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Introduction

Introduction

One of the main challenges in plant breeding is development of 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 in�uence 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 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.

Fig. 1 Operations research is a tool to address crop breeding objectives. Photo by Iowa State University.



Objectives

• Recapitulate the concept of genetic gain

• Introduce the concept of multi-objective optimization

• Introduce the concept of operations research in plant breeding

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 de�ned as predicted change in the mean value of a trait within a population as a result of

selection. The ∆G equation (Fig. 3) allows comparison of predicted effectiveness of particular breeding

methods and helps breeders decide how resources should be allocated for achieving various breeding

objectives.

Fig. 3 The genetic gain equation and its components. The curve illustrates distribution showing frequency of individuals

in 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.

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.

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

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.

Fig. 6 Global progress in food consumption. Adapted from FAO, 2002.



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).

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

Introduction

Multi-objective optimization (MO) is an operations research approach used in various �elds, including

engineering, �nance, 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 �xation 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 identi�cation 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

e�ciency.

Fig. 8 Some multi-objective optimization problems involve maximizing one variable while minimizing another.





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.

Fig. 9 Computer systems can now yield Pareto optimal solutions in acceptable time frames.



Operations Research in Plant Breeding

Introduction

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.

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 in�uence

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?

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.

A. Data

B. Decisions 

A decision would have to be made about number of data and recombination points, and number of

chromosomes in the target population.

C. Objective 

The objective is to maximize probability of getting the target population.

D. 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.

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).



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 de�ned. 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.

Fig. 13 Comparison of genome construction and genomic selection approaches



Reflection

The Module Re�ection appears as the last "task" in each module. The purpose of the Re�ection is to enhance

your learning and information retention. The questions are designed to help you re�ect on the module and

obtain instructor feedback on your learning. Submit your answers to the following questions to your instructor.

1. In your own words, write a short summary (< 150 words) for this module.

2. What is the most valuable concept that you learned from the module? Why is this concept valuable to

you?

3. What concepts in the module are still unclear/the least clear to you?
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