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ABSTRACT
Methionine is one of three essential amino acids that are nutritionally limiting
in maize, which is a major component of animal diets. Diets consisting mainly of
maize must be supplemented with other sources of methionine to provide adequate
nutrition. Plant breeding strategies have been implemented to increase the level of
methionine in maize. The objective of this study was to genetically characterize two
programs involving recurrent selection for grain methionine content. These
programs started with the synthetic populations BS11 or BS31. We sought to
determine the genetic effects this selection process has had on the genome. Single
nucleotide polymorphism (SNP) markers distributed across the genome and in gene
regions potentially related to methionine levels were examined using allele
frequency based and linkage disequilibrium (LD) analyses. The percentage of
polymorphic loci decreased through the cycles of selection in both populations and
alleles present in the starting populations were lost. The two measures of LD used
in this study, D’ and r2, demonstrate an increase in disequilibrium across the genome
for both BS11- and BS31- derived populations suggesting selection occurred at
multiple loci. Several genetic loci exhibited allele frequency changes that paralleled
the advancement of the selection program.
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CHAPTER 1: INTRODUCTION
Introduction
Maize is one of the world’s most important crops. Several million people
throughout the world consume maize as an important food and it is grown in more
countries than any other crop.

Thus maize is a potential source of protein for

humans and animals.
During fiscal year 2010, over 27 billion bushels of maize was produced
globally. Over forty percent of the world’s maize was grown in the United States with
333,000 thousand metric tons (15.3 billion bushels) produced (USDA, 2010b).
Maize is primarily used in livestock feed and a number of foods and industrial
products. In 2006, it was estimated that livestock consumed about 30% of the maize
crop grown in Iowa, one of the major maize growing states (USDA, 2010a).
However, from a nutritional standpoint the protein from maize is of low quality.
The bulk of maize protein is comprised of the zein fraction that is deficient in
three essential amino acids, methionine, lysine and tryptophan (Vasal, 1998).
Failure to obtain even one of the ten essential amino acids can have serious health
implications. When used in animal diets, this nutritional limitation is corrected by
supplementation with soybean meal and synthetic amino acids. While providing
nutritional requirements to animals, this approach significantly increases the cost of
meat production. Many breeding programs have been developed to create maize
populations with improved amino acid content to minimize this additional cost.
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The development of Quality Protein Maize or QPM is an example of mutation
breeding to increase the lysine content of maize. It was developed by the
International Maize and Wheat Improvement Center (CIMMYT) after 30 years of
selection for the recessive mutation opaque-2 and o2 endosperm modifier genes.
In addition, transgenic approaches have also been used to increase limiting amino
acids in maize. Monsanto Company has successfully transformed maize lines to
produce high levels of the amino acid lysine to be used in the animal feed industry.
Both of these approaches have been used quite often in previous years to improve
maize lines. However, little has been done with Recurrent Selection. This method
has the advantage of allowing for genetic improvements to be made in the
population while maintaining genetic diversity of the line. Populations generated can
then be used as tools for understanding the genetic control of the trait of interest.
Two selection breeding programs to divergently select for methionine content
began in the summer of 2000 at Iowa State University (Scott et al., 2008). After 7
cycles of recurrent selection, it was found that methionine levels had been
significantly shifted in both programs with more than one and a half standard
deviations difference between the high and low methionine population means.
The major goal of this research was to genetically characterize populations
from these two recurrent selection programs for methionine content. To accomplish
this goal, genotypes from SNP markers throughout the genome were examined
across all available cycles of selection. These data allowed us to identify trends in
% homozygosity, observed heterozygosity, number of fixed alleles, percent
polymorphic loci, as well as linkage disequilibrium. In addition we identified several
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markers that appear to be responding to selective pressure. Markers that respond
to selection may be linked to genes controlling a trait of interest, thus increasing the
knowledge of that trait.
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Thesis Organization
This thesis consists of a general literature review, materials and methods,
results and discussion, and conclusion. References cited for the literature review
and the study specifics follow each section. Chapters 2 through 5 will be submitted
for publication in a peer reviewed journal at a later date. In addition, Appendix A
consists of a chapter, “Backcross Breeding”, written by the primary author for
publication in the book Transgenic Maize: Methods and Protocols.
All of the sections in this thesis were written by the primary author with the
guidance of Dr. M. Paul Scott. Tissue sampling of all populations was carried out by
the primary author. All genotyping data was done by the employees of Monsanto’s
high throughput genotyping facility in Ankeny, Iowa. All analysis was conducted by
the primary author.
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CHAPTER 2: LITERATURE REVIEW
Methionine Levels in Maize Grain
Methionine (Met) is one of two sulfur-containing amino acids that are found in
many proteins. It is a member of the aspartate family and contains a largely
aliphatic side chain that is hydrophobic (Berg et al., 2002). Met is encoded by only
one mRNA codon triplet, AUG, in the standard genetic code. This codon also acts
as the initiation signal for protein synthesis by ribosomes in all eukaryotes and
bacteria (Berg et al., 2002).
The level of methionine in maize grain is determined by a complex series of
physiological and biochemical processes including sulfur assimilation, methionine
biosynthesis and deposition in the seed. In the seed, stored methionine is used
upon germination to supply nutrients for the growing seedling.
Sulfur Assimilation Pathway
Sulfur is one of six required nutrients for plants and is found in the amino
acids cysteine (Cys) and methionine (Met) (Leustek and Saito, 1999). Sulfur is
primarily taken up by plants through soil and transported through the roots to the rest
of the plant. In the sulfur assimilation pathway, the sulfate (SO42-) found in the soil is
reduced to sulfide (S2-) by the addition of eight electrons through a multi-step
process catalyzed by the enzymes ATP sulfurylase, APS sulfotransferase, and
sulfite reductase (Leustek and Saito, 1999).
Serine is also used in the sulfur assimilation pathway and is converted to Cys
in a two-step process. First, serine acetyltransferase (SAT) catalyzes the formation
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of O-acetylserine (OAS) from serine. Secondly, cysteine synthase inserts the
sulfide referred to above to form cysteine (Wirtz et al., 2001). Cysteine synthase 2
(cys2) is one of two isoforms that have successfully been isolated from maize
(Brander et al., 1995). The cysteine produced by this pathway is then used in the
production of methionine.
Methionine Biosynthesis
Methionine is synthesized de novo by plants and microorganisms through
three convergent pathways (Ravanel et al., 1998b). The carbon backbone of Met is
synthesized from the nonessential amino acid aspartate (Asp) which is converted to
homoserine and eventually to O-phosphohomoserine (OPHS) (Hesse and Hoefgen,
2003). The methyl group used in methionine synthesis is released during the
conversion of serine to cysteine (Berg et al., 2002). The sulfur atom of methionine
is donated by cysteine (Ravanel et al., 1998b).
The first committed step in plant methionine synthesis is mediated by the
enzyme cystathionine gamma-synthase (CgS) (Hesse and Hoefgen, 2003). This
enzyme catalyzes a replacement reaction in the chloroplast in which the oxygen
attached to the gamma-carbon of OPHS is released and replaced with a linkage to
the sulfur atom of cysteine (Ravanel et al., 1998a). The net result of this reaction is
cystathioine.
Methionine over accumulation (mto1) studies in Arabidopsis thaliana have
suggested that elevated levels of CGS1 mRNA is the primary cause of higher levels
of methionine in these mutant plants. Amino acid alignments of this gene from
various species including maize has shown a conserved region of encoding 40
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amino acids in which the mto1 mutation was located (Onouchi et al., 2004). These
findings in Arabidopsis show that CgS is transcriptionally and post-transcriptionally
regulated and over expression of CGS1 leads to an increase in methionine content
(Hesse and Hoefgen, 2003).
Cystathionine beta-lyase (CbL) catalyzes the cleavage of cystathionine in the
chloroplast (Hesse et al., 2004).

The products of this reaction include

homocysteine, a methyl group and pyruvate (Ravanel et al., 1996). This gene has
been cloned and overexpressed in Arabidopsis thaliana with no significant increase
in Met levels (Hesse et al., 2004). This enzymatic step also is localized in the
chloroplast.
In the last step of methionine biosynthesis, homocysteine is transported out of
the chloroplasts into the cytosol (Wallsgrove et al., 1983). Here methionine
synthase (MS) methylates homocysteine to form methionine (Hesse and Hoefgen,
2003). It has been shown that over-expression of MS leads to insignificant changes
in levels of methionine and a reduction in plant growth (Hesse et al., 2004) .
Methionine is unique among the amino acids because in addition to its role as
a building block of proteins, it serves as the primary methyl donor for ethylene,
polyamines, vitamin B1, 3-dimethylsulfonionpropionates, and dimethylsulfide in the
form of S-adenosylmethionine (SAM) (Hesse and Hoefgen, 2003). Roughly 20% of
the methionine is used for protein synthesis and 80% is converted to Sadenosylmethionine (Hesse and Hoefgen, 2003).
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To make SAM, the methyl group of methionine is activated by the positive
charge on an adjacent sulfur atom. ATP is then split and the triphosphate group is
transferred to the methionine molecule (Berg et al., 2002).
Zeins
Methionine in grain is deposited in seed storage proteins. In maize, the most
abundant seed storage proteins are called zeins. Zeins are found in the endosperm
of maize kernels and make up 50% or more of the total protein in the mature seed
(Wilson and Larkins, 1984). These protein storage macromolecules provide nutrition
to the seedling during germination and early plant development. Zeins are highly
hydrophobic and aggregate to form stable protein bodies within the maize
endosperm (Argos et al., 1982).
Four subfamilies of zeins exist: alpha, beta, gamma, and delta-zeins. The
most abundant of these is the α-zein representing more than 50% of the total zeins
found in maize (Wu et al., 2009). These proteins are rich in glutamine and leucine
and have molecular masses of 22 kDa and 19 kDa(Argos et al., 1982). The cysteinerich β-zeins have molecular masses of 15 kDa. At 27 kDa and 16 kDa, γ-zeins are
also cysteine rich (Gibbon and Larkins, 2005). The 18 kDa and 10kDa δ-zeins
contain roughly 20% methionine and have been the focus of several experiments to
increase methionine levels in maize (Kim and Krishnan, 2003).
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Recurrent Selection for Grain Quality
Recurrent selection (RS) is a widely used method of developing populations
that are superior for one or more agronomic traits relative to their parental
population. The simplest form of recurrent selection is mass selection which
involves selecting individuals based on the agronomic trait of interest and using
these individuals as parents for the next generation. One of most important aspects
of recurrent selection is the ability to increase the performance of the population
while maintaining a needed level of genetic variation. Maintaining the genetic
variability of a population is a key requirement in the recurrent selection method
because it allows additional selection to be made on the final population for other
traits in the future (Fehr et al., 1987).

Recurrent selection methods were first

developed to improve populations for quantitative traits that are controlled by
multiple genes and in turn to improve the overall germplasm of maize used in
breeding programs (Hallauer, 1992).
The population used to begin the process of recurrent selection is referred to
as the base population or the cycle 0 population, and is typically an open-pollinated
cultivar. Each population is evaluated for the trait of interest and selected individuals
are recombined to create a new population representing the subsequent generation.
The population generated after one cycle of selection is referred to as the cycle 1
population. After two cycles of selection the cycle 2 population is generated, and so
on (Fehr et al., 1987). This process of recombination, evaluation, and selection can
continue for many generations. In a successful recurrent selection experiment, the
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resulting population should be superior in the trait of interest and retain a significant
amount of genetic variability.
Methods of recurrent selection
When two populations are being crossed to improve the performance of both
populations, it is termed interpopulation selection. However, intrapopulation
recurrent selection is the most frequently used method in maize breeding (Hallauer,
1992). In this method selection is limited to within a certain population.
There are several methods of recombination involved in recurrent selection.
Half-sib mating occurs when individual plants are fertilized from a bulk of pollen from
all plants within the population. This can either be done by open-pollination if
isolations are available or by hand-pollinations.
Full-sib mating refers to the crossing of pairs of plants within the population.
Pollen from one individual is used to fertilize the silks of another. Chain-sib mating is
a form of full-sib mating that involves the recombination of multiple individuals from
the same population. Pollen from plant A is used to fertilize plant B, pollen from
plant B is used on plant C, and so forth. The pollen from the last selected individual
in the population is then used to pollinate plant A.
The major advantage of full-sib mating is that superior families can be
reproduced if they are found (Jones et al., 1971). Unlike half-sib mating where the
male could be any one of numerous individuals within the population, both parents of
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a full-sib recombination are known. Upon evaluation of the resulting progeny, the
cross can be recreated if desired.
Divergent selection is often used in recurrent selection programs. This
method refers to the practice of carrying out two selection programs starting from the
same population, with one selection for high and the other for low values of a trait.
The gain from divergent selection is potentially twice the gain of selection in one
direction only. For this reason, it is easier to determine if selection is effective.
Studies on Maize Quality Traits
Illinois Long-term Selection
The longest running selection experiment in plant breeding has been carried
out by researchers at the University of Illinois. Divergent selection for oil and
protein concentration in maize was initiated in 1896 by C.G. Hopkins (Dudley, 2007).
This long-term selection process is used as a tool for understanding the genetics of
a trait.

Recurrent selection, based on the evaluation of oil and protein content of

individual ears, was carried out by Hopkins for 48 generations. This selection
experiment has been carried out for over 100 generations and continues today with
advanced analytical techniques (Illinois, 2009). The Illinois Long-Term Selection
Experiment has resulted in populations that span the known extremes for maize
kernel protein and oil content and have been valuable in studies of physiological
mechanisms controlling protein content of grain (Moose et al., 2004). Populations
Illinois Low Oil (ILO) and Illinois Low Protein (ILP) have reached their lower limits for
these traits and selection has been discontinued due to poor germination rates
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(Moose et al., 2004). After 48 generations of selection, reverse selection was
applied to each population to determine if genetic variability in the selected
populations had been exhausted (Dudley, 2007). Continued progress has been
seen in each of these reverse selection strains, indicating that sufficient genetic
variability remained to make genetic gains even after extensive selection (Dudley
and Lambert, 2004).
Mutation Breeding and QPM
Research to improve the nutritional value of maize has primarily been focused
on its protein content. An important finding in breeding for improved protein quality
was made in 1963 when researchers Mertz, Bates and Nelson discovered that the
opaque-2 (o2) mutant doubled the nutritional value of protein found in the maize
endosperm (Prasanna et al., 2001). Research showed that lines homozygous for
the recessive o2 mutant gene contain 69% more lysine in the endosperm than
normal maize (Mertz et al., 1964). This discovery created great interest in the maize
research community and many breeding programs were initiated to develop lines
containing the opaque-2 mutant and therefore increased lysine. However, the
problems associated of o2 cultivars soon became apparent. Reduced yield, soft
grain, chalky appearance, slower dry-down, and higher susceptibility to ear rots were
some of negative characteristics found (Bjarnason and Vasal, 1992).
In the 1969, o2 endosperm modifier genes were discovered that altered the
soft endosperm of o2 mutants to a normal vitreous appearance (Paez et al., 1969).
Researchers at the International Maize and Wheat Improvement Center (CIMMYT)
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began developing cultivars that combined the nutritional advantages of the o2
mutation with the preferred phenotype of the o2 modifiers (Prasanna et al., 2001).
After 30 years of selection for improved grain characteristics, this approach led to
the successful development of Quality Protein Maize (QPM).
Recurrent Selection for Altered Methionine Concentration
A recurrent selection breeding strategy to divergently select for methionine
content began in the summer of 2000 at Iowa State University (Scott et al., 2008).
Full-sib ears from two synthetic populations, BS11 and BS31, were analyzed for
their methionine content using a microbial analysis method. BS11 was originally
called the Pioneer two-ear composite (Hallauer, 1967). BS31 was developed by
mass selection for earliness in a tropical synthetic (Horner, 1990). The five ears
with the lowest and highest methionine levels in each population were selected.
Kernels from the ears with the highest methionine levels were used to make
balanced bulks that constituted the high methionine (HM) populations BS11HM and
BS31HM. These bulks were then planted and intermated using a chain-sib random
mating design. A similar process was used to make the low methionine (LM)
populations BS11LM and BS31LM populations. Subsequent cycles of selection
consisted of evaluation of 50 ears followed by selection of 5 ears which were bulked
to form the next cycle of selection. This process was followed for 3 generations of
recurrent selection.
The resulting 12 populations were grown and evaluated for phenotypic and
quality traits. The study found that methionine concentrations increased significantly
by 0.004 g methionine/100 g tissue per cycle (Scott et al., 2008). In addition, the
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selections from cycle 3 were submitted for amino acid analysis by the AOAC
standard method. Methionine was the only amino acid analyzed that demonstrated
a significant response to selection in the HM population having 0.014 g/100 g more
methionine than the LM population on average (Scott et al., 2008). This study
demonstrated that recurrent selection methods can be an effective way to alter
methionine content.
Linkage Disequilibrium
Selection has been shown to decrease the genetic variance in a population
due to the establishment of linkage disequilibrium (LD) (Bulmer, 1976). Linkage
disequilibrium occurs when the genotype at one locus is not independent of the
genotype at another locus. The most basic measure of LD is the difference between
the observed and the expected frequencies of gametes:
    



Where xij is the observed frequency of AiBj, pi is the frequency of allele Ai at locus A,
and qj is the frequency of allele Bj at locus B (Hedrick, 1987). When using this
measure of LD it is most desirable to have equal allele frequencies for all loci. If any
locus has an allele frequency of 0 or 1, disequilibrium cannot be calculated.
To account for two loci with differing allele frequencies, Lewontin (1964)
suggested using the normalized measure of LD:
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where Dmax is the theoretical maximum for the observed allele frequencies and is the
smaller of piqj and pjqi.
The most commonly used measure of disequilibrium is the correlation
coefficient between pairs of loci:




 

 

This value is commonly squared to remove the arbitrary negative sign (Devlin and
Risch, 1995). Unlike D’, the r2 value is adjusted to take into account two loci having
different allele frequencies.
Molecular Markers in Plant Breeding
The utility of molecular markers in plant breeding has been increased by
advances in two key areas. The first is improvement of molecular marker
technologies and the second is improvement of our ability to associate markers with
traits. Advances in marker technology played an important role in improving our
ability to associate markers with traits, so the two areas will be addressed together in
this section.
One of the first published experiments associating marker genotypes with
phenotypic responses in maize was conducted in 1972 by Charles Stuber at North
Carolina State University. The allele frequencies of four isozymes were monitored
through nine cycle of selection for grain yield (Stuber, 1972). It was proposed that
as the populations underwent selection, corresponding changes would be observed
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in several biochemical traits. Results suggested that there was a high correlation
between yield response and the changes in allele frequencies, although they were
unable to directly link these biochemical markers to increased yield (Stuber, 1972).
Studies involving isozyme marker loci continued throughout the 1970s by Stuber and
colleagues. Investigation into additional enzyme loci across multiple selection
programs concluded that the changes in allele frequency were too great to be
attributed soley to random drift (Stuber et al., 1980).
Early molecular marker studies relied on variation in proteins or enzyme
activity. In an early review of molecular marker technology in plant breeding,
Tanksley describes the advantages of DNA-based markers (Tanksley, 1983). The
development of restriction endonuclease technology enable the first type of DNAbased marker, Restriction Fragment Length Polymorphisms (Grodzicker et al.,
1974). The use of restriction fragment length polymorphisms (RFLPs) in the area of
plant genetics was first proposed in 1985 (Helentjaris et al., 1985). At this time, the
use of disease-linked molecular markers in human genetics had been demonstrated.
However, their usefulness in plant breeding programs was still unidentified.
Helentjaris reported a high level of genetic variability in maize and speculated on the
possible value of RFPs in many breeding applications.
With the development of the polymerase chain reaction (PCR) technology,
simple sequence repeat (SSR) markers emerged (Hoisington and Melchinger,
2005). These molecular tools had an additional advantage of detecting higher levels
of polymorphism than RFPs. As automated molecular technology improved,
genotyping has moved to single nucleotide polymorphism (SNP) markers
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(Eathington et al., 2007). Current genotyping platforms are able to produce more
than 100,000 genotypes per day with less than 1% error (Jenkins and Gibson,
2002).
Dekkers and Hospital proposed two uses of molecular markers in breeding
programs in 2002 (Dekkers, 2002). In the first approach, markers are used to
improve a population through selection. In what is referred to as marker-assisted
selection (MAS), phenotypic information is combined with genotypic information to
identify the superior germplasm for commercial production (Dekkers, 2002). The
heritability of the trait, the number of available informational markers, and the sample
size of the population all have an impact of the efficiency of MAS (Lande and
Thompson, 1990).
Additionally, molecular markers can be used in introgression programs. The
goal of such breeding programs is to transfer a desired trait or gene from one
population into the elite background of another. In backcross (BC) breeding,
molecular markers are utilized to control the gene of interest and to preserve the
elite genetic background (Hospital, 2002).
Many of the traits that are under selection in breeding programs are complex
quantitative traits which are controlled by many genes in addition to environmental
factors (Dekkers, 2002). Molecular marker breeding strategies provide enhanced
selection of breeding populations for these traits. In commercial breeding programs,
breeders develop a selection model for a breeding population and genotype the
progeny with specific molecular markers. Individuals are selected based on their
genotypic results and controlled pollinations are made to provide offspring for the
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next cycle of molecular marker assisted selection (Eathington et al., 2007).

In this

way, molecular markers that are linked to complex traits are rapidly accumulated
within the breeding population.
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CHAPTER 3: MATERIALS AND METHODS
Population and Experimental Design
Recurrent selection was carried out starting with two maize populations. One
population was derived from BS11, originally called the Pioneer two-ear composite
and originally developed by crossing southern prolific material and corn belt lines
(Hallauer, 1967). The second population was derived from BS31, which was
originally called FS8B and was developed by mass selection for earliness in a
synthetic containing tropical germplasm (Horner, 1990). The recurrent selection
experiment used to develop the populations for this study is outlined in Scott et al
(2008). The selection process was carried out for 8 generations. Remnant kernels
were available from most of the selected ears and these kernels were genotyped in
this analysis. Kernels from the original BS11 and BS31 random-mated populations
were also analyzed and these populations were considered to be cycle 0 of the
selection programs. The populations that were studied are listed in Tables 1 and 2.
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Table 1: BS11-derived populations used in this study.

Population

Cycle
Designation

Cycle 5 BS11LM
Cycle 4 BS11LM
Cycle 3 BS11LM
Cycle 2 BS11LM
BS11(S2)C5
Cycle 2 BS11HM
Cycle 3 BS11HM
Cycle 4 BS11HM
Cycle 5 BS11HM

-5
-4
-3
-2
0
2
3
4
5

Table 2: BS31-derived populations used in this study.

Population

Cycle
Designation

Cycle 6 BS31LM
Cycle 5 BS31LM
Cycle 3 BS31LM
CycleX BS31LM
BS31(R)C1
CycleX BS31HM
Cycle 3 BS31HM
Cycle 4 BS31HM
Cycle 5 BS31HM
Cycle 6 BS31HM

-6
-5
-3
-1
0
1
3
4
5
6
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From each population, ten kernels were taken from each of the five selected
ears that constituted that population
population.. Thus, 50 individual kernels were genotyped
per cycle for each population (see Figure 1.)
Figure 1: Populations used in this study and genotyping strategy.

In total, 505 kernels from BS11
BS11-derived populations were included in this
study as follows. Fifty kernels from each high or low methionine population from
cycles two through five were analyzed. In addition, 105 kernels from BS11 were
included in the analysiss as a base for the originating population.
Similarly, fifty kernels from each selected population derived from BS31 were
analyzed. Cycles included C1, C3, C4, C5, and C6. Remnant seed was not
available for C2 LM, C4 LM, and C2 HM. An additional 125 kernels from BS31 were
analyzed bringing the total sample count to 575.
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Molecular Markers and Genotyping
For each population, fifteen kernels were grown out using the rag-doll
germination method (Newman et al., 2007; Y.C. Newman, 2007). Germination paper
was dampened with water and the fifteen kernels were placed at the top of the
paper. The paper was then folded to cover the kernels. After loosely rolling the
paper into a tube and labeling with the pedigree information, the tube was placed
upright in a few inches of water to allow the roots to grow downward. After 12 days
at ambient temperature leaf tissue was collected by tearing a piece of leaf
(equivalent to size of approximately 1/2" x 1/2") from each plant and placing it in an
individual well of a 96-well plate. This process was repeated with 10 plants from
each selected population. Leaf tissue was collected from all seedlings that emerged
in the starting populations.
Samples were then processed through Monsanto’s high throughput
genotyping facility in Ankeny, Iowa. Fully automated molecular marker systems from
DNA extraction through allele calling were used in this study. DNA samples were
genotyped for a set of biallelic single-nucleotide polymorphism (SNP) markers using
the Taqman assay described by Livak (Livak, 2003). For quality control purposes,
eight standards of known genotypes were assayed per 184 samples genotyped.
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The molecular markers used were chosen from the Monsanto consensus
map based on their polymorphic information content (PIC) value. This consensus
linkage map utilizes an intermated B73 x Mo17 population to map the locations of
individual SNPs on each of maize’s ten chromosomes (Eathington et al., 2007). As
shown in Table 3, 121 markers were chosen through the genome with an average
distance of 13.8 cM. Assuming individual marker coverage of 10 cM, this marker set
represents approximately 82% genome coverage
Table 3: Summary of genome-wide marker set.

Chromosome

No. Markers

Average
Distance (cM)

1
2
3
4
5
6
7
8
9
10

14
15
15
10
15
5
10
15
12
10

18.1
13.4
13.1
20.1
13.0
15.5
16.3
8.6
11.0
9.0

In addition to the genome-wide marker set described above, markers were
chosen for six regions of interest. These gene regions were chosen because of their
potential relationship to the methionine levels (see Table 4). The waxy gene region
was also included in this study as a reference region. Each of these regions was
densely covered with SNP markers with an average distance of 2.4 cM (see Table
5).
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Table 4: Gene regions of selected for high-density marker coverage.
Gene

bin

Chr

Position*

Accession #

Name

cys2

1.06

1

497.17

X85803

cysteine synthase2

dzs18

6.04

6

235.98

U31541

delta zein structural18

zp27cluster

7.02

7

X56117

27kDa zein protein cluster

8

AF453837

Serine Acetyltransferase isoform 1

ser
wx1

9.03

9

185.2

AF267643

waxy1

dzs10

9.03

9

226.31

AF371266

delta zein structural10

cgs1

9.04

9

298.04

AF007786

cystathionine gamma-synthase1

* IBM2 2005 Neighbors Position

Table 5: Summary of region specific marker sets.

Region

No. Markers

Average
Distance (cM)

cgs1
cys2
dzs10
dzs18
ser
wxy
zp27
Average

6
10
9
5
7
5
6
7

1.9
1.1
0.7
6.7
2.0
1.2
3.3
2.4

Figure 2 shows the relative position of each marker that was included in this
study. Genome-wide markers are notated Mx, where x is a sequential number.
Gene specific markers are notated with the gene name, dash, and sequential
number. A total of 169 SNP molecular markers were applied to each sample in this
study.
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Figure 2: Map of SNP markers used in study.
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Data Analysis
Each population was categorized by cycle and direction of selection. Tables
1 and 2 list these populations and their corresponding cycle designations. LM
populations were designated with negative cycle numbers and HM populations were
designated with positive cycle numbers.
All data generated by PCR for both the BS11 and BS31 populations
underwent allelic score quality control (QC) and the results are summarized in Table
6. There are two major causes for missing data with the use of SNP markers. The
first is poor quality DNA yields from the extraction process. The other is when the
fluorescence signals of the SNP markers cannot be assigned to a genotypic cluster.
In this case, it is marked as an ambiguous call and the data is considered missing.
For the BS11-derived populations, nine of the 169 markers used returned no
genotypic data. An additional six markers were missing data from greater than 20%
of the individuals genotyped and were removed from the analysis entirely. This left
154 SNPs. Three samples returned no genotypic data and four samples were
dropped as they returned data for less than half of the SNPs.
Forty SNP markers were not run on the BS31- derived populations due to
DNA quantity limitations. Of the remaining 129 markers, one returned no genotypic
data and 24 were dropped from the calculations due to a high percentage of missing
data. Only one sample did not return any genotypic data. All other samples in the
BS31-derived populations were included in this study’s analyzes regardless of
missing data percentages in order to avoid loss of power due to insufficient sample
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sizes. Over 60% of the samples returning genotypic data for the BS31-derived
populations would have been dropped from the analyses if the 20% missing data
threshold was used. SNPs missing greater than 20% data in a population were
removed from the analysis for that population only for both BS11 and BS31-derived
material.
Table 6: Results of allelic score quality control.

1
2

# Markers Run
# Markers No Data1
# Markers Dropped2
# Marker Analyzed

BS11
169
9
6
154

BS31
129
1
24
104

# Samples Run
# Samples No Data1
# Samples Dropped2
# Samples Analyzed

504
3
4
497

552
1
0
551

No genotypic data returned
Dropped due to high percent missing data

To measure intrapopulation genetic diversity, three allele frequency based
analyses were carried out using GenAlEx (Peakall and Peter E, 2006). Percent
polymorphic loci (%P), number of effective alleles (Ae), and average observed
heterozygosity (Ho) were calculated for each population. These three calculations
were carried out considering each population as a whole and allow for comparisons
between these populations. Allele frequencies were also calculated for each marker
in a population using the GenAlEx software.
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Percent polymorphic loci is calculated by directly counting the number of
markers segregating within a population and dividing by the total number of markers
returning genotypic data for that population.
% 






where mp is the number of polymorphic markers, and mtotal is the total number of
markers.
The number of effective alleles is the number of equally frequent alleles that
would be needed in an ideal population to achieve the observed level of diversity.
This measure allows comparisons between populations where the number and
distribution of alleles differ.

 

1
∑ 

where pi is the frequency of the ith allele at a locus, and m is the total number of
markers.
The observed heterozygosity of a population is calculated by counting the
number of heterozygous individuals at a given locus and then dividing by the total
number of individuals tested. The average Ho is an estimate of the genetic diversity
within a population.
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where hi is the number of heterozygotes at the ith locus, N is the total number of
individuals, and m is the total number of markers.
Values for percent missing data, percent fixed loci, and percent homozygosity
were calculated using raw allelic scores for each individual and then averaged within
each population. Percent homozygosity can be viewed as a measure of inbreeding
and increases as loci become fixed for a particular allele.
Linkage Disequilibrium (LD) analysis was carried out using the open-source
Haploview software package (Barrett et al., 2005). Two measures of LD (D’ and r2
values) were calculated for each population and the results are summarized.
A correlation study was done to determine degree of association between the
cycle of selection and the allele frequency for each marker using the Pearson’s
correlation coefficient. Only those markers that provided data for at least half of the
cycles were used in calculation of correlation coefficients.
High methionine cycles were analyzed independently of low methionine
cycles. The allele frequencies of the starting inbred population were included in both
the high methionine and the low methionine correlation studies. Using the critical
value table for Pearson’s Correlation Coefficient (Siegle, 2009), significance testing
was done on each correlation coefficient calculated. Critical values at alpha levels
0.05 and 0.01 were used in this study.
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CHAPTER 4: RESULTS AND DISCUSSION
Analysis of genetic changes
In order to identify genetic changes that occurred in the course of selection,
the BS11- and BS31- derived populations were analyzed independently. Table 7
summarizes the molecular marker data obtained from the BS11 populations.
Percent missing data is low with an average of approximately 6%. The highest
percent missing data occurred within the Cycle 3 LM population with 16.13% of
markers returning no data. The number of fixed loci increases from 8 in the starting
population to 47 in Cycle 5 HM. Similarly, the number of fixed loci also increases in
the LM directions from 8 to 32. These increases could be a direct response to
selection for the methionine trait or they could be a result of genetic drift. Most likely,
they are the result of a combination of both. Alleles originally present in the starting
population also became lost through the course of selection. A total of 38 alleles
were lost during the HM selection process. Similarly, 27 alleles were lost during the
LM selection process. This decrease in number of alleles suggests that desirable
alleles are being selected for throughout the selection cycles. The fact that no
alleles were gained throughout the selection process during any cycle provides
evidence that the genotyping data was accurately scored and is a true
representation of the genetic changes that took place during breeding cycles.

Table 7: Frequency-based analysis results of BS11-derived populations. Each sample was run on 154 SNP markers.

# Samples

% Missing
2
Data

# Fixed
Loci

% Fixed
3
Loci

# Completely
Polymorphic
4
Loci

Alleles
5
Lost

Alleles
6
Gained

-5

50

4.57%

32

20.78%

3

8

0

-4

49

5.72%

25

16.23%

4

12

0

-3

50

16.13%

11

7.14%

4

0

0

-2

50

2.90%

15

9.74%

2

7

0

0

103

2.17%

8

5.19%

0

----

----

2

47

6.08%

14

9.09%

2

6

0

3

49

5.33%

35

22.73%

3

20

0

4

50

5.82%

44

28.57%

1

9

0

5

49

5.19%

47

30.52%

0

3

0

Average

---

5.99%

26

16.88%

2

8

0

1

1

Number of samples corresponds to number of plants from which leaf tissue was assayed.
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9
The number of completely polymorphic loci is the number of markers within a population that are heterozygous in every sample.
5
An allele was considered to be lost if it was present in the proceeding cycle and absent in the current and all subsequent cycles.
6
An allele was considered to be gained if it was absent in the proceeding cycle and present in the current cycle.
3
4
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The percentage of polymorphic loci decreased in both directions of selection
in the BS11 population (see Table 8). By Cycle 5, the BS11 HM population had
64.94% polymorphic loci remaining. This decrease of 28.57% polymorphic loci is
consistent with rate at which alleles were lost. Likewise, the average percent
homozygosity increases in the course of selection for either high or for low
methionine. Average number of effective alleles (Ne) per locus and observed
heterozygosity also decreased over the course of selection (see Table 8). The
maximum number of effective alleles (Ae) is two when utilizing biallelic SNP markers.
Thus, the fact that the average Ne decreased from 1.58 in the starting population to
1.34 in the Cycle 5 HM population suggests these populations are moving towards
allele fixation.

Table 8: Genetic variability based on 154 SNP markers in the BS11-derived populations studied.

2

% Polymorphic
1
Loci

% Homozygosity

Observed
3
Heterozygosity

Average Ae

-5

75.32%

70.94%

0.28

1.46

-4

78.57%

73.02%

0.26

1.47

-3

82.47%

60.37%

0.36

1.40

-2

88.31%

64.43%

0.35

1.55

0

93.51%

65.97%

0.34

1.58

2

87.01%

69.49%

0.29

1.47

3

74.68%

70.98%

0.29

1.41

4

66.23%

73.38%

0.25

1.34

5

64.94%

75.93%

0.23

1.34

Average

79.00%

69.39%

0.29

1.45
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Table 9 and Table 10 summarize the genetic diversity in the BS31-derived
populations. Percent missing data for this population was significantly higher than
the BS11-derived populations with an average of approximately 25% missing marker
data. The highest percent missing data is 38.89% in the Cycle 3 LM population.
This increase in missing data could have been caused by decreased DNA quantity
after extraction and/or problems during PCR amplification. As in the BS11-derived
populations, the number of fixed loci increases from 10 to 21 in the HM
subpopulations and from 10 to 18 in the LM direction. A total of 12 and 9 alleles
were lost during the HM and LM selection processes respectively. Once again, no
alleles were gained during any cycle.

Table 9: Frequency-based analysis results of BS31-derived populations studied. Each sample was run on 104 SNP markers.

# Samples

% Missing
2
Data

# Fixed
Loci

% Fixed
3
Loci

# Completely
Polymorphic
4
Loci

Alleles
5
Lost

Alleles
6
Gained

-6

50

19.31%

18

17.31%

1

0

0

-5

50

24.03%

17

16.35%

1

2

0

-3

50

38.89%

15

14.42%

2

4

0

-1

50

27.18%

11

10.58%

3

3

0

0

122

18.00%

10

9.62%

0

----

----

1

50

25.16%

9

8.65%

0

2

0

3

50

31.92%

16

15.38%

2

3

0

4

30

24.80%

15

14.42%

3

2

0

5

49

23.17%

18

17.31%

2

4

0

6

50

18.58%

21

20.19%

2

1

0

Average

---

25.10%

15

14.42%

2

2

0

1

1

Number of samples corresponds to number of plants from which leaf tissue was assayed.
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The number of completely polymorphic loci is the number of markers within a population that are heterozygous in every sample.
5
An allele was considered to be lost if it was present in the proceeding cycle and absent in the current and all subsequent cycles.
6
An allele was considered to be gained if it was absent in the proceeding cycle and present in the current cycle.
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Table 10: Genetic variability based on 104 SNP markers in the BS31-derived populations studied.

2

% Polymorphic
1
Loci

% Homozygosity

Observed
3
Heterozygosity

Average Ae

-6

79.81%

84.87%

0.16

1.45

-5

71.15%

85.72%

0.13

1.30

-3

73.08%

88.67%

0.13

1.34

-1

73.08%

79.11%

0.21

1.37

0

79.81%

78.63%

0.23

1.52

1

89.42%

79.46%

0.21

1.33

3

77.88%

85.67%

0.16

1.32

4

74.04%

80.91%

0.18

1.29

5

72.12%

77.66%

0.22

1.33

6

81.73%

79.17%

0.23

1.48

Average

77.21%

81.99%

0.19

1.37
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Trends in percentage of polymorphic loci, average percent homozygosity,
observed heterozygosity, and number of effective alleles are not as clear in the
BS31 population analysis as they were in the BS11 data. This most likely is a direct
result of the large amount missing data in the BS31 population.
The relationship between percent missing data and percent homozygosity is
shown in Figure 3 and Figure 4 for the BS11- and BS31-derived populations
respectively. Because the average percent homozygosity calculation only included
samples that returned genotypic data, it is possible that these values could be
inaccurate for cycles that had higher percent missing data. This phenomenon is
referred to as ascertainment bias in population genetics. This deviation from the true
value is attributed to the sampling processes used when measuring SNP allele
frequencies. It has been shown that missing calls may lead to biased conclusions in
the estimation of allele frequencies (Fu et al., 2009).
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Figure 3: BS11 percent homozygosity and percent missing data.
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Figure 4: BS31 percent homozygosity and percent missing data.
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Percent polymorphic loci data is graphed in Figure 5 for both the BS11 and
BS31 populations. As previously noted, the BS11 population shows a clear
decrease in both the HM and LM selection cycles. While the BS31 population does
not demonstrate as such a clear trend, there is a visual decline in percent
polymorphic
ymorphic loci between Cycle 0 and Cycles 5 and -5.
Figure 5: Percent polymorphic loci for both BS11 and BS31 populations.
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Similarly, the number of fixed loci for each cycle is graphed in Figure 6 for
both populations. Once again, this quantity progressively increases for the BS11
HM and LM subpopulations, although the trend is more pronounced in BS11.
Figure 6: Number of fixed loci for both BS11 and BS31 populations.
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Linkage Disequilibrium
The BS11-derived populations in this study demonstrate an increase in
disequilibrium through the course of selection (see Table 11 and Figure 7). The
starting population D’ value was 0.25. In the course of five cycles of recurrent
selection this value increased to 0.53. Similarly, the r2 value also increased from
0.02 to 0.05 in the HM direction and 0.08 in the LM selections. This increase in
measurements of linkage disequilibrium could be a result of selection. While
random associations between loci could occur by chance as a result of genetic drift,
it is unlikely that LD generated by this mechanism would display a trend with the
cycle of selection.
Table 11: Average Linkage Disequilibrium (LD) analysis results for BS11-derived populations by
selection cycle.
2

Cycle

D'

r

-5

0.53

0.08

-4

0.49

0.07

-3

0.64

0.10

-2

0.48

0.06

0

0.25

0.02

2

0.55

0.06

3

0.53

0.06

4

0.53

0.06

5

0.54

0.05

49
2

Figure 7: Average r values for both populations
populations.

The BS31 population also showed increased disequilibrium through six cycles
of selection as shown in Table 12 and Figure 7.. The D’ value increased from 0.32 in
the starting population
tion to 0.58 and 0.59 in Cycle 6 HM and LM respectively. The r2
values behaved likewise increasing from 0.02 to 0.05 (C6 BS31HM) and 0.06 (C6
BS31LM). The
he greatest change again occurs between cycle 0 and the first cycles of
selection.
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Table 12: Average Linkage Disequilibrium (LD) analysis results for BS31-derived populations by
selection cycle.
2

Cycle

D'

r

-6

0.59

0.05

-5

0.51

0.05

-3

0.55

0.06

-1

0.46

0.05

0

0.32

0.02

1

0.54

0.05

3

0.53

0.05

4

0.57

0.06

5

0.51

0.04

6

0.58

0.06

Bulmer’s research also suggests that genetic variation is reduced over
generations of selection (Bulmer, 1976). Termed the Bulmer effect, this is evident in
both populations used in this study. In our data, after one cycle of selection, linkage
disequilibrium is significantly increased. The fact that the greatest change in LD
occurs between cycle 0 and the first cycle of selection in each direction suggests
that we created a bottleneck when we made our initial selections for the breeding
program. Additional cycles of selection continue to increase LD; however, the rate
at which this increase occurs is notably decreased.
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Allele frequency correlation analysis
Correlation calculations were also used in this study to analyze the effect of
recurrent selection for methionine content on the individual markers used in the
BS11- and BS31- derived populations. The extent of correlation between the cycle
and allele frequency for each marker was determined in this study. These
correlation coefficients were then tested for significance and compared across both
populations. Table 13 summarizes the number of markers found to be significant at
either α = 0.05 and 0.01.
Table 13: Number of SNP markers showing a significant degree of association between the cycle
and allele frequency at alpha levels 0.05 and 0.01.

Markers significant in…
All
Both HM Populations Only
Both LM Populations Only
BS11 Both
BS11 HM Only
BS11 LM Only
BS31 Both
BS31 HM Only
BS31 LM Only

α = 0.05
0
5
5
6
29
36
10
14
28

α = 0.01
0
1
0
1
8
15
4
5
12

No markers were found to be significant in BS11HM, BS11LM, BS31HM, and
BS31LM at either alpha level. However, five markers did demonstrate significance
in both the BS11HM and BS31HM populations at the 95% confidence interval and
one of these remained significant at the 99% confidence interval. This marker,
marker M29, was a randomly chosen marker located on chromosome 2. Allele
frequencies vs. cycle are plotted both high methionine populations on Figure 8. In
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the BS11-derived
derived populations the frequency o
of the “A”
A” allele increases at this locus
throughout the selection process. However, in the BS31-derived
derived populations, the
frequency of the “G” allele increases at this same locus. Because BS11 and BS31
are genetically different, it is possible that this S
SNP
NP may be linked to a gene involved
in the methionine pathway in both populations and different recombination events
have caused different alleles of this SNP to be linked to the favorable allele of the
methionine biosynthesis gene in each population.
Figure 8: Marker M29 in BS11 and BS31 high methionine cycles. Frequency of “A” allele graphed
vs. selection cycle.
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Figure 9 shows the correlations between cycle and allele frequency with 99%
confidence in relation to the chromosome location. The observation that relatively
few markers exhibited a significant trend in both BS11-derived and BS31-derived
populations could be taken as evidence that the changes are random and due to
genetic drift. Alternatively, it is possible that different genes were selected in the
different populations because different mechanisms control methionine levels in
these populations. This explanation is likely because the two populations are not
closely related. Another explanation for the lack of correlation significance in both
populations could be the high percent missing data in BS31. It is possible that
significant correlations in regions of interest were not detected in this population
because data was missing or incomplete for all cycles.
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Figure 9: Loci with significant correlations between cycle and allele frequency at α = 0.01.

A filled circle indicates that the marker was significant in both the BS11HM and BS11LM subpopulations, a filled
triangle pointing up or down indicates significance in the BS11HM and BS11LM subpopulations respectively.
Similarly, an open circle indicates that the marker was significant in both the BS31HM and BS31LM
subpopulations. Open triangles pointing up or down indicates significance in the BS31HM and BS31LM
subpopulations respectively.
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Similarly, relatively few gene regions exhibited trends in both the high and low
direction within each population. Again, this could be taken as evidence of genetic
drift, or it could be that different genes are selected because different genetic
mechanisms exist to control high and low methionine. All six regions containing a
candidate gene had at least one marker showing a significant trend. Marker zp27-4
had significant correlations in both BS11- and BS31- derived populations that are
graphed in Figure 10. Although the 27 kDa gamma zein in this region is not
particularly high in methionine, it is rich in the amino acid cysteine. As mentioned
previously, cysteine acts as the sulfur donor in the methionine biosynthesis pathway.
It’s concentration could be viewed as an indicator of the efficiency of the sulfur
assimilation pathway and is thus related to methionine levels.
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Figure 10: Marker zp27-4 in BS11
BS11- and BS31-derived populations. Frequency of “T” allele graphed
vs. selection cycle.
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CHAPTER 5: CONCLUSIONS
This study examined the genetic characteristics of two series of populations,
derived from BS11 or BS31, that have undergone several cycles of recurrent
selection for methionine content.

Intrapopulation genetic diversity measurements

were analyzed and compared for each population. Percent polymorphic loci and the
number of effective alleles decreased through the course of selection. Percent
homozygosity and the number of fixed alleles increased accompanied by a loss of
alleles. Linkage disequilibrium also increased in both populations, suggesting that
selection, genetic drift, or inbreeding has played a role in the genetic changes that
have occurred. In addition, several loci showed significant correlations between
cycle and allele frequency. Taken together, these results indicate that the
populations became more inbred throughout the course of selection and that genetic
changes that occurred resulted in the phenotypic changes reported previously (Scott
et al., 2008) .
Using the genotyping results generated in this study, it may be possible to
further refine genomic regions influencing methionine levels in maize. Additional
linkage disequilibrium analysis or association studies may provide further indication
of the genetic mechanisms controlling this trait.
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APPENDIX A: BACKCROSS BREEDING
Backcross breeding enables breeders to confer a desired trait of one plant
(Donor Parent) into the favored genetic background of another (Recurrent Parent).
If the trait of interest is produced by a dominant gene, this process involves four
rounds of backcrossing within seven seasons. If the gene is recessive, this process
requires more generations of selfing and thus nine or more seasons are needed.
The rate at which the donor parent genes are removed and the recurrent parent
genes are recovered in the genetic makeup of the plant can be calculated using the
number of backcross generations utilized. This rate is dramatically increased with
the recent advances in marker technology which allows breeders to control the gene
of interest and control the genetic background.
backcross; breeding; donor parent; DP; recurrent parent; RP; molecular markers;
I. Introduction
Backcross breeding is a widely used method of transferring a desired trait,
either natural or engineered, from one plant to the elite background of another. This
process is widely used when working with transgenes because transformable maize
lines often have inferior agronomic properties. The parent contributing the transgene
is known as the donor parent (DP), and the agronomically superior parent to which
the successive backcrosses are made is known as the recurrent parent (RP). The
effect of these successive backcrosses is to minimize the genomic contribution of
the DP. Typically breeders try to recover 98% of the RP genome in the resulting line.
For the backcross method to be successful the trait transferred must retain
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effectiveness throughout several generations and a sufficient number of
backcrosses must be made to recover the desirable traits of the RP (Harlan and
Pope, 1922). In the end, the resulting line should express the trait conferred by the
transgene and the agronomic superiority of the RP. In 1922, Harlan and Pope first
proposed the use of backcrossing to develop crop plants. They noted that
backcrosses had been used for many years in animal breeding to confer fixed traits
and conveyed that its value had not yet been appreciated in agriculture (Harlan and
Pope, 1922). After conducting one round of backcrossing they proved that a portion
of the resulting progeny had the phenotypic integrity of one parent and the desired
genetics of the other. This gave breeders an effective and inexpensive way to get
the desired trait into the preferred genetic background (Fehr, 1987).
II. Dominant Allele Backcrossing
Most transgenes are inherited as dominant genetic loci. The process of
backcrossing for dominant genes is shown in Figure 1. The example is for a single,
dominant transgene. After the transgenic plant has been obtained, it is planted near
the elite inbred line that has been chosen for its desirable phenotype. During the
first season, pollen is collected from the transgenic inbred, or donor parent (DP), and
deposited on the silk of the elite inbred, or recurrent parent (RP). The progeny of
this cross are called the F1 population and all seed are harvested. These progeny
are now heterozygous for the gene of interest, and the genetic makeup is 50% of the
DP and 50% of the RP.
In season two, the F1s are planted, again near the recurrent parent. The F1
is then crossed back, hence the term backcrossing, to the RP. The progeny from
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this cross are harvested at the end of the season and are known as the BC1F1
population. This population normally segregates equally into homozygous for the
recessive, RP allele and heterozygous for the dominant, DP allele. Selection is
usually made for the heterozygous plants by in-field assay. All plants homozygous
for the recessive (RP) allele are discarded. The selected plants heterozygous for
the gene of interest are now 75% RP and 25% DP genotype.
The seed from the BC1F1 population is backcrossed to the RP again in
season three. The resulting population, named BC2F1, once again segregates
equally into homozygous recessive and heterozygous dominant for the gene of
interest.

All plants undergo an assay to identify plants homozygous for the gene of

interest. The genotype of BC2F1 is now 87.25 % RP and 16.25% donor.
In seasons four and five this process is repeated, giving rise to the BC3F1
and BC4F1 populations respectively. At this point, the 98% RP requirement has
been met. The heterozygous plants now contain most of the genome from the
original elite line except for the gene of interest.
The objective of the breeding program is often a line that is homozygous for
the dominant gene of interest. However, in a backcrossing scheme the transgene is
propagated in a heterozygous state and it is necessary to pollinate the resulting line
to achieve homozygosity. Thus, BC4F1 plants are selfed in season seven. The
resulting progeny, BC4F2, will be ¼ homozygous for the gene of interest (RR), ½
heterozygous (Rr), and ¼ homozygous for the recessive allele (rr). This ratio can
also be written as 1rr:2Rr:1RR. Since there is no way to distinguish Rr from RR
when working with a dominant allele, assay or progeny testing must be used.
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Progeny testing is defined as breeding of the offspring to determine the genotypes of
the parent. For example, selfing an RR BC4F2 will result in all progeny conveying
the trait of interest. On the other hand, selfing of an Rr BC4F2 will give plants that
segregate for the desired trait. Three quarters will demonstrate the dominant
phenotype, but a fourth will not.
III. Recessive Allele Backcrossing
When dealing with a recessive gene, the process of backcrossing becomes
more involved. The overall progression of backcrossing generations is the same,
but seasons of backcrossing are separated by one or two seasons of selfing (see
Figure 2) to determine the plants carrying the recessive allele. A molecular genetic
assay, rather than a phenotype assay, would shorten this time period.
Like the aforementioned method, season one begins with the planting of the
transgenic line, homozygous for the chosen recessive allele (rr), and the elite inbred,
homozygous for the undesirable dominant allele (RR). The backcross is made to
create the F1 population. All seed are heterozygous for the recessive allele.
In season two, the F1 plants are crossed to the RP to obtain the BC1F1
generation. Fifty percent of these seeds are homozygous dominant (RR) and fifty
percent are heterozygous (Rr).
In order to differentiate these two genotypic classes, the BC1F1 population is
selfed during the third season. The progeny are denoted BC1F2 and typically
segregate 1rr:2Rr:1RR.
The BC1F2 seeds are planted in season four, and the homozygous recessive
plants (rr) are identified through some type of phenotypic assay.

These plants are
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then crossed back to the recurrent parent to obtain BC2F1 seeds. All seed are
heterozygous for the recessive allele (Rr).
In season five, the BC2F1 plants are crossed to the recurrent parent and yield
BC3F1 seed. Fifty percent of these seeds are homozygous dominant (RR) and fifty
percent are heterozygous (Rr).
The BC3F1 seed is planted in season six, and selfed. The progeny are identified as
BC3F2.
The BC3F2 seed is put through the same process as season four in season
seven. In the end, the breeder then has a BC4F1 population heterozygous for the
recessive allele (Rr).
In season eight, the BC4F1 population is planted and self-pollinated to obtain
BC4F2 seeds. Once again, these seeds segregate 1RR:2Rr:1rr on average.
During season nine, the BC4F2 seed is planted and homozygous recessive
plants (rr) are identified. Seed from these plants are harvested and, in subsequent
seasons, evaluated for desirable traits from the recurrent parent.
IV. Recovery Rate of RP Genes
The overall goal of backcrossing is to recover all the genes of the recurrent
parent except for the gene of interest. This rate is dependent on the number of
backcrosses done in the process and the number of loci that differ between the RP
and donor.
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Assuming the absence of gene linkage, the average recovery of RP genes
increases each backcross by one-half the percentage of the donor parent present in
the previous backcross. This is demonstrated in Table 1. The general equation is

1
 
2

n +1

= %RP

where n equals the number of backcrosses that have been completed (Fehr, 1987).
If the recurrent parent and the donor parent have different alleles at multiple
loci the amount of backcrossing needed to obtain a high percentage of RP
germplasm increases, as shown in Table 2. The general equation proposed by
Allard in 1960 is

 (2m − 1) 


m
 2


n

= %RP

where m is the number of backcrosses and n is the number of loci that differ
between the RP and DP (Allard, 1999).
For example, if the donor parent and recurrent parent have different alleles at
10 loci only 85% of the BC6F1 plants will be homozygous for the 10 alleles of the
RP. In contrast, 98% of the BC6F1 plants will be homozygous for the RP allele if
only 1 loci differs between the donor and the recurrent parent. It is for this reason
that the donor parent should be as related to the RP as possible to reduce the
number of backcross generations that need to be completed. With 10 differing loci,
9 backcrosses would need to be made to obtain the 98% homozygosity that is
achieved in only 6 backcrosses when 1 allele is different.
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V. Marker Assisted Backcrossing
With the cost of producing transgenics and the importance of speed to
market, the traditional approach of selfing in between backcrossing generations is
too slow. Over the past 20 years many advances have been made in the field of
molecular markers that has assisted breeding strategies significantly. The ability to
select desirable lines based on genotype rather than phenotype is an extremely
important asset to plant breeders. This relatively new technology allows breeders to
analyze plants at the seedling stage, and characterize multiple characteristics at one
time. Marker technology allows quicker turnaround of generations, cutting out the
selfing generation.
In backcross breeding, molecular markers are utilized in two ways. First, the
markers can be used to control the gene of interest. This is called foreground
selection (Hospital, 2002). When using conventional backcrossing methods,
integrating a recessive gene into an elite line requires additional seasons for selfing
after each backcross. This prohibits the rapid advancement of lines that is normally
needed in commercial breeding programs. When a phenotype of the desired gene
cannot be easily assayed, but a marker is present within or near the target gene,
foreground selection allows breeders to select plants easily and rapidly often without
the need for selfed populations (Babu et al., 2004).
Secondly, molecular markers can be used to control the genetic background,
also known as background selection (Hospital, 2002). Backcross generations can
be analyzed for the percentage of donor genome still present in the population using
markers known in the elite line. Selections can be made for future backcrossing
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using this genotypic data, increasing the recovery rate of the recurrent parent
genome. Visscher et al report a 98.1% recurrent parent recovery after only two
backcrosses with the use of 3 genetic markers on a single chromosome (Visscher et
al., 1996). This is a 10.3% increase from conventional backcross breeding
strategies which would take four backcross generations to achieve such high
recovery of the recurrent parent genome.
To perform marker assisted selection on the genetic background, markers of
known map position are key to comprehensive genomic coverage that drives
effective selection for the recurrent parent. Genomic coverage is based on those
markers that differentiate recurrent and donor parent genotypes. Coverage can be
assigned incrementally to each marker. Effective marker coverage for recurrent
parent recovery is one marker every 15-20 cM. Thus, in a maize population with a
total map length of 1800 cM, approximately 100 equally distributed markers is
appropriate. If marker assisted selection is initiated in generations later than BC1,
increased marker density should be considered since additional opportunity for
recombination in between markers has occurred without selection pressure.
Expected gain in %RP can be made estimated through mathematical formula
and simulation software. With mathematical formula, population size can be derived
from the variance estimates of BC populations, probabilities of picking the needed
individuals from an expected selection tail, and the probabilities for identifying more
than one plant in a selection tail. Alternatively simulation software may provide a
more accurate answer of recurrent parent expectations with marker assisted
backcrossing. Parameters including population size, selection intensity, number of
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individuals advanced, and map positions of markers utilized can be use to predict
gain over generations. Software such as these are more effective than
mathematical formulas in predicting actual outcome since the exact marker set and
transgene position can be incorporated into the simulated population of recombined
individuals.
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Figure 1: Schematic representation of backcross breeding for a single, dominant transgene.
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Figure 2: Schematic representation of backcross breeding for a single, recessive transgene.
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Table 1: Average recovery of RP genes per round of backcrossing assuming absence of gene
linkage.

Table 2: Average recovery of RP genes when recurrent parent and the donor parent have different
alleles at multiple loci.
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