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ABSTRACT

Plant diversity, more specifically genetic diversity, is important for the environment and
essential as an economic and social resource. Genetic variation assessment has allowed for
contributions to many fields, and enables plant breeders to select plant varieties that are more
suited to the current needs of the diverse agriculture system. Breeders can also monitor genetic
diversity and select better crop varieties using polymorphisms in DNA. Prairie cordgrass
(Spartina pectinata Link) has many uses such as conservation and wildlife habitat, and is
currently being developed as a bioenergy crop. This species is a C4, rhizotomous, perennial
grass, native to the North American Prairie. In order to utilize this species one must understand
the genetic diversity found within and among native populations. Chloroplast DNA and nuclear
DNA analysis provides a basic understanding into the amount of genetic variation present in this
species. In this study, two highly polymorphic chloroplast regions were sequenced across 16
natural populations, in addition SNP markers were developed and tested on 38 natural
populations of prairie cordgrass. Most of the variation (SNPs and indels) found in chloroplast
DNA were observed in the octoploid cytotype with a few variants observed in the tetraploid
cytotype, and no variants observed in the hexaploid cytotype. To delve into nuclear
polymorphisms, SNP markers were developed from a complied transcriptome and were used
validated putative SNPs. Also, the SNPs ability to distinguish true crosses and selfs during a
breeding program was assessed. Variation identified in the nuclear transcriptome occurred
equally between octoploid and tetraploid populations with less variation observed in the
hexaploid population. In addition, y* analysis was performed on an F; population and

determined that the individuals followed normal Mendelian inheritance patterns and could not be



rejected for the markers chosen. This information is needed to open up the ability to understand
genetic diversity of this species and for use in the development of a molecular based breeding

program.
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CHAPTER 1

INTRODUCTION

Plant diversity is important for the environment and is essential as an economic and
social resource (Henry 2005). Plant diversity can be measured on many different levels and can
be evaluated using many different criteria such as phenotypic variation and genotypic variation
(Henry 2005). Phenotypic variation is essential for selection and natural adaptation to specific
environments, whereas genotypic variation provides a basis for understanding the genetics
behind this phenotypic variation (Henry 2005). Assessing genetic variation in plant populations
has allowed for contributions to many fields of studies including, evolutionary biology,
conservation genetics, plant breeding, and ecological genetics (Coates & Byrne, 2005). In
agriculture systems, genetic resources allow plant breeders to create plant gene combinations and
select crop varieties that are better suited to the current needs of the diverse agriculture systems
(Glaszmann et al., 2010). Genome wide analysis tools provide access to the thousands of
polymorphisms that allow these plant breeders to broaden the capacity to monitor genetic
diversity, create these plant gene combinations, and select the better crop varieties (Glaszmann et
al., 2010).

Prairie cordgrass (Spartina pectinata Link), is currently being researched for use as a
potential bioenergy crop, and has a multitude of other uses including conservation practices,
wetland revegetation, streambank stabilization, wildlife habitat, and forage (Hitchcock 1950;
Barkworth et al. 2007; Montemayor et al. 2008; Gonzalez-Hernandez et al. 2009; Boe et al.
2013; Kim et al. 2011; Zilverberg et al. 2014). In order to utilize this, warm season, C4,

rhizotomous, perennial grass species, native to the North American Prairie, one must look at the



genetic diversity within and among natural populations. Prairie cordgrass is thought to have
various levels of genetic diversity due to its wide geographic distribution within North America,
and its tendency to be located in a wide range of environmental conditions such as: moderate
salinity, water logged soils, drought, and mild cold temperatures (Montemayor et al. 2008; Boe
et al. 2009; Gonzalez-Hernandez et al. 2009; Kim et al. 2011; Zilverberg et al. 2014). In addition
to environmental adaptability, there is also the influence of polyploidy on genetic diversity of
prairie cordgrass. Three cytotypes have been observed, tetraploid (2n=4x=40), octoploid
(2n=8x=80) (Church 1940), and hexaploid (2n=6x=60) (Kim et al. 2010, 2012b). The tetraploid
cytotype is believed to be the progenitor of the octoploid cytotype, and is likely to have increased
genetic diversity between the tetra- and octoploid cytotypes, due to their reproductive and
geographic isolation from each other (Wendel & Doyle 2005; Soltis et al. 2010; Hirakawa et al.
2014). Clonal/vegetative propagation usually results in little genetic variation, however, since
prairie cordgrass is able to reproduce using rhizomes and by seeds, it is expected that there are
variable levels of genetic variation within populations (Coates & Byrne, 2005). In addition, this
species favors outcrossing due to its protogynous nature, and therefore increases the amount of
genetic diversity that may be present within given populations (Gedye et al. 2012).

There are many ways to analyze genetic diversity whether looking at quantitative
characteristics, chromosome rearrangements, protein variations, or nuclear and organelle DNA
variation (Coates & Byrne, 2005). A multitude of phenotypic variation has been observed in all
cytotypes of prairie cordgrass (Boe & Lee 2007; Kim et al. 2012b; Guo et al. 2015), but little has
been reported on the amount of organelle and nuclear DNA genetic diversity. Understanding the
amount of genetic diversity present in DNA will assist in the breeding of prairie cordgrass for its

various uses, and will allow the utilization of molecular breeding techniques that have not be



available for this species. These techniques are important for increasing the efficiency of the
breeding process by screening seeds or young plants for desired characteristics, or traits, rather
than waiting for plants to come to full maturity before evaluating (Paux et al. 2012). The
neutrality of molecular markers mean they are ideal for a broad range of plant population
genetics, conservation genetics, and evolutionary studies (Coates & Byrne, 2005). By
understanding the amount of variation within DNA, one can begin to observe genetic diversity
within populations and understand the congruency of traits within that population, and begin to
select the best plants that are suited for specific breeding objectives.

The objectives of this research were to (1) determine if chloroplast DNA variation exists
within populations and various cytotypes of prairie cordgrass, and (2) validate SNP
polymorphisms identified in the nuclear transcriptome for use in future genetic diversity

analysis, and their use to analyze specific crosses of tetraploid prairie cordgrass.



CHAPTER 2
CHLOROPLAST DNA VARIATION WITHIN PRAIRIE CORDGRASS (SPARTINA
PECTINATA LINK) POPULATIONS IN THE U.S.!

ABSTRACT

Chloroplast DNA (cpDNA) is most often maternally inherited and highly conserved
leading to previous observation of little to no sequence variation. Comparing cpDNA haplotypes
have provided valuable insight into the establishment and migration of polyploid populations.
However, to use chloroplast haplotypes to their full potential intrapopulational variation needs to
be addressed. In this study, cpDNA haplotype variation was surveyed within 16 natural
populations of prairie cordgrass (Spartina pectinata Link) located east of the 100" west meridian
and north of the 35™ north parallel in the U.S.A. using two non-coding, polymorphic chloroplast
regions. Two main clades were defined with subclades as follows: haplotype 1 and haplotype
2A and 2B. It was discovered that seven populations showed intrapopulational chloroplast
genome variation. Of the total amount of variation, 95.5% occurred within the octoploid
populations and 4.5% occurred within the tetraploid populations. Both variant haplotypes, 2A
and 2B, were found in a larger sampling of one of the natural populations, but no variation was
found in a mixed ploidy population. The intrapopulational cpDNA variation we found in this
study cannot directly be related to mechanisms of introduction of the non-native populations into
native populations. Therefore, this cpDNA variation could be novel natural variation that has
been fixed as the octoploid populations were established and moved northwest. This analysis

provides insight into determining the usefulness of indels and single nucleotide polymorphisms

! Reprinted with permission from H. Graves, A.L. Rayburn, S. Kim, D.K. Lee, 2015. Chloroplast DNA variation
within prairie cordgrass (Spartina pectinata Link) populations in the U.S. This article is reprinted with the
permission of the publisher and is available from http://www.jse.ac.cn using DOI: 10.1111/jse.12168

4



for population identification and may provide information in regards to the origin of chloroplast

variation and its subsequent fixation and establishment in natural prairie cordgrass populations.

INTRODUCTION

Prairie cordgrass (PCG) (Spartina pectinata Link) is a warm season, C4 perennial grass
native to North America that grows well in a wide range of environmental conditions and
responds well to abiotic stress, such as, drought, flooding, and saline soils ( Hitchcock 1950;
USDA Natural Resources Conservation Service 2006; Barkworth et al. 2007; Stubbendieck et al.
2011). In addition, this species is geographically distributed throughout North America, from the
eastern coast and Midwestern United States to eastern Washington and Oregon, south to
Arkansas, Texas and New Mexico, and north to Canada (Hitchcock 1950; Voight &
Mohlenbrock 1979; Barkworth et al. 2007). Potter et al. (1995) described Spartina as the most
northerly-distributed C, perennial species in North America and Western Europe. Prairie
cordgrass is also very tolerant of moderate salinity and is valued for conservation practices,
wetland revegetation of irregularly flooded salt marshes, streambank stabilization, wildlife
habitat, and forage (Montemayor et al. 2008; Kim et al. 2011; Boe et al. 2013; Zilverberg et al.
2014). With such a wide range of environments that prairie cordgrass has become adapted to,
specific populations of this species have adapted to various ecosystems. This adaptation has
resulted in genetic differences including polyploidy (Grime 1979).

Prairie cordgrass is a polyploid species that is composed of three cytotypes, tetraploid (2n
= 4x = 40), octoploid (2n = 8x = 80) (Church 1940), and a hexaploid (2n = 6x = 60) (Kim et al.,

2010, 2012a). Based on the ploidy levels, the tetraploid cytotype is considered the progenitor of



the higher ploidy populations (Wendel & Doyle 2005; Soltis et al. 2010; Hirakawa et al. 2014).
All the above studies reported geographic distribution patterns with respect to cytotypes. With
tetraploids, prairie cordgrass appears to be indigenous to the northeastern to mid-central US, the
only known hexaploid prairie cordgrass is located in a mixed population in central IL, and
octoploid prairie cordgrass range from the north-central to the south-central US (Kim et al.
2012b). This could occur by certain cytotypes being advantageous to different environmental
conditions, such as cold temperature, experienced in the different regions.

Chloroplast DNA (cpDNA) is most often maternally inherited and highly conserved
leading to previous observations of no variability of cpDNA within most species (Demesure et
al. 1995; Hultquist et al. 1996; Ferris et al. 1997; Yannic et al. 2004; Bock 2007; Hazarika et al.
2014). This maternal mode of inheritance can make cpDNA a useful tool for genetic and
phylogenetic studies (Demesure et al. 1995; Daniell 2002; Hazarika et al. 2014). Chloroplast
DNA variation compared with cytotypes has provided more of an understanding into the origin
and establishment of polyploids in many species (Soltis et al. 1992; Kim et al. 2013). In
chloroplast genomes, sexual recombination does not occur, therefore; genetic recombination and
fusion do not normally exist (Bock 2007). Because of this phenomenon, the exploration of
population structure based on difference in ploidy levels using intraspecific cpDNA variation can
lead to a greater understanding of the evolutionary developments that have occurred during the
establishment of prairie grasslands in natural habitats (McMillan & Weiler 1959; Young et al.
2011). In addition, one can begin to delve into the possibility of using haplotypes to determine
area of geographic origin (Kim et al. 2013).

Previous studies of cpDNA variation focus on inter- and intrapopulational variation of

various species ( Ferris et al. 1997; Mohanty et al. 2000; Fineschi et al. 2002; Lumaret et al.



2002; Palmé 2002; Yannic et al. 2004; Chen et al. 2013). These studies vary from finding very
low intrapopulational variation (Chen et al. 2013) to finding high levels of intrapopulational
variation (Fineschi et al. 2002). Most of these studies separated variation into haplotypes, but
not all studies found correlation between haplotypes and geographic distribution (Ferris et al.
1998; Mohanty et al. 2000; Fineschi et al. 2002; Chen et al. 2013). In herbaceous and grass
species, a few studies have discovered both inter- and intrapopulational variation (Hultquist et al.
1996; Young et al. 2011; Shimono et al. 2013). Hultquist et al. (1996, 1997) discovered cpDNA
polymorphisms among populations of Panicum virgatum, a perennial grass native to North
America tallgrass prairie, which differentiated populations of switchgrass into upland and
lowland ecotypes. This was confirmed by Young et al. (2011). Shimono et al. (2013) reported
finding intrapopulational variation that was then divided into haplotypes in Miscanthus sinensis.

Conventional knowledge would suggest that no intraspecific coDNA variation exists in
the genus Spartina (Ferris et al. 1997; Yannic et al. 2004). Yannic et al. (2004) reported finding
no cpDNA variation, by using polymerase chain reaction- restriction fragment length
polymorphisms (PCR-RFLPs), within species of S. maritima, located on the Atlantic European
coast. Ferris et al. (1997) found no variation within the amphidiploid S. anglica, a hybrid
between S. alterniflora and S. maritima, or the parents, using PCR tRNA sequences. However,
Blum et al. (2007) reported intraspecific and intrapopulational variation in S. alterniflora
indicating the cpDNA variations can exist.

Blum et al. (2007) used chloroplast haplotypes to identify populations of S. alterniflora
of recent and/or multiple origins. For example, they observed that the S. alterniflora populations
found in San Francisco Bay (CA, USA) contain chloroplast haplotypes found on the United

States east coast; thus corroborating the proposed introduction of S. alterniflora to San Francisco



Bay with seeds from Maine (USA) and Virginia (USA). It was also observed that the chloroplast
haplotype found in a Grays Harbor (WA, USA) population is most commonly found in a Willipa
Bay (WA, USA) population; which was a result of the introduction of S. alterniflora to Grays
Harbor, based on winds and ocean currents, occurred within the last two decades and originated
from Willipa Bay. The chloroplast haplotypes located in Willipa Bay were observed on the
eastern coast of the US leading to the hypothesis that S. alterniflora was introduced into Willipa
Bay from oyster shipments that originated from New York Harbor, Chesapeake Bay, Long
Island, and northern New Jersey. These observations indicate the importance of chloroplast
haplotype analysis in dissecting Spartina origin and evolution.

By way of cpDNA analysis, three distinct chloroplast haplotypes have been observed in
prairie cordgrass (Kim et al. 2013). These haplotypes are all associated with geographic
distribution as well as with cytotypes (Kim et al. 2012b, 2013). PCG1 was associated with
tetraploid populations and located to the east of the Mississippi River, whereas, PCG2 and PCG3
were associated mainly with octoploid populations and located to the west of the Mississippi
River (Kim et al, 2013). It was hypothesized that indels in prairie cordgrass are population
specific and could be diagnostic for geographic origin and perhaps population identification
(Kim et al. 2013). However, the previous study was not designed to detect intrapopulational
variation. Although such variation may be rare, if present, such variation could result in
misinterpretation of the data. This information is imperative in determining the usefulness of
indels and single nucleotide polymorphisms (SNP’s) for population identification. In this study,
two noncoding chloroplast DNA regions, identified in Taberlet et al. (1991) and Shaw et al.
(2007), were used and have been determined to be the most polymorphic in prairie cordgrass,

accounting for ~70% of cpDNA variation ( Kim et al. 2013). These primers were used to



determine if polymorphisms occur within populations, and if so, do these polymorphisms
interfere with the diagnostic potential of chloroplast haplotypes with regards to geographic
distribution. The specific objectives of this study were (1) to determine if previously defined
haplotypes are homogenous to geographic location, (2) to determine how much, if any,
intrapopulational variation occurs within prairie cordgrass, and (3) to determine if there is a

difference in the amount of intrapopulational variation occurring across ploidy levels.

MATERIALS AND METHODS

Plant material

Natural populations: To determine if cpDNA haplotype variation is found within various natural
populations of prairie cordgrass, seeds of 15 natural populations were previously collected from
five geographic regions of the USA as described in Kim et al. (2013) and grown at the Energy
Biosciences Institute (EBI) Farm, Urbana, Illinois, USA. They consisted of 8 octoploid and 7
tetraploid populations (Table 2.1). These populations, along with the natural germplasm
population ‘Red River’ (octoploid), were selected and tissue samples of 16 plants per population

were collected from the EBI Farm and stored at -80°C until DNA extraction was performed.

Single natural population: To further examine if cpDNA haplotype variation is found within an
octoploid population located in the north-central US, bulked seeds collected from a natural
population in North Dakota (ND) (47°27°28”N, 99°04°38”W) were planted in in 11cmx11lcm
pots filled with Sunshine SB300 Universal soil and maintained under greenhouse conditions

(16hr photoperiod at temperature of 24-26°C). Fresh, young leaf tissues from an additional 34



plants of the ND population were sampled and stored at -80°C until DNA extraction was

performed. Analysis was performed on the 50 total ND plants.

Tetra- & hexaploid population: To examine if coDNA haplotype variation can be attributed to
ploidy differences, sampling was conducted from a mixed cytotype population containing
hexaploids and tetraploids as described in Kim et al. (2012a). These populations are sympatric
and are adapted to the same environmental conditions. Fresh, young leaf tissue from 24 plants,
12 hexaploid and 12 tetraploid, were sampled from alongside a stream bank that extends over a
distance of 2.8 km, located in Champaign County, Illinois, USA (Figure 2.1). Tissue samples

were stored at -80°C until DNA extraction was performed.

DNA extraction, polymerase chain reaction (PCR), and sequencing

Total genomic DNA was extracted from frozen leaf tissue using the CTAB method (Mikkilineni
1997) with slight modifications as described by Kim et al. (2013). For all samples, each
amplification reaction contained 100ng template DNA, 5XGoTag reaction buffer (Promega,
Madison, W1, USA), 2 mmol/L dNTP, 5 pmol/L each primer, and 5U of GoTaq polymerase
(Promega, Madison, W1, USA) for a total of 50 pL per sample. Two noncoding regions of
cpDNA were amplified by using the oligonucleotide primers designed by Taberlet et al. (1991)
and Shaw et al. (2007) (Table 2.2). The two primers chosen showed the highest number of
informative polymorphic sites/indels based on data from Kim et al. (2013), and therefore these
polymorphic sites were targeted. In addition, when the original populations were reassessed
using just the two primers, a similar phylogenetic tree was obtained with all three haplotypes

present indicating that these primers were the most informative with respect to haplotype. The
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polymerase chain reaction (PCR) thermocycling conditions for the trnT-trnL region was 5 min at
94 °C followed by 30 cycles of 94 °C for 1 min, 48 °C for 1 min, and 68 °C for 2 min followed
by a final extension stage at 68 °C for 10 min, whereas 3 'rps16-5"trnK was 5 min at 80 °C
followed by 30 cycles of 95 °C for 1 min, 50 °C for 1 min, and 65 °C for 4 min followed by a
final extension stage of 65 °C for 5 min. Electrophoresis was performed on the PCR product, in
a 1.2% agarose gel using 0.5X TBE buffer, to confirm amplification, and then purified using a
EZ-10 spin column PCR purification kit (Bio Basic Inc., Canada). The purified PCR product
was sent to the Biotechnology Center (University of Illinois, Urbana, IL, USA) for direct
sequencing. Sequences were manually corrected with BioEdit
(http://www.mbio.ncsu.edu/bioedit/bioedit.html) and aligned with MEGAS.2 and trees, including
five other Spartina species as outgroups, were produced with MEGAG6 (Tamura et al. 2013). The
maximum parsimony (MP) tree, inferred from 1000 replicates, was obtained using the Subtree-
Pruning-Regrafting algorithm with a search level one in which the initial trees were obtained by
the random addition of sequences (Felsenstein 1985; Nei & Kumar 2000). All positions with

less than 95% site coverage were eliminated.

RESULTS

Natural populations

Fifteen prairie cordgrass populations, consisting of eight octoploids and seven tetraploids were
analyzed for cpDNA variation (Table 2.1; Figure 2.1). Analysis was conducted based on an
aligned dataset of two noncoding chloroplast regions from the fifteen prairie cordgrass

populations and five additional Spartina species samples. This resulted in 1441-character dataset
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with three SNPs, one indel, and six repeats (Table 2.3). A MP tree was constructed based on the
concatenated dataset. Two main clades were defined as follows with sub-clades; haplotype 1,
haplotype 2A, and haplotype 2B (Figure 2.2). The parsimony analysis generated the 10 most
parsimonious trees with a length of 18, a consistency index of one, a retention index of one, and
a composite index of one for all sites and parsimony-informative sites.

The variation observed was mainly found in the octoploid cytotype. The total, 18.3%,
amount of variation was determined by using haplotype 1 as non-variant and haplotype 2A and
2B as variants. Of the total variation, 95.5% was found in the octoploids and 4.5% was found in
the tetraploids. Out of the eight octoploid populations, five showed intrapopulational variation
(62.5%). PC46-106 showed haplotype 1 and haplotype 2A, ND showed haplotype 2A and 2B,
PC19-108 showed haplotype 2A and 2B, PC27-103 showed one variant as haplotype 2A, and
Red River showed one variant as haplotype 2B. There were only two tetraploid populations out
of eight (25%), IL99 and PC55-102, which had variation. 1L99 showed one variant of haplotype
2A and PC55-102 showed one variant of haplotype 2B (Figure 2.1). Most of the variation that
was found was located in the north central US, consisting of portions of North Dakota, South

Dakota (SD), lowa (1A), and Minnesota (MN) (Figure 2.1).

Single natural population

Fifty plants from the ND octoploid prairie cordgrass population were analyzed for copDNA
variation. Analysis was conducted based on an aligned dataset of two noncoding chloroplast
regions from the fifty prairie cordgrass plants. This resulted in 1381-character dataset with two
SNPs, one indel, and three repeats. A MP tree was constructed based on the concatenated

dataset. Two main haplotypes were defined, and were correlated to the 2A and 2B haplotypes
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described in the natural populations (Figure 2.3). The parsimony analysis generated the 10 most
parsimonious trees with a length of 18, a consistency index of one, a retention index of one, and

a composite index of one for all sites and parsimony-informative sites.

Tetra- & hexaploid population

Twenty-four total plants from the mixed cytotype population located in Sidney, Illinois were
analyzed for coDNA variation. Analysis was conducted based on an aligned dataset of 1332
characters with no SNPs, indels, or repeats. All sequences were found to be identical and were

correlated to haplotype 1 described in the natural populations.

DISCUSSION

In order to better understand the extent to which cpDNA variation could exist in prairie
cordgrass, natural populations from a wide range of geographical locations and environments
were examined. In the natural populations, three haplotypes were observed. All three
haplotypes were found in both octoploid and tetraploid populations. Only two tetraploid
populations showed variation, with most of the tetraploid plants (98.2%) containing a haplotype
1. Because tetraploids are the proposed progenitor of the octoploid populations (Wendel &
Doyle 2005; Soltis et al. 2010; Hirakawa et al. 2014), haplotype 1 was assigned the ancestral
haplotype since it is the most frequent haplotype (Peirson et al. 2013) found in the tetraploid
populations. Haplotype 1 was therefore considered the non-variant haplotype. In addition,
haplotype 1 in this study corresponds to haplotype PCG1 in Kim et al. (2013). Haplotypes 2A

and 2B are considered the variant haplotypes and corresponds to haplotypes PCG2, and PCG3 of
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Kim et al. (2013). Due to Kim et al. (2013) only examining one plant per population, it is not
possible to identify haplotype 2A and 2B as PCG2 or PCG3.

The small amount of variation within the tetraploid populations gives reason to believe
that intrapopulational variation of tetraploid prairie cordgrass populations occurs at a very low
rate or cpDNA of tetraploid populations may be more stable than that of the octoploid
populations. The larger amount of variation within the octoploid populations may be reflective
of the more recent origin of the octoploid populations and their adaptation to potentially harsher
environments in the north-central portion of the U.S. One distinguishing environmental factor in
the regions of cytotype adaptation may be temperature. Because prairie cordgrass emerges
earlier than most other perennial grasses, the maximum and minimum temperatures during
winter and early spring months are crucial. In locations where cpDNA variation was observed,
ND, SD, and MN, the average maximum temperature is below 0 °C during the winter months,
however, in other locations, such as OK, IL, and ME, the maximum winter temperature is above
0°C. Therefore as prairie cordgrass adapted to the norther region, the harsher environment, such
as colder climate, have to be overcome and thus results in cpDNA variants. This is corroborated
by Madlung (2013), stating polyploids evolve new functions that allow for ecological niche
colonization and could have flexibility in responsiveness to environmental change.
Alternatively, difference could be indicative of multiple octoploid population formation. In
addition, it is noted that all of the variation occurs within the north-central portion of the US,
mainly around the borders of three states ND, SD, IA, and MN. This location corresponds with
the overlap of haplotypes PCG1 and PCG2 of Kim et al. (2013). This is also the region in which
the tetraploid and octoploid cytotypes occur, and may represent the area of natural octoploid

formation and stabilization, similar to observation in Panicum virgatum (Hultquist et al. 1997).
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The large amount of variation found in octoploid populations located in the SD, IA, and
MN region led to a larger study of a single natural population, ND, of prairie cordgrass.
Variation in this larger study confirms the presence of cpDNA variation in this population. The
haplotypes show 70 % variation occurring as haplotype 2A, and 30% variation occurring as
haplotype 2B within the 50 ND plants. This amount of variation reflects the amount of variation
previously observed in the natural population study. This connection confirms that the study
performed on the natural populations accurately represented the haplotypes of the selected
populations. Kim et al. (2013) looked solely at one plant per population; these findings
demonstrate the importance of confirming if polymorphisms occur in various prairie cordgrass
populations.

Intrapopulational variation can be useful in determining ploidy and geographic origin, but
does have limitations. When an unknown sample falls into haplotypes 2A or 2B it can be
assumed to be an octoploid population, due to the low frequency of these specific haplotypes in
the tetraploid populations, and its area of segregation in the north-central region of the U.S. If an
unknown sample falls into haplotype 1, the sample could be an octoploid or a tetraploid. Despite
the amount of intrapopulational variation found in prairie cordgrass populations, previously
defined haplotypes may be used to diagnose geographic location if a sample size of 16 or more
are analyzed. These findings also bring rise to the question of if the variation that is present is
due to environmental adaptation or introduction of new haplotypes into previously established
populations. Doyle et al. (1990, 1999) and Soltis et al. (1989) suggest that polyploidization can
occur as multiple independent events in one population, giving rise to different haplotypes within

populations.

15



In order to determine if polyploid adaptation could be a factor in intrapopulational
cpDNA variation, a mixed cytotype population from the same ecosystem was analyzed. This
population was chosen because environmental pressure is eliminated as a causal factor for
cpDNA variation. In addition, the tetraploids and hexaploids, within the mixed cytotype
population, are reproductively isolated and therefore cannot cross with the other when
reproducing, limiting the number of potential pollen donors and acceptors. In the mixed
cytotype population, there was no variation found within the population consisting of tetraploids
and hexaploids, which was also observed in other plant species such as Plantago media (Van
Dijk & Bakx-Schotman 1997). Kim et al. (2010) stated that the hexaploid plants were most
likely developed from seeds collected from tetraploid plants, which indicates hexaploids and
tetraploids coexisting may be a result of the emergence of a neopolyploid within an ancestral
population (Petit et al. 1999). Having found no variation within the mixed cytotype population
compared to finding variation within the octoploid natural populations, could be explained by
multiple factors. First, the mixed cytotype population was established only within the last two
decade as described by Kim et al. (2013) based on the farm land history, whereas the octoploid
natural populations have been in existence for a longer amount of time. This leads one to believe
that the octoploid natural populations had a longer amount of time to have variation show up
within the cpDNA. Harrison et al. (1997) found no chloroplast genome variation in Fragaria
species contributing the lack of variation to relatively recent origin of the species. In addition,
the location of the tetraploids and hexaploids in close proximity to one another leads one to
believe that they are adapted to the same environment, and therefore the same selection pressure

and could lead to no haplotype variation between the hexaploid and tetraploids. Because the
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mixed cytotype population is young, this population should be watch in the future to determine if

any variation occurs as the population matures.

CONCLUSIONS

This study reports the first research of intrapopulational variation of prairie cordgrass
based on cpDNA analysis. Haplotype 1 appeared to be the ancestral haplotype since it is found
in the ancestral tetraploid cytotype, the progenitor of the octoploid population. Haplotypes 2A
and 2B may be diagnostic for octoploid prairie cordgrass populations, especially in the north-
west region of this study. It was determined that of the 18.3% of variation occurring, 95.5%
occurred within the octoploid populations and 4.5% occurred within the tetraploid populations.
Larger sampling of one of the natural populations confirmed that the study of the natural
populations is an accurate representation of the populations sampled, and therefore any future
results could be deemed accurate following the same protocols. No variation was found in the
mixed ploidy population leading one to believe that under the same environmental conditions,
cpDNA variation is not affect by ploidy levels. This analysis provides insight into determining
the usefulness of indels and SNP’s for population identification and may provide insight into the

origins and establishment of natural prairie cordgrass populations.
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FIGURES AND TABLES

Table 2.1 Summary of plant materials used including, location, cytotype and number of plants used per

population
Population ID Latitude Longitude Cytotype Number of
plants
PC19-108 42°19'48.21"N  96°19'37.00"W  Octoploid 16
PC20-106 39°337.98"N  96°22'53.82"W  Octoploid 16
PC27-103 48°30'51.67"N  96°53'13.16"W  Octoploid 16
PC31-103 40°53'5.91"N  100° 3'41.99"W  Octoploid 16
PC40-102 36°52'25.50"N  95° 0'45.24"W  Octoploid 16
PC46-106 42°58'1.20"N 96°49'34.73"W  Octoploid 16
ND 47°27'26.70"N  99°05'02.59"W  Octoploid 16
Natural
populations Red River N/A N/A Octoploid 16
IL99 39°44'59.76"N  88°42'02.76"W  Tetraploid 16
PC09-103 N/A N/A Tetraploid 16
PC19-109 42°12'20.60"N 96°15'5.22"W  Tetraploid 16
PC19-110 41°47'33.84"N  96° 2'33.19"W  Tetraploid 16
PC23-102 44°16'4.57"N 69°1'0.65"W  Tetraploid 16
PC29-106 37°51'12.95"N  94°18'55.53"W  Tetraploid 16
PC55-102 44° 3'12.62"N 90° 523.37"W  Tetraploid 16
Single natural
population ND 47°27'26.70"N  99°05'02.59"W  Octoploid 50
Tetra- &
hexaploid Si 40°00'59.6"N 88°01'26.9"W  Tetraploid 12
X idney .
population Hexaploid 12
Spartina 1
alterniflora (Gulf)
S. alterniflora Big Flats Plant Material Center, 1
(East) NY, USA
Outgroups
S. cynosurodies 1
(East)
S. patens (Sharp) ) 1
Commercial
S. patens (Flageo) 1
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Table 2.2 Primer sequences used for the amplification of two noncoding chloroplast DNA
regions in prairie cordgrass

Primer Pair Sequences (5°-3”)

Chloroplast
Regions . 1
Forward Reverse
trnT-trnL I CATTACAAATGCGATGCTCT I TCTACGATTTCGCCATATC I

3'rps16-5 "trnK AAAGTGGGTTTTTATGATCC  TTAAAAGCGAGTACTCTACC
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PC46-106 PC19-108 PC27-103 Red River PC55-102 PC159-109 PC15-110
PC23-102
’l"
PCOS-103 .
PC31-103 .
IL59 .
PC20-106 .
S .
) —
. 'T PC29-106
—
0 500 km N
[ s D iy
* Mixed Ploidy Population
[ Haplotype 1 PC40-104
.— Octoploid Population . Haplotype 2A
@ Tetraploid Population B Haplotype 28

Figure 2.1 The distribution and frequency of haplotype groups of prairie cordgrass based on
populations from Experiment 3 (Haplotype 1: Green, Haplotype 2A: Blue, Haplotype 2B: Red).
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Figure 2.2 Bootstrap tree based on MP analysis of 2 combined cpDNA sequence data for 15
prairie cordgrass populations with a total of 240 plants and 5 other Spartina species used as
outgroups. Bootstrap values are indicated on the nodes as percentages. Clades are identified as
Haplotype 1 (green), Haplotype 2A (blue), and Haplotype 2B (red).
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Figure 2.3 Bootstrap tree based on MP analysis of 2 combined cpDNA sequence data for the
North Dakota population of prairie cordgrass with a total of 50 plants and 3 other Spartina
species used as outgroups. Bootstrap values are indicated on the nodes as percentages. Two

clades are defined as 2A (blue) and 2B (red).
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CHAPTER 3

VALIDATING DNA POLYMORPHSIMS USING KASP ASSAY IN PRAIRIE
CORDGRASS (SPARTINA PECTINATA LINK) POPULATIONS IN THE U.S.?

ABSTRACT

Single nucleotide polymorphisms (SNPs) are one of the most abundant DNA variants
found in plant genomes and are highly efficient when comparing genome and transcriptome
sequences. SNP marker analysis can be used to analyze genetic diversity, create genetic maps,
and utilize marker-assisted selection breeding in many crop species. In order to utilize these
technologies one must first identify and validate putative SNPs. In this study, 121 putative
SNPs, developed from a nuclear transcriptome of prairie cordgrass (Spartina pectinata Link),
were analyzed using KASP technology in order to validate the SNPs. Fifty-nine SNPs were
validated using a core collection of 38 natural populations and a phylogenetic tree was created
with one main clade. Samples from the same population tended to cluster in the same location
on the tree. Polymorphisms were identified within 52.6% of the populations, split evenly
between the tetraploid and octoploid cytotypes. Twelve selected SNP markers were used to
assess the fidelity of tetraploid crosses of prairie cordgrass and their resulting F, population.
These markers were able to distinguish true crosses and selfs. This analysis provides insight into
genomic structure of this species, but further analysis must be done on other cytotypes to
understand the genetic diversity of prairie cordgrass. This study validates putative SNPs and
confirms the potential usefulness of SNP marker technology in future breeding programs of this

species.

? Reprinted with permission from H. Graves, A.L. Rayburn, J. Gonzalez, G. Nah, Do-Soon Kim, D.K. Lee, 2015.
Validating DNA Polymorphisms Using KASP Assay in Prairie Cordgrass (Spartina pectinata Link) Populations in
the U.S. Submitted to Frontiers in Plant Science
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INTRODUCTION

Prairie cordgrass (Spartina pectinata Link) is a native grass species of the North
American Prairie that has a geographic distribution, ranging from the southern U.S. (Texas,
Arkansas, and New Mexico) to northern Canada, and from the east coast through the Midwest to
the western coast of the U.S. (Hitchcock 1950; Voight & Mohlenbrock 1979; Barkworth et al.
2007; Gedye et al. 2010). This species is adapted to a wide range of environmental conditions
and, in addition, responds well to abiotic stresses, such as moderate salinity, water logged soils,
drought, and cold tolerance (Montemayor et al. 2008; Boe et al. 2009; Gonzalez-Hernandez et al.
2009; Kim et al. 2011; Zilverberg et al. 2014; Anderson et al. 2015). Because of its wide
adaptability, this warm season, C4, perennial grass is highly valued for conservation practices,
wetland revegetation, streambank stabilization, wildlife habitat, forage production, and recently
bioenergy feedstock production (Hitchcock 1950; Barkworth et al. 2007; Montemayor et al.
2008; Gonzalez-Hernandez et al. 2009; Boe et al. 2013; Kim et al. 2011; Zilverberg et al. 2014;
Guo et al. 2015). This ability to adapt to such a wide diversity of conditions results in
populations becoming adapted to specific environments, ultimately leading to genetically diverse
populations. Adding to the potential genetic diversity of prairie cordgrass is polyploidy.

Prairie cordgrass is a polyploid species, composed of three cytotypes, tetraploid
(2n=4x=40), hexaploid (2n=6x=60), and octoploid (2n=8x=80) (Church 1940; Kim et al. 2010,
2012). Because of reproductive and geographic isolation between the cytotypes, there is likely
an increase in polymorphisms and potential genetic diversity, especially within the tetraploid and
ocotploids cytotypes (Wendel & Doyle 2005; Soltis et al. 2010; Hirakawa et al. 2014). There is

a large amount of phenotypic variation present in all cytotypes of prairie cordgrass (Boe & Lee
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2007; Kim et al. 2012b; Guo et al. 2015), but there is a lack of knowledge about genomic
structure. A few studies have revealed diversity within highly polymorphic chloroplast DNA
regions observed within and among tetra- and octoploid populations (Kim et al. 2013; Graves et
al. 2015). In prairie cordgrass, EST-SSR markers (Gedye et al. 2010), SSR (Gedye et al. 2012),
and AFLP markers (Moncada et al. 2007) have been developed. However, these technologies
may not be as cost-effective, scalable, successful, or as flexible as using single nucleotide
polymorphisms (SNPs) (Segman et al. 2014).

Single nucleotide polymorphisms provide a highly efficient way to conveniently compare
genomic and transcriptome sequences. Because they are one of the most abundant DNA variants
found in plant genomes, SNPs are more likely to be related to specific biological function and
phenotype (Rafalski 2002; Bundock et al. 2006; Salem et al. 2012). This technology has been
applied in genetic diversity analysis, genetic map construction, association map analysis, and
marker-assisted selection breeding in many different types of crop species (Byers et al. 2012;
Saxena et al. 2012; Semagn et al. 2014; Sindhu et al. 2014; Wei et al. 2014). SNP marker
technology is also utilized in high throughput genotyping, increasing the speed of the selection
process by eliminating growing plants to maturity for phenotypic selection (Paux et al. 2012). In
order to use SNP markers for genetic improvement there is a three-step process one must follow:
(1) SNP discovery after aligning sequence reads generated by next-generation sequencing
technologies for different genotypes of a given species; (2) validate SNPs to distinguish DNA
polymorphisms of actual allelic variants from those of other biological phenomena such as gene
duplication events; (3) SNP genotyping of germplasm collection or genetic/breeding populations

(Saxena et al. 2012).
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Step one of the Saxena et al. (2012) process, in prairie cordgrass, is described in the
companion manuscript to this study by one of the authors of this study (Gonzalez et al. personal
communication). The second and third steps have yet to be completed for polyploid prairie
cordgrass. Several parameters, such as sample size, number of SNPs to be used for analysis, cost
effectiveness, and the SNP genotyping platform must be considered in these analyses (Semagn et
al. 2014). Many technologies exist for use in SNP genotyping analysis, but one technology
performs well when it comes to adaptability, efficiency, and cost-effectiveness. Kompetitive
allele-specific PCR (KASP), developed by LGC Genomics (Teddington, UK;
www.lgcgenomics.com), is a PCR-based homogeneous fluorescent SNP genotyping system,
which determines the alleles at a specific locus within genomic DNA (Semagn et al. 2014). The
KASP technology has been utilized on other polyploid plant species, including switchgrass
(LGC Genomics 2014), cotton (Byers et al. 2012), wheat (Paux et al. 2012), potato
(Uitdewilligen et al. 2013), and various triploid citrus species (Cuenca et al. 2013).

In this study, SNPs, identified in the nuclear transcriptome, were converted to the KASP
marker system in order to validate that these SNPs are true allelic variants. In addition, KASP
markers were used in quality control analysis when making crosses, prairie cordgrass being a
putative self-compatible species. The main objectives of this study were (1) to validate SNP
polymorphisms identified in the nuclear transcriptome of natural populations of prairie cordgrass
in the U.S. and (2) to assess the fidelity of specific tetraploid crosses and selfs, and to elucidate

inheritance patterns of SNP markers.
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MATERIALS AND METHODS

Development and validation of KASP genotyping assays

In a study by Gonzalez et al. at South Dakota State University (personal communication), a
transcriptome of prairie cordgrass was assembled using ~1.2 billion IHlumina paired-end reads
from various vegetative tissues (roots, leaves, and rhizomes) under various conditions (salt
stress, cold stress, and differing photoperiods) in order to obtain an abundance in diversity, with
regards to the number and type of transcripts. About 146,549 contigs, or transcript assemblies,
of 230 base-pairs or more with an N50 of 973 bp were used. Over 1 million SNPs, insertions,
and deletions were found. Nine bi-allelic SNPs were selected for analysis, associated with
enzymes within the lignin biosynthesis pathway. Additional SNPs were selected without regard
to specificity of the loci. The nine lignin biosynthesis pathway SNPs by Gonzalez et al. were
selected based on an allele frequency of 40-60%, and the additional random SNPs for this study
were based on an allele frequency of 20-80%. An 80-100 bp window, largely free from
additional variants, was required for selection. A total of 121 bi-allelic SNPs were identified for
use in this study (Table 3.1). SNPs were sent for primer development to be used in KASP
genotyping assays. Genotyping with KASP was performed as follows.

For all samples, each amplification reaction contained 50ng template DNA, KASP V4.0
2x Master mix standard ROX (LCG Genomics, Beverly, MA, USA) and KASP-by-Design assay
mix (LGC Genomics, Beverly, MA, USA). The PCR thermocycling conditions for all primers,
except pcg_1186, was 15 min at 94°C followed by 10 cycles of 94°C for 20 sec and 61°C for 1
min (dropping -0.6°C per cycle to achieve a 55°C the annealing temperature) followed by 26

cycles of 94°C for 20 sec and 55°C for 1 min. The PCR thermocycling conditions for primer
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pcg_1186 was 15 min at 94°C followed by 10 cycles of 94°C for 20 sec and 65°C for 1 min
(dropping -0.8°C per cycle to achieve a 57°C annealing temperature) followed by 26 cycles of
94°C for 20 sec and 57°C for 1 min. After amplification, PCR plates were read with a
Spectramax M5 FRET capable plate reader (Molecular Devices, Sunnyvale, CA, USA) using the
recommended excitation and emission values. Data was then analyzed using Klustercaller

software (LGC Genomics. Beverly, MA, USA) to identify SNP genotypes.

Core collection analysis

In order to validate SNP polymorphisms of natural populations of prairie cordgrass using KASP,
seeds and rhizomes of natural populations of prairie cordgrass were collected from across the
continental U.S.A. (Kim et al. 2013) and grown at the Energy Biosciences Institute (EBI) Farm,
Urbana, Illinois, USA. Individuals from 38 of these populations were selected as core collection
based on geographic distribution; and two plants from each population were sampled, for a total
of 76 plants (Table 3.2). Leaf tissue samples were stored at -80°C until DNA extraction was
performed. Total genomic DNA was extracted from frozen leaf tissue using the CTAB method
(Mikkilineni 2007) with slight modifications as described by Kim et al. (2013). Fifty-nine KASP
genotyping assays out of 121 were selected and used to analyze the populations and five
additional Spartina species samples, namely; S. alterniflora, S. patens (Flageo vt.), S. patens
(Sharp vt.), S. patens, and S. bakeri. All of the KASP genotyping assay results were recorded as
a two-letter code, or SNP code, i.e. AA, AG, GG. A DNA fingerprint was made using all the
SNP genotypes creating a concatenated DNA-like sequence, which was then imported into
MEGA 6 (Tamura et al. 2013) to make a phylogenetic tree. The maximum parsimony (MP) tree,

inferred from 1000 replicates, was obtained using the Subtree-Pruning-Regrafting algorithm with
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a search level one in which the initial trees were obtained by the random addition of sequences
(Felsenstein 1985; Nei et al. 2000). All positions with less than 95% site coverage were

eliminated.

F, cross

In order to assess the utility of the KASP marker system in confirming specific tetraploid crosses
of prairie cordgrass, a reciprocal cross of two populations differing in morphological
characteristics of potential agronomic importance, PC17-109 x PC20-102, was developed.
PC17-109 is a tetraploid population from Illinois with a phalanx rhizome type and low seed
mass, whereas PC20-102 is a tetraploid population from Kansas with a guerilla rhizome type and
high seed mass. In a greenhouse, the female inflorescence was covered approximately one day
prior to stigma emergence, while pollen was collected from the male parent. Pollen was directly
applied to the stigmas with a brush, and rebagged until anthesis was completed. F; seeds were
collected from crossed inflorescence and planted in greenhouse setting. Leaf tissue samples of
each seedling were collected and stored at -80°C until DNA extraction was performed. Total
genomic DNA was extracted from frozen leaf tissue as described previously. For the F;
individuals, 12 KASP genotyping assays were selected based on the parental SNP genotypes
(Table 3.3). All of the assay results were recorded as a SNP code. To determine if the F;
progeny followed segregation of a typical monohybrid cross in relation to SNP genotype, a x*
analysis was performed using P=0.05, df=2, and y° critical value=5.991. The observed, along

with the expected genotype, was recorded for each KASP genotyping assay.
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F, selfs

To assess the utility of the KASP marker system in identifying selfed individual in the tetraploid
background and gauge the segregation pattern, F, individuals were generated and genotyped. In
a greenhouse, the prairie cordgrass inflorescence was covered approximately one day prior to
stigma emergence with bags constructed to view progression of inflorescence development of F;
plants. When anthesis was reached, the bags were shaken to promote self-pollination. Bags
remained until after anthesis was complete. F,seeds were collected and planted in a greenhouse
setting. A total of eight F; individuals were selfed (6 F; of PC17-109 x PC20-102 and 2 F; of
PC20-102 x PC17-109) and 8-11 individuals were sampled from the planted seeds of each of the
selfed plants (total of 76). Leaf tissue samples were stored at -80°C until DNA extraction was
performed. All 12 of the KASP genotyping assays selected to score the F; individuals were also
tested on the F, individuals. All of the assay results were recorded as a SNP code as done in the

F1 analysis. All SNP codes that were not accurately identified were removed from analysis.

RESULTS

Development and validation of KASP genotyping assays

Twenty-six (21.5%) SNPs failed KASP marker development. From the remaining 95 (78.5%),
11 SNPs were found to be monomorphic when tested on the core collection DNA, resulting in 84
SNPs that were true allelic variants. Three of the 11 monomorphic markers were selected to
discover if future plant samples would reveal the SNP polymorphisms previously identified in
the transcriptome. From the 84 allelic variants, 56 of the most highly polymorphic SNPs were

selected for further use in this study, resulting in 59 total KASP genotyping assays (Table 3.4).
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Core collection analysis

The resulting data set from the DNA fingerprint contained 118 characters. There was an average
of 3.8 missing character data points (SNP codes) per population. The maximum parsimony tree
identified one main clade after correcting for the missing data (Figure 3.1). For 47.4% of the
populations, plants sampled from the same populations were observed to form subclades;
however, intrapopulational variation was observed.

Out of the 38 prairie cordgrass populations, 52.6% showed polymorphisms within
populations. Of the 52.6% polymorphic populations, 50% were octoploid and 50% were
tetraploid. Out of the 15 octoploid populations sampled, 66.7% of the populations showed
polymorphisms between the two plants sampled and 43.5% of the 23 tetraploid populations
showed polymorphisms. The average number of polymorphisms that occurred within each
population was 16. In the octoploid populations, 16.4 was the average number of

polymorphisms observed, and 15.5 polymorphisms were observed as the average for tetraploids.

F1 cross

A total of 83 individuals, 70 F; individuals from PC17-109 (female) x PC20-102 (male) and 13
F1 individuals from PC20-102 (female) x PC17-109 (male) were sampled. Only 6 out of 59
possible KASP genotyping assays showed both parents as homozygous SNPs but for opposite
alleles. Three representative assays were selected which showed one SNP heterozygous for one
parent and one SNP homozygous for the other parent, and three representative assays were
selected which showed both parents as heterozygous SNPs (Table 3.3). All SNP codes that
could not be accurately identified, or called, due to not appearing in one of the three genotypes in

the software, were removed from the ¥? analysis. Four individuals consistently did not satisfy
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the expected heterozygous SNP genotype, with regards to KASP genotyping assays for which
both parents were homozygous for opposite alleles (pcg_00050, pcg_00058, pcg_00059,
pcg_000106, pcg_1186, and pcg_14142). These four individuals after being analyzed across all
12 assays, were identified as being selfs, and were removed from the y* analysis (Table 3.3).
Using the resulting trimmed data, the %* analysis followed normal Mendelian inheritance patterns

and could not be rejected for all the primers used in the y° analysis (Table 3.5).

F,selfs

The F; parent genotype was identified in order to identify SNPs in which the parent was
homozygous. The DNA fingerprint for the 8 F; parents using the 12 primers were as follows:
13-F1008: GG, GG, AA, TC, GT, CG, CG, CT, GC, TG, GC, AA; 13-F1011: GG, GG, AA, TC,
GT, CG, CG, CT, GC, GG, GG, AG; 14-F1008: GA, GA, TA, TC, GT, CG, CG, CT, GC, TT, CC,
AG; 14-F1014: GG, GG, AA, TC, GT, CG, CG, CT, GC, TG, GC, AG; 14-F1015: GG, GG, AA,
TC, GT, CG, CG, CT, GC, TT, CC, AG; 14-F1042: GG, GG, AA, TC, GT, CG, CG, CT, GC, GG,
GG, AG; 14-F1067; GG, GG, AA, TC, GT, CG, CG, CT, GC, TG, GC, GG; 14-F1071; GA, GA,
TA, TC, GT, CG, CG, CT, GC, TG, GC, AA. For 3 F; parents that were selfed, there were F
progeny that did not fall into the expected homozygous parental genotype (example in Table
3.6). There were 2 F, progeny which consistently were identified as an unexpected genotype for
13-F1008, 1 progeny for 14-F1014, and 4 progeny for 14-F1071. Individuals that consistently
fell into the heterozygous (unexpected) genotype category across multiple homozygous primers
were considered outcrosses and not true F, selfs (Table 3.6). Most of the F, progeny were

identified as an expected SNP genotype when considering the parental genotype.
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DISCUSSION

In order to validate SNP polymorphisms in prairie cordgrass, 121 SNPs identified from
the nuclear transcriptome were sent for KASP assay development. Among 121 SNPs, the assay
success rate was 78.5% with 26 assays failing development. This is comparable with findings in
the literature of success rates of 83% (Cockram et al. 2012), 88.4% (Saxena et al. 2012), and
80.9% (Semagn et al. 2014). The assays failed mainly due to paralogs within the prairie
cordgrass genome. Because not all of the populations used to develop the transcriptome were in
the core collection of DNA used in this study, some assays appeared as monomorphic. These
selected SNPs may have been derived from the octoploid populations not present in the
populations that were chosen for this study. Three monomorphic SNPs were selected for further
analysis, to see if the SNPs would be identified to be polymorphic in further studies. With the
failed and monomorphic assays removed, 84 putative SNPs were validated as true allelic
variants, with 59 SNPs being selected for use in this study. The 59 highly polymorphic assays
were selected based on the criteria that there were at least two of the three genotypes present in a
large portion of the samples analyzed. These assays were tested on the 38 natural populations,
creating a phylogenetic tree that resulted in one main clade. If subclades were observed, the two
plants of a single population were represented in the subclade.

Within the populations, just over half of the populations showed polymorphisms, and
consisted of an equal number of octoploid and tetraploid populations. This implies that that, in
this study, intrapopulational polymorphisms appear not to be favorable in one cytotype over
another. The average number of polymorphisms that occurred within each population did not

vary between octoploid and tetraploid populations. This is different from a chloroplast DNA
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study of prairie cordgrass, in which a majority of the polymorphisms was derived from the
octoploid cytotype relative to the tetraploid cytotype (Graves et al. 2015).

SNPs were successfully identified in nuclear transcriptomes of prairie cordgrass and
validated as allelic variants that can be used in prairie cordgrass. SNP markers were used to
detect significant polymorphisms in prairie cordgrass populations collected from distinct
geographic regions in the U.S. These SNP polymorphisms appear to reflect genetic relationships
in prairie cordgrass, and therefore, can be used to assess genetic diversity within and among
populations in future studies. Knowledge of the starting plant material SNP genotype and of any
genetic variation that occurs within that population should be analyzed when breeding this
species or any type of species.

The F; population, consisting of 83 plants, allows for the assessment of the fidelity of a
specific tetraploid cross. Due to the lack of synchronization between the pollen and the ovaries,
less seeds were obtained when PC20-12 was used as the female, compared to when PC17-109
was used as the female. Progeny that had SNP genotypes matching the female parent only were
determined to be selfs. Of the F; progeny, 95.2% were identified to be hybrids. Prairie
cordgrass is a protogynous outcrossing species (Gedye et al. 2012), leading to the possibility that
later-maturing stigmas could have been exposed to pollen from the same female parent, resulting
in 4.8% of the F; being selfs. The analysis of the 76 F, progeny obtained by selfing eight F;
plants indicate that the SNPs, and the SNP markers chosen, could distinguish between a true
selfed plant and an outcrossed plant. This is based on individuals consistently being genotyped
as heterozygous rather than being homozygous as expected. Ninty-one percent of the F, progeny
were identified as successful selfs. Because of the protogynous nature of this species, there is

already a natural element working against selfing. This could explain why outcrossed
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individuals were identified. It is a possibility that some of the early-maturing stigmas were
exposed to pollen within the greenhouse before being bagged. This could explain why more F,
progeny were identified as unexpected genotypes (outcrosses) than the unexpected genotype
(selfs) of the F; progeny.

Even though prairie cordgrass is a polyploid, there is evidence that the tetraploid cytotype
is an allotetraploid that may follow a disomic inheritance pattern. Two divergent copies in the
Waxy lineages of Spartina genus support the allotetraploid origin of S.pectinata (Fortune et al.
2007). The bivalent pairing that occurs during meiosis (Church 1940; Marchant 1968a, 1968b;
Bishop 2015), and the observation of disomic inheritance using genotyping-by-sequencing
suggests a disomic inheritance pattern in S.pectinata (Crawford 2015). This hypothesis was
tested in a cross between two prairie cordgrass populations, exploiting the bi-allelic nature of the
KASP technology to suggest Mendelian segregation ratios in a monohybrid type cross. The
analysis of the F; hybrids and F, selfs conclude that disomic inheritance of SNPs in tetraploid
prairie cordgrass is in agreement with the chromosomal and genomic evidence, and a possibility
in this cross (Fortune et al. 2007; Marchent 1968a, 1968b; Bishop 2015; Crawford 2015).

The primary requirement of any breeding program is to ensure that accurate crosses are
made (Glaszmann et al. 2010). The small flower size of prairie cordgrass and the large number
of flowers per head make it hard to perform physical emasculation. Possibilities of self-cross
pollination always exist, therefore, developing a molecular way to confirm true crosses/selfs is
warranted (Fang et al. 2004, Gedye et al. 2012). In prairie cordgrass, SSR markers have been
developed that identified successful crosses in this protogynous species without the need for
emasculation. This study also confirms that hybrids of prairie cordgrass can be created and

verified with molecular markers (Gedye et al. 2012). However, utilizing SSRs can be time-
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consuming, limited in number, and more expensive than SNP markers, making a way for the

introduction of these newly developed and validated KASP assays.

CONCLUSION

This study reports the first research of SNP marker development for use in prairie
cordgrass. The SNP markers developed from the nuclear transcriptome were tested on a core
collection of DNA, and found to be polymorphic among and within populations. The amount of
variation found differs from previous findings in chloroplast DNA, in which more variation was
identified within the octoploid cytotype. However, one must recognize these SNP markers cover
a wide range of expressed genomic DNA versus two non-coding chloroplast DNA regions,
giving nucleic SNP markers an advantage in identifying random genetic variation. These
markers were used to assess the validity of true crosses that were made between two different
populations using F1 and F2 (selfs of F1) progeny. Utilizing the biallelic nature of the KASP
system, y* analysis of the F; samples suggests that tetraploid prairie cordgrass may follow
Mendelian disomic inheritance although other modes of inheritance were not ruled out. This
analysis provides insight into the genomic structure of this species, supporting the hypothesis
that tetraploid prairie cordgrass is an allotetraploid. The information from this study will allow
the identification of more primers, which will prove invaluable in accurately and efficiently
calculating genetic diversity. However, further analysis must be done on other cytotypes to
understand completely the genome structure of this species and to evaluate genetic diversity. In
addition, this study confirms the usefulness of using SNP marker technology in future breeding

programs of this species, and opens up the ability for the final step using SNP markers for
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genetic improvement; SNP genotyping germplasm collections or genetic/breeding populations of

prairie cordgrass.
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Table 3.1 Summary of SNP sequences, including SNP ID, SNP sequences, and SNP alleles.

FIGURES AND TABLES

*failed primers

SNP ID

SNP Sequence

SNP ID

SNP Sequence

pcg_00001
*pcg_00002
pcg_00003
pcg_00004
pcg_00005
pcg_00006
pcg_00007
pcg_00008
pcg_00009
pcg_00010
pcg_00011
pcg_00012
pcg_00013
pcg_00014
pcg_00015
pcg_00016
pcg_00017
pcg_00018
pcg_00019
pcg_00020
pcg_00021
pcg_00022
pcg_00023
pcg_00024
pcg_00025
pcg_00026
pcg_00027
pcg_00028
pcg_00029
pcg_00030
pcg_00031

GTCCTTGAGCTCGGC[G/A]TCCACGTCCAAGCG
CGCCAGGTACACCGG[C/G]GCCGCCTGGTTAGT
GTCGGCCCCGGCCTC[A/G]JAACCACGGGACGCC
ACCCGAAGGAGAAGG[G/T]CGCGATGGCGCCCG
AAGAACAAATTTATA[A/G]IGTTAAATACATGCA
GCCAAAGGACAGATC[A/G]ITGAATAACATGACT
CGGAACTGAGGAACA[A/G]TAGCATACATGCTT
GTTCGACCGCGCGGC[A/CJATCGCCGAGCTCGA
GAGAAGAAGAGAGTG[A/G]TTGCATCATTGGAC
GGTGCGGCTTGACAA[T/CIGTCACAATACAAGT
CTGTTTGTTAAGTGC[A/G]JCTGAATTTGAGATT
GCATTCATGTTCCCA[A/G]TACATCCTGGCAAA
ACAATCATTGTTTTT[T/CIGTAATTGGGGAACT
CCAAATGGCAAAAAT[T/G]ITACTCAGATTTCCA
ACTTGATTTAGAGTC[G/A]JGCAGACATCATTTT
AGCGCTTCACGCGAT[A/G]JGAGTTCTCCGAAAT
TAGCTTTAGGTGTTG[G/A]JGTTTCGCATCAGTA
AGAACCAACTCTTTA[C/TJATCAGACTGCGTAT
AACAAAGACAACATGIA/G]JCTCACGAGAAATTG
TTTGGATGTTGAACT[G/A]JTCTCAGATGTCCTT
TTTGGATGTTGAACT[G/A]JTCTCAGATGTCCTT
ATGAATTTTGGCACGIA/G]JACTTTTTGTTTGAA
GCATCCACAAGAATG[G/C]JCCATGAACAATTAA
GATCGAGAAAAAAAATAITITTGGATGAAGATTC
TTTGAGGAGGACGGT[G/AJATGATAGCAAATCT
GTGAGGGATAGATTG[T/G]JCAAGCAATGCAAGT
CCATCTAAGGTCAGGI[A/G]TTCTAAGTTCATTC
ACATTCTTCCGATCT[C/A]JGGGTTTTTAACCCA
GGACCATTTGTTGTC[A/G]ITCAAGGTTTCCCAG
GAGAGCATTGATGTC[G/A]JCTGGCTCTTGGAAA
AGTTAGACCTGAGAT[T/CIJGAACATTCTGAAAA

pcg_00032
pcg_00033
pcg_00034
*pcg_00035
*pcg_00036
pcg_00037
*pcg_00038
*pcg_00039
*pcg_00040
*pcg_00041
pcg_00042
*pcg_00043
*pcg_00044
pcg_00045
*pcg_00046
*pcg_00047
pcg_00048
pcg_00049
pcg_00050
pcg_00051
pcg_00052
pcg_00053
pcg_00054
pcg_00055
*pcg_00056
pcg_00057
pcg_00058
pcg_00059
pcg_00060
pcg_00061
pcg_00062

GCCAGTATTGGCAAG[A/C]JATGCAACAATTACT
AAAGACTACCCTTCC[A/C]TATCGAATAGAGAA
ACAGCTCCGGATGAA[A/G]TGGTACTTGATCCG
TCTTTCGACCAAGTA[A/G]JCTCACCCAGTAGGC
GCTCGTGTCGATGTC[G/A]CCGGCGAGGTCGCT
CGAGGTGTGATGCAC[T/CJAGAACGCCGCTCGT
GCTCACATACCCGAC[A/G]GCGAACGCCAAGTC
TGGGCAGGGTTGCAG[T/C]JCACCCATGCCTCCC
CGCTTCTTCCGTGCC[A/G]GTGATGACGAGGTC
GTGTCCCCGGCCTCG[C/T]ICGGTACACCGCCGC
GCGGTGCTTGCCGCA[A/G]CCCGTACAAGGCCT
CTTCTTGAGCTTGAA[T/CJACCCACTTCAGGGT
CGGGCGGTGGCCGGC[T/CIGGCAAGTCGACGAG
AAGTCAGTTGTTGTC[T/A]JGCAACCCTCATCGT
TCTGTTTGATTACCA[C/T]GGTAAGCTCACTCA
TTACCAAATACCCAG[A/G]TGCAGAGTTCAAGC
AAGCAACAACTTACT[C/TIGAGCAAAGTGCAAG
TTACTTTCATATAAC[G/A]GGATGAAGCATGCA
CAGGGACATTCGTTT[C/TIGTCCTCCAAAAATA
CCCTTGAATGGCTTC[T/C]TTTTCTTTTGTGCA
CACCAACCACTTGTC[A/G]TGGTGACGCTTCGT
CGAGGTTGATGTTTA[T/C]GCTCGTCGATGACG
AAAGTATTTGTAGGA[G/AJACCCCTGAGGGTTC
CTCGCGTGGCCTTCT[C/G]TGTCATAAACCATG
GGAACGTATCCTGTG[T/CJATAAGGGCTCTCCG
AACTTGGTATCAGAC[C/G]GCCAAGGTTAAACC
GGCACGGTAAACCTT[T/G]GCAAAGGTCCCTTG
TCAACCGTCTCCCCC[G/C]JAGATGATTGTCTAA
CACCCCACAAGACCA[T/AJATGTCGGCTTTTGC
AAATCTTTTTTTCCA[G/T]ITATCTTTTTTCTTA
GTAATTGTTTGCAGA[C/G]JAACTTTTCATTTGT
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Table 3.1 (cont.)

SNP ID

SNP Sequence

SNP ID

SNP Sequence

pcg_00063
pcg_00064
pcg_00065
pcg_00066
pcg_00067
*pcg_00068
pcg_00069
pcg_00070
pcg_00071
*pcg_00072
pcg_00073
*pcg_00074
pcg_00075
pcg_00076
*pcg_00077
pcg_00078
pcg_00079
pcg_00080
pcg_00081
*pcg_00082
pcg_00083
pcg_00084
pcg_00085
*pcg_00086
*pcg_00087
pcg_00088
pcg_00089
pcg_00090
pcg_00091
*pcg_00092

GGAAGATATGCAACAI[C/T]ITTTGGGGAGGAAGC
GGGGATGTCACCCTT[C/T]CCCGGCGCGGTGAT
CAGCGGCAGCGACGCIG/A]GCGCTCCTGAGCCC
CGGCTTCGACCCGCT[C/G]GGCCTGGCGGAGGA
GAGGATGTTGTCGAGIC/T]JTTGACGTCGCGGTG
CAATCCTGGAAAGGA[C/IT]ICCACTAATGTTTGT
TGAAGTAACTACTAA[A/T]IATAGTACTGTTGTA
AGGCTCTCACGATCA[T/G]JTCCGAGTCGCTGTC
GGCAAGGCTTTTACA[A/CJAAGAAGTTGTCGAG
GGAGTACAATGGAAA[A/G]CTTCATGTGCCTGG
TTTCCCTGGATTTGG[C/TICTGGGTCTTGTTAT
CGAGCATATAATATG[G/A]JCCCTAAAATGATGG
CGGCCGCGAGGACTC[G/C]ICCGCTCGACATCAT
CATCCCCACCTACGT[C/G]JGTCGGAGTCAATGC
CTCCTGCACCACCAA[CI/T]TGCCTCGCGCCCTT
ATGGAGGGACACAGCIC/A]JGGCAAAGTGGATGT
AGATTCTGATATTGA[T/CITTGGATGACTATTC
TGCGTATATTCTCCG[T/G]JGGTGAGACCAAAAT
GCTCGCCCTCGCAAC[T/A]JATCGGATCTTGCGC
CTGGCTGTAGGAATG[G/A]CCTTTTCACCTGAA
TGAAGTTATGTATGA[T/CICTGAGAGCTAGTGG
AAGTTCGGGATCAGC[A/T]CCGTGTATTTGGGA
CTTCTGAAGTCGGAA[C/A]TGCCATCAAACTGG
AGGAGTATCCACCTGIG/T]JAATAACACTTGTAC
CAACACAATGAATCG[T/GJATTGGAAAAGGAAG
TTTACAAATGCATAA[A/G]JATCTATGTTGGTAA
CGTACCTGCAGTTCAJ[T/C]GTTCGCCTACATCT
GAGGGGTAGTAAGAA[A/G]JACAAAGGAGACGTG
GGTACATAGTTTGATI[C/T]CACCTCCCTTCCTC
ATGGGAAGACAGGTTI[T/C]JGCAGCTTCATTATT

pcg_00093
pcg_00094
*pcg_00095
*pcg_00096
*pcg_00097
pcg_00098
pcg_00099
*pcg_00100
pcg_00101
pcg_00102
pcg_00103
pcg_00104
pcg_00105
pcg_00106
pcg_00107
pcg_00108
pcg_00109
pcg_00110
pcg_00111
pcg_00112
pcg_1186
pcg_13880
pcg_14142
pcg_2412
pcg_37652
*pcg_38909
pcg_77221
pcg_7965
pcg_80876

TACTGGGAAGAAACC[G/A]ITTCCACTTGTCCTG
GCTCTCCGCACACGC[C/T]JGCCACCGCTACATC
TGGTGAAAAGGTCCT[G/CJATCCAGTTTGAGGA
CAGGGACCGGAACCG[G/A]JTTCCACCGGTTCAG
TTTTGTTACAAAATA[C/T]GAGCAAGCTCTGTT
GTACAATGTCTGGGC[C/A]JAGTACTCCTAATGG
AAAAAAAAGATGATGIA/TICAGGTTACAAATTG
GACTCTCTACGGCTC[C/A]JTCCAGGCTCACCGC
AGTACATGCAGGAGG[G/A]GCATTCTCTTCCTT
CCATTTGAATCTCAA[G/A]JGCACTGACGTGAAC
GCTAGCTTTTGCGCC[C/T]ICTATACATCTTTTC
CGTCCTCGTCGTCTT[C/G]TTCCTCTGGCTGCT
GCTTGTGCTCATGGA[T/CIGTGGTTCACAGCCA
ATTGGTGCTGTTGCT[G/C]GACGTGAAGCTGAC
AGATGACGGAGTCGG[C/A]JGACGACGTGGGAGC
CTCTTTGCGCATGTG[G/AJCTCTTTTCCAGGGC
ACTCAGACCATTTTG[A/G]JACCACCTCAGATGT
TATGTTATCTCAATG[T/G]GATCTACACCTGCA
GCCGACGGGATGCGGIC/G]CGATTCACATTTGC
TGACCACATGCCATG[A/G]JGTATCAAGCCTATT
GACCTCGCAGAACACIT/CIGCAGACATGACCTC
TCAAGTACCTCACCG[G/A]CGAGGCCAAGGCTT
CACGCAGTTGGGGGC[C/G]JAGGATGAGGACGAC
CACATTGCGATTAGC[G/A]TATCGATCATGAAA
ACTTGAAGAGAGACGIC/A]JATCTGAAGGCAGAT
CACGCAGTTGGGGGC[C/G]JAGGATGAGGACGAC
GAGCTCGCCAGGCACIG/T]CTGGCTTCTGTGGC
TGACCAGCCGCAGCA[G/A]CCGCTCGTGGTAGT
TGGCGTCGTAGGTGC[G/A]CCACGGAGGACGCG

*failed primers
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Table 3.2 Summary of plant materials used including, location, cytotype and number of plants
used per population

ID Location Ploidy N:anl;]t;ekrasof
103 4X IL 14X 2
9046803 NY 4X 2
1L102 IL 14X 2
IL99A IL 14X 2
MBB4X IL 14X 2
PC09-101 CT 4X 2
PC09-102 CT 4X 2
PC17-109 IL 14X 2
PC17-111 4X IL 14X 2
PC19-101 1A 14X 2
PC19-103 1A 4X 2
PC19-105 1A 14X 2
PC20-102 KS 4X 2
PC20-105 KS 4X 2
PC22-101 LA 14X 2
PC23-101 ME 14X 2
PC23-104 ME 14X 2
PC29-101 MO 4X 2
PC29-104 MO 4X 2
PC34-101 NJ 14X 2
PC40-101 OK 14X 2
PC55-102 wi 4X 2
PC55-103 wi 4X 2
ND-2-51-4 ND 8X 2
PC17_1118X IL 8X 2
PC19-106 1A 8X 2
PC19-107 1A 8X 2
PC19-108 1A 8X 2
PC20-104 KS 8X 2
PC20-106 KS 8X 2
PC27-103 MN 8X 2
PC31-101 NE 8X 2
PC31-104 NE 8X 2
PC38-101 ND 8X 2
PC40-104 OK 8X 2
PC46-110 SD 8X 2
PCG109 SD 8X 2
Red River MN, SD, ND 8X 2
Total 76
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Table 3.3 Primers selected for use on the prairie cordgrass F; progeny. The first three primers
indicate one parent as heterozygous and one parent as homozygous, the next six primers indicate
both parents as homozygous for opposite alleles, and the last three primers indicate both parents
as heterozygous. Also shown are SNP assay results for eight out of the 83 F; hybrids. Indicated
are samples that can be identified as true crosses and selfs.

- o v &6 b &5 L o« & 4«
— — AN Lo Lo Lo o O <t ({e] O Lo
o o o o o o — [oe} — o o ({e]
o o o o o o o — <t o o (o]
o o o o o o o — — o o N~
2 ¥ % 3 % ¥ %8 % 88 % g B
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PC17 109 (Parenty GA GA TA TT GG CC CC CC GG TG GC AG
PC20 102 (Parenty GG GG AA CC TT GG GG TT CC TG GC AG
13_F10017 GG GG AA CC TT GG GG TT CC TT CC AG
13_F1002 GA GA TA TC GT CG CG CT GC GG GG GG
13_F1003 GA GA TA TC GT CG CG CT GC GG GG AG
13_F1004 GA GA TA TC GT CG CG CT GC TG GC AA
13_F1005 GA GA TA TC GT CG CG CT GC TT CC AG
13_F1006 GA GA TA TC GT CG CG CT GC TG GC AG
13_F1007+ GG GG AA CC TT GG GG TT CC GG GG AG
13_F1008 GG GG AA TC GT CG CG CT GC TG GC AA

* Primers that can distinguish true crosses from selfed samples
+ F1 individuals that are identified as selfed samples
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Table 3.4 DNA fingerprint using SNP codes
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PC19_103_1 -- AA AA TT GA GA CT GT AG GA AG TC AG AA CG AA GG GT GA AC GA CA GG cCcC GG

PC19_103_2 -- AA AA TT GA GA CT GT AG GA AG TC AG AA CG AA GG GT GA AC GA CA GG cCcC GG

PC20_104_1 GA -- -- - - - CT GT AG GA AG TC AG GA CG TA AG GT GA AC GA CA GA CT GA

PC20_104_2 GA -- -- - - - CT GT AG GA AG TC AG GA CG TA AG GT GA AC GA CA GA CT GA

PC34_101_1 GA CA - TT GA GA CC GG AA AA AA TT AA AA CC -- GG GG GG AA GG CC GG cCc GG
PC34_101_2 GA AA - CT - GA CT GT AG -- AG TC AG -- CG TA -- GT -- AC GA CA -- -- --

PC38_101_1 GA CA GA - AA AA TT GT GG -- GG CC GG GA GG TA AG TT AA CC AA AA GA CT GA

PC38_101_2 GA -- -- TT GA GA - GT AG - AG TC AG AA CG TA GG GT GA AC GA -- GG CC GG

Red_River_1 AA CA GA CT GA GA CT GT AG GA AG TC AG GA CG TA AG GT GA AC GA CA GA CT GA

Red_River_2 AA AA AA CT GA GA CT GG AG AG TC AG AA CG AA GG GT -- AC GA CA GA CT GA

PC17_109 GA CA - TT GA GA CC GG AA AA AA TT AA AA CC TA GG GG GG AA GG CC GG cCC GG

PC20_102 GA AA AA TT GG GG CC GG AA AA  TT AA AA CC AA GG GG GG AA GG CC GG cC GG
S.alterniflora(Easty AA CC AA TT AA AA CC -- -- GG GG CC AA AA CC AA GG GG GG AA GG CC GG ccC --
S.bakeri AA CC AA TT AA AA CC -- -- GG GG CC AA AA CC TA GG GG GG AA GG CC GG ccC --
S.patens(Sharp) AA CC AA TT AA AA CC -- -- GG GG CC AA AA CC AA GG GG GG AA GG CC GG ccC --
S.patens(Flageo) AA CC AA TT AA AA CC -- -- GG GG CC AA AA CC AA GG GG GG AA GG CC GG ccC --
S.patens AA CC AA TT AA AA CC -- -- GG GG CC AA AA CC AA GG GG GG AA GG CC GG ccC --
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Table 3.4 (cont.)
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PC19 103 1 AG TT GG CC TT GG GG GG GG AC TT CT TA - AA CC GG CC GG AG TC CC cCG

PC19_103 2 AG TT GG CC TT GG GG GG - AC TT CT TA - AA CC GG CC GG AG TC CC cCG
PC20_104_1 GG CC GT GG AT TG GC -- GC AC AT TT AA AC GA CC AG -- GG AG CC GC --

PC20_104_2 GG CC GT GG AT TG GC GC AC AT TT AA AC GA CC AG GG AG CC GC

PC34_101 1 AA TT GG CG Tr TG GC AG GG AC T1r CT TA AA - CT GG CC GG AA TC cCC cCC

PC34_101 2 -- CC GT -- -- TG - AG GC - TT CT TA CC -- CT GG AC AG AG CC cCC cG

PC38_101 1 GG CC GT GG - GG GG GG GC AC Tr CT Tr AC GA CT AG CC AG AG TC GC CG

PC38_101 2 AA TT GG CC AT GG GG GG GC CcC Tr C€C TTr CC GG TT GG AA - AG CC CC CcCcC
Red_River_1 AG CC GT GG Tr TG GC AG GC AC AT CT TA CC GA CT AG AC AG GG -- GC --
Red_River_2 AG CC GT CG AT TG GC -- GC CC AT CT TA CC GA CT AG AC GG AG cCC cC --

PC17_109 AA TT GG CC Tr TG GC AG GG CC Tr C€C TIr AC GG TIr GG AC AG AG TC CC CcC

PC20_102 AG CC Tr GG Tr TG GC GG GC CC AT CT TA CC GA CT AG CC GG AA CC cCC GG

S.alterniflora(Easty GG CC GG GG AA - cCC GG GC cc T1 TIT AA CC GG TT GG AA GG GG CC -- CG
S.bakeri GG CC GG GG AA TT CC GG GC cCcCc Tr TIr AA CC GG CC AG AA GG GG TT CC CG
S.patens(Sharp) GG CC GG GG AA TT CC GG GC cCcCc T1r TIr AA CC GG CC AG AA GG GG TC cCC GG
S.patens(Flageo) GG CC GG GG AA TT CC GG GC cCcCc Tr TIr AA CC GG CC AG AA GG GG cCc cCc GG
S.patens GG CC GG GG AA TT CC GG GC cCcCc T1r TIr AA CC GG CC GG AA GG GG cCc cCc GG
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Table 3.4 (cont.)
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PC19_103_1 GG GG CcC AA AG GC CT GG GG GG CcC
PC19_103_2 GG GG CcC AA AG GC CT GG GG GG CcC
PC20_104_1 GA GT CcC AA GG GC CT TT GG GG CcC
PC20_104_2 GA GT CcC AA - GC GT TT GG GG CcC
PC34_101_1 GG GG GC AA GG GG CT GG GG GG CcC
PC34_101_2 GG GG - AA - - TT GG GG GG CcC
PC38_101_1 GA -- CcC AA GG GC TT GG GG GG CcC
PC38_101_2 GG GG GC AA AG GG CT GG GG GG CcC
Red_River_1 GG GT GC AA GG GC CT GG GG GG CcC
Red_River_2 GG GT GC AA AG - TT GG GG GG CcC
PC17_109 GG GG GC AA AG GG CcC GG GG GG CcC
PC20_102 GA GT CcC AA AG CcC TT GG GG GG CcC
S.alterniflora(East) GG TT - AA GG cC
S.bakeri GG TT CcC AA GG CcC
S.patens(Sharp) GG TT CC AA GG CcC
S.patens(Flageo) GG TT CC AA GG CcC
S.patens GG TT CcC AA GG CcC
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Figure 3.1 Phylogenetic tree based on maximum parsimony analysis of combined SNP codes to
create a DNA fingerprint sequence for the 38 prairie cordgrass core collection populations with a
total of 76 plants and 5 Spartina outgroups. Bootstrap values are indicated on the nodes as

percentages. One main clade is identified.
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Table 3.5 Summary of 2 analysis on F; progeny of a specific tetraploid prairie cordgrass cross
with selfed data removed. Analysis indicates that all primers produce expected results from a
monohybrid Mendelian cross. df=2, p=0.05, y2=5.991

Observed Observed Observed Expected Expected Expected

2

PrimerID 'y \llele XYAllle XAllle YAllle XYAllele XAllle X
pcg_00011 44 35 0 39.5 39.5 0 1.025
pcg_00012 43 35 0 39 39 0 0.821
pcg_00024 0 35 43 0 39 39 0.821
pcg_00050 0 77 0 0 77 0 0
pcg_00058 0 77 0 0 77 0 0
pcg_00059 0 78 0 0 78 0 0
pcg_00106 0 75 0 0 75 0 0
pcg_1186 0 78 0 0 78 0 0
pcg_14142 0 79 0 0 79 0 0
pcg_00061 15 37 27 19.8 39.5 19.8  3.962
pcg_00062 27 37 15 19.8 39.5 19.8  3.962
pcg_7965 20 42 17 19.8 39.5 19.8  0.544
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Table 3.6 SNP assay results for F; individuals of two out of the eight selfed F; samples.

Indicated are samples that can be identified as true selfs and as outcrossed.
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13-F1008 (Parent) GG GG AA TC GT CG CG CT GC TG GC AA
F2:2012 13 F1 0081 GG GG AA TC GT CG GG TT GG GG GG AA
F2:2012 13 F1 008 2 GG GG AA TT GT CG GG TT GG TG GC AA
F2:2012 13 F1 0083 GG GG AA TC GT CG CG CT GC TG GC AA
F2:2012 13 F1 008 4 GG GG AA TC GG CC CG CT GC TG GC AA
F2:2012 13 F1 00854 GA GA TA TT TT GG CG CC GG TT CC AG
F2:2012 13 F1 008 6t GA GA TA TC GT CG CC CC GC TG CC AG
F2:2012 13 F1 0087 GG GG AA TC TT GG CG CC GC TT CC AA
F2:2012 13 F1 008 8 GG GG AA CC TT GG CG TT GC GG GG AA
F2:2012 13 F1 0089 GG GG AA TC GG CC GG CT GC TG GC AA
X X X X X
— N <t o o] D [{e) (9V) — (9]
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13-F1011 (Parent) GG GG AA TC GT CG CG CT GC GG GG AG
F2:2012 13 F1 0111 GG GG AA TC TT GG GG CT GC GG GG AG
F2:2012 13 F1 0113 GG GG AA TT GT CG CG CT GC GG GG AG
F2:2012 13 F1 0114 GG GG AA CC GT CG GG CT GC GG GG AG
F2:2012 13 F1 0115 GG GG AA TT GT CG CG CT GC GG GG GG
F2:2012 13 F1 0116 GG GG AA CC GT CG CG CC GC GG GG AA
F2:2012 13 F1 0117 GG GG AA CC GG CC GG CC GC GG GG AG
F2:2012 13 F1 0118 GG GG AA TC GT CG CG CT GC GG GG AA
F2:2012 13 F1 0119 GG GG AA TC GT CG CG CT GC GG GG AG
F2:2012 13 F1 01110 GG GG AA CC TT GG CG CC GC GG GG AG
F2:2012 13 F1 0112 GG GG AA TC GT CG CG CT GC GG GG AA

* Primers that can distinguish true selfs from outcrossed samples

+ F2 individuals that are identified as outcrossed samples
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CHAPTER 4

CONCLUSION

This study reports the first research of intrapopulational variation by cpDNA analysis,
and SNP marker development for use in genetic diversity analysis of prairie cordgrass. In the
cpDNA analysis, three main haplotypes were identified concluding that there is variation present
among and within populations in this species. Whereas, when looking at the phylogenetic tree of
the SNP marker analysis one main clade with small subclades was observed. Concerning the
cpDNA study, DNA variation was associated with haplotypes identified, or clades, however, in
the SNP marker analysis, DNA variation was not associated with clades, or with the haplotypes
in the cpDNA study. Overall, both of these studies indicate that there is inter- and
intrapopulational variation present. The first portion of the study could allow for the
confirmation of true crosses when using two plants with differing coDNA haplotypes, however,
the use of SNP markers to confirm true crosses is a cheaper, quicker, and more reliable
procedure, in addition to observing more diversity. This is due to the number of SNPs available
in prairie cordgrass versus the number of cpDNA primers, the procedure, and the location of the
SNPs in the genome rather than the chloroplast DNA. Understanding the amount, and types, of
genetic diversity occurring in this species allows the breeder to select the better individuals to
best fit the standards required for that specific program.

It was determined in the cpDNA study that utilizing cpDNA haplotypes to determine
geographic origin is a possibility when sampling an octoploid cytotype plant since two of the

haplotypes found appears to occur mainly within the octoploid plants sampled. This is useful

48



because most of the octoploids, which had the varying haplotypes, were located in the north-west
region of the Midwest. In addition, this study brought forth the suggestion that the tetraploid
prairie cordgrass populations appear more stable that the octoploid populations due to the small
amount of variation that was observed in the tetraploid populations compared to the octoploid
populations. By sampling a larger number of plants from one of the natural populations, there is
the implication that if cpDNA haplotype analysis was going to be utilized to test a new
population, selecting a subset of at least 16 random samples from that population would allow
the researcher to have an accurate representation of that population for future studies.
Understanding this cpDNA study provided insight into the usefulness of SNP’s for population
identification and lead to the second study of utilizing SNP markers in prairie cordgrass
breeding.

The development of SNP markers, using the KASP technology system, in prairie
cordgrass will allow for a more in depth analysis of the genetic diversity present in prairie
cordgrass since these SNP markers were developed from the nuclear transcriptome. The ability
to test these markers on a core collection of natural populations from a wide range of
environments allows future breeders to discover the best way to use the developed markers for
their breeding program. In contrast to the cpDNA study, it was observed that with the 59
markers used in this study, polymorphisms exist equally between the octoploid and tetraploid
prairie cordgrass populations. The capability of these markers to decipher true crosses from
selfed individuals also allows future breeders of prairie cordgrass the ability to select individuals
with desired characteristics to cross and be certain that they are obtaining progeny that are true
crosses of those individuals with desired characteristics to further their research. Breeders can

begin to compare phenotypic traits with these SNP markers looking for a connection between
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specific markers and desired phenotypic traits to being a marker-assisted-selection breeding
program, which could save time when it comes to growing plants to full maturity before making
selections.

When looking at the impact on the breeding of prairie cordgrass, utilizing the SNP
markers over cpDNA haplotype analysis may be the best option for the breeder, due to the
number of SNP markers (that could be) available, the speed of the procedure, and the reliability
of the procedure. In addition, developing the hypothesis that tetraploid prairie cordgrass may
follow a disomic inheritance pattern unearths a need to research the genomic structure of each
cytotype so that future breeders may gain a further understanding of how traits are inherited.
This information will be crucial for future breeders of this, and related, species. When breeding
for conservation, the environments that this species will be used for will be very diverse, mostly
marginal type land. This marginal land can be made up of dry, waterlogged, or even salt laden
soils. Being able to utilize molecular markers to select traits that are applicable to those marginal
environments is crucial to the future breeding of prairie cordgrass. In biomass production,
understanding that there is a need for prairie cordgrass that is adapted to different geographic
regions is also important. Selecting populations that are developed for those regions can be
difficult, but using SNP markers to develop populations that are improved to grow in these
different regions can enhance the breeding programs. This information will be crucial for future

breeders of this, and related, species.
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