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Abstract

The Texas maize (Zea mays L) breeding program at Texas A&M University has been unique among breeding pro-
grams for the incorporation of diverse germplasm from a wide range of origins into elite inbred lines. The Texas
program, situated in a subtropical environment, has found beneficial traits in maize of tropical origin beyond what
is available in the temperate material commonly used in the far more productive Midwestern region of the United
States. To date, no molecular studies had been conducted to make any quantitative differentiations between the
genetic diversity in the germplasm developed in the Texas program or comparisons to the germplasm available
from the Midwest. In this study, a molecular characterization of genetic diversity was performed. A unique set of
266 elite Texas lines were genotyped using 766 single nucleotide polymorphism markers, this was then combined
with data published in a previous study focusing on ex-PVP lines released by private companies. The two data
sets combined had 380 genotypes with 635 markers. It was determined that there were five subpopulations of
material in this combined set as demonstrated by population structure. The data suggested that the array mark-
ers, designed to cluster the Midwestern heterotic groups, did not discriminate this exotic material well and/or that
the Texas heterotic pools were not well supported. We conclude that the majority of Texas program material is
a novel population, genetically dissimilar to Midwest temperate material, and would be a useful source of unique

genetics for other maize breeding programs.
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Introduction

The Texas maize breeding program (Rogers
and Collier, 1952) has been focused on improving
maize in a subtropical environment using germplasm
unique to that in temperate programs in the US. The
germplasm used has been acquired from programs
throughout the Americas, in particular the tropical
and subtropical regions of Central and South America
such as CYMMIT, Bolivia, Argentina, Colombia, and
Peru. Though this germplasm has been incorporated
and used with strong results in the program’s breed-
ing (Mayfield et al, 2012; Betran et al, 2004; Barerro-
Farfan et al, 2015), little molecular information has
been gathered on the genetic diversity and relation-
ships of these pedigrees. It is not possible to investi-
gate diversity of hybrids currently used in production,
but it can be investigated via expired plant variety
protected (ex-PVP) lines which are derivatives of
current industry lines (Mikel and Dudley 2006; Mikel,
2008). However, many Texas elite lines do possess
any pedigree relationships with material that is used
elsewhere in the US maize industry.

Since the lines have such diversity it would serve
better to do a molecular study as opposed to a pedi-
gree analysis. It has been found that pedigree infor-
mation provides estimates for genetic composition
with significantly less accuracy than genotyping data.

This is often a result of missing, incomplete, or inac-
curate pedigree information (Munoz et al, 2014); as is
the case in the Texas maize breeding program. Both
type | and type Il error are reduced when using mark-
er information compared to pedigree records (Yu et
al, 2005).

Why the Texas maize breeding program material is
useful beyond Texas

Recent goals being put forward are to double
yields by the year 2050, to meet the demands of the
growing world population (Alexandratos and Bruins-
ma, 2012). Although this ambitious goal is already be-
hind schedule (Ray et al, 2013), it will continue to face
new obstacles from a changing climate never before
seen by breeders in the major areas of production
(Chapman et al, 2012; Ceccarelli et al, 2010). One of
the most important known changes will be tempera-
ture, with average world temperature expected to be
4 degrees higher by 2050 (Hayhoe et al, 2010, Chap-
man et al, 2012). This could mean that areas such as
lowa and the US Corn Belt could be facing summers
similar to what Texas experiences now. Heat stress is
already a major factor in yield potential of corn from
season to season, and the Corn Belt may benefit from
subtropical and tropical germplasm as a source of
heat tolerance.

Along with the increasing global temperatures,
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areas of historically temperate climates will be pre-
sented with the emergence of biological threats that
have never before been an issue. One of the most im-
portant threats that increases with heat, drought and
other stresses is aflatoxin, a carcinogenic mycotoxin
produced in the kernel by the fungus Aspergillus fla-
vus. Decreased susceptibility to Aflatoxin accumula-
tion is a major focus of the Texas maize breeding pro-
gram, in addition to yield, heat stress tolerance, and
drought stress tolerance (Barerro et al, 2015; Mayfield
et al, 2011). In the case of these new diseases and
pests it would be highly beneficial to have access to
lines and information on genetic similarity that would
assist in quick assimilation of the most adapted ma-
terial produced to deal with such adversities.

Tropical, also called exotic, germplasm has a
wealth of diversity that is not homologous with tem-
perate germplasm since the wild progenitor species
of maize is from the tropics (Reif et al, 2004; Tarter et
al, 2004; Buckler et al, 2006). A large aspect of the
appeal to the diversity that tropical material brings
is its multitudes of resistance to diseases (De Leon
and Pandey, 1989; Khairallah et al, 1998; Poland et
al, 2011). However, it has been suggested that the
two major groups in maize world-wide are divided
as temperate and tropical (Yan et al, 2009; Lu et al,
2009), and each set of material is not easily grown in
the other’s environment. The difficulty is that with the
non-homologous genomes there are risks of higher
linkage drag of undesirable traits and difficulty in
combining target regions.

Very few breeding programs in the US work with
tropical material. The most well published and suc-
cessful program has been that initially led by Dr M
Goodman out of North Carolina State University.
Their studies found that tropical material can be
crossed with temperate material with relative success
and without any significant detriment to yield (Tallury
and Goodman, 1999). This motivation led to the suc-
cessful and ongoing USDA Genetic Enhancement of
Maize (GEM) program which seeks to increase the
diversity of industry temperate maize through the ad-
dition of tropical diversity (Pollak and Salhuana, 2001;
Pollak, 2003). This approach has also been used in
the Texas maize breeding program, however the pro-
gram has also successfully pursued pedigree selec-
tion from tropical x tropical crosses and directly from
tropical populations.

Although heterotic groups are carefully main-
tained in Midwestern corn breeding and consist of
BSSS, NSS, and lodents (Melchinger et al, 1991;
Nelson et al, 2008) it is not clear where the lines se-
lected in Texas from tropical x temperate and tropi-
cal x tropical crosses would fit in relation to any of
those accepted groups. Some information has been
gained from using industry tester lines but only two
testers were initially used, the stiff stalk LH195 (Hold-
ens, 1991) and the non-stiff stalk LH287 (Holdens,
2002). Subsequently, many of the best Texas lines

have been crossed with additional commercial tes-
ters and demonstrated results that confirmed initial
results from these two testers.

With keen understanding of the vulnerability of
maize, Dr Major Goodman and colleagues sought
to use molecular markers to characterize both com-
mercial germplasm and their own. In 2008, Nelson et
al compared temperate public lines from Dr Good-
man’s program at North Carolina State University to
temperate commercial ex-PVP lines with the objec-
tive to demonstrate genetic relatedness and group-
ings. Breeders in sub-tropical regions and even the
Midwestern states would likewise benefit from better
understanding of Texas lines for predicting heterotic
group membership and successful crosses. The ob-
jectives of this study were to 1) characterize the ge-
netic diversity in the Texas corn breeding program, 2)
characterize the lines of the Texas corn breeding pro-
gram in comparison to ex-PVP and public lines from
the Midwest, 3) gain insight into heterotic groupings
in maize, and 4) show any pedigree misclassifications
of lines that may have occurred over the years of line
development.

Materials and Methods

Germplasm

The novel data set used in this study was com-
prised of 263 breeding lines (set 1) from the Texas
corn breeding program that were selected along
with 13 ex-PVP Midwest inbreds (including LH82,
LH195, B104, B73), totaling 276 entries. Domestic
lines originating from the Midwest (LH52(Mo17), B73,
B104; Hallauer et al, 1997), North Carolina (NC300;
Goodman et al, 1991), and Texas (Tx714; Betran et
al, 2004), were chosen for importance and because
they were in the pedigrees of some newly developed
Texas lines. Complete genotyping data was collected
on 266 lines which were used for all analyses from
this set. Set 1 was combined (Supplementary Table
1) with 114 lines (set 2) selected and published by
Nelson et al (2008). Nelson et al (2008) used 17 public
inbreds and 92 ex-PVP lines, with five representatives
of a B73/Mo17 hybrid.

Table 1 - Calculated variation explained by the first 12
eigenvectors using the cmd function in R.

Eigenvalue Total explained Additional
1 11% 11%
2 18% 7%
3 22% 4%
4 25% 3%
5 28% 2%
6 30% 2%
7 32% 2%
8 34% 2%
9 36% 2%

10 38% 2%
11 39% 2%
12 41% 1%
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Figure 1 - Graphical representation showing the first by second eigenvector of the PCoA analysis explaining 18% of the variation
in the data. Individuals are represented by their entry number in the dataset (Supplementary Table 1), with some individuals of
higher interest labeled with pedigree names. Four clusters and the B73/Mo17 hybrid were identified; on the higher (right) end
of the x-axis lies B73 and its derivatives. On the left end of the x-axis are the NSS lines. Mo17, a Non-Stiff Stalk is present on the
higher end of the y-axis. PH207, an lodent, is in the center of the figure. Colors denote the five grouping by Structure.

Genotyping

Seed for each of the 276 lines selected for the
study were potted individually and grown for 15 days
after germination. Leaf tissue was then individually
sampled and placed into 96-well plates. DNA ex-
traction and genotyping was performed by DuPont
Pioneer (Johnston, IA) using the lllumina GoldenGate
assay (Fan et al, 2004) with the same 768 public SNP
markers used by Nelson et al (2008). These markers
were selected for their proven universal heterozygos-
ity values > 0.2 in most groups of maize lines (Nelson
et al, 2008). Because of this attribute, it stands to
reason that they were a good set to use to screen
Texas lines, having a very different background than
the vast majority of Midwest lines, like the ones Nel-
son et al (2008) screened. In total, 766 SNP markers
(Supplementary Table 3) were successfully scored
and provided by DuPont Pioneer for the set 1 Texas
lines (Supplementary Table 1).

Data analysis 1
The software program PowerMarker (Liu and
Muse, 2005) was used to compute allelic frequencies

and calculate genetic distances for each unique pair
using the algorithms of Nei 1973, which was chosen
based on its conservative estimation of distance (Nei,
1987). These values for genetic distance were used
to create a distance matrix, which was then input into
the statistical analysis software program R for prin-
cipal coordinate analysis (PCoA). Using the genetic
distance has advantages over the raw marker calls in
this data set since there are more markers than indi-
viduals and some missing data (Rohlf, 1972). The R
function cmd was used to calculate eigenvalues for
the PCoA. R was then used to plot the first by second
principal coordinates giving a graphical representa-
tion of the relations between all of the 380 maize lines.
The software STRUCTURE v 2.3.4 (Pritchard et al,
2000) was used for cluster analysis (Everrit, 1980) of
the data. The majority of options were left to their de-
fault settings as advised by Pritchard et al (2000). The
parameters were run on non-hierarchical analysis us-
ing an admixture model (Balding and Nichols, 1995)
with K = 1 - 8, with burnin and MCMC values set at
10,000 for 20 iterations, which has been shown to be
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sufficient (Evanno et al, 2005). With the preliminary
results, the optimal K value was calculated with pos-
terior probability analysis as demonstrated in Evanno
et al (2005). The cluster analysis data was attributed
to the principal coordinate analysis in R and plotted
on the same principal coordinate plot. Influential lines
were identified on the graphs to identify cluster fami-
lies.

Results and Discussion

A total of 741 markers were used for the set 1 as
25 of the markers returned no data across any lines.
Eight of the 276 Texas lines (Supplementary Table
1) were omitted for heterozygosity greater than 8%,
and two returned no data from the genotyping, which
left 266 lines from set 1 for analysis. When the geno-
typing data from the set in this study was combined
with that data from Nelson et al (2008), there were
635 shared markers (Supplementary Table 1) across
380 lines. On average, each of the 635 markers used
in the analysis returned data for 365 of the 380 lines
(96%). Each of the 380 lines returned allele data for
606 markers, on average, a 95% return (Supplemen-
tary Table 1). The average minor allele frequency was
26%, and well distributed between 1% and 50%
(Supplementary Figure 1).

The distance matrix (Supplementary Table 2) de-
veloped from the 380 lines was validated by compar-
ing lines of known pedigrees and was determined to
have results consistent with our expectations for all
closely related lines (low distance values). The PCoA
explained part of the variation present in the maize
genotype set but was lower overall than expected
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Figure 2 - posterior probability analysis of the log likelihood
output from STRUCTURE plotted using the statistical soft-
ware program R. L(K) is the average of the log likelihood val-
ues given from structure with half their variance subtracted
out. L’(K) is the mean distance between each level of K =
L(K)-L(K-1). L'(K) = L’ (K+1)-L’(K), the difference between
each level of L’(K). AK = L(K)/s(L(K)).

(Table 1). Different combinations of principal coordi-
nates one to five were evaluated based on our knowl-
edge of the pedigrees but no combination was found
to offer any better explanation or show any additional
useful patterns of the dataset greater than that of co-
ordinate one versus two.

The graphical representation of the PCoA (Figure
1) revealed the dispersion of the entries based from
the PCoA. From the individual entries it was deter-
mined that the first principal coordinate had sepa-
rated the lowa Stiff Stalk Synthetics (BSSS) and Non
Stiff Stalks (NSS), with the vast majority of the entries
being in the latter. The second principal coordinate
gave no clear explanation of what specific quality was
being differentiated; however, it was evident that it
separated the lines from the Texas breeding program
apart from the Midwest NSS lines and showed a larg-
er differentiation between the tropical lines and Mo17
than the tropical lines and B73.

Based on the genotype data from the marker set,
it is likely that the second principal component dif-
ferentiated the NSS lines from everything else. An-
other observed trend was that the lodent heterotic
group, represented by PH207 and PHH93, clustered
between the BSSS and NSS clusters but above the
Texas cluster. This was not surprising because the
lodents were derived from the Reid Yellow Dent open
pollinated variety which was also the origin of the
75% of the BSSS parents that created the stiff stalks
and most of the parents of the «Lancaster» non-stiff
stalks (Lee and Tracy, 2012).

Because PCoA is not model based and does not
provide evidence on group membership, STRUC-
TURE was used to estimate the optimal number of
populations that could be described by the data.
The posterior probability analysis from STRUCUTRE
showed that the best value of K, or true number of
clusters represented in the data, was equal to 2. The
best value of L”(K), the value of the most difference
between consecutive levels of K, was at K = 5 (Figure
2). The small improvement for additional K popula-
tions is consistent with what was shown in the cal-
culated eigenvector values (Table 1). This reduction
in the variation explained by K may have been due
more to the limitation of the marker set than to actual
lack of differentiation between the lines of the other
groups.

The output from STRUCTURE created a visual-
ization of relatedness beyond genetic distance, as
percent genetic composition due to the admixture
modeling. We considered any entry with greater
than 50% relatedness to a single cluster was con-
sidered to belong to that cluster. STRUCTURE at K =
2 showed the differentiation of BSSS and NSS lines
(Supplementary Figure 2). At K = 3 the B73/Mo17 en-
tries a BSSS x NSS hybrid were identified as a sepa-
rate group (Supplementary Figure 2). The addition of
higher levels of K did not lend to any substantial al-
teration of the BSSS cluster, but rather identified sub-
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Figure 3 - Visual representation of structure groupings
across individuals. Structure uses an admixture model to
delegate group designations based on markers present in
individuals. Each entry is represented in this graphic by a
vertical bar. Entries with background pedigrees from more
than one group have more than one color in the vertical
section, all group quantifications per individual add to a val-
ue of 1. The varying values of K correspond to how many
groups Structure forced the entries to fit into. K = 2 and k
= 3 are shown in entry numeric order, k = 5 and k = 8 are
sorted by cluster association. Colors were assigned to dif-
ferentiate the populations randomly for each K tested.

heterotic groups within the NSS cluster. Examining
the pedigrees in each grouping and from the PCoA,
K = 5 made the most logical sense and was used for
most subsequent analysis in this study (Supplemen-
tary Figure 2). The largest group with K =5 was com-
posed of the majority of the Texas entries, 222 of the
380 entries, (Figure 3; blue group in lower left quad-
rant). However, that group did contain other germ-
plasm, for instance PHV63 and PHT60, two Pioneer
ex-PVP NSS white lines, both which have acceptable
adaptation to Texas as inbred lines. The additional
group being elucidated at K = 5 was composed of
lodents and other ex-PVP lines. At this level of K, 44
entries were not classified into any particular group.
Analysis of the data successfully validated the find-
ings of the principal coordinate analysis (Figure 1).

Bias of the Genotyping Method

Throughout the analysis of the genotypic data, the
ascertainment bias (Frascaroli et al, 2012) of the SNP
chip to Midwestern diversity and heterotic groups
was prevalent. Analysis of the marker genotype data
showed the strongest ability to identify and separate
temperate materials, despite them being at lower fre-
quency in the overall population. This demonstrated
that the design of the SNP chip was best suited to dif-
ferentiate for Midwest germplasm, specifically BSSS
versus NSS lines, as would be expected based on
the design of this resource for elite Midwest germ-
plasm. Of the 635 polymorphic markers, 116 SNPs
were identical at greater than 80% of the lines in
BSSS and less than 20% in the NSS group, the larg-

Table 2 - Summary of marker ability to identify each het-
erotic group. The left column (>80%) shows the heter-
otic group for which more than 80% of the lines within
that group yield a single allele at a marker. The middle
column (count) is how many markers this occurred for.
The right column (<20%) are the heterotic groups being
compared against the column on the left. The 80% and
20% cutoffs were determined arbitrarily.

>80% Count <20%
BSSS 116 NSS
10 lodent
8 Texas
NSS 41 BSSS
35 lodent
25 Texas
lodent 41 NSS
10 BSSS
1 Texas
Texas 27 NSS
8 BSSS
1 lodent

est category (Table 2). Although this is a well-defined
heterotic pattern, this high focus on the SNPs may
have exacerbated it. In contrast, the lines from the
Texas breeding program had 27 alleles differentiating
the NSS, 8 from SS, and 1 from lodent (Table 2). De-
spite this very limited number of population specific
alleles, the separation with SS was very strong and
the NSS and lodent’s were moderate. It was likely
that, instead of unique alleles, it was the combina-
tions of alleles and their frequencies that were useful
for differentiating the Texas germplasm from the Mid-
western germplasm in STRUCTURE. It stands to rea-
son that this bias in the data could be the reason why
the posterior probability analysis did not have strong
evidence to identify a true value of K beyond 2. With
the PCoA, it would seem the bias was prevalent in
the clear first factor of separation of the first principal
coordinate, BSSS versus everything else (NSS), but
in the second coordinate it was not as clear-cut but
became more apparent after the STRUCTURE analy-
sis. If the SNP chip had been tailored to the data set,
which has a majority of germplasm from the Texas
breeding program, it is likely that a higher level of ex-
planation than 18% could have been achieved (Table
3). It could also be a factor that many crosses were
made in the Texas program without regard to het-
erotic group, as they were temperate x tropical and
tropical x tropical instead of temperate x temperate.
The bias was seen most predominantly in the STRUC-
TURE results. In both the PCoA and STRUCTURE the
data is separated first into BSSS and everything else
(NSS). It was at K = 3 that the ascertainment bias
became clear. At K = 3 the Mo17/B73 crosses were
identified as a cluster. Since Mo17 was one of the
defining members of the NSS cluster and the BSSS
are all B73 derived, this would be expected, but
shows that the SNP set was developed best differ-
entiate these two inbreds. This was further validated
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at the K = 4 level when Mo17 and its derivatives were
identified as their own cluster. Finally at K = 5 the
lines from the Texas program were left in the final
cluster, well distinguished from both B73 and Mo17.
The two main groups of tropical germplasm used in
the Texas breeding program (the LAMAs [see May-
field et al, 2012 for a review of their background] and
the CML from CIMMYT in Mexico) seemingly defined
the opposing poles of both the first and second prin-
cipal coordinate (Supplementary Figure 3), demon-
strated by the values below 0.0. The results of those
lines clustering so tightly, equally distant from both
Mo17 and B73 lends evidence to the fact that they
are very dissimilar to either of those pivotal Midwest-
ern lines. The constraints of the markers did not allow
for much separation within the larger cluster from the
novel Texas group.

Conclusions

This study demonstrated molecular genetic diver-
sity in the Texas program on a macroscopic level. It
is clear that these Texas lines are novel from what is
otherwise being bred in the Midwestern US. A more
refined investigation would likely prove to be more
useful for subtropical maize breeders using this Tex-
as material. This would require the development of a
SNP array based on lines in the subtropical cluster
from the Texas breeding program or the use of next-
generation sequencing genotyping such as genotyp-
ing by sequencing (Elshire et al, 2011), RAD-seq (Dav-
ey et al, 2011), or digital genotyping (Mitra et al, 2003).
This would allow for greater differentiation among
those lines and the possibility of identifying sub-
heterotic groups within the K = 5 subtropical cluster.
The success of the genotyping lent to the mu-
tual validation of the distance matrix calculations
and the genetic data. Finding lines of known com-
mon pedigrees in close proximity in the analyses
confirmed the genotyping data. This gave confi-
dence to the results of other lines and inherently
for all results throughout the study. The correlation
of genetic distance analysis (PCoA) with the popu-
lation analysis from STRUCTURE also provided
strong evidence for the cogency of the results.
There has been substantial focus throughout the US
maize research community of the three accepted
heterotic groups, BSSS, NSS, and lodents. Nelson et
al (2008) produced an excellent study relating these
three groups through a molecular characterization

and the results have been a great tool for breeders
that use that germplasm. However, the results of Yan
et al (2009) among others that have included sub-
stantial tropical germplasm suggest that the broad
picture of maize may be skewed by a Midwestern
focus and that there is likely a greater diversity be-
tween tropical and temperate than between the vari-
ous temperate heterotic groups. Furthermore, much
of the tropical material discussed and used in the
US are early flowering lines or those from the GEM
project that are 50% or 75% elite temperate maize.
Despite ascertainment biases in the markers used,
this study confirms the large divide between temper-
ate and tropical germplasm and suggests that the
Texas maize breeding program provides a strong
contrast to the germplasm selected throughout the
rest of the United States. This study also adds re-
sources for breeders working in a subtropical en-
vironment, however using genotyping resources
designed for temperate material gave results con-
sistent with expectations, but were sub-optimal.
The findings in this study has provided evidence at
a molecular level to confirm the novelty of the Texas
maize breeding program, and that data has provided
information well beyond what was already known.
The data showed that there was a substantial dif-
ference between the germplasm developed at the
subtropical research station in Texas and the tem-
perate material from other stations around the US, at
a genetic level. When important lines are located on
the PCoA graph (Figure 1), the separation becomes
clearer. These lines from the Texas program will pro-
vide useful sources of diversity for a changing climate
in the years to come.
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Table 3 - PCoA analyses were done after the cluster analysis to compare how the PCoA of the main results were affected by
the presence of the Texas heterotic group. This shows that the marker set does poorly to identify variation within the Texas
group and performs stronger when restricted to temperate materials.

Texas Cluster PCoA

W/O Texas - PCoA

Coord. Total Differ. Coord. Total Differ.
1 5% 5% 1 22% 22%
2 10% 5% 2 32% 10%
3 14% 4% 3 39% 7%
4 17% 3% 4 44% 5%
5 21% 3% 5 48% 4%
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