73 
 	Immature ear 
 	Seedling 	14 DAG 	14K cDNA microarrays
 qRT-PCR 	Mo17
 B73 	Additivity 
 	Shoot apical meristem 	21-23 DAP 	12K cDNA microarrays
 qRT-PCR 	UH002
 UH005
 Uh350
 UH31 	Nonadditivity 
 	Adult leaves of di- and triploids 	Quantitative Northern blotting 	Mo17
 B73 	Nonadditivity 
 	Arabidopsis 
 	First Leaves 	21, 24 DAG 	6KcDNA 	Col
 Ler
 Cvi 	Nonadditivity 
 	Rice 
 	Panicle 	Stage III, IV, V 	9K cDNA microarrays 	Zhenshan97
 Minghui63 	Additivity 
  
 Molecular Insight
 The molecular basis of heterosis is not well understood. However, continuing efforts to understand heterosis at the molecular level are providing new insights. In comparative genomics, colinearity describes the conservation of the gene order within a chromosomal segment between different species, resulting in linear arrangement of DNA, mRNA, and the resulting protein sequence. However, when two different cultivars of the same species are mated, chromosome pairing during meiosis allows crossover between colinear genes resulting in meiotic products that could differ in gene content and colinearity (noncolinearity). Some studies have identified several hundreds of genes that display presence/absence variation among investigated lines indicating a very high level of noncolinearity.
 [image: chromosomes illustrating gene order]Fig. 21 Genes will stay in the same order on their chromosomes when hybrids are bred. Hemizygous Complementation
 Hemizygous complementation of many genes with minor quantitative effects in hybrids might lead to superior performance of F1 hybrid plants over their parental inbred lines (Fig. 22). Moreover, given that genes are present in one but absent in other inbreds, any hybrid will have a larger number of different genes (albeit only in one copy), than each of the two inbred parents. The presence of hemizygous genes with minor effect could also explain the inbreeding depression after many generations of selfing due to the loss of hemizygous genes (Fu and Dooner 2002), and /or the lower number of different genes, compared to heterozygous genotypes.
 [image: Chart illustrating hemizygous complementation]Fig. 22 Hemizygous complementation in maize hybrids. Adapted from Hochholdinger and Hoecker, 2007. Genetic Similarity Analysis
 Marker Applications for Heterotic Pool Formation and Assignment
 DNA markers have been found to be useful for the description or establishment of heterotic groups in various crops and to assign inbred lines to those groups, including maize (Fig. 24), rice, sunflower, sorghum, wheat, triticale, and oat. Subsequently, crosses can be restricted to combinations among divergent groups to maximize hybrid performance.
 
 [image: Chart of mean genetic similarity]Fig. 23 Mean genetic similarity (GS) calculated from AFLP data for European Dent inbred lines to unrelated lines within the group. White and solid bars refer to mean GS in combination with lines from the same heterotic group. Adapted from Lübberstedt et al., 2000. Genomic Tools to Understand Heterosis
 Heterosis, commonly referred to as hybrid vigor, can be expressed in two ways.
 	Mid-parent heterosis is when the performance of the hybrid exceeds the mean performance of its parents.
 	High-parent heterosis is when the hybrid performs better than either parent.
 
 [image: Chart illustrating heterosis]Fig. 24 Expressions of heterosis. Both types of heterosis are not of commercial interest because they measure the relative performance of hybrids to their inbred parents. If parents are poor performing, heterosis may be high, but the hybrids with the highest heterosis might not be the most superior genotypes. From an agronomic perspective, hybrid performance is most critical, which is the hybrid grain yield (or any other target trait) irrespective of the parental performance.
 Maize is an example of a species in which heterotic groups are important for maximizing the performance of hybrid cultivars. One heterotic group in the Midwestern U.S. is referred to as the Iowa Stiff Stalk Synthetic, which was developed by corn breeders of the USDA-ARS and Iowa State University. The other heterotic groups are referred to as non-Stiff Stalk. They include the maize populations Lancaster and Reid Yellow Dent. The best hybrid performance has generally been obtained by crossing inbreds from the Stiff Stalk Synthetic with those from one of the other heterotic groups.
 Predicting Hybrid Performance
 Genomic Approaches for Predicting Hybrid Performance
 Field trials to assess hybrid performance are laborious, time-consuming, and expensive. Testing all possible combinations for a large number of inbred lines to select the best inbred combinations is not feasible in a breeding program. Thus, prediction of hybrid performance and heterosis based on inbred line information is of great interest for plant breeders to evaluate only a small fraction of available inbred lines in the field.
 
 [image: Maize field]Fig. 25 Hybrid corn seed is obtained by detasseling, as these teenage workers are seen doing in a field near New Ulm, Minnesota in 1974. Photo by Flip Schulke, U.S. National Archives and Records Administration. DNA-Based Markers
 Genomic Approaches For Predicting Hybrid Performance
 Example 1: DNA-Based Markers
 Molecular marker-based prediction of hybrid performance in maize using unbalanced data from multiple experiments with factorial crosses (Schrag et al., 2009)
 In contrast to the work by Frisch et al. (2010) below that used non-DNA markers (mRNA), Schrag et al. (2009) utilized DNA-based markers (AFLP) to estimate hybrid performance in maize.
 The following marker-based methods were used:
 	MLR-H: The prediction of hybrid performance is regarded as a multiple linear regression (MLR) problem and the hybrid performance effects (“-H”) of the genotypic classes are computed at each AFLP marker locus
 	MLR-LM: Is a hybrid performance prediction approach that uses DNA-based markers and combines line per se performance with mid-parent heterosis (“-LM”).
 	TEAM-H: Total effect of associated markers (TEAM) is the sum of marker class effects across AFLP markers that show significant association with a trait of interest. Hybrid performance values (“-H”) are regressed on the TEAM values across all hybrids in the experiment.
 	TEAM-LM: Analogous to MLR-LM and used to predict hybrid performance by adding mid-parent heterosis predicted by TEAM and the mid-parent performance estimated from mean of linear regression models of the corresponding parental lines per se performance.
 
 From their analyses, Schrag et al. (2009) concluded that DNA-based markers can be used to efficiently predict hybrid performance (Fig. 26).
 [image: DNA marker-based methods]Fig. 26 Efficiency of DNA marker-based methods (MLR-H, MLR-LM, TEAM-H, TEAM-LM) applied to single AFLP marker data (SM) and haplotype blocks (HB2, HB3) for prediction of grain yield (GY) and grain dry matter content (GDMC) of hybrids of which no (Type 0) or only one (Type 1) parental line was evaluated for testcross performance. Adapted from Schrag et al., 2009. Non-DNA Markers
 Genomic Approaches For Predicting Hybrid Performance
 Example 2: Non-DNA Markers
 Transcriptome-based distance measures for grouping of germplasm and prediction of hybrid performance in maize (Frisch et al., 2010). Frisch et al. (2010) conducted a gene expression study to determine hybrid performance in maize (Fig. 28). In this study, transcription profiles from seedlings of 21 day old parental maize lines of a 7 × 14 factorial with a 46-k oligonucleotide array were analyzed to predict the performance 98 hybrid combinations based on the transcriptome-based distances. Five seedlings per entry were pooled for RNA extraction. The maize 46-k array from the maize oligonucleotide array project (http://www.maizearray.org, University of Arizona, USA) that contain 43381 oligonucleotides (in total 46,128 features) printed on a glass-slide was used for hybridization analyses.
 [image: Transcriptome-based procedure]Fig. 27 A transcriptome-based approach to predict hybrid performance. Adapted from Frisch et al., 2010. Genetic Distance Formula
 Genomic Approaches For Predicting Hybrid Performance
 Example 2: Non-DNA Markers
 DA = Genetic distance between inbred lines i and j as depicted in Equation 1; DA is used with molecular marker data; in Frisch et al. (2010), AFLP analyses resulted in 1,835 markers.
 [image: \begin{align*} D_A(i,j) &= \sqrt{\frac{1}{n_m} \sum_{m=1}^{n_m} [b_m (i) - b_m (j)]^2} \\ &=\sqrt{1 - SM (i,j)} \end{align*}]
 Equation 1
 where:
 bm (i) = indicator variable for inbred line i; value = 0 or 1
 bm (j) = indicator variable for inbred line j; = 0 or 1
 nm = number of AFLP bands
 SM (i,j) = single matching coefficient
 In Equation 1 for genetic distance or DA, bm(i) and bm(j) are indicator variables taking the value one (1), if AFLP band m is observed in inbred line i or inbred line j, respectively, and zero (0) otherwise. SM(i,j) is the single matching coefficient.
 Euclidean Distance
 Genomic Approaches For Predicting Hybrid Performance
 Example 2: Non-DNA Markers
 DE = Euclidean distance between inbred lines i and j as depicted in the equation; DB is used with gene expression data.
 [image: D_E (i,j) = \sqrt{\sum_{g-1}^{n_g} [l_g(i) - l_g (i)]^2}]
 Equation 2
 where:
 lg (i) = base – two logarithm of transcript abundance
 lg (j) = base – two logarithm of transcript abundance of gene g inbred line j
 ng = number of genes
 Binary Distance
 Genomic Approaches For Predicting Hybrid Performance
 Example 2: Non-DNA Markers
 DB = Binary distance between inbred lines i and j as depicted in the equation; DB is used with gene expression data
 [image: D_B (i,j) = \sqrt{\frac{1}{n_g}\sum_{g=1}^{n_g}[x_g (i) - x_g (j)]^2}]
 Equation 3
 where:
 xg (i) = indicator variable or inbred line i; value = 0 or 1
 xg (j) = indicator variable for inbred line j; value = 0 or 1
 ng = number of genes
 In the equation for binary distance or DB (Equation 2), xm(i) and xm(j) are indicator variables taking the value 1 or 0, depending on differential gene expression of gene g in inbred lines i and j.
 If gene g is differentially expressed in lines i and j,
 then xg(i) = 1 and xg(i) = 0 for lg(i) > lg(j),
 and xg(i) = 0 and xg(i) = 1 for lg(i) ≤ lg(j)
 If gene g is not differentially expressed,
 then xg(i) = xg(i) = 0
 In the latter case, then Equation 3 simplifies to
 [image: D_u(i,j) = \sqrt{\dfrac{n_s(i,j)}{n_g}}]
 
 where ns(i,j) is the number of genes differentially expressed in line i and j.
 Correlation
 Genomic Approaches For Predicting Hybrid Performance
 Example 2: Non-DNA Markers
 The distances DB and DE were determined from the subset of genes SP, comprising 10,810 differentially expressed genes. SP is the subset of genes that were differentially expressed in at least one pair of parental lines. For the r value in Fig. 28, ns = P>0.05 and *** = P≤0.001. The performance of the 98 hybrids was assessed in the field. Multivariate analyses for germplasm grouping was used and showed that the transcriptome-based distances were powerful as other DNA based markers to separate flint from dent inbred lines (Fig. 28). Note that the differentially expressed genes associated with hybrid performance and/or heterosis were identified in an estimation set, and then used to predict new hybrids. The correlations presented in Fig. 28 are for hybrids, which have not been used to pick the yield associated genes.
 Frisch et al. (2010) suggested that the close positive significant correlations between the transcriptome-based distances with hybrid performance and heterosis (Fig. 28) may be explained by: (i) the high density of transcriptome loci, which was as a consequence of a high number of differentially expressed genes, indicating good coverage of the genes underlying grain yield, (ii) RNA expression profiling investigates directly the genes, and does not rely on LD between marker alleles and trait of interest, therefore, it is not affected by different linkage phases in different heterotic pools and directly quantifies functional genes between two lines, and (iii) the contribution of additive–additive interactions, which may increase the proportion of phenotypic variance explained by the transcriptome-based distances (Frisch et al., 2010).
 According to Frisch et al. (2010), transcriptome-based selection is a promising procedure to predict hybrid peformance in the future. Two main advantages could be attained from RNA expression profiling: (i) enhancing the efficiency of the hybrid breeding program by selecting seedlings directly after inbred line production rather than testing inbred line combinations for many seasons and/or analyzing specific tissues, and (ii) with the reduction in the transcriptome analysis cost in the future, pre-selection at the seedling stage can improve the cost efficiency of hybrid plant breeding programs. It view of high correlations between transcriptome-based distances and hybrid performance (r≈ 0.80), it could be concluded that indirect selection based on transcriptome-based distances has the same efficiency as that of direct selection under field conditions (Frisch et al., 2010).
 For the prediction of hybrid performance and heterosis, transcriptome data have two advantages over DNA marker data: (i) they do not rely on linkage disequilibrium between marker alleles and QTL alleles, and (ii) they quantify directly the expression of genes, since this analysis not only determines if specific genes are present, but also the degree to which the genes are up or down-regulated. Consequently, transcriptome-based approaches may be superior to DNA marker-based approaches in some situations.
  
 [image: Graphs illustrating correlation of hybrid performance]Fig. 28 Correlation of hybrid performance (Y) and mid-parent heterosis (H) for grain yield with the binary distance DB and Euclidean distance DE. The distances were determined from a subset of genes (Sy) containing 1,424 genes whose expression pattern is associated with hybrid performance and another (Sh) containing 1,763 genes associated with heterosis. Adapted from Frisch, et al., 2010. Characterization of Heterosis
 Genomic Approaches For Predicting Hybrid Performance
  
 [image: Maize plants]Fig. 29 The study by Thiemann et al. examined maize crops from the University of Hohenheim in Germany. Photo by Christian Fischer; licensed under CC BY-SA 3.0 via Wikimedia Commons. Example 3
 Correlation between parental transcriptome and field data for the characterization of heterosis in maize (Thiemann et al., 2010)
 The study by Thiemann et al. (2010) compared parental inbreds in a mixed pool crosses using microarray analysis. The study also examined correlation of gene transcript abundance to mid-parent heterosis and hybrid performance for grain yield and grain dry matter concentration. The third objective of the study was to perform gene ontology (GO) analyses for functional comparison of gene groups correlated in their parental expression level for hybrid performance for grain yield and grain dry matter concentration. Lastly, Thiemann et al. (2010) characterized the function of gene groups correlated with mid-parent heterosis for grain yield.
  
 Interwoven Loop Design
 Genomic Approaches For Predicting Hybrid Performance
 Example 3
 Correlation between parental transcriptome and field data for the characterization of heterosis in maize (Thiemann et al., 2010)
 The objective of the study by Thiemann et al. (2010) was to compare parental inbreds in a mixed pool crosses using microarray analysis. The study also examined correlation of gene transcript abundance to mid-parent heterosis and hybrid performance for grain yield and grain dry matter concentration. The third objective of the study was to perform gene ontology (GO) analyses for functional comparison of gene groups correlated in their parental expression level for hybrid performance for grain yield and grain dry matter concentration. Lastly, Thiemann et al. (2010) characterized the function of gene groups correlated with mid-parent heterosis for grain yield.
  
 [image: Chart, described in detail in caption.]Fig. 30 Interwoven loop design of a microarray experiment. The blue and green circles show 7 flint and 14 dent inbred lines, respectively. The lines represent the crossing schemes and the bold lines show the general scheme of the mixed-pool hybridizations. Adapted from Thiemann et al., 2010. Trait-Correlated Genes
 Genomic Approaches For Predicting Hybrid Performance
 Example 3
 Correlation between parental transcriptome and field data for the characterization of heterosis in maize (Thiemann et al., 2010)
 The objective of the study by Thiemann et al. (2010) was to compare parental inbreds in a mixed pool crosses using microarray analysis. The study also examined correlation of gene transcript abundance to mid-parent heterosis and hybrid performance for grain yield and grain dry matter concentration. The third objective of the study was to perform gene ontology (GO) analyses for functional comparison of gene groups correlated in their parental expression level for hybrid performance for grain yield and grain dry matter concentration. Lastly, Thiemann et al. (2010) characterized the function of gene groups correlated with mid-parent heterosis for grain yield.
  
 [image: Venn Diagram, described in caption.]Fig. 31 Venn diagram of trait-correlated genes showing the number of genes whose mid-parent expression level is correlated to hybrid performance for grain yield and grain dry matter concentration, as well as the genes correlated to mid-parent heterosis for grain yield. Adapted from Thiemann et al. 2010. Overrepresented GO Terms
 Genomic Approaches For Predicting Hybrid Performance
 Example 3
 Correlation between parental transcriptome and field data for the characterization of heterosis in maize (Thiemann et al., 2010)
 [image: Bar chart]Fig. 32 Overrepresented GO terms among genes correlated to hybrid performance for grain yield. Adapted from Thiemann et al. 2010. Non-DNA vs. DNA-Based Markers
 Recall in the advantage of DNA markers is that they are not affected by environmental factors. However, the presence of a particular DNA sequence may not always lead to the expected expression for a trait of interest. This is because the expression of a particular allele depends on environmental conditions, and also interaction with other genes. Thus, even though an allele with a known effect on a particular trait is present, it might not result in the expected phenotype.
 Therefore, DNA markers are considered to be a measure of the genetic potential of an individual. The equivalent in human genetics is the risk concept. Based on DNA information, it is possible to predict the risk of a patient for showing a particular condition (e.g., 30% to get pancreatic cancer at a certain age). However, whether this condition is expressed, depends on other circumstances. In contrast, if RNA- or metabolite-based biomarkers for this cancer type are available, onset of this condition can be predicted with high accuracy. Thus, non-DNA markers are indicative of the realized potential of an individual.
 Since variation in gene expression is the main basis for phenotypic variation, and changes in level of gene expression is observed in hybrids compared to their parents (Hochholdinger and Hoeker, 2007), analysis of gene expression may be a better approach to determine hybrid performance. Recent studies have assessed transcriptome (mRNA expression) data to determine hybrid performance (Frisch et al., 2010; Thiemann et al., 2010). The advantage of transcriptome-based approaches is that transctriptome-based distances directly quantify the expression of genes, which may control the phenotype and do not depend on the linkage between markers and genes, which show weak correlation with heterosis.
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