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Preliminary statistical analysis suggest that the short-season germplasm may
have a broader group of founders than originally proposed by Mikel and Dudley (2006).
A series of yield trials using Early, Intermediate, and Late flowering lines were
conducted by Genomes to Fields. Due to selection for earliness, it is accepted that the
ancestry of the Early group is narrow. However, the Early group exhibited the highest
additive genetic variation for grain yield. This led to the hypothesis, the modern early
flowering germplasm is different and has different founder lines than the corn belt dent
(CBD) germplasm. A sample of short-season and CBD lines were used to determine the
relationship of the CBD with the short-season germplasm and what its most likely
founders are. The results in this study suggest two things. First, that the short-season
and CBD germplasm are different and that they have alternative founder lines than the
ones proposed.
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1 Impact
1.1 Impact
Maize is a staple crop globally for food and feed (Ranum et al., 2014). As well, its
many by-products are used for fuel and other products (Ranum et al., 2014). In
developing countries maize is heavily relied on as a protein source, and in the United
States, in the Midwest alone, 19.7 billion dollars’ worth of dry corn grain is harvested
and sold each year (Carena, 2013; Ranum et al., 2014). The increasing global
population and the trend of using corn as an environmental fuel source has put pressure
on producers to increase production and pressure on consumers to pay high demand
costs (Ranum et al., 2014). Over 250 races of maize exist; only one race is used
commercially, the corn belt dent (Vigouroux et al., 2005). Despite maize having a high
amount of genetic diversity, the corn belt dent has little phenotypic diversity. Therefore,
with this study, determining the ancestral lines and sources of variation will allow corn
breeders to diversify the genetic material used in commercial breeding programs.
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2 Literature Review
2.1 Overview of Maize
Maize has a large and complex genome; the B73 sequenced genome is 2,400
megabases (Bennetzen, 2009). The maize genome is also highly unstable, its ten
chromosomes contain over 210,000 transposable elements (Bennetzen, 2009). There is
both high amounts of variation within the genome and between the genomes of different
races of maize (Bennetzen, 2009). Only the corn belt dent is used for commercial maize
breeding in North America, despite the presence of 250 maize races globally (Vigouroux
et al., 2005). The corn belt dent also has limited phenotypic variation to use in breeding
(Bennetzen, 2009).
Maize (Zea mays mays L.) has undergone a long journey of selection and
genetic changes since the grass teosinte (Zea mays parviglumis L.; Ranum et al.,
2014; Weatherwax, 1950). Early selection also led to some integral kernel and cob
changes that allowed for higher production and an easier to harvest product. There is
evidence that as early as 5,500 years ago kernel size had already increased and glume
size had decreased to allow for an exposed kernel without a fruitcase (JaenickeDespres et al., 2003; Galinat, 1992). The exposed kernel paired with lower lignin and
silica concentrations of the seed allowed for a larger, softer, and more edible kernel
(Doebley, 2004; Roush, 1996). In that time, early selection also created a larger cob
with an increased number of rows as well as a cob that was completely covered in
husks (Jaenicke-Despres et al., 2003; Galinat, 1992). These changes resulted in a plant
that has higher yields but depends on human intervention to reproduce (Jaenicke2

Despres et al., 2003). Though its origin story is widely disputed, it is believed that 710,000 years ago indigenous farmers in Mexico used simple selection to breed the most
favourable teosinte plants (Ranum et al., 2014). In more recent years, maize breeding
has become more methodical and based on modern plant breeding techniques (Van
Heerwarden et al., 2012). Today, a majority of maize breeding is performed by private
companies to create commercial products.
There are many uses for maize and its by-products (Ranum et al., 2014). The
most common products that are produced and sold commercially are animal
feed, ethanol for bio-fuel, high-glucose corn syrup, corn oil, cornstarch, corn syrup, and
additives for alcoholic beverage fermentation (Ranum et al., 2014). Ethanol is the most
lucrative of the by-products (Ranum et al., 2014). Today, over 717 million tonnes of
maize are produced worldwide and 40% of that is consumed by the American ethanol
industry (Ranum et al., 2014). The United States Midwest alone harvests and sells 19.7
billion dollars’ worth of dry corn grain per year (Carena, 2013). Globally, maize is an
important crop because of the high energy density in its whole cob and kernel form
(Nuss and Tanumihardjo, 2010). It has an energy density of 365 kcal/100g compared to
340 kcal/100g and 360 kcal/100g for wheat and rice, respectively (Nuss and
Tanumihardjo, 2010). Corn is also commonly biofortified with β-carotene, ascorbate,
and folate, which makes it a desirable food source to use in food programs (Nuss and
Tanumihardjo, 2010). In countries such as Mexico and Africa, where maize is a key
food ingredient, consumption can be up to 267 g/person/day and 328 g/person/day
respectively (Carena, 2013). The increase in demand for maize to meet the needs of
3

our rapidly increasing population creates a demand for more efficiently grown crops to
support maize as a food, feed, and fuel source and has opened up opportunity for the
plant breeding industry (Carena, 2013).

2.2 Maize Breeding
Maize had a convoluted journey that brought it from the tropical climate of Mexico
to the sometimes-frigid temperatures in Canada. Corn breeding has changed
substantially since this domestication process first started in teosinte (Ranum et al.,
2014). Simple breeding techniques were performed by native Americans and this was
the primary method until Northeastern flint corn was crossed with Southeastern dent
corn (Hallauer et al., 1988). This created a new race of corn, known as the corn belt
dent (CBD), and initiated the greatest change in maize breeding since it was first
domesticated (Hallauer et al., 1988). Despite the presence of over 200 races of corn,
the North American commercial maize breeding industry primarily relies on the CBD
(Vigouroux et al., 2005).
In literature, the past 150 years of maize breeding is classified into distinct time
periods; each time period marking the introduction of new strategies and technologies to
increase the performance of corn for high yield commercial production (Beckett et al.,
2018; Van Heerwarden et al., 2012). The result of these new technologies was striking
genetic differences between commercial maize in each era; each change moving closer
to the distinct heterotic groups and small number of elite inbred lines within each group
that are still seen today. Commercial maize breeding became popularized in the early
1900’s and throughout the 1900s commercial maize breeding has had multiple favoured
4

methods. These methods resulted in changes to the maize breeding population. Van
Heerwarden et al. (2012) outlines these changes to a group of North American maize
lines based on four eras. Using 400 accessions from the USDA, lines were separated
into the four eras they were generated in and principal component analysis (PCA) was
performed (Van Heerwarden et al., 2012). The four breeding eras were defined as
Classic North-American Landraces, pre-1950s, 1960s-1970s, and 1980s-1990s,
respectively referred to as eras 0-3 (Van Heerwarden et al., 2012).
Originally, the focus was on breeding and selecting open pollinated varieties
(OPV) of lines from predominantly Lancaster-surecrop and Reid Yellow Dents. Then,
during Van Heerwarden’s first era, open-pollinated inbreds were used to make doublecross hybrids (Van Heerwarden et al., 2012). During the second era, the use of singlecross hybrids was popularized (Van Heerwarden et al., 2012). Then starting in era 3,
breeding of maize became highly privatized and was focused on elite, high-yielding
commercial lines (Van Heerwarden et al., 2012). The current methods in the industry
are recurrent selection and pedigree breeding. The Iowa Stiff-Stalk synthetic population
(BSSS) specifically, which through the process of recurrent selection created the elite
lines B14, B32, B73, and B84 which have been regularly incorporated into many
lineages. The current use of pedigree breeding comes hand in hand with the hybrid era;
where elite inbreds were created for hybrid breeding (Van Heerwarden et al., 2012).
The application of hybrid methods breeding has resulted in a sevenfold increase in grain
yield (Tracy and Lee, 2009). Analyses in the literature have also revealed that the hybrid
era has resulted in distinct separation of heterotic groups with reliance on a handful of
5

key lines contributing heavily to pedigrees (Tracy and Chandler, 2012; Mikel and
Dudley, 2006).
The PCA Van Heerwarden (2009) performed indicated that B73 (Stiff-Stalk; SS),
Mo17 (Non-Stiff-Stalk; NSS), and 207 (Iodent; IDT) were three historically important
lines (Van Heerwarden et al., 2012). In eras 0 and 1, the PCA suggested limited
population structure which coincides with the reliance on OPV’s. However, evidence of
population structure can be found in the second era lines (Van Heerwarden et al.,
2012). Lines in era 2 form three divergent clusters, with B73 (SS), Mo17 (NSS), and 207
(IDT) at the three apices which would indicate they are historically important lines (Van
Heerwarden et al., 2012). Full divergence and three distinct clusters can be seen in the
PCA of era 3 lines (Van Heerwarden et al., 2012). Inferred allele frequencies in these
samples were also shown to show high divergence in era 3 (SS = 0.27, IDT=0.23, and
NSS=0.07) but throughout the eras, allele frequencies have remained steady (Van
Heerwarden et al., 2012).
The Van Heerwarden et al. (2012) analysis corroborated Tracy and Chandler’s
(2006) account of the changes in the last century of maize breeding theory and
application. Reid’s yellow dents and Lancaster surecrop lines were both very important
groups of maize varieties and were grown abundantly in the US (Tracy and Chandler,
2012). They were both originally grown in geographically separate locations and had
good combining ability (Tracy and Chandler, 2006). The decision to cross them gave
rise to the original heterotic pattern (Tracy and Chandler, 2006). Then in the 1950s,
corresponding with Hallauer et al’s. (2012) era 3, breeding was highly privatized and
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separating lines based on their performance as a seed parent or pollen parent became
common practice (Tracy and Chandler, 2006). The inbreeding and hybridization of
these two groups produced two genetically distinct groups of maize lines, what is known
as the classic male/female NSS/SS heterotic pattern that is still used today (Tracy and
Chandler, 2006). These results corroborate previous assumptions, that the dramatic
shift starting in era 2 has led to not only the divergence of heterotic groupings but the
dependence on few key lines, such as B73 and Mo17 (Van Heerwarden et al., 2012;
Mikel and Dudley 2006).
2.2.1 Heterotic Groups and the breeding of corn
In the most recent era of commercial corn breeding, the hybrid breeding of elite
inbred lines has resulted in three distinct and genetically divergent heterotic groups
(Van Heerwarden et al., 2012). These groups are corroborated by different analyses in
the literature. Crossing between these groups allows breeders to take advantage of
hybrid vigour and results in lines with better performance than their parents (Beckett et
al., 2017). The recognized basic heterotic grouping consists of Stiff-Stalks (the female
group) and those that combine well with them, also known as Non-Stiff-Stalks (the male
group). There are various classifications of finer groupings found in literature (Beckett et
al., 2017; Van Heerwarden et al., 2012; Romay et al., 2013; Nelson et al., 2008; Mikel
and Dudley, 2006).
Research in the CBD has found three distinct groups that are diverse from each
other. Beckett et al. (2017) performed a PCA, a linkage disequilibrium analysis, and a
population structure analysis on 283 inbred lines with 77,314 markers to examine the
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population structure of ex-PVP inbreds and public founder lines of North-American
germplasm. Though the PCA showed some intricate finer population structuring, the
lines organized into three groups; SS, NSS, and Iodent. This supports the evidence of
the three-group heterotic patterning Van Heerwarden et al. (2012) found in era 3 lines.
In line with these findings, Romay et al’s. (2013) analysis revealed divergence
between the two classic heterotic groups. Romay et al. (2013) examined 2,815 maize
accessions from the USDA-ARS North Central Regional Plant Introduction Station
collection as a sample of the USA national inbred seed bank. Using 281,267 single
nucleotide polymorphism (SNP) markers pairwise relationships were computed via
fixation indices, a criterion that measures differences between populations, between all
the accessions (Romay et al., 2013). This study shed light on the repeated use of elite
lines in the CBD germplasm. In the sample, 21% of accessions shared at least 97%
identity with one or more other accessions (Romay et al., 2013). Some accessions were
found to have ten accessions with at least 97% percent identity similarity. One of the
most extreme cases was B73, a line commonly incorporated for its desirable traits,
which was found to have more than fifty lines with at least 97% identity similarity
(Romay et al., 2013; Mikel, 2011). Fixation indices were also calculated between the
accessions, which demonstrated the effect of era 3 breeding on the creation of distinct
heterotic patterns in the CBD. The average calculated fixation index between the three
groups was 0.06 showing considerable distinction in the separation the proposed three
heterotic groups: tropical, SS, and NSS (Romay et al., 2013). The number of lines with
high shared identity and the high fixation index between proposed heterotic groups is a
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result of the current breeding practices (Romay et al., 2013; Van Heerwarden et al.,
2012). It reveals that a small number of elite lines were frequently incorporated in
breeding and the practice of creating elite inbreds to create hybrid crosses (Romay et
al., 2013).
Research supports both the formation of distinct heterotic groups and the
prominence of small group of elite inbreds that form the focus of these groups. Nelson
et al. (2008), building on work from Mikel and Dudley (2006), performed unweighted pair
group method with unweighted mean (UPGMA), principal component analysis (PCA),
and STRUCTURE analysis on 92 ex-PVP lines and 17 public inbreds (Pritchard et al.,
2000). The UPGMA analysis identified six major clusters which were represented by six
lines B73, Mo17, PH207, A632, Oh43, and B37 (Nelson et al., 2008). The STRUCTURE
analysis also showed clustering into those six groups, but a seventh group of mixed
membership was also revealed (Nelson et al., 2008). The PCA again presented the
same results as the era 3 lines in Van Heerwarden et al. (2012) at three dimensions
showed three important lines; B73 representing SS, Mo17 representing NSS, and
PH207 representing Iodent, each axis showing separation between the 3 distinct
clusters (Nelson et al., 2008).
From 1980 to 2004 the use of public inbred lines in new line development
dropped from 45% to 2%, which will decrease the impact of lines such as Mo17 on
commercial breeding pedigrees (Mikel and Dudley, 2006). Evidence for this effect was
seen in Van Heerwarden’s (2012) study. The analyses showed that population
divergences were low in earlier breeding era’s because elite public lines were used
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repeatedly and therefore a lot of genetic material was shared between lines (Van
Heerwarden et al., 2012). However, in the later eras greater amounts of population
divergence is seen and the haplotype sharing indicates that instead of public historic
lines, proprietary lines of the same era were more commonly used for breeding (Van
Heerwaarden et al., 2012). The decreasing dependence on commonly incorporated
public lines is a favourable trend for maize breeding. It broadens the germplasm pool,
which may both increase genetic diversity in a population where it is limited and allow
for genetic progress to be made.

2.3 Early Flowering
The wild progenitor of corn, Zea mays parviglumis, underwent directional
selection in order to have the ability to grow well at more northern latitudes and
temperate climates than its native Mexico (Hallauer et al., 1988; Eyre-Walker et al.,
1998). Short-season or early-flowering corn is corn that exhibits the ability to grow in
shorter growing seasons and colder climates and was therefore developed for the
northern United States, parts of Europe, and Canada (Tollenaar and Dwyer, 1999). The
average growing season of Ontario material, as tested at 11 location in Canada, was
178.3 CHU (corn heat units) from planting to emergence (Major et al., 1983). Length of
growing season can be affected by latitude and daily temperature (Major et al., 1983).
During the domestication process genes for inflorescence and architecture were the
focus for selection (Vigouroux et al., 2005).
The genes and pathways involved in floral transition have been identified in
literature and involve a feedback mechanism with the Zmm4 gene (Dong et al., 2012).
10

Expression of the Zmm4 gene is responsible for regulating floral transition at the shoot
apical meristem (SAM) (Dong et al., 2012). Many genes and candidate genes are
involved in a conceptual genetic regulatory network (GRN), based on an Arabidopsis
GRN, that will initiate or suppress floral transition via Zmm4 (Dong et al., 2012;
Colasanti and Muszynski, 2009; Li et al., 2016; Buckler et al., 2009). The conceptual
GRN was based on four identified pathways in maize; the photoperiod and autonomous
pathways which take place in the leaf and the gibberellin and the aging pathway that
take place in the SAM (Dong et al., 2012).
The photoperiod pathway involves three genes CONZ1, ZmCCT, and ZCN8
(Dong et al., 2012). The expression of CONZ1 varies with day length but not much is
known about the downstream regulatory relationship between ZCN8 and CONZ1 (Dong
et al., 2012). ZmCCT, which is a homolog of the Arabidopsis photoregulator Ghd7 and
is expressed at higher levels in longer day environments in temperate maize and
inhibits ZCN8 resulting in later flowering (Dong et al., 2012). ZCN8 is believed to act as
a floral inductive signal (florigen) (Dong et al., 2012). Florigens, which initiate flowering
are triggered by both photoperiod and plant size or age (Colasanti and Muszynski,
2009). Florigens travels through the phloem from the leaf to the shoot apex (SA) and
signal flowering to begin (Colasanti and Muzynski, 2009).
The autonomous pathway involves ID1 and ZmLD (Dong et al., 2012). ID1 is a
loss of function mutation where the apical vegetative meristem does not convert to the
reproductive meristem and manifests in extreme lateness, as seen in varieties of Gaspe
flint maize (Chardon et al., 2004). Plants with the ID1 homozygous mutation sometimes
11

exhibit abnormalities such as lack of ears and regression to juvenile vegetative growth
(Colasanti and Muszynski, 2009). ID1 is not photoperiod regulated but is regulated by
developmental stage and is not expressed in mature leaves (Dong et al., 2012). ID1 is
believed to assist ZCN8 in its travel through the phloem (Dong et al., 2012). ZmLD, the
homolog of the Arabidopsis linkage disequilibrium (LD) gene, is present in the SA and
developing inflorescences and its exact role is unknown (Dong et al., 2012).
The gibberellin (GA) pathway involves dwarf 8 (d8), dwarf 9 (d9), knotted 1
(KN1), and GA2ox1 (Dong et al., 2012). D8 and d9 both regulate growth and
development and regulate gibberellin (Dong et al., 2012). A d8 deletion is correlated
with earlier flowering and a d9 mutation is correlated with later flowering (Dong et al.,
2012; Camus-Kulandaivelu et al., 2006). The KN1 gene regulates the GA2ox1 gene
which is responsible for creating a GA disabling enzyme (Dong et al., 2012).
The aging pathway, which has been described in Arabidopsis, involves two
mitochondrial genes miR172 and miR156 (Dong et al., 2012). In maize, a plant switches
from the juvenile phase to the adult phase when it is ready for reproductive
development, the timing of this switch impacts total leaf number which is correlated with
flowering time (Dong et al., 2012). miR156 is present in high amounts in the juvenile
phase and through its inhibition of the squamosa promoter binding protein like gene it
regulates the switch from the juvenile to the adult phase (Dong et al., 2012). miR172
stimulates the switch and also regulates floral organ development (Dong et al., 2012).
miR172 also is responsible for regulating the ZmRap2.7 gene downstream (Dong et al.,
2012). Downstream from the four pathways in the GRN, ZmRap2.7 and ZCN8 are
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responsible for regulating ZMM4 (Dong et al., 2012). VGT1 down regulates ZmRap2.7
which is responsible for the inhibition of ZMM4 (Dong et al., 2012). DLF1, when not
being suppressed by ZCN2, complexes with ZCN8 and in a positive feedback loop
promotes ZMM4 (Dong et al., 2012).
There is not a single QTL that can be attributed to differences in flowering time
between lines, but rather many QTL with cumulative effects and some which are
affected by the environment (Buckler et al., 2009). An analysis of the NAM population
showed that thirty-six and thirty-nine QTL’s could explain 89% of the variance for male
and female flowering respectively (Buckler et al., 2009). At least forty genes were
named in Dong’s (2012) study but other studies have found sixty-two consensus QTL’s
that effect flowering time (Li et al.,s 2016). Differences at the MITE insertion at the
VGT1 locus and the Zmrap2.7 gene have an effect of 1.7 days earlier and 0.4 days later
silking than the control, B73 (Buckler et al., 2009). The chromosomal location of the
genes from the GRN can be seen in Table 1 (Appendix 1). Selection for genes that are
favourable for desired flowering time results in the use of the small fraction of the
genome where these genes are found, this is likely to have caused loss of diversity and
a genetic bottleneck (Vigouroux et al., 2005). Chromosomes 3, 4, 5, 7, 9, and 10 each
have one GRN gene (Dong et al., 2012). There are seven loci with proven effects on
flowering time; ZmRap2.7, Vgt1, ZCN8, conz1, zfl1, zfl2, and ZmCCT (Swarts et al.,
2016). However, only Vgt1, ZCN8, and ZmCCT have standing variation in populations
and Vgt1 and ZmCCT are major genes and have been positionally cloned and are
located on chromosomes 8 and 10 respectively (Li et al., 2016; Buckler et al., 2009).
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Therefore, the greatest effect of domestication should be seen on chromosomes 8 and
10 (Dong et al., 2012; Salvi et al., 2007; Li et al., 2016).

2.4 Canadian Maize Overview
Accelerator mass spectrometry data indicates that the earliest existence of maize
in Ontario dates back to 540 A.D (Crawford et al., 1997). Corn spread into Ontario from
the Midwestern United States; from there it was proliferated by the Iroquois population
who depended on maize for food and cultivated over thirty-four different varieties
(Arnason et al., 1981; Crawford et al., 1997). Now maize is the third most important crop
in Canada, first in Ontario, with regard to both cash value and size of production
(StatsCan, 2015). In 2011, Canada ranked eleventh in the world for production of grain
corn, producing 10.7 million tonnes at a value of an estimated 2.08 billion dollars
(StatsCan, 2015). Canadian farms grow grain corn, silage corn, and sweet corn
(StatsCan, 2015). Despite the steady decrease in the production of sweet and silage
corn since the 1971 agricultural census, the production of grain corn has doubled from
1971 to 2011 (StatsCan, 2015). The production of grain corn in 2011 made up 81.8% of
the area of corn farmed in Canada with Quebec and Ontario responsible for a combined
91.9% of farmed area of corn in Canada (StatsCan, 2015).
Agriculture and Agrifood Canada (AAFC) has been breeding early flowering
maize, adapted to a Canadian climate for almost a hundred years (Reid et al., 2011).
However, not much is known about the background of the inbred lines used in breeding
programs, private, AAFC, or otherwise, in Canada (Reid et al., 2011). Reid et al. (2011)
examined diversity in Canadian maize inbred lines using 119 inbred lines from AAFC,
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many with unknown backgrounds (Reid et al., 2011). Pedigree and SSR data were used
to conduct an analysis and organize the inbred lines into heterotic patterns (Reid et al.,
2011). Reid’s analysis revealed that the AAFC breeding programs in Canada had an
emphasis on material from BSSS, European flint, and Lancaster as 50% of their inbred
lines were clustered in these groups (Reid et al., 2011).
There are few identified QTL’s for flowering time, but it is evident that the
mechanisms controlling flowering in Teosinte and the CBD are distinctly different
(Colasanti and Muszynski, 2009; Emerson, 1924). With the CBD displaying both effects
of selection and the environmental effects of the transition of cultivation up the United
States. Furthermore, like the mechanisms of teosinte and the CBD’s, there seems to be
disparity between the CBD and early-flowering maize in regards genetic variation for
agronomic traits. Despite the presumption that short-season Canadian corn is just CBD
selected to be early-flowering, which would have caused a genetic bottleneck, a
preliminary genetic variance analysis shows that the early-flowering maize group had
higher genetic variation for grain yield compared to the intermediate and late flowering
groups (Table 3; Appendix 1).

2.5 Overview of Programs
2.5.1 Genotype by Sequencing
The method used for sequencing in this study was genotype-by-sequencing
(GBS) and is described by Elshire et al. (2011). GBS is a relatively new sequencing
technique that is complementary to the maize genome as it works well with large and
complex genomes (Elshire et al., 2019). DNA is first extracted, plated, and digested into
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contiguous sequences (contigs) with a specifically chosen restriction enzyme (RE;
Elshire et al., 2011). The enzyme used in the sequencing for this study, and for most
teosinte relatives, is ApeKI (Elshire et al., 2011). DNA is then ligated to a barcode
adaptor, which includes a primer, barcode, and sticky ends that are complementary to
the RE cut site, and a common adaptor which has a second primer and a sticky end
complimentary to the RE cut site (Elshire et al., 2011). DNA is then amplified in a similar
process as Illumina sequencing (Elshire et al., 2011). Both primers on the contigs are
complementary to oligo sequences on a flowcell (Elshire et al., 2011). The primers will
bind, and polymerases will multiply both directions of the contig with fluorescent labelled
nucleotides for sequencing (Elshire et al., 2011). Sequencing data was then aligned to
the B73 reference genome (Elshire et al., 2011). GBS as a new sequencing technique
has benefits as it is cheap per sample, allows for the focus to be on low copy regions,
and the use of RE’s avoids repetitive regions of the genome (Elshire et al., 2011). To
manage the missing data from sequencing, imputation is recommended (Brouard et al.,
2017). Additionally, increased imputation accuracy was found with lower multiplex
numbers, repetitive sequencing of the library, and when appropriate RE’s were used
(Elshire et al., 2011; Brouard et al., 2017). Despite the B73 reference genome only
covering 70% of the maize genome, imputation is effective because of inbreeding and
the narrow North American germplasm base (Glaubitz et al., 2014; Elshire et al., 2011;
Mikel and Dudley, 2006). The downstream analyses can be completed in programs
such as Tassel, which is used in this analysis, which was created to support the
analysis of GBS data (Glaubitz et al., 2014).
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2.5.2 SNP Pruning
Programs like STRUCTURE used in the downstream analyses make an
assumption that all markers are in linkage equilibrium within the population, therefore
single nucleotide polymorphism (SNP) pruning based on LD is a necessary step
(Pritchard, 2000). Pruning was done in R using the SNPrelate package (Zheng et al.,
2012). The program creates a vector of SNPs that meet the criteria and are to be kept
(Zheng et al., 2012). Previous studies with similar data sources and methods were
examined to determine the most appropriate criteria and protocol to use for SNP
pruning and fastSTRUCTURE in this study. In the first study, Hu et al., (2019) used
GBS data from 10,000 accessions to create a map of the sorghum genome. In the
analysis that Hu et al. (2019) performed, only SNPs with a missing rate less than 5%
and minor allele frequency (MAF) greater than 0.1 were kept counteracting any error
from imputing rare alleles. In a second study, Baute et al. (2016) performed both a
phylogenetic and fastSTRUCTURE analysis to examine genetic diversity in wild
sunflowers (Baute et al., 2016). For the phylogenetic analysis, SNPs with a MAF > 0.01
and a missing rate < 20% were kept (Baute et al., 2016). Whereas for the
fastSTRUCTURE analysis SNPs with LD < 0.2 and MAF > 0.05 were kept (Baute et al.,
2016). Where LD is the level of association of two alleles at loci that are linked with
each other and are less likely to undergo recombination and MAF is the frequency at
which the second most common allele occurs in a population (Collins, 2007; De Oliveira
Moura, 2019). Finally, in an analysis comparable to the ones in this study which also
procured data from some of the same sources, Beckett et al. (2017), calculated the
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percent of SNPs that were in common between the merged datasets and removed
SNPs with a missing rate greater than that number and a MAF > 0.05 (Beckett et al.,
2017). Therefore, taking all of these studies into consideration the criteria for SNP
pruning was chosen.
2.5.3 Fst and MAF
Fixation index (Fst) was used in this study to determine the level of admixture
between two populations. Fst is a ratio of the variances of allele frequencies between
SNPs in two different populations (Bhatia et al., 2013). The Fst can be calculated on an
individual SNP level or using the Wrights Fst method or the Weir and Cockerham (1984)
method, the average Fst for the whole GBS genome can be estimated (Bhatia et al.,
2013; Weir and Cockerham 1984). VCFtools was used in this study to calculate Fsts per
GBS SNP and the average Weir and Cockerham (1984) Fst for the whole GBS genome
was calculated (Danecek et al., 2011). The Fst statistic is an indicator of how similar
populations are based on similar frequencies of alleles (Bhatia et al., 2013; Weir and
Cockherham, 1984). Values closer to zero indicate higher amounts of admixture
between the populations and values closer to 1 indicate distinct populations (Bhatia et
al., 2013).
Similarly to Fst, MAF analysis was used in this study to determine if there was a
difference between the two populations. MAF specifically gives insight into whether
there is allelic diversity in the populations or if certain alleles have been fixed in the
population (De Oliveira Moura, 2019). In MAF categories between 0.1 and 0.5, SNPs
are said to be highly polymorphic and can indicate high diversity in the populations (De
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Oliveira Moura, 2019). Whereas the opposite is true for populations with many SNPs
with MAFs of 0 (De Oliveira Moura, 2019).
2.5.4 fastSTRUCTURE
The STRUCTURE program uses a Bayesian iterative inference algorithm to
calculate and compare allele frequencies and organize individuals into sub-populations
with other individuals with similar allele frequencies (Porras-Hurtado et al., 2013). Each
STRUCTURE analysis resulted in a Q matrix being made from the dataset, where Q is
the membership coefficient. Each individual will be made of a Q percentage, which is
the estimated fraction of that individual's genotype (adds to one) for the 1 to K groups
run in the analysis (Porras-Hurtado et al., 2013; Pritchard, 2000). The Q, or membership
coefficient is calculated for each individual based on allele frequencies of members
already assigned to each of the K populations (Porras-Hurtado et al., 2013).
STRUCTURE is inefficient at analyzing datasets as large as the one in this analysis and
fastSTRUCTURE, an approximation of the STRUCTURE algorithms, is more
computationally efficient, has faster run time, and is more capable of handling large
datasets (Raj et al. 2014). Therefore, fastSTRUCTURE was used to calculate the Qmatrices for this study. The fastSTRUCTURE analysis protocol used in this study was
assembled using similar published studies.
The fastSTRUCTURE ‘chooseK.py' script which uses marginal likelihood to
determine optimal level of model complexity, was used to determine the optimum K
value. Though the exact K cannot be ascertained, two estimates of K are returned; the
first is the value that maximizes marginal likelihood, and the second is the smallest K
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that will account for all ancestry in the sample (Anil et al., 2014). The first K value is the
K that maximizes the log marginal likelihood and the second is the lowest K value where
99.99% of the admixture proportions, or membership coefficients are accounted for in
the data (Raj et al., 2014). The most common and easiest way to analyze
fastSTRUCTURE results is by plotting the values of the Q-matrix for both optimum K
values in a barplot.
The fastSTRUCTURE program recommends running the program over a wide
range of K values, or suspected number of populations, to start (Raj et al., 2014).
Several studies that performed FastSTRUCTURE analyses were also examined to
evaluate the range of K values to run and the method of determining optimum K values
to plot. Acquadro et al. (2017) studied the pattern of evolution in eggplant species,
fastSTRUCTURE was run with the default settings and the simple prior at K=1-9, then
the fastSTRUCTURE provided script “chooseK.py” was used to determine the most
probable number of ancestral groups. Next, Owens and colleagues examined the gene
flow in Californian sunflowers by first running fastSTRUCTURE from K= 1-10 then using
the “chooseK.py” script to determine the optimum value of ‘K’ (Owens et al., 2016).
Finally, in a study on river blackfish, Unmack et al. (2017) examined SNP data in order
to establish a species boundary between multiple blackfish species. fastSTRUCTURE
was run for K= 1-15 with the simple prior, and the script ‘chooseK.py’ was used to
determine the optimum number of clusters for the data (Unmack et al., 2017). The
studies examined involved smaller datasets; therefore, a larger range of K was chosen
to be able to cover the possibility of larger number of clusters. The studies also used the
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‘chooseK.py’ script to determine the K values to plot. This script returns two values, the
first is the K that maximizes the log marginal likelihood and the second is the smallest K
value that can account for 99.99% of the admixture proportions in the data (Raj et al.,
2014). In the test populations the first K when plotted revealed strong population
structure and the second K had similar results but showed finer population details (Raj
et al., 2014). Therefore, both K values will be plotted in these analyses.
2.5.5 PCA
The purpose of PCA is to reduce the number of components that explain the
variation in the data and aims to reduce the data to a minimal number of principal
components that each explain the majority of the variation in the data (Hess and Hess,
2018). PCA creates a one-dimensional relationship (eigenvector) between all the
individuals in a study based on their differences at each of their SNP genotypes (Hess
and Hess, 2018). The individuals can be plotted via a scatter plot with the principal
components as axes, this allows the relationships between the individuals to be
visualized. The proximity of the individuals depends on the eigenvector and is indicative
of the correlation between the individuals (Hess and Hess, 2018). Each principal
component explains a certain percent of the variation (Hess and Hess, 2018). The
distances between individuals on the axes of principal components that explain larger
amounts of variation will have more influence than the distances on the axes of principal
components that explain smaller amounts of variation (Hess and Hess, 2018).
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2.6 Hypothesis and Objectives
The analysis by Mikel and Dudley (2006) suggest that the seven lines B73,
LH82, LH123, PH207, PH595, PHG39, and Mo17, are the founders of the North
American commercial germplasm. However, a preliminary variance analysis suggests
that the early-flowering germplasm is more diverse than the late and intermediate
flowering germplasm (Table 2). Therefore, my hypothesis is that the short-season
germplasm is different than the North American commercial germplasm and has
different founders. The objectives of this study are to create a sample of lines, for which
GBS has been generated, that represents the short-season and full season inbred
populations. Then using the GBS data from these two samples of lines along with GBS
from six of the seven founders and other iconic inbred lines fastSTRUCTURE, Fst,
MAF, and PCA analyses will be performed to determine the relationship between the
two groups of lines and between the short-season lines and the founders. Analysis of
the Fst and MAF values of the two groups will help us determine the extent of the
ancestral relationship between the short-season and CBD groups, whether or not the
two populations are the same, and whether or not selection has affected the diversity at
specific parts of the genome. fastSTRUCTURE analysis will allow us to analyze the
relation of the short-season lines to the conventional heterotic groups of NSS, SS, and
Iodent and the seven founder lines of the CBD. Finally, PCA will show where there is
variation in the two germplasm groups and the apices of the PCA’s can give insight into
which lines were important lines. In literature, maize PCA’s organize into heterotic
groups with historically important lines as the apices; the varying degrees of closeness
22

to these lines is indicative of how often the historically important lines or its descendants
were used to generate said line (Van Heerwarden et al., 2012; Romay et al., 2103).
Therefore, conclusions can be made as to which lines were important to the ancestry of
the short-season germplasm. If the hypothesis is false, the fastSTRUCTURE and PCA
will show the short-season and the CBD clustering together and there should be no
difference in MAF values. If the short-season lines were all derived from the CBD the
Fst will be zero and show large amounts of admixture between the two groups. Finally,
the apices of clusters in PCA indicate important lines, again to disprove the hypothesis
the apices of the clusters involving the SHORT group will be the founder lines of Mikel
and Dudley (2006).

23

3 Data Analysis
3.1 Abstract
Early flowering corn is adapted to the climate and latitudes of the northern United
States, parts of Europe, and Canada. Flowering time is affected by a select number of
genes which regulate growth at the shoot apical meristem. Selection for the genes in
order to grow maize in a shorter growing season is likely to have caused a genetic
bottleneck in the short-season germplasm. However, a variance analysis on maturity
stratified material from a Genomes to Fields yield trial was performed. The analysis
revealed higher genetic variation for grain yield in the short-season germplasm than the
late and intermediate germplasm. A possible explanation for the higher than expected
variance is that the short-season germplasm has a broader founder base than the
commercial corn belt dent germplasm, from which it is said to have derived from. This
has led to the hypothesis the modern short-season germplasm is different than the corn
belt dent germplasm and has different founder lines. The goal of this analysis is to
determine the relationship of the commercial corn belt dents and the modern shortseason germplasm by performing a population structure analysis on fastSTRUCTURE.
A selection of lines chosen to represent the corn belt dent group as well as the shortseason group will be used in these analyses. The MAF and Fst analyses performed in
this study will determine if the two groups are different. Furthermore, the
fastSTRUCTURE barplot and accompanying principal component analyses created in
this study will show where the short-season material belongs in relation to the
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commercial corn belt dent material and whether the major corn belt founders from Mikel
and Dudley are the only major genetic contributors in the short-season.

3.2 Introduction
There are over 250 maize races that exist globally. However, the commercial
breeding pool in North America is primarily restricted to just one race, the Corn Belt
Dent (CBD). Which was developed when Northeastern flint and southeastern dent were
crossed (Hallauer et al., 1988). The past 150 years of maize breeding techniques have
transformed the corn belt dent germplasm pool. Breeding techniques can be classified
into four eras; Classic North-American Landraces, hybrid pre-1950s, hybrid 1960s1970s, and hybrid 1980s-1990s, respectively referred to as eras 0-3 (Van Heerwarden
et al., 2012). Throughout the eras selection pressures increased which narrowed the
germplasm pool and led to the evolution of the germplasm pool into distinct heterotic
patterns and allowed for high yield commercial production. When producers shifted
away from the use of landraces in the 1940’s the backbone of maize production
throughout the eras has been on creating commercial hybrids to exploit hybrid vigour
(Beckett et al., 2017). During the four eras the focus of breeding techniques shifted from
open pollinated varieties (OPV), to using open pollinated inbred lines to make doublecross hybrids, to using single-cross hybrids. During eras 2 and 3 the selection for
performance and high yield was the focus and corresponded to a seven-fold increase in
grain yield (Lee and Tracy, 2009). Finally, the current focus is on highly privatized elite,
high-yielding commercial lines (Van Heerwarden et al., 2012).The use of elite inbred
lines and exploitation of heterotic patterns in the current hybrid era has led to genetic
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separation of three heterotic groups Stiff-Stalk, Non-Stiff-Stalk, and Iodent (Van
Heerwarden et al., 2012).
Hybrid vigour or heterosis occurs when two inbred individuals are bred together
and have progeny with desired traits and increased performance. Hybrid breeding is still
practiced today and is an important characteristic of maize commercial germplasm.
Fixation indexes between the heterotic groups suggest distinct separation of the groups
but also a high degree of shared identity of lines within the groups which supports the
pedigree evidence that a small number of elite lines were frequently incorporated in
breeding and the practice of creating elite inbreds to create hybrid crosses (Romay et
al., 2013; Mikel and Dudley, 2006). In an analysis of identity by state values using 1100
public, ex-PVP, and Guelph lines, the lines organize into three main groupings (Figure
1; Appendix 2). B73, B37, and B14 represent the Stiff-Stalk heterotic group, PH207
represents the Iodent heterotic group, and Mo17, Oh43, and Wf9 represent the
Lancaster heterotic group. Mikel and Dudley (2006) performed an analysis on a
database of the north American germplasm and declared 7 founders of the corn belt
dent germplasm pool due to their frequent incorporation in pedigrees. B73, Mo17, and
PH207 are classified as historically important lines for the Stiff-Stalk, Lancaster, and
Iodent heterotic groups respectively. Additionally, they revealed that the lines LH82,
LH123, PHG39, and PH595 were also important genetic contributors. For the purposes
of this study these 7 lines are considered to be the founders of the corn belt dents.
Repetitive use of elite lines in these heterotic groups has also led to increased
relatedness in the germplasm pool and decreased genetic variation.
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Populations slowly brought corn up north of Mexico through the southwestern
United States in 2000 BC and the earliest evidence of the presence of maize in Ontario
is 540 A.D (Hallauer et al., 1988; Eyre-Walker et al., 1998; Crawford et al., 1997). As of
2011, Ontario and Quebec are responsible for 61.7% and 30.2% respectively of the
maize farmed area in Canada (StatCan, 2015). Maize is popular in Southern Ontario
and Quebec because these regions have an adequate temperature in corn heat units
(CHU) during the growing season to produce maize which is around 2900 CHU
(StatCan, 2015; OMAFRA, 2019). Though the growing season is markedly shorter in
the northern regions and as earlier flowering varieties of corn are being developed its
popularity is increasing in western provinces (StatCan, 2015; OMAFRA, 2019).
In Southern Ontario and Quebec planting starts in mid-May, once the ground
temperature is over 10℃ (CFIA, 2104; OMAFRA, 2019). The growing season for shortseason corn in Ontario is around 100 days, 90 days for Elora and 100 days for
Woodstock (OMAFRA, 2019). Early flowering varieties of corn allow for the plants to
ideally reach maturity and be harvested before the first ground frost in these areas
resulting in less yield losses due to damage (CFIA, 2014; Khanal et al., 2011). From
1971 to 2011 maize production in Ontario became more intensive, the number of farms
decreased by 33% but the average number of hectares per farm more than doubled in
that time (StatCan, 2015). In order to create maize varieties that could reach
harvestable maturity within the short growing season, short-season maize breeders
needed to use earlier flowering corn belt dent (CBD) lines with good agronomic traits or
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use early flowering lines and improve their performance and modify them to the current
eras hybrid breeding style.
The central corn belt covers Indiana, Illinois, Iowa, and Nebraska; and Corn belt
material was developed to effectively grow in the growing season in this area (Hudson,
1994). In order to be able to effectively grow maize in Canada corn belt material had to
be selected to flower in fewer number of days. Flowering time is a quantitative trait,
many QTL with cumulative effects result in difference in flowering time. A gene
regulatory network has been proposed that involves four pathways, each regulating
growth at the shoot apical meristem through a ZMM4 feedback mechanism (Dong et al.,
2012). A study on the NAM population revealed that thirty-six and thirty-nine QTL’s
could explain 89% of the variance for male and female flowering respectively (Buckler et
al., 2009). Seven loci with proven effects on flowering time; ZmRap2.7, Vgt1, ZCN8,
conz1, zfl1, zfl2, and ZmCCT have been positionally cloned on the GBS sequence
(Swarts et al., 2016). Due to selection for early flowering, a genetic bottleneck and loss
of diversity were expected to occur (Vigouroux et al., 2005).
Genetic variation influencing the expression of a phenotype is composed of
additive and non-additive effects, with the additive being more important as it is the
predictable portion. Since the 1970s concerns have been expressed about the
sustainability of using what is essentially a closed, narrow-based germplasm pool for
long-term genetic progress in maize (Kannenburg et al., 1995; Smith et al., 1985). The
Genomes to Fields (G2F) research collaborative recently completed a multi-year trial
that assessed how much environment and non-environment specific genetic variation
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remained in the North American commercial maize germplasm pool. Using a series of
NC Design II (NCD2) yield trials conducted in 2016 and 2017 involving single-cross
hybrid generated from commercially relevant inbred lines many of which had recently
expired plant variety protection (PVP) certificates (Table 2; Appendix 1). The inbred
lines were stratified by maturity to generate a set of hybrids for Early, Intermediate, and
the Late maturity groups and the resulting single-cross hybrids were tested in
environments suited to the hybrid maturities. The Early maturity group had 96 hybrids
tested in 23 location-year environments, with 21 environments used in the statistical
analysis. The Intermediate maturity group had 96 hybrids tested in 27 location-year
environments, with 25 environments used in the statistical analysis. The Late maturity
group had 85 hybrids tested in 24 location-year environments, with 15 environments
used in the statistical analysis. The multi-environment structure allows the phenotypic
variance for grain yield to be partitioned into non-environment specific genetic variation
and environment-specific genetic variation. The NCD2 mating structure allows these
two genetic variation components to be further be partitioned into additive effects due to
either the Stiff-Stalk (SS) female side or the Non-Stiff-Stalk (non-SS) male side, and the
non-additive effects due to the interaction of the female and the male (Tables 2 and 3;
Appendix 1). The grain yield variance partitions showed that only the Early set of inbred
lines exhibited significant non-environment specific genetic variation in the SS lines
(Table 3; Appendix 1). All three maturity groups exhibited non-environment specific
genetic variation in the non-SS lines. Among the non-SS groups, again it was the Early
set that stood out with the greater (2x) non-environment specific additive genetic
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variation. As the both Early SS and non-SS lines should have experienced a genetic
bottleneck due to selection for flowering time, the presence of significant genetic
variation only present in the Early germplasm set of SS lines and the Early germplasm
set of non-SS possessing two-fold greater genetic variation than the other two maturity
sets is unexpected and warrants further investigation.

3.3 Materials and Methods
3.3.1 GBS Datasets
A total of 313 individuals were taken from a dataset previously created by G2F.
The dataset used is from a comprehensive study of 60,000 public and private taxa
which used GBS. The GBS technique allows for inexpensive high throughput, whole
genome sequencing. G2F performed GBS according to the protocol detailed by Elshire
et al. (2011). Three genotype-by-sequence (GBS) datasets were constructed from
previously published datasets: (1) short-season population (SHORT), (2) reference
population (REF), and (3) full population (FULL). The SHORT sample included 143 lines
that had a growing season shorter than 100 days. The lines represented material from
the Agriculture and Agrifoods Canada (AAFC) research stations, North Dakota State
University material (NDSU), early-flowering off-PVP lines, and University of Guelph lines
which were derived from selfed commercial hybrids which represent commercial hybrids
from the 70’s, 80’s, and 90’s. The short-season lines will have a growing season of less
than 100 days (OMAFRA, 2019). Working knowledge was used to create the REF
sample, which included 170 widely used inbred lines that represented the classic CBD
material. The REF set also contains the six genotyped founders of the seven proposed
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founders from Mikel and Dudley (2006; B73, LH82, LH123, PH207, PHG39, and Mo17.
Note that PH595 has not been genotyped). The FULL sample combined both the REF
and SHORT samples. Single nucleotide polymorphism (SNP) data for the 313 inbred
lines and 943,455 SNPs came from the ZeaGBSv2.7 dataset
(doi:10.1371/journal.pone.0090346; Glaubitz et al., 2014; Supplementary Table S1).
Pedigree information was taken from the GRIN database, which allowed a sample that
was as robust as possible and encompassed both the short-season and CBD
germplasm to be curated (GRIN, 2019).
The data was downloaded from Cyverse (www.cyverse.org) using CyberDuck.
TASSEL was used to extract the data from the inbred lines of interest using the “Filter
by Taxa” command and then each dataset was divided by chromosome for easier
manipulation due to their large size (Bradbury et al., 2007). Linkage disequilibrium (LD)
pruning was performed in R using the SNPrelate package (Zheng et al., 2012). Based
on Beckett et al., (2017) the criteria used for LD pruning was a sliding window of 5000
base pairs and SNPs with minor allele frequency (MAF) < 0.05, LD > 0.2, missing rate >
20%, and 100% monomorphism were removed. The program uses the sliding window
to examine each SNP and creates a subset of SNPs with the chosen criteria (Zheng et
al., 2012). The number of SNPs before pruning was 943,455 and was pruned down to
64,260. The REF and SHORT datasets were then generated from the FULL dataset
using the “Filter by Taxa” command in TASSEL.
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3.3.2 Data Analysis
Fixation index (Fst) and Minor Allele Frequency (MAF), were used to as a
measure of genetic distance between the SHORT and REF populations. Population
structure was examined using fastSTRUCTURE. Lastly, PCA was used to examine the
relationships to proposed founders and to further examine population structure.
3.3.3 Fst and MAF
Fixation index calculations were performed in VCFTools (Danecek et al., 2011).
In this study the REF sample and the SHORT sample were compared, with the entire
GBS sequence then individually by chromosome to see if selection for flowering time
genes has an effect on genetic diversification in the two populations.
A separate Fst and MAF analysis were completed using the unpruned data.
Fixation indices per GBS SNP were calculated for each chromosome separately, then
plotted in Plotly (Plotly Technologies Inc). Missing and negative Fsts were set to zero.
Loci for flowering time were marked and color coded on the plots. Gene models were
found in Swarts et al. (2016; http://dx.doi.org/10.1101/086082) and located on the GBS
sequences on maizegdb genome browser (Portwood et al., 2018). Fixation index
analysis was performed to examine whether there was a difference in diversity between
the two populations specifically surrounding the flowering time loci. Large Fsts at the
flowering time loci would be indicative of divergence between the two populations which
may have been caused by selection at these loci.
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Minor allele frequency was also calculated by chromosome for the unpruned data
in Tassel (Bradbury et al., 2007). The difference between the number of GBS SNPs
between the SHORT and REF populations in each MAF category was plotted in Plotly
(Plotly Technologies Inc). MAF frequency will reveal whether diversity exists in the
short-season population and whether selection pressure has affected diversity.
3.3.4 fastSTRUCTURE Analysis
Tassel was used to merge chromosome files and convert the merged file into
VCF format (Bradbury et al., 2007). The program PGDSPider was used to convert the
file into the file format used in STRUCTURE and fastSTRUCTURE programs (Pritchard,
2000; Anil et al., 2014; Lischer and Excoffier, 2012). While converting the file from a
VCF to STRUCTURE format, the unknown SNP value was set to -9 and all loci with
only missing data was excluded for downstream use in fastSTRUCTURE (Pritchard,
2000).
For this study, the protocol was modelled after a study performed by Beckett et
al. (2018) with similar objectives and data sources. fastSTRUCTURE was run on a large
range of K and the fastSTRUCTURE ‘chooseK.py’ script was used to examine optimal
K values. In this study three fastSTRUCTURE analyses were run. The first was using
the SHORT sample and the 6 founders, a total of 149 lines. The second was using the
REF sample, including the 6 founders, a total of 170 lines. The third was using the FULL
dataset, a total of 313 lines. Each analysis ran fastSTRUCTURE from K=1 to K=30. The
default fastSTRUCTURE settings were used, including the simple prior algorithm (Anil
et al., 2014). The fastSTRUCTURE ‘chooseK.py' script was used to determine the
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optimum K values. The analyses were run according to fastSTRUCTURE
documentation then the Q-matrix values from the two returned K values were plotted
using the pophelper package in R (Francis, 2017).
The POPHELPER package in R, a package made to work with fastSTRUCTURE
output files, was used to create the graphs and Q-matrix barplots (Francis, 2017). The
package used row names from the fastSTRUCTURE file; therefore, the row names
were changed from accessions to individual id’s. For each chosen value of K, the
corresponding fastSTRUCTURE run was plotted as a barplot in POPHELPER (Francis,
2017). In each barplot the individuals were sorted by membership coefficients into each
of the K groups, where individuals with a membership coefficient of at least 0.5 were
organized into each group. Names of the clusters were chosen after further pedigree
analysis (Francis, 2017).
3.3.5 Principal Component Analysis
Multiple PCAs were run. The REF and SHORT data together, then the SHORT
data by itself, then the SHORT stiff stalks by themselves, and finally the fourth ‘NonIodent’ cluster from fastSTRUCTURE analysis. The VCF’s for each of these data
subsets were opened in Tassel and in tassel the ‘PCA’ function was used to complete
the analysis (Bradbury et al., 2007). The criteria options that were used were to
calculate five components, a minimum eigenvalue of 0.0, and a total variance of 0.5
(Bradbury et al., 2007). From the results the percent variance explained by each
component was plotted and from those results the first two components (PC1 and PC2)
were plotted. Plots were made in Plotly Chart Studio (Plotly).
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3.4 Results and Discussion
3.4.1 Fst and MAF
The weighted Weir and Cockerham fixation index (Fst) between the REF sample
(n=170) and the SHORT sample (n=143) is estimated to be 0.040, which suggests
admixture between the two populations. Values less than 0.15 are considered to not
have significant differentiation (Frankham et al., 2002). An important consideration when
analyzing this is that maize Fsts are low as they maintain diversity comparably well to
other plant species (Hufford et al., 2012). In a soybean study the Fst showed that the
comparison between wild and current soybean cultivars shows great diversification
(Fst=0.162) whereas the Fst between landraces and current cultivars of Chinese
soybean was not as large (Fst=0.047). Therefore, the moderate Fst (0.040) between the
REF and SHORT populations calculated in this study is not inconsequential but can
instead be indicative of more recent population diversification (Smitz et al., 2018;
Hufford et al., 2012).
The Fst per each GBS SNP was calculated and plotted by position per
chromosome (Figures 2-11; Appendix 2). There are six loci that are reported as having
an effect on flowering time, two each on chromosomes 8 and 10 and one each on
chromosomes 2 and 9. Those loci where marked with a dark blue point on each plot.
Due to the density of the plots, versions of the figures zoomed into the region around
the loci were made (Figures 3a, 3b, 9a, 9b, 10a, 10b, 11a, 11b, and 11c; Appendix 2).
The Fsts form some pattern along the genome with regions of high Fsts and regions of
low Fsts. Some of these regions align with the same pattern of high number of SNPs at
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the end of the chromosomes and low number of SNPs around the centromere, as seen
in Romay et al’s. (2013) analysis. High amounts of recombination occur in the region
between the end of the chromosome and the centromere which would introduce
diversity and explain greater differences between the two populations in these areas
(Dawe, 2009). There is some evidence for a selection pressure at two flowering time
loci (Table 4; Appendix 1). The ZFL1 and the ZCN8 loci have Fsts of 0.035 and 0.044
respectively, which suggest there was recent diversification at these loci between the
two populations (Figure 9b and 11c; Appendix 2; Hufford et al., 2012)
The MAF analysis also suggests differences between populations (Figure 1). For
all chromosomes the REF samples have a larger number of SNPs with a minor allele
frequency between 0 and 0.05 (Figure 14). For all other MAF categories, except for one
case for the 0.45 to 0.5 category on chromosome 7, the SHORT sample has a larger
number of SNPs than the REF sample (Figure 1). This suggests that though the REF
population has a larger amount of the rarest alleles the SHORT population actually has
more polymorphic SNPs, indicative of greater overall allelic diversity in the population
(De Oliveira Moura, 2019). In summary, the Fst and MAF analyses of the REF and
SHORT populations suggest they differ from one another. Additionally, the MAF shows
a loss of rare alleles in the short-season population which is consistent with a population
bottleneck (Figure 1). Finally, higher Fst values at the ZCN8 and ZFL1 flowering time
loci suggest that selection at these two loci could have contributed to the bottleneck.
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Figure 1. Plot of the MAF analysis of the unpruned whole genome GBS data. The values are
plotted by chromosome. The difference between the two populations is plotted (number of SHORT
SNPs in each MAF category minus the number of REF SNPs in each MAF category)

3.4.2 fastSTRUCTURE
Two K values were identified using fastSTRUCTURE for each population, the
first K value is the number of clusters that maximized marginal likelihood and the
second K value is the minimum number of components that explained model complexity
(Raj et al., 2014). The results from the fastSTRUCTURE analysis of the SHORT data
subset indicated that the number of clusters (K) that maximized marginal likelihood and
explained model complexity were both 1 and suggest no population structure or
organization into heterotic groups. Therefore, the structure of the SHORT sample was
analyzed with the full dataset in order to ascertain whether the SHORT organizes into
the structure patterns of the REF sample. The fastSTRUCTURE analysis performed on
the REF sample alone (n=170) indicated that the marginal likelihood was maximized at
K=1 but that 3 subgroups explained the structure in the data and therefore K=3 was
plotted (Figure 2). Excluding some anomalies, the sample organized into three heterotic
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groups Stiff-Stalk, Iodent, and Mo17/Non-Iodent as expected (Van Heerwarden et al.,
2012; Romay et al., 2013). FastSTRUCTURE analysis of the full data set, REF and
SHORT sample combined, identified that the marginal likelihood was maximized at K =
1 but that five subgroups explained the structure in the data (K=5) and therefore K=5
was plotted (Figure 3). When plotted the fifth subgroup had negligible membership
coefficients and the fastSTRUCTURE had resolved it to four clusters. Anil et al. (2014)
reports that the fastSTRUCTURE algorithm may overestimate the K value in order to
include finer population structure. Therefore, only the four subgroups will be discussed.

Figure 2. A representation of the Q-matrix from the fastSTRUCTURE results at K=3 for the REF
dataset, plotted in R’s pophelper package. The barplot shows the percentage of ancestry from
each of the three clusters; cluster 1 (green, Stiff-Stalk), cluster 2 (yellow, Iodent), cluster 3 (blue,
Mo17/Non-Iodent).
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Figure 3. A representation of the Q-matrix from the fastSTRUCTURE results at K=5, plotted in R’s
pophelper package. The barplot shows the percentage of ancestry from each of the four clusters;
cluster 1 (green, Mo17/Lancaster), cluster 2 (yellow, Iodent), cluster 3 (blue, Stiff-Stalk), cluster 4
(orange, Non-Iodent cluster), and cluster 5 (pink, empty cluster).

In the FULL set, three of the four subgroups represent the three classic heterotic
groupings of Stiff Stalk (SS), Iodent (IDT), and Mo17/Lancaster (Figure 3). The fourth
group contains 63% short-season germplasm and is only associated with one founder
line (LH82). This cluster was classified as a Non-Iodent group. The SS group contains
22% short-season germplasm, the Iodent contains 31% short-season germplasm, and
the Mo17/Lancaster group contains 6% short-season germplasm. In comparison with
the REF sample fastSTRUCTURE (Figure 2) the Stiff-Stalk cluster from the REF
sample (cluster 1) was identical except for PHB09 and 2 lines that were clustered in
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cluster 3 in the FULL dataset (Figure 3). The Iodent cluster from the REF sample was
identical except for 2 lines that were instead clustered in cluster 3 in the FULL data set
(Figure 3). In the FULL sample fastSTRUCTURE the Mo17/Lancaster clusters are
separated but when the SHORT lines are removed in the REF sample
fastSTRUCTURE the Mo17/Lancaster and Non-Iodent groups cluster separately
(Figures 2 and 3).
In the FULL data set fastSTRUCTURE, within the SS subgroup (n=85), the iconic
Stiff-Stalk lines B14, B37 and B84, along with the founder line B73 are found, all tracing
their origins to the Iowa Stiff-Stalk synthetic (BSSS) population. The Maiz Amargo
founder line PHG39 is also found in this group. Lines from several short-season
breeding programs including Guelph, Ottawa, Morden, Harrow and North Dakota are
also found in this cluster (Figure 3). Interestingly, the line PHJ40 and some of its
derivatives known as ‘unrelated Stiff-Stalks’ (e.g., CG69 and PHT69) are not associated
with the SS subgroup. CM151 and CM155 while not SS by pedigree, are associated
with this subgroup, but they represent an admixture with the short-season subgroup,
that is consistent with their pedigree (Wf9 and Mt42, with Mt42 being derived from
Mn13) (Supplemental Table S1). Based on pedigree, the short-season SS lines (e.g.,
CM105) tend to trace their lineages back to B14 rather than B73 (Supplemental Table
S1).
In the FULL data set fastSTRUCTURE, the Iodent subgroup (n=35) is associated
with the founder lines PH207 (Figure 3). Most of the non-Pioneer inbred lines within this
subgroup trace their lineages back to Pioneer commercial hybrids (Supplemental Table
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S1). No lines from the Ottawa, Harrow, Morden, Lethbridge, or North Dakota breeding
programs are found within this sub-group. The Mo17/Lancaster subgroup, the smallest
of the four sub-groups, (n=16) is associated with two founder lines: Mo17 and LH123Ht
(Figure 3). Lines in this group trace back to Mo17 and LH123Ht (Supplemental Table
S1). Short-season inbred lines from the Guelph breeding program in the
Mo17/Lancaster sub-group trace their origins back to an assortment of lineages. The
majority of the short-season inbred lines are not associated with the Mo17/Lancaster
group, only 6.3%, and it is our contention that at least historically, the Mo17/Lancaster
group was not an important germplasm source in the short-season.
The fastSTRUCTURE evidence suggests that some groups and their founders
which have higher percentages of short-season lines, such as the B14 and B73 in the
Stiff-Stalks and PH207 in the Iodents, may have played more importance in the
formation of the short-season germplasm. Whereas groups like the Mo17/Lancaster
which have low membership percentages of short-season lines may not have had much
importance in the formation of the short-season germplasm. Additionally, a large cluster
of short-season lines clustering in the fourth non-Iodent cluster and not in the clusters of
the traditional heterotic groups suggests that during their creation the short-season
material mixed with non-CBD material. Suggesting an alternative method of creating the
short-season germplasm than just selecting lines from the CBD flower earlier.
3.4.3 PCA
In the PCA analysis of the complete dataset (REF and SHORT), three groups
project from the origin and create three gradient like clusters from the origin to three
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apices (Figure 4a/b/c). For two of the clusters the lines organize as seen in Van
Heerwarden et al’s. (2012) analysis, where PH207 is the apex of the distinct Iodent
cluster and B73 is the apex of a distinct SS cluster. The Mo17/Lancaster cluster
however is randomly interspersed with the fourth Non-Iodent cluster, where Mo17 and
LH123Ht were not at the apex but in the centre. This cluster, in the lower left quadrant
of the PCA, is where the densest concentration of cluster 4 lines is located. This along
with the comparison with the fastSTRUCTURE results suggest that though the founders
B73, PHG39, and B14 are important for some SHORT Stiff-Stalks as PH207 is for the
SHORT Iodents but as seen in Figure 4b the majority of the SHORT lines are clustered
in the bottom left quadrant away from these two clusters.
The cluster in the lower left quadrant supports the evidence found in the REF and
FULL fastSTRUCTURE results (Figure 2 and 3). The FULL PCA groups the
Mo17/Lancaster and Non-Iodent cluster together (Figure 4a). However, the FULL
fastSTRUCTURE separates these two groups and when the third principal component
is plotted these two groups show separation (Figure 4c). This suggests that the Mo17
lines share a common background with the lines in the Non-Iodent cluster. Pedigree
indicates Lancaster, but that the origins of the short-season Non-Iodent cluster lines are
different than Mo17 and LH123Ht backgrounds of the REF sample. Which explains why
the fastSTRUCTURE identifies them as the same group in the REF sample when the
short-season lines are absent but separates the two groups in the in the FULL dataset
(Figures 2 and 3).
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Figure 4a(Top), 4b(Middle), and 4c(Bottom). A scatter plot, made in Plotly, of the reference
population (REF) and the short season populations (SHORT). Figure 4a and 4b shows the first 2
principal components plotted. Figure 4c shows the first three principal components plotted.
Cumulative proportion of variance explained by each principal component is noted on each axis.
Three perpendicular clusters are formed diverging from the origin. Some key lines are marked.
Figure 4a and 4c are colour coded by fastSTRUCTURE cluster; cluster 1 (blue, Mo17), cluster 2
(red, Iodent), cluster 3 (pink, Stiff-Stalk), and cluster 4 (teal, Non-Iodent). Figure 4b is colour coded
by population; REF (green) and SHORT (red).
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PCA of the SHORT lines show two main groups (Figure 5). The majority of the
lines assemble on the right side of the origin and the Stiff-Stalks radiating to the left of
the origin (Figure 5). The divergence of this group, the Stiff-Stalk cluster (coloured in
pink), further away from the origin than the other two clusters suggests more genetic
variation in this group with regards to PC1 (Figure 5; Van Heerwarden et al., 2012;
Johnson et al., 2015). This corroborates the preliminary variance analysis that revealed
significant variation for grain yield in the Stiff-Stalks (Table 3; Appendix 1). When a PCA
analysis was run on just the Stiff-Stalks the REF lines are spread between the apices of
B14 and its derivative CM105, B37, and B73 (Figure 6). However, the majority of the
lines are on the left side of the origin and cluster close to B73 (Figure 6). The short lines
cluster on the right-side of the origin closer to B37, PHJ40, B14, and CM105 (Figure 6).
The lines in each group form a gradient like cluster from the origin to these each of
these lines, suggesting many lines in these groups have varying levels of relatedness to
these lines and indicate their frequent use in in breeding (van Heerwarden et al., 2012;
Romay et al., 2013). The importance of B14, B37, and PHJ40 in the short-season StiffStalks is supported by Pedigree evidence (Supplementary Table S1). B14 has
moderate stalk-strength, pest tolerance, fast dry-down, and good combining ability as
exhibited in the CBD, therefore could have been favoured when creating earlier
flowering germplasm (Hallauer et al., 1988). The SHORT Stiff-Stalk group could be a
major contributor to the variation seen in the SHORT and the preference of B14 over

44

B73 could be an explanation for some of the variation seen in the short-season
germplasm.

Figure 5. A scatter plot, made in Plotly, of the Short-season population (SHORT) with the first 2
principal components plotted. Cumulative proportion of variance explained by each principal
component is noted on each axis. B14 is marked. The plot is colour coded by fastSTRUCTURE
cluster; cluster 1 (blue, Mo17/Lancaster), cluster 2 (red, Iodent), cluster 3 (pink, Stiff-Stalk), and
cluster 4 (teal, Non-Iodent).

Figure 6. A scatter plot, made in Plotly, of the Stiff-Stalks with the first 2 principal components
plotted. Cumulative proportion of variance explained by each principal component is noted on
each axis. Some key lines are marked. Colour coded by population; REF (grey) and SHORT (red).
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In the FULL data set fastSTRUCTURE the fourth Non-Iodent cluster had the
highest percentage of short-season lines (Figure 13; n=111/177). The short-season
fastSTRUCTURE analysis indicated K=1 groups, therefore to examine the structure of
the short-season lines further a PCA was run using the lines of just the fourth NonIodent cluster (Figure 7). Only 6.5% of variation is explained by the first two principal
components and therefore should be treated as one group (Figure 7). There is a group
on the far right (Figure 7; colored in burgundy) that are older South Dakota State
University (SDSU) lines from the REF sample that again have similar pedigrees. The
majority of the lines are concentrated around the origin, in that cluster are Wf9 and
Mn13. The cluster around the origin mostly contain Wf9, Mn13, and/or European flints
by pedigree. This Non-Iodent cluster contains the notable lines PHK05, Wf9, CM7,
CM37, CO125, and A6. Most of the North Dakota, Lethbridge, Morden, and Ottawa
inbred lines are associated with this sub-group. The non-short-season lines in this group
are the off-PVP lines PHG50, LH85, 2MA22, PHJ31, OQ101, and PHGG7, the French
line FC46, and a series of older South Dakota lines from the Ames panel (883, 884,
909, 789, 829, 908, 779). By pedigree many of the North Dakota lines contain Wf9,
Minnesota13 (Mn13), or flints in their lineages (Supplemental Table S1). As Wf9 and
A6 (a Mn13 line) are also associated with the Non-Iodent group, we are suggesting that
Wf9 and Mn13 may be important founders for the short-season germplasm pool.
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Figure 7. A scatter plot, made in Plotly, of the 4th cluster (Non-Iodent cluster) from
fastSTRUCTURE (Figure 3) with the first 2 principal components plotted. Cumulative proportion of
variance explained by each principal component is noted on each axis. Some key lines are
marked. The plot is colour coded by population; REF (pink) and SHORT (blue). A small cluster
containing old SDSU lines with similar pedigrees is also marked in burgundy on the right side of
the plot.

In summary, PCA suggests that the CBD founder lines PH207 and B73 were
important genetic contributors to the short-season germplasm. However, many of the
CBD founder lines showed little evidence of being important genetic contributors to the
short season germplasm pool. Additionally, PCA suggests lines such as B14, Wf9, and
Mn13 were important genetic contributors to the short-season germplasm, which is
further corroborated by pedigree evidence.

3.5 Conclusion
The hypothesis of this analysis was that the origin and founder lines of the CBD
germplasm pool and the short-season germplasm pool were different. With this
hypothesis we would expect both groups to cluster separately in the fastSTRUCTURE,
that Fsts would not be equal to 0, for the two populations to have different MAFs, and
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for the clusters in the PCA to be separated, especially the clusters which included the
founders from Mikel and Dudley (2006). The Fst, MAF, fastSTRUCTURE, and PCA
analyses revealed that the origin and founders of the short-season and the CBD groups
are different. The comparison of MAF between the SHORT and REF population suggest
more allelic diversity in the SHORT and a genetic bottleneck. The Fst values suggest
recent population divergence surrounding two of the flowering time loci. This supports
the conclusion that during the creation of the SHORT population it had mixed with nonCBD material. Some of Mikel and Dudley’s (2006) founder lines were found to still be
important. The fastSTRUCTURE and PCA results found the lines B73, Mo17, and
PH207 to be important for the short-season lines in the Stiff-Stalk, Non-Stiff-Stalk, and
Iodent heterotic groups respectively as some short-season lines cluster in their
fastSTRUCTURE cluster and in the PCA’s showed varying degrees in relatedness to
these lines (Figure 4a and 4b; Van Heerwarden et al., 2012). However, the
fastSTRUCTURE analysis showed that the majority of the SHORT lines do not cluster
with those lines and instead will form their own cluster; indicating other lines are
important ancestors. The fastSTRUCTURE and PCA analysis suggest that the line B14,
B37, and PHJ40 may have been more important than B73 for founding the short StiffStalks and that the SHORT Stiff-Stalk group may have been more important than the
other heterotic groups in the formation of short-season ancestry (Figure 3, 4a, 4b, 6,
and 7). The fastSTRUCTURE and PCA analyses indicate that along with B14 the lines
Wf9 and Mn13 may have been integral to the ancestry of the short-season germplasm
(Figure 3, 4, 5, and 7; Supplemental Table S1). The fourth Non-Iodent group, with the
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largest percentage of short-season lines found in the fastSTRUCTURE analysis, was
revealed to have a small Lancaster influence, though not Mo17. The fastSTRUCTURE
and PCA results also suggest that the Non-Iodent group had less importance in the
short-season group but the two groups share some ancestral features. However, these
analyses also suggest that the Iodents are an important group. Finally, Fst values show
differentiation between the SHORT and the REF populations and the MAF suggests
that the SHORT sample may have higher diversity throughout the genome (Figure 1;
Figures 2-11; Appendix 2). Therefore, the short-season population has origins that are
different to the CBD and higher diversity, which can be used to incorporate more
diversity into the CBD.
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4 Future Directions
4.1 Future Directions
This study was part of a comprehensive germplasm survey that asked the
question, is there functional genetic variation in the commercial germplasm pool for
grain yield and other agronomic traits (referred to as Genomes to Fields – NC Design
II). To ask that question, the Genomes to Fields – NC Design II used a small sample of
lines representing three different maturity groups (short-, mid- and late-season maturity)
to generate hybrids by crossing stiff stalk and Non-Stiff-Stalk lines from the sample.
The resulting hybrids were tested in the appropriate environments based on their
maturities. The preliminary variance analysis of the Genomes to Field – NC Design II
showed that the early set of lines exhibited the greatest genetic variation as a
percentage of total variation for grain yield despite the expectation that the early group
underwent a genetic bottleneck from selection for earliness (Table 3; Appendix 1).
Though the short-season germplasm was believed to have been derived from the corn
belt dent (CBD) and have undergone a genetic bottleneck resulting in loss of diversity;
the results from this thesis revealed that the ancestry base of the short-season is
broader than the 7 founders of the CBD germplasm (Mikel and Dudley, 2006).
Additionally, this study suggests that the short-season germplasm was created in two
ways; the commercial CBD lines were made to flower earlier, and the agronomics of
already early flowering material was improved. The importance of lines in addition to the
seven from Mikel and Dudley (2006) and the two different methods of creating the shortseason germplasm broadens the germplasm base and may have resulted in increased
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genetic variation in the early flowering germplasm compared to the CBD. The increased
variation seen in the short-season germplasm can be used to re-introduce variation into
commercial lines while maintaining good agronomic traits.
In the future, these results can benefit from a GBS study using fastSTRUCTURE
and principal component analysis with a larger sample size to determine whether the
relatively small number of lines used in this study was an accurate representation of
their respective populations and to establish the relationship between the lines used in
the Genomes to Fields – NC Design II sample. If the sample from this study is found to
cover the genomic inference space represented by the larger reference population, the
inferences from the Genomes to Fields – NC Design II can be extended beyond the
sample of lines used. Therefore, the statement regarding the functional genetic variation
remaining in the elite germplasm pool can be extrapolated as well.
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APPENDIX 1
Table 1. The location, by chromosome, of the genetic regulatory network (GRN) genes
Gene

Chromosome

CONZ1

9

D8

1

D9

5

DLF1

7

GA2ox1*
ID1

1

KN1

1

miR156

mitochondria

miR172

mitochondria

VGT1

8

ZCN2

4

ZCN8

8

ZMCCT

10

ZMLD

3

ZMM4

1

ZMRap2.7

8

* Position of GA2ox1 was unlisted.
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Table 2. Inbred Lines used to generate Hybrids in the Genomes to Fields North Carolina Design II
Yield Trials
Early Hybrid Set

Intermediate Hybrid Set

Late Hybrid Set

SS

non-SS

SS

non-SS

SS

non-SS

LH145

3iiH6

PHN66

PHG83

PHHB9

PHN47

CG120

PHR25

PHB47

Q381

PHV63

Q381

PHRE1

PHN82

PHW52

PHN82

PHP38

PHN82

PHB47

PHG29

ICI441

PHG29

LH195

PHW30

PHHV4

LH82

LH198

PHW30

PHW52

PHR63

S8324

PHZ51

LH195

LH82

PHM49

LH185

PHZ51

PHW53

CG124

PHR55

PHZ51

PHK56

LH185

PHR55

PHJ89

PHK76

PHR03

PHG47

PHN37

LH185

S8326

LH38

LH123Ht

LH162

PHK56

PHP60

CG123

PHG47

787

PHW03

LH51

LH210

PHK05

LH123Ht

PHJ65
PHM57
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Table 3. Preliminary variance analysis of grain yield (Mgha-1), plant height (PHT), and days to
silking (DTS) on genomes to fields NCD2 lines in early (D2E), intermediate (D2I), and late (D2L)
testing environments. (Unpublished)
D2E
-1

D2I
-1

D2L
-1

Mgha

PHT

DTS

Mgha

PHT

DTS

Mgha

PHT

DTS

Location

2.62*

800*

59.04*

1.74*

1129*

65.3*

2.64*

828.5*

111*

Rep

0ns

0ns

0ns

0.01ns

0ns

0ns

0.07ns

0ns

0ns

Rep(Loc)

0.37*

7.8ns

0.09ns

0.28*

79*

3.6*

0.09ns

12ns

0.2ns

Genotype

1.89*

133*

5.75*

1.05*

97*

2.04*

0.27*

62.6*

5.8*

Males

1.26*

81.2*

3.77*

0.7*

85.3*

0.94*

0.16*

50*

ne

*

*

67.2

*

*

ns

Females
M*F

0.58
0.14

*

4.2

*

5.13

*

0.19

*

ns

ns

0.03

1.9

*

*

0.36

15.4

*

1.34
ns

0

ns

8.1

ne

ns

ns

ne

0.03
0.07

14.5

0.84

1.32

24

1.47

0.43

63

676*

M*L

0.58*

9.4*

0.52*

0.77*

33.6*

0.54*

0.13*

38*

0ns

F*L

0.38*

5.2ns

0.29*

0.24*

3.7ns

0.87*

0.28*

17.7*

0*

M*F*L

0.18*

1.9ns

0.13ns

0.43*

0ns

0.17ns

0.04ns

6.9ns

676*

Va⨍

23.1*

11.8*

8.6*

15.1*

6.2*

2.7*

4.7*

5.4*

0.7*

ns Not Significant (Z - test at 0.05)
ne Not Estimated
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*

6

1.04

* Significant (Z – test at 0.05)

*

ns

G*L

⨍ Variation as a percent of the total variation

*

ns

*

APPENDIX 2

Figure 1. Unpublished (Alison Cooke Thesis, 2017). Network diagram shown above used identity
by state values to classify 1100 public, ex-PVP, and Guelph lines.

Figure 2. Plot of the Fst analysis of unpruned GBS data of chromosome 1. The 90th percentile Fst
threshold is marked with a black line.
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Figure 3a(top). Plot of the Fst analysis of unpruned GBS data of chromosome 2. The 90th
percentile Fst threshold is marked with a black line and the ZFL2 loci is marked and coloured with
a black point. Figure 3b(bottom). Figure 3a zoomed in to the regions of the ZFL2 loci.
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Figure 4. Plot of the Fst analysis of unpruned GBS data of chromosome 3. The 90th percentile Fst
threshold is marked with a black line.

Figure 5. Plot of the Fst analysis of unpruned GBS data of chromosome 4. The 90th percentile Fst
threshold is marked with a black line.

70

Figure 6. Plot of the Fst analysis of unpruned GBS data of chromosome 5. The 90th percentile Fst
threshold is marked with a black line.

Figure 7. Plot of the Fst analysis of unpruned GBS data of chromosome 6. The 90th percentile Fst
threshold is marked with a black line.

71

Figure 8. Plot of the Fst analysis of unpruned GBS data of chromosome 7. The 90th percentile Fst
threshold is marked with a black line.
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Figure 9a(top). Plot of the Fst analysis of unpruned GBS data of chromosome 8. The 90th
percentile Fst threshold is marked with a black line and the ZCN8 and VGT1 loci are marked and
coloured with a black point. Figure 9b(bottom). Figure 9a zoomed in to the regions of the ZCN8
and VGT1 loci.
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Figure 10a(top). Plot of the Fst analysis of unpruned GBS data of chromosome 9. The 90th
percentile Fst threshold is marked with a black line and the CONZ1 loci is marked and coloured
with a black point. Figure 10b(bottom). Figure 10a zoomed in to the regions of the CONZ1 loci.
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Figure 11a(top). Plot of the Fst analysis of unpruned GBS data of chromosome 10. The 90th
percentile Fst threshold is marked with a black line and the ZmCCT and ZFL1 loci are marked and
coloured with a black point. Figure 11b(middle) and 11c(bottom). Figure 11a zoomed in to the
regions of the ZMCCT and ZFL1 loci respectively.
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