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Abstract

Ecological clines often result in gradients of dise pressure in natural plant
communities, imposing a gradient of selection @edse resistance genes. We describe the
diversity of a resistance gene homolog in natuoglytations of the dominant tallgrass prairie
grass Andropogon gerardii, across a precipitation gradient ranging from 3't@/year in
western Kansas to 104.7 cm/year in central Miss@imice moisture facilitates infection by
foliar bacterial pathogens, plants along this go#a&iion gradient will tend to experience heavier
bacterial disease pressure to the east. In nthegendrxol confers resistance to the
pathogenic bacteriufurkholderia andropogonis. Rxol homologs have been identifiedAn
gerardii andB. andropogonisis known to infect natural populationsAfgerardii. The spatial
genetic structure oA gerardii was assessed from central Missouri to western &by
genotyping with AFLP markers. Samples were alsmtygred forRxol homologs by amplifying
an 810 base pair region of the leucine-rich repadtdigesting with restriction enzymes. We
comparedRxol homolog diversity to AFLP diversity across diffetespatial scales. Genetic
dissimilarity based on AFLP markers was lower thawld have occurred by chance at
distances up to 30 m, and different prairies weoeendissimilar than would have occurred by
chance, but there was not a longitudinal trendithin-prairie dissimilarity as measured by
AFLP markers. Dissimilarity of thBxol homologs was higher in the east suggesting the

presence of diversifying selection in the more aigeconducive eastern environments.
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CHAPTER 1 - Diversity of Rxol in Andropogon gerardii

Introduction

Plant disease resistance varies across diseasergsa@Burdon and Thrall, 1999; Dinoor,
1970; Nevo et al., 1984), but the population gengtiucture of disease resistance genes across
disease gradients has not been addressed in nglitamépopulations. Higher disease pressure
may select for higher resistance gene diversithénpresence of rapid pathogen evolution.
Conversely, diversity may be lower under higheedse pressure if purifying selection for
useful, conserved resistance genes is operatingevihere is more disease pressure. In the
absence of disease, diversity may increase adiselég relaxed. Or, diversity may not vary with
disease pressure if the particular locus is nobmamt for disease resistance.

Roughly one percent of the protein coding gengsant genomes are disease resistance
genes, with 207 putative resistance geneés abidopsis, 398 inPopulus, and 535 irOryza
(Tuskan et al., 2006). The importance of this cti#sgenes in plant genomes is also
demonstrated by the unusually high level of sedectound at disease resistance gene loci (Jiang
et al., 2007). The molecular evolution of resiseagenes in natural plant populations has not
been described, though Burdon and Thrall (1999 ma&de impressive progress in
understanding the spatial dynamics of phenotystance and pathogenicity in the flax-flax
rust pathosystem. Within-population dynamics fostqmathogen systems have been addressed
through modeling (Bergelson et al., 2001; Leon&894; Leonard and Czochor, 1980; Leonard,
1977; Leonard, 1969). However, assumptions in ngdeich as costs and benefits of resistance
for plants and costs of virulence for pathogensettged for plant-pathogen coevolution are
largely not supported in real populations (Bergelsbal., 2001). This led Bergelson et al.
(2001) to suggest that modeling studies shouldtadegpecific host-pathogen systems. Field
studies of resistance gene diversity in naturabfaamns have been helpful in identifying the
various types of selection occurring at these (Rase et al., 2007) and indicating that different
regions of resistance gene sequences are undenedifftypes of selection (Caicedo and Schaal,
2004). However, such studies focus on one or aridwiduals from several populations and
examine overall trends independent of ecologicatext. Levels of within-population resistance

gene diversity for different levels of disease ptge have not been described.
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In order to study resistance gene evolution withimatural population, accurate measures
of genetic diversity over space are needed. Thexefioe spatial genetic structure of the
population of interest must be characterized. Tadesof selection for resistance can be
relatively small. For example, differences in setacfor herbivore resistance were found within
4 ha for oak seedlings (Sork et al., 1993). Theefib is important to accurately assess how
genetic diversity varies over space, both for tasse genes and neutral markers. Genetic
isolation by distance (Wright, 1943) may influersgatial genetic structure due to clonal growth,
limited dispersal, genetic drift, selection, andisley. The study of the distribution of genetic
diversity over space has recently received muanttin (see Manel et al. (2003) for review),
with the development of models and measures adplagéal distribution of genetic diversity
(Rousset, 2000; Vekemans and Hardy, 2004).

Andropogon gerardii (big bluestem), the dominant plant species ilNbgh American
tallgrass prairie ecoregion, presents a unique ppity to address questions about the
distribution of resistance gene variation becatsts oelatively continuous spatial distribution
across a precipitation gradient in the Great Plamthe identification of a maize resistance
gene homolog i\ gerardii.

Many plant species exist in populations with mugtipytotypesA. gerardii being an
important example (see Keeler (1990) for reviewe Thechanisms maintaining variation in
ploidy and its adaptive significance are unknowopiations of mixed ploidy may complicate
estimates of genetic diversity if the cytotypesnafividuals are unknown and genetic diversity
varies with ploidyA. gerardii populations consist predominantly of hexaploidd anneaploids
with some individuals of intermediate cytotypes arfsase number of chromosomes of x = 10
(Keeler, 1990; Keeler, 1992). In general, hexaga@e more common in eastern prairies
whereas western prairies (west of the Missouri Riveastern Kansas and Nebraska) have
populations with mixed ploidy (Keeler, 199@).gerardii ssp.hallii was found to display a
similar distribution of hexaploids and enneaploidghree Nebraska populations (Keller, 1992).
HexaploidA. gerardii tend to behave as allopolyploids in meiosis, thosme secondary
associations of bivalents have been reported (Nmrmet al., 1997). Meiosis in enneaploids
varies greatly with univalents, bivalents, trivakerguadrivalents, pentavalents, and hexavalents
reported (Norrmann et al., 1997). This suggestsitimeritance of traits il. gerardii is

complex. Early attempts to correlate ploidy witlvieonmental effects such as moisture



availability and burning regime . gerardii yielded nonsignificant results (Keeler, 1992).
Variation in ploidy seems to be randomly mixed withopulations, often at fine scales (Keeler,
1992). Limited data from an allozyme analysis ssggg that enneaploids and hexaploids cross
in the field as allozyme phenotypes were foundeaslared more often across cytotypes within
plots, than among plots (Keeler et al., 2002). Keahd Davis (1999) suggested that strong
selection against aneuploids may occur as wekkstson maintaining both enneaploids and
hexaploids due to greater seed set in hexaplodigeeater vegetative vigor in enneaploids in a
common garden experiment. An extensive study oéfis ofA. gerardii clones in a natural
population revealed that enneaploids did contrilmg@y viable seeds (though these seeds were
rarely enneaploid), and hexaploid fithess was ngrelater than enneaploids or aneuploids based
on frequency of good seeds per individual (Ke€l®4).A. gerardii clones were spatially
monitored over four years and were found to chamegg little (Keeler, 2004). In addition,

Keeler (2004) found a turnover rate of 1.8% plasdfysuggesting very low recruitment and
death. The unusual presence of enneaploid and kmggtotypes in the praire despite their
great fitness disadvantage in this prairie remaingystery, though Keeler (2004) suggests that
when populations are reduced to a few individutier @ severe population purge, conditions
may favor recruitment of the unusual cytotypes Whien remain in the population for long
periods of time.

Because of its importance in conservation and rastm ecology, the spatial genetic
structure ofA. gerardii has been addressed previously (Gustafson et &, ZRistafson et al.,
1999; Keeler, 2004). Gustafson et al. (1999) didfimal a statistically significant relationship
between random amplified polymorphic DNA (RAPD) garity and geographic distance
overall, as some prairies exhibited this trend wherothers did not. Most of the variation (89%)
was found within populations and 11% among poparteti Gustafson et al. (2004) found that
genetic diversity did not differ among remnant pes, restored prairies or cultivars. However,
they did find that local remnant and restored pafioihs were genetically different than non-
local remnants and cultivars, suggesting that ionaif seed selected for restoration purposes
may be important even though genetic diversityestared prairies was not reduced compared to
natural prairies.

Burkholderia andropogonis has been observed to cause low levels of bacstripe

disease or\. gerardii at Konza Prairie Biological Station (KPBS) in Kasg{Morgan, 2003B.



andropogonis also infects sorghum and maize in warm and humadsa(Muriithi and Claflin,
1997), and tends to be more common in relativelpidieastern Kansas than relatively dry
western Kansas (L. E. Claflin, personal communiegtiZhao et al. (2004) identified a maize
locus,Rx01/Rbal, that confers resistance to pathogdhiandropogonis and non-pathogenic
Xanthomonas oryzae pv. oryzicola. A single geneRxol, conferred resistance to both pathogens
(Zhao et al., 2005). Zhao et al. (2005) also tramsédRxol into rice and found that resistance
to the rice pathogelX. oryzae pv. oryzicola, was maintained. Experiments failed to find adire
protein-protein interaction betwe&xol andAvrRxol (type Il bacterial effector), suggesting
Rxol may act as a guard (see Dangl and Jones (200&view of resistance genes acting as
guards). The conserved functionRx{ol in recognizing two different pathogens supporis th
hypothesis. A homolog d®xol is transcribed ii\. gerardii (S. Hulbert, data not shown).

It is well established that the probability of fliinfection tends to increase with
increasing precipitation and humidity (Huber andléSpie, 1992). Net primary productivity also
increases by a factor of 5.5 from the Shortgraspi#t Long Term Ecological Research Site in
northeastern Colorado to KPBS in Kansas (Lane.g2@00). Alexander et al. (2007) found
decreased disease (smut and rusCamex blanda field and herbarium specimens from western
Kansas compared to eastern Kansas. This trendtimbsi@d to the drier conditions in western
Kansas providing an environment less suitable iggate, the fact that western Kansas was at
the edge of the range f@: blanda, and that western populations were smaller ancknsotated,
decreasing the potential for successful dispersal.

A. gerardii exists across a precipitation gradient from eastdst, resulting in a gradient
of disease pressure for many pathogens. Thisgeean opportunity to study the effect of
environment on resistance gene diversity. Meaguhe changes iRxol homolog diversity
relative to amplified fragment length polymorphig¢AFLP) diversity across this gradient will
reveal how selection at thiRxol homolog varied with disease pressure. The spatiaiic
structure ofA. gerardii based on AFLP markers provides a measure of gemodeediversity as
a context folRxol homolog diversity at different scales. In thisdstuour first objective was to
determine how cytotype influenced genetic diversiithin a population oA. gerardii of known
cytotype in Colorado. Our second objective wasdieinine genome-wide diversity A
gerardii, using AFLP markers, at multiple scales withinraifee and between five prairies across

the precipitation gradient. This provides perspedbor tallgrass prairie conservation and



restoration, and a reference for evaluation oktasce gene diversity across the same gradient.
Our final objective was to determine diversityRrol homologs irA. gerardii for the same

individuals.

Materials and Methods

Tissue Collection

One hundred tissue samples were collected from @fdole prairies along a
precipitation gradient in the central United Stgfesble 1.1). Each plant sample consisted of a
15 cm basal cutting made from two leaves (with isitble disease) for each tissue sampled.
These two cuttings were then placed in a sealesliplbag with 15 ml of silica gel (Demis
Products, Lithonia, GA and Miracle Coatings, AnameCA) for storage in bags with silica gel
for up to one year. Percent coverfoigerardii was similar at KPBS, The Land Institute (TLI),
and Wilson Lake (about 50%), whereas percent caasrvery high at Tucker prairie (about
75%). At Smoky Valley Ranch. gerardii occurred in dense patches only in relatively nepist
areas such as in drainages and at the base of.riéislais each prairie, four 40 m transects were
established with five sampling points at 10 m inéds (Fig. 1.1). At each sampling point, two
leaves were collected at the point, itself, 1.3 weach direction along the transect, and 1.3 m in
each direction perpendicular to the transect, fimta of 5 samples per point and 25 samples per
transect. This hierarchical sampling method wapleyed to allow comparison of genetic
diversity at multiple spatial scales.

Tissues were also collected from 65 clones of knplerdy in Boulder, Colorado, that
had been mapped and characterized by Keeler (2BG#ts sampled were in plots 28, 52, 61,
and 102 established by Jane and Carl Bock in thed€Boulder Open Space and Mountain
Parks. One sample &thizachyrium scoparium and two ofA. gerardii ssp.hallii were collected
from the United States Department of Agriculturé&S@QA) Natural Resources Conservation
Service (NRCS) Plant Materials Center (Manhattaam3€s)S. scopariumwas used as the

outgroup in clustering analyses.

DNA Extraction
DNA was extracted according to Doyle and Doyle (@)98ith several modifications. For

each tissue sample, several 2 cm cuttings weregliaca 1.5 ml micro-centrifuge tube and



ground to a fine powder with a plastic peg anditiquitrogen. Immediately after grinding,
samples were placed in a —20 C freezer for upttous. Eight-hundregl of 65 C 2X CTABp-
mercapto-ethanol buffer (99:1 v/v) were added thdaabe and mixed with a pipette tip. To mix
the extraction buffer with ground plant materik tubes were then inverted 10 times, placed in
a 65 C water bath for 5-10 min., inverted 10 tiragain, and placed in a 65 C water bath for 20-
25 min. (30 min. total). Four-hundredi of chloroform:iso-amyl alcohol (24:1 v/v) weredst to
each tube and tubes were gently inverted for 2+8.Mubes were then placed in a micro-
centrifuge and spun at 13,400 rcf for 5 min. Fivewiredul of the aqueous phase were then
transferred to a clean micro-centrifuge tube. Tecppitate the DNA, 50Ql of iso-propanol were
added to each tube. Each tube was then invertéich&8 and set aside for 5-10 min. to allow
nucleic acids to precipitate. Tubes were then glacea micro-centrifuge and spun at 9,300 rcf
for 5 min. The tubes were inverted to decant theeags/alcohol mixture and placed on a clean
paper towel for 5 min. Then, 6Q0 of TE buffer (L00mM Tris HCI pH 8.0 and 1mM EDTgH
8.0) were added to each tube. Tubes were placad i€ refrigerator overnight. Tubes were
flicked and briefly micro-centrifuged to re-suspehd nucleic acids. Three-hundngdof
phenol:choloroform:iso-amyl alcohol (25:24:1 v/vivgre added to each tube. Tubes were
shaken up and down by hand for a few seconds. Tweesthen placed in a micro-centrifuge
and spun at 13,400 rcf for 5 min. Four-hundredift of the aqueous phase were then
transferred to a clean micro-centrifuge tube. Foumdred-fiftyul of chloroform:iso-amyl

alcohol (24:1 v/v) were added to each tube. Tubee shaken up and down by hand for a few
seconds. Tubes were then placed in a micro-cegé&ifund spun at 13,400 rcf for 5 min. Two-
hundred-fiftyul of the aqueous phase were then transferred leaa eicro-centrifuge tube. One
ul of RNAse A (Sigma-Aldrich, 2639 kunits/ ml) wadded to each tube. Tubes were flicked
and briefly centrifuged before being placed in a&3ihcubator for 30 min. To precipitate DNA,
250yl of iso-propanol were added to each tube. Each twds then inverted 10 times and set
aside for 5-10 min. at 25 C to allow DNAs to prefe. Tubes were then centrifuged at 9,300
rcf for 10 min. The tubes were inverted to dechptaqueous/alcohol mixture and placed on a
clean paper towel for a few min. 1 ml of 70% etHaatc20 C was added to each tube to wash
DNA pellets. Tubes were then centrifuged at 9,380@ar 5 min. The tubes were inverted to
decant the ethanol and placed on a clean papel tomaefew min. to dry the DNA pellets. Any
remaining ethanol was removed with a pipette. Tleach DNA pellet was dissolved in hDof



TE buffer was added to each tube. Tubes were placad C refrigerator overnight. Tubes were
flicked and briefly micro-centrifuged to re-suspeghd DNAs. Oneul of each DNA solution was
assayed using a 1% agarose gel submerged in 0.&2bliBer to determine DNA
concentrations in comparison to known DNA conceitns ofADNA (New England Biolabs)
digested wittHindlll (New England Biolabs) using a Gel-Doc EQ geddang system (Biorad

Laboratories, Inc.). DNA solutions were then staaed20 C.

Amplified Fragment Length Polymorphism (AFLP) Genotyping

AFLPs have become a standard molecular markerdirtrse applications (see Meudt
and Clarke, 2007 for review). AFLP fingerprintingsvperformed according to Vos et al. (1995)
with many modifications. All primers were orderedrh Integrated DNA Technologies. The
digestion and ligation reactions were combined whthfollowing components in a gil
reaction: 2ul genomic DNA, 0.25 EcoR1 (Promega, 12 unitgl), 0.16ul Msel (New England
Biolabs, 10 unitsfil), 0.27ul T4 DNA ligase (Promega, 3 unitsl), 2 ul 10X H buffer
(Promega), 2u ligase buffer (Promega), 04 EcoR | adapter mix (pm/ul
CTCGTAGACTGCGTACC and pm/ul AATTGGTACGCAGTCTAC), 0.4ul Msel adapter
mix (50 pm/ul GACGATGAGTCCTGAG and 5@¢m/ul TACTCAGGACTCAT), and 13.52
sterilized distilled water. Genomic DNA amount we kept constant across samples as
Trybush et al. (2006) found that variation in DNktplate did not affect AFLP profiles in the
range of 12.5-500 ng. The digestion-ligation reawdiwere left overnight at 25 C. The
preamplification reaction was performed with thBoiwing components in a 4@ reaction: 10
ul digestion-ligation template:distilled water (8/), 8 ul 5X PCR buffer (Promega), 4
25mM MgCh, 1.6ul 2mM dNTPs, 0.7ql EcoR1-A primer (100ng!l
AGACTGCGTACCAATTCA), 0.76ul Msel-C primer (100ngll GATGAGTCCTGAGTAACQC),
0.15ul Gotaq Flexi DNA Polymerase (Promega, 5 unity/and 14.73ul sterilized distilled
water. The preamplification reactions were perfatrag a MJ Research PTC-200 thermocycler
with 1 min. at 94 C followed by 30 cycles of 30@eds at 94 C, 1 min. at 56 C, and 1 min. at 72
C. Sixteen primer pairs were tested for feasibfiiyselective amplification. We selected two
primer pairsEcoR1-AAA/Msel-CTG andecoR1-ACCMsel-CTG based upon number of
fragments and their distributioBcoR1-AAA was labeled with the fluorescent dye 6FAMIan
EcoR1-ACC was labeled with the fluorescent dye HEXe Bklective amplification reactions



were performed with the following components in0a53.l reaction: 1.5ul preamplification
reaction template:distilled water (1:19 v/v)u¥5X PCR buffer (Promega), d 25mM MgClk, 2

ul 2mM dNTPs, 24 50 ngful EcoR1-selective primer, gl 50 ngfl Msel-selective primer, 0.2
ul Gotaq Flexi DNA Polymerase (Promega, 5 uniys/and 5.3ul distilled water. The selective
amplification reactions were performed on a MJ Rege PTC-200 thermocycler with 2 min. at
95 C followed by 13 cycles of 30 seconds at 650C7(€ per cycle), 90 seconds at 72 C, and 30
seconds at 94 C, followed by 30 seconds at 94lowed by 23 cycles of 30 seconds at 56 C,
90 seconds at 72 C, and 30 seconds at 94 C, falltwy&0 seconds at 56 C and 5 min. at 72 C.
The two selective amplification products (for 6FAMd HEX primer pairs) were combined as
follows per 10ul dilution: 1 ul ECOR1-AAA/Msel-CTG selective amplification templateull
EcoR1-ACCMsel-CTG selective amplification template:distilledtesa(1:1:4 v/v/v), 8.8
formamide, 0.2u GeneScan 500 Liz size standard (Applied Biosys)eithis dilution was then
incubated in a thermocycler for 5 minutes at 9% fates were submitted to the USDA Small
Grain Genotyping Laboratory (Manhattan, KansasAiBLP analyses (ABI 3100 DNA
Analyzer, Applied Biosystems). AFLP data was anatywith GeneMarker version 1.6 with the
manufacturer’'s suggested settings except thatsime6th” option was selected and “reject” and
“check” for peak evaluation were set to zero.

Sixty-three AFLP polymorphic fragments were scdi@bFAM-labeledEcoR1-
AAA/Msel-CTG and 32 polymorphic fragments were scoredHieX-labeledEcoR1-
ACC/Msel-CTG. Sample sizes for the various prairies cafobed in table 1.1. Additionally,
we genotyped ongchizachyrium scoparium individual and twoA. gerardii ssp.hallii
individuals. Statistical analyses were conductedguR programming software (The R
Development Core Team, 2007).

Seven replicates of 15 DNA extracts were run thhoting AFLP protocol, separately, in
order to estimate repeatability of the AFLP fragiseNos et al. (1995) suggested that different
banding patterns from the same individual couldllbe to incomplete digestion of separate
samples, not necessarily variability in DNA extra8FLP peaks with low repeatability were
removed from final analyses. We found AFLP pealeatgbility to be 90.6%. Much of the
variation in repeatability of peaks was due to onewo replicates of each DNA extract being
disproportionately different compared to the rdghe replicates (data not shown). Overall,

replicates for the repeatability test, run on thme plate as random arrangements of other



samples, resulted in poorer quality peaks thanratmples (data not shown). This may be due
to more frequent handling and thawing for the samthat were repeatedly analyzed. Therefore,
the 90.6% band repeatability average is likely adenestimate of the band repeatability for most

samples.

Rxo01 Homolog | dentification

Homologs of theZea mays disease resistance garel (GI:60615303were identified
in Andropogon gerardii by using the following conserved primer pairs. Toleowing primer
pairs were used: CTCCTGAGTTACGTCAGTGTG and CAGTGTCRAAGCTGCACGC,
GGCCATGCAGCTTAGAAGAC and ATCGAGGCACAAAAGCCTAA,
GCAGAGAGGAACAGCTTTGG and CCCCTGTGGGAACTTCACTA,
GGAAACAATGAGGCAATGCT and AGGAACCAGTCTGCTTGGAA, and
TTCCTGCAAACCGAAGTACC and TTCCCTTTTGAATGCTGCTT. THeCR amplifications
were composed of the following components pepl2®action: 1ul genomic DNA, 4ul 5X
PCR buffer (Promega),d 25mM MgCh, 2.5ul 2mM dNTPs, Iul 25 nM/ml forward primer,
1 ul 25 nM/ml reverse primer, 0.28 Gotaqg Flexi DNA Polymerase (Promega, 5 unity/and
13.25ul distilled water. The amplifications were perfornen a MJ Research PTC-200
thermocycler with 5 min. at 95 C followed by 30 g of 30 seconds at 95 C, 30 seconds at 55
C, and 90 seconds at 72 C, followed by 1 min. a€7RPresence of amplification products were
checked by gel electophoresis. PCR amplicons waniéqul using the QlAquick PCR
purification kit and protocol (Qiagen Sciences)n€entrations of purified PCR products were
checked with a NanoDrop ND-1000 spectrophotom@&tanDrop Technologies). Since
Andropogon gerardii is polyploid it was necessary to clone amplifiemgiments of th&xol
homolog in order to avoid simultaneous sequencfrdifterent alleles (data not shown).
Amplified PCR products were cloned with the Qiag&R CloningPlus kit and protocol
(Qiagen Sciences) and plasmids were isolated WetQAprep spin minprep kit and protocol
(Qiagen Sciences, Maryland). Plasmid concentratimre checked with a Nanodrop ND-1000
spectrophotometer (NanoDrop Technologies). If cotregions were not greater than 200uhg/
tubes with purified product were set in a hoodritien to evaporate sufficient amounts of water
in order to increase the concentration to greatem 200 ngil. 10 ul of 200-300 ngil plasmid
DNA were submitted per sample to the USDA SmalliG@enotyping Laboratory (Manhattan,



Kansas) for sequencing using SP6 and T7 primergie3ees were aligned with GeneMapper

Software version 3.5 (Applied Biosystems).

Rxo01 Homolog Amplification and Restriction Enzyme Digestion

Based upon sequencesRxbl homolog clones from a wide geographic extent, we
picked the conserved primer pair AGATTCTCGACGAGTTBETGCT and
AGCCTAAGAAGCCCATTTCCGTGA to amplify a 810 base-p&agment towards the 3’ end
of Rxol (homologous to the maize leucine-rich-repeat mregiothe gene). This primer pair
successfully amplified fragments from all DNA exttisafollowing the same protocol f&xol
homolog identification section with the exceptibiatithe annealing temperature was set to 60 C.

Four restriction enzymes were used to perform @icgsn fragment length
polymorphism (RFLP) assay for the amplified fragiseBsaM1 (Promega)Msel (New
England Biolabs)Rsal (Promega), anflagl (Promega). The enzymes were used to digest the
amplified fragments individually in four differen¢actions. FoMsel, 5ul of PCR products
were combined with 0.2pl (10ujul) enzyme, 1.5 10X acetylated BSA (Promega), 1.5 buffer
2 (New England Biolabs), andur distilled water. The mixture was incubated atGior 12
hours. FoRsal, buffer C (Promega) was used instead of buff€&o2Taqgl, buffer E (Promega)
was used and the mixture was incubated at 65 € lfaurs. FoBsaM1, buffer D (Promega)
was used, 0.12pl enzyme (20yll) was used, and the mixture was inculated at & @ hours.
All of the product for each digestion was loadei ia 2% agarose gel submerged in 0.5X TBE
buffer which ran for 2 hours at 95 volts. RFLP datxe collected by scoring for presence or
absence of fragments for each individual.

Five fragments were scored for tBeaM1 digestion of the amplified homolog Bkol,
nine forMsel, nine forRsal, and 14 foifagl. This resulted in 37 markers for 100 samples in
each of the five prairies and 63 samples from Bewl@olorado. We found the RFLP markers to
be greater than 99% repeatable. RFLP data fromdgouColorado were included in the dataset
for calculating number and frequency of haplotyplesugh fewer plants were collected from

Boulder.

Relatedness of I ndividuals of Different Ploidy
In order to determine any subdivision among diffie@oidy levels, we constructed a
UPGMA derived bootstrap consensus tree based orPAfta for the plants of known ploidy
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from Boulder, Colorado. We conducted the bootstraglysis with 1000 iterations. The tree was
constructed with PAUP 4.0 (Sinauer Associates)\aented with Treeview 1.6.6 (Page, 1996).

Dissimilarity and Geographic Distance

Scale of sampling is important in determining sgatutocorrelation in clonal species
(Hammerli and Reusch, 2003). To test for spatralcstire at different scales using the AFLP and
Rx01-RFLP datasets, a similarity matrix with an enty éach pairwise comparison of ramets
from all prairies was calculated for each of the ttatasets. We used the simple match
coefficient to calculate similarity (the numberroatches, in terms of shared absence or presence
of a peak, divided by the total number of possib&ches). Dissimilarity was calculated simply
by subtracting similarity from one. Kosman and Laah(2005) argue that the simple match
coefficient is the most appropriate index for pdbyp species. Plants from Colorado were not
included in this analysis as they were collectedifé¢rent spatial scales, making comparison to
other prairies difficult. The mean dissimilaritieall ramets at a particular distance from each
other were used to calculate the overall meanrdiksity for that distance. For example, since
there are five plants in the first transect subgrotia transect and five in the second transect
subgroup, the mean of all of the comparisons antio@ge two transect subgroups was used as
one datum in calculating the overall 10 meter naiasimilarity (see Figure 1.1). Mean
dissimilarity was calculated for 1.77539 m (averagghin-subgroup distance), 10 m, 20 m, 30
m, 40 m, 2139 m (average distance between transants473025 m (average distance between
prairies).

We calculated 95% confidence intervals for eactadrse to test whether the mean
dissimilarity at that distance was significantlyféiient than expected by chance. The first null
hypothesis used for the randomization tests wdstizh pairwise measure of dissimilarity
between ramets was equally likely to be observedaimets any distance apart. Following this
null hypothesis, the plant identification numbersrgrrandomized along the axis of the similarity
matrix and means were calculated again for ea¢hrdis for each randomization. The plant
identification numbers were randomized insteadhefdimilarity values in the matrix to preserve
the relevant structure of the dataset. 1000 petoutayielded 1000 means under this null
hypothesis for each distance. We used the 25tan8th ordered means as the 95% confidence

intervals for dissimilarity at each distance unthes null hypothesis of no difference in
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dissimilarity at any distance. This method was usedhe RFLP similarity matrix and the AFLP
similarity matrix. If the observed mean for a peutar distance was above or below the
confidence interval, that mean was considered fsogmitly greater or lesser than expected by
chance under the null hypothesis, indicating notiam population structure.

In addition to overall AFLP and RFLP dissimilardgross distances, we calculated this
relationship for each prairie with separate sintyamatrices. Mean dissimilarity values and
confidence intervals were calculated for each [@ais above, for each distance measured within
a prairie. The average among-transect distanceidgie to each prairie: 300 m for Tucker
prairie, 908 m for Konza prairie, 2886 m for TLBH& m for Wilson Lake, and 710 m for
Smoky Valley Ranch.

To address our third objective, we examiR¥dl and AFLP dissimilarity across
longitude and precipitation. We used R to perfamedr regression analyses of b&tol and
AFLP among-transect means, with longitude and pittion as predictors in separate analyses.
Mean dissimilarity for two random, independent paif transects was calculatétkol
dissimilarity was compared to AFLP dissimilarity@gs both longitude and precipitation as a

control.

Results

Samples collected in Boulder, Colorado, were fréomes of known ploidy. Significant
clustering ofA. gerardii clones in the bootstrap consensus tree was réneowiy one cluster of
two individuals with greater than 95% bootstrapmupin addition to the well supported cluster
separating. gerardii clones fronS. scoparium (Fig. 1.2). In fact, this significant cluster
included individuals of differing ploidy. The renméing Boulder clones were not segregated by
ploidy. The twoA. gerardii ssp.hallii clones did not cluster together. There was nedéfice in
average fragment number among cytotypes. Averagdauof fragments was 59.37 (n=38,
58.76-59.97 95% confidence interval) for hexapla@dd 59.33 (n=21, 58.25-60.42 95%
confidence interval) for enneaploids. Similarlye tverage number &ol-RFLP fragments
was 10.71 (n=38, 10.59-10.83 95% confidence intgfeahexaploids and 10.62 (n=21, 10.41-
10.83 95% confidence interval) for enneaploids.

Mean pairwise dissimilarity based on AFLP markegeased with increasing distance
between individuals (Fig. 1.3). Samples were sigaiftly more dissimilar in AFLP pattern than
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expected by chance up to 30 m, and marginally Sogmtly more dissimilar than expected by
chance at 2139 m. The among-prairie mean dissityilaas marginally higher than expected by
chance. The confidence intervals fluctuate extahgiacross the pairwise sampling distances we
evaluated, with an especially wide interval at 40Tims was due to the sample size of means
used to calculate the mean dissimilarity, sinceetlaee relatively few 40 m comparisons (one set
of comparisons per transect).

To tease apart the components of the AFLP disgittyilay distance relationship, mean
dissimilarity was examined at four scales for eacirie. Figure 1.4 outlines these four scales by
prairie, across longitude. Smoky Valley Ranch afB& exhibited large differences in mean
AFLP dissimilarity at different scales, whereas Hercprairie exhibited similar levels of mean
AFLP dissimilarity at all scales. Four of the pirasrwere similar in mean AFLP dissimilarity,
while AFLP dissimilarity at KPBS was lower.

MeanRxol dissimilarity was significantly less than expectgdto 30 m, not significant
at 40 m, significantly less dissimilar than expdaie 2139 m, and significantly more dissimilar
than expected at 473025 m (Fig. 1.5). This paternss distance was not as uniform as the
AFLP pattern, but was roughly similar. MeBro1 dissimilarity by prairie, at different scales,
across longitude, increased strikingly with increggongitude (Fig. 1.6). As for mean AFLP
dissimilarity, prairies varied in their mean RFLRBgimilarity at different distances.

The relationship between meBRrol dissimilarity and longitude was clear (Fig. 1.6).
However, meafRxol dissimilarity must be examined in the context @fam AFLP dissimilarity
to determine whether the pattern in dissimilarityogs longitude foRxol is different from the
pattern for the genome as a whole. At Tucker grakiFLP mean dissimilarity remained
relatively low but not significant at all scalesdF1.7), wherea®xol mean dissimilarity was
less dissimilar than expected by chance up to 1&nah marginally more dissimilar than
expected by chance at 40 m (Fig. 1.8). At KPBS, Rhean dissimilarity was less than
expected up to 20 m and was greater than expetc8iBan (Fig. 1.9)Rxol mean dissimilarity
remained less dissimilar than expected only withibhgroups and was more dissimilar than
expected at 40 m (Fig. 1.10). At TLI, AFLP meansdislarity remained less dissimilar than
expected up to 20 m (Fig. 1.11) wher@el mean dissimilarity remained less dissimilar than
expected up to 10 m (Fig. 1.12). At Wilson Lake L&Fmean dissimilarity was less dissimilar

than expected only at the subgroup scale (Fig.) Wwh8&readxol mean dissimilarity was less
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dissimilar than expected at 1.77539 m, 30 m, anoh4thd was more dissimilar than expected at
2480 m (Fig. 1.14). At Smoky Valley Ranch, AFLP mekssimilarity was less dissimilar than
expected up to 10 m and more dissimilar than expeat 710 m (Fig. 1.15) wherel@sol mean
dissimilarity remained less dissimilar than expéatp to 20 m and more dissimilar than
expected at 710 m (Fig. 1.16).

In generalRxol mean dissimilarity in the western prairies (Wildaake and Smoky
Valley Ranch) was lower relative to AFLP dissimitar Rxol mean dissimilarity closely
resembled AFLP mean dissimilarity at TLI (intermeagdilongitude), anB&xol mean
dissimilarity was more dissimilar relative to AFidssimilarity in the eastern prairies (KPBS
and Tucker prairie; though strikingly not so at #reeales for Tucker prairie; Figs. 1.7 and 1.8).

At the among-transect scakol dissimilarity was positively correlated with both
longitude (Fig. 1.17) and precipitation (Fig. 1.18here was no correlation between AFLP
dissimilarity and either longitude (Fig. 1.18) aepipitation (Fig. 1.20), indicating that the
change irRxol dissimilarity across longitude and precipitatiomistinct from genome-wide

variation.

Discussion

A. gerardii is often found in populations of mixed ploidy (Keg 1990), and our results
indicate that there is gene flow among cytotypas. €ustering analysis revealed that
individuals of a particular ploidy level were nobre closely related to each other than to
individuals of other ploidy levels. This is consist with allozyme data suggesting that
individuals of dissimilar cytotype from the sametplvere more similar than individuals of the
same cytotype from different plots (Keeler et 2002). We also found th&t gerardii ssp.hallii
(sand bluestem) individuals did not cluster segdydtom A. gerardii individuals. ThougiA.
gerardii ssp.hallii is often considered a different species tAagerardii (Andropogon hallii),
our data suggest that there is gene flow betwetvtb. We anticipated that the average number
of AFLP fragments in enneaploids would be grediantthe average number of fragments in
hexaploids, since enneaploids have 50% more genbhif and AFLPs are dominant markers.
However, we found no differencBxol-RFLP band number was also the same across cystype
Since we did not know the cytotypes of samplesidetthe Boulder population, we could not
take proportion cytotype into account in populattmmparisons. The equal number of bands in
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enneaploids and hexaploids also suggests thatoooparisons of population similarity were
more straightforward than they might otherwise hiasen.

The origin and mechanism for maintenance of enwéipls not known since
enneaploids have not been found to have a fitrshsmndage in the field (Keeler, 2004) and
crosses within or among any cytotype very rareg§ydyenneaploid individuals (Norrmann et al.,
1997; Norrmann et al., 2003; Keeler, 2004). Sinugeaploids were not found to have an
increase in heterozygosity, our data suggest ptamuof enneaploids through first division
restitution of a hexaploid gamete. This process bwaynediated by temperature, as chromosome
doubling has been observed at high temperaturesdae and other species of the tribe
Triticeae (Dorsey, 1937; Randolph, 1932). Such tnaprre-dependent polyploidy may explain
the origin and maintenance of enneaploids and exfila adaptive role of populations with
mixed cytotypes, since enneaploids seem to be wewetatively fit in marginal environments
where heat stress is more common (Keeler, 200§eitxents testing the hypothesis of
temperature-dependent cytotypes during meiosisegded.

A previous study oA. gerardii identified decreasing RAPD similarity with increas
distance within a subset of populations, though titgnd was not consistent among prairies
(Gustafson et al., 1999). Our results demonstzdéal genetic structuring among prairies;
individuals were more diverse than expected by chat the among-prairies level (Fig. 1.3). We
did not find spatial genetic structure in Tuckeaipe (Fig. 1.7) based on AFLP data. Tucker
prairie is a 65 hectare remnant amidst croplandhasther prairies are connected to large
contiguous tracts of prairie, recent gene flow atKer prairie may be different. Or, alternatively,
clone size may be smaller at Tucker prairie. Theas a general trend of increasing AFLP
dissimilarity with increasing distance for all othgrairies.

Plant density was a major factor influencing spajénetic structure in several species
according to Vekemans and Hardy (2004). Chung gpison (2000) found clonal structure in
the treeEurya emarginata at up to 19 m. Calderon et al. (2007) found spaggaetic structure
due to both clonality and limited dispersal of Eevat 50-60 cm for ramets and 30-40 cm for
genets in a marine spongerambe crambe. Genets 1 m apart were as different, on average, a
genets hundreds of km apart. The data presentbgsistudy exhibit similar spatial genetic

structure at relatively small scales.
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Limits to repeatability of AFLP markers preventesiftom accurately determining
whether sampled individuals were members of theeselone. Though microsatellite markers
would likely resolve clonal structure, these haweyet been developed fét gerardii. AFLP
markers do not require the resources needed fopsatellites, and are suitable for our
objectives. As average clone size fogerardii has been estimated at 3.26 anKPBS (Keeler
et al., 2002) and 0.207at Boulder (Keeler and Davis, 1999), we expedt thany of the
samples within the same subgroup were genets «faime clone. This complicates estimation of
among-clone genetic diversity at small scales smoee than one sample may have been taken
from the same clone. As a result, our estimatespafial genetic structure incorporate both clone
size and genetic diversity among clones. Inclusiotiones in the estimate of spatial genetic
structure gives a more accurate representatiomeaénetic mosaic &. gerardii over space.
ForA. gerardii in our experiment, multiple sampling of the sartume was likely to be rare
beyond the subgroup scale, and unlikely to be tfaic our comparisons among transects.

Clone size contributes to the spatial genetic strecof clonal organisms and is thought
to be determined by interclonal competition, fragmyeof disturbance, time since establishment,
time since disturbance, and site quality (Suvantblaatva-Karjanmaa, 2005). Hammerli and
Reusch (2003) found that three components of cdtmieture contribute to spatial
autocorrelation in clonal species: ramets, cloagrrents, and entire clones. Much of the
literature on spatial genetic structure involvingnal species describes aspen systems
(Kemperman and Barnes, 1976; Suvanto and LatvaaKiarga, 2005) or aquatic grass systems
(Alberto et al., 2005; Hammerli and Reusch, 2003gdrero et al., 2005). The contribution of
clones to spatial genetic structure may vary agoogsllations. Organisms more commonly
reproduce asexually at higher altitudes and inuesspoor environments, possible due to a
fitness advantage of asexual reproduction in wadipded individuals (Peck et al., 1998). Dense
stands ofAcropora palmata, a coral, were shown by Baums et al. (2006) teehagher
genotypic richness and diversity due to increasedwal recruitment in dense stands. Most of
the spatial genetic structureRopulus tremula, European aspen, was found to be due to the
spread of clones as analyses considering one famedch clone displayed only marginal
spatial genetic structure (Suvanto and Latva-Kan@a, 2005). Subterranean disturbance of
clones seems to reduce spatial genetic structureeinquatic gras§ymodocea nodosa (Alberto

et al., 2005). Since clone sizeAngerardii is relatively small, Keeler et al. (2002) propose a
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model ofA. gerardii colonization after death due to drought or ottedural disasters, followed
by seed recruitment and clonal spread. The linttede sizes at KPBS seem to support this
model. Keeler et al. (2002) suggest that cloneisifgastern prairies may be much greater than
in Western prairies due to greater clonal repradadn the less variable environmental
conditions of the east. Variance in clone sizeiffedent populations can confound comparisons
of genetic diversity among populations. Ballouwaket(2003) developed models which
demonstrate that increasing clonal reproductioresmes allelic diversity and decreases
genotypic diversity. Clones can now be more readintified using molecular techniques such
as microsatellites, compared to morphological messs(Suvanto and Latva-Karjanmaa, 2005).
Separation of clones based on morphological assongpis particularly difficult in organisms
where clones intermingle (Ruggiero et al., 2005)uétic grass clones were found to be up to 60
m wide based on microsatellite identity (Ruggietrale 2005). A thorough analysis of the
structure of clones iA. gerardii across this environmental gradient would elucidia¢eadaptive
role of clonal growth.

Many of the AFLP fragments were found at relativetyall scales, with among transect
comparisons being only marginally less dissimifteart expected by chance (Fig. 1.3). This
means that one prairie is likely to contain a lgugetion of the neutral variation i gerardii
across Kansas and Missouri. This finding is coasisivith data from Arkansas populations
where 11% of the variation was found among praiaesl 89% was found within prairies
(Gustafson et al., 1999). For evaluating leveldieérsity required for effective conservation
strategies foA. gerardii and tallgrass prairie, it will be important to@lsonsider variation for
genes under selection.

Resistance gene evolution has previously been aealbased on a small number of
individuals from each population, leaving withingagation dynamics largely unknown, though
modeling studies have attempted to assess popuatiel dynamics (Bergelson et al., 2001).
Though analysis of resistance gene evolution gelapatial scales elucidates overarching
patterns of diversity, the mechanisms maintainimg diversity are only inferred. We present the
first study of diversity among individuals withimpulations, providing insight into the
mechanism of resistance gene evolution at the ptipallevel.

Traditionally, resistance genes were thought tdvevim a gene-for-gene context where

resistance genes directly interact with avirulegeees (Flor, 1971). The coevolutionary
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dynamics in such a system can be described byedgreen Hypothesis (Lythgoe and Read,
1998), where both pathogen and host are rapidlgtadpto one another, resulting in selective
sweeps of successful resistance and avirulencesgBesistance genes evolve in tandem arrays
providing novel specificities through recombinat(@ee Hulbert et al., 2001 for review), though
in some systems orthologs are more similar thaalpgs, suggesting divergent selection
independent of recombination (Michelmore and Mey2898). Recent studies of resistance gene
evolution show that rapid evolution does not alwagsur and ancient polymorphisms can be
maintained (Bergelson et al., 2001). Ancient polyphtsms are present Rpml andRps5 in
Arabidopsis thaliana where resistant and susceptible alleles are niagttacross broad
geographic regions (Stahl et al., 1999; Tian e28l02). This polymorphism is due in part to a
fitness cost of resistance in plants wgbm1 (Tian et al., 2003).

Dodds et al. (2006) identified a direct moleculgeraction between resistance genes in
theL resistance locus in flax.(num usitatissimum) and avirulence genes in flax rust
(Melampsora lini). Diversifying selection was observed to operatavirulencdoci in flax rust
consistent with the selective sweeps model. Raprsifying selection in the leucine rich-
repeat (LRR) region of resistance genes is thotagbhé a plant response to the changing nature
of pathogen avirulence genes (Michelmore and Mey&88). Caicedo and Schaal (2004)
demonstrated selection against amino acid subetitut the 5’ ends of Cf-2 homologs and
positive selection in the 3’ region in wild popudats of Solanum pimpinellifolium. Diversity in
Cf-2 homologs was attributed to single nucleotidgymorphisms and indels in the region
coding for the LRR.

In contrast, long-term maintenance of variation lbesn observed, suggesting balancing
selection folRPS2 resistance i\. thaliana, dependent on the presencedufRpt2 in
Pseudomonas syringae (Bent et al., 1994). Most of the sequence vamaitndRPS2 occurs in the
LRR (Mauricio et al., 2003). Much of the variationreaction tdPseudomonas syringae pv.
tomato was attributed to variation in the sequenc®@tofin wild tomato relatives (Rose et al.,
2005) Rose et al. (2007) found both purifying selectiod anaintenance of polymorphism to be
operating in thé’to gene in natural populations of tomato relativelsesg many populations
were represented by a single individual. The caregkfunction of recognizing avirulence

proteins seems to drive purifying selection, wheris& function of recognizing different
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avirulence proteins and the pathogen fitness dostuwlence may operate to maintain
polymorphisms.

The general trend of increasing resistance genssldiversity with increasing longitude
and precipitation in our study suggest that, wighapulationsRxol homolog dissimilarity is
positively correlated with disease pressure. Inftiom on which pathogen, if any, interacts with
this resistance gene locusAngerardii would be needed in order to directly assess diseas
pressure. HoweveRxol recognizes avirulerurkholderia andropogonis in maize, andB.
andropogonis is found to infeci. gerardii. It is possible that thA. gerardii Rxol homolog
recognizes avirulerB. andropogonis. The fact thaRxol recognizes not only aviruleBt
andropogonis, but alscavrRxol in Xanthomonas oryzae pv. oryzicola (Zhao et al., 2005),
suggests thd®xol recognizes a very conserved bacterial effectopeaiic site of a bacterial
effector, or thaRxol acts as a guard of a target of a bacterial effecto

The data presented do not provide evidence tha.therardii Rxol homologprovides a
conserved function. Sind&ol homolog diversity was higher in environments mmaducive
to disease, it is likely that tHexol homolog was under diversifying selection for theognition
of a rapidly evolving pathogen. To more directlgess evolution at tHexol homolog locus, it
would be desirable to identify the components tfkindividual variation in amplified products
of theRxol homolog (alleles, tandem genes, or genes in diftaregions or chromosomes) and
to sequence these components. Cloning amplifiedyats is necessary A gerardii because
individuals harbor various amplified regions, andltiple individuals from each population
would need to be sequenced. Functional analysised®xol homolog locus is needed to more
fully understand the molecular evolution of thisus.

Similarity in theRxol homolog was disproportionately high relative tolL&Fsimilarity
in the western prairies (Smoky Valley Ranch ands@dfilLake). We doubt that this is due to
disease-mediated selection because disease igpaatted to be a strong selective force in these
drier and more isolated populations (Huber andeGjlie, 1992; Alexander et al., 2007).
Purifying selection at this locus could be duedl@stion for a gene linked ®xol that is
important under western environmental conditionsifiing selection has been found at low

variability QTL caused by selective sweeps in didwand saline adaptedielianthus annuus
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populations in Utah (Kane and Rieseberg, 2007).ldWwdevel ofRxol diversity in the west

may also be explained by selection against resisthies in the absence of disease, which may
take place iRxol-mediated resistance has a cost simildkgml in Arabidopsis (Tian et al.,

2003).

Mixtures of host genotypes can be used to managask (Garrett and Mundt, 1999).
Though we found increasé&kol homolog diversity in populations with increasesdedise
pressure, we do not knowRkol homolog diversity provides a population-level athage to
plant health. Disease monitoring of populationdwirious levels oRxol homologdiversity in
a common garden experiment would be one way taheshypothesis.

Diversity of important genes in native populationgy prove to be valuable as selection
pressures shift due to changing climate (Garredt.e2006). Unfortunately, the diversity within
native populations may not be adequate to allovp@aachange to keep up with the rate of
climate change in the twenty-first century, as Ibesn shown fo€hamaecrista fasciculata
populations in the Great Plains (Etterson and SR&@®}). This may prove to be particularly
important for resistance gene diversity, as diseagimpose a strong selective pressure and is
highly dependent on climate (Garrett et al., 200@pulations that have not experienced disease
pressure in recent evolutionary history may praved poorly adapted in the near future, and
some species may suffer from inbreeding depressarovel selective forces shape population
genetics.

We have demonstrated that resistance gene diveesigs with precipitation, one of the
most important environmental drivers of plant dssed-urther studies integrating population-
level dynamics with evolutionary history will ela@te the complexities and patterns of
resistance gene evolution. Such studies are abstedeto inform plant pathology and plant
breeding for more effective deployment of resiséagenes in agriculture to achieve durable

resistance.
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Figures and Tables
Figure 1.1 Sampling methodology demonstrated at flerent scales. Each prairie (A)
contained four transects. Each 40 m transect (B) otained a series of five subgroups. Five

ramets were sampled at each subgroup (C).
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Figure 1.2 Bootstrap consensus tree of @ndropogon gerardii clones of known ploidy, one
Schizachyrium scoparium clone, and twoAndropogon gerardii hallii clones. ThesS.

scoparium clone was used as an outgroup.The second set ofitlign the sample name
indicates ploidy level. Aneuploids are indicated by'5, though their exact number of
chromosomes is not known. Bootstrap support basedhd 000 iterations is indicated for

branches with greater than 50% support.
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Figure 1.3 AFLP dissimilarity by geographic distarte. The data points from left to right
are plotted at 1.8 m (within subgroup), 10 m (betwen adjacent subgroups), 20 m, 30 m, 40
m, 2139 m (between transects), and 473,025 m (beemeprairies). The solid line indicates
observed AFLP dissimilarity and the dotted line indcates a 95% confidence interval based
on a randomization test under the null hypothesisfono relationship between dissimilarity

and distance.
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Figure 1.4 AFLP dissimilarity across longitude fordifferent scales. Names of prairies west
to east (left to right) are: Smoky Valley Ranch, Wison Lake, The Land Institute, KPBS,
and Tucker prairie. Diamonds represent within-subgoup dissimilarities, squares represent
within-transect, among-subgroup dissimilarities, tiangles represent among-transect

dissimilarities, and “-’s represent within-prairie dissimilarities.
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Figure 1.5 Rxol dissimilarity by geographic distance. The data paits from left to right are
plotted at 1.8 m (within subgroup), 10 m (betweendjacent subgroups), 20 m, 30 m, 40 m,
2139 m (between transects), and 473,025 m (betwegwairies). The solid line indicates
observedRxol dissimilarity and the dotted line indicates a 95%confidence interval based
on a randomization test under the null hypothesisfono relationship between dissimilarity

and distance.
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Figure 1.6 Rxol dissimilarity at different scales across longitudeNames of prairies west
to east (left to right) are: Smoky Valley Ranch, Wison Lake, The Land Institute, KPBS,
and Tucker prairie. Diamonds represent within-subgoup dissimilarities, squares represent
within-transect, among-subgroup dissimilarities, tiangles represent among-transect

dissimilarities, and “-’s represent within-prairie dissimilarities.

0.11

o
[

|
uy

©
o
©

!
>

0.08

»

0.07 - A

Rxol Dissimilarity
¢n

0.06 |

0.05

0.04 ‘ ‘ ‘
200000 400000 600000 800000 1000000 1200000

Longitude (UTM 14N) m

26



Figure 1.7 AFLP dissimilarity by distance for Tucker prairie. The solid line indicates
observed AFLP dissimilarity and the dotted line indcates a 95% confidence interval based
on a randomization test under the null hypothesisfono relationship between dissimilarity

and distance.
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Figure 1.8 Rxol dissimilarity by distance for Tucker prairie. The solid line indicates
observedRxol dissimilarity and the dotted line indicates a 95%confidence interval based
on a randomization test under the null hypothesisfono relationship between dissimilarity

and distance.
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Figure 1.9 AFLP dissimilarity by distance for KPBS The solid line indicates observed
AFLP dissimilarity and the dotted line indicates a95% confidence interval based on a
randomization test under the null hypothesis of neelationship between dissimilarity and

distance.
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Figure 1.10 Rxol dissimilarity by distance for KPBS. The solid lineindicates observed
Rxol dissimilarity and the dotted line indicates a 95%confidence interval based on a
randomization test under the null hypothesis of neelationship between dissimilarity and

distance.
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Figure 1.11 AFLP dissimilarity by distance for TLI. The solid line indicates observed
AFLP dissimilarity and the dotted line indicates a95% confidence interval based on a
randomization test under the null hypothesis of neelationship between dissimilarity and

distance.
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Figure 1.12 Rxol dissimilarity by distance for TLI. The solid line indicates observedRxol
dissimilarity and the dotted line indicates a 95% onfidence interval based on a
randomization test under the null hypothesis of neelationship between dissimilarity and

distance.
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Figure 1.13 AFLP dissimilarity by distance for Wilson Lake. The solid line indicates
observed AFLP dissimilarity and the dotted line indcates a 95% confidence interval based

on a randomization test under the null hypothesisfono relationship between dissimilarity

and distance.
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Figure 1.14 Rxol dissimilarity by distance for Wilson Lake. The sald line indicates
observedRxol dissimilarity and the dotted line indicates a 95%confidence interval based
on a randomization test under the null hypothesisfono relationship between dissimilarity

and distance.
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Figure 1.15 AFLP dissimilarity by distance for Smay Valley Ranch. The solid line
indicates observed AFLP dissimilarity and the dottd line indicates a 95% confidence

interval based on a randomization test under the nilihypothesis of no relationship between

dissimilarity and distance.
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Figure 1.16 Rxol dissimilarity by distance for Smoky Valley Ranch.The solid line
indicates observedrxol dissimilarity and the dotted line indicates a 95%confidence
interval based on a randomization test under the niihypothesis of no relationship between

dissimilarity and distance.
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Figure 1.17 Rxol dissimilarity across longitude. The mean dissimilaty for two random,
independent pairs of transects was calculated foragh prairie. A linear regression model

was applied.
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Figure 1.18 AFLP dissimilarity across longitude. The mean dissnilarity for two random,

independent pairs of transects was calculated foragh prairie. A linear regression model

was applied.
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Figure 1.19 Rxol dissimilarity across average annual precipitationThe mean dissimilarity
for two random, independent pairs of transects wasalculated for each prairie. A linear

regression model was applied.
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Figure 1.20 AFLP dissimilarity across average annual precipitaion. The mean
dissimilarity for two random, independent pairs oftransects was calculated for each

prairie. A linear regression model was applied.
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Table 1.1 Tallgrass prairies sampled, with state, UM coordinates, AFLP sample size,

Rxo0l-RFLP sample size and average annual precipitatiofrom the nearest weather station

(1971-2000) (precipitation data from National Oceaic and Atmoshperic Administration,

2003). KPBS is Konza Prairie Biological Station and'Ll is The Land Institute. Tissues

from Boulder were used in ploidy analyses.

Prairie State UTM Coordinates | AFLP Rx01-RFLP | Average Annual
sample size | sample size | Precipitation (cm/year)

Tucker Prairie | Missouri | 15 N 587416 E 71 100 104.7
4311575 N

KPBS Kansas 14 N 709536 E 84 100 88.39
4327791 N

TLI Kansas 14 N 624616 E 85 100 81.76
4292829 N

Wilson Lake Kansas 14 N 527770 E 70 100 65.18
4310686 N

Smoky Valley Kansas 14 N 328103 E 97 100 47.63

Ranch 4306146 N

Boulder Colorado | 13 N 475769 E 63 63 50.62
4427696 N
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Appendix A - Review of Methods for Determining Spatial Genetic

Structure

Several methods are available for measuring spatiatture (see Bonin et al., 2007 for
review). Sherwin et al. (2006) suggest the usé®fShannon index as a standardized measure of
diversity for different hierarchical levels of infoation such as genetic diversity and species
diversity. Baums et al. (2006) used Simpson’s indk@ger’'s evenness measure and statistics
involving genotype number and frequency to quartdifersity of a coralAcropora palmata.
AMOVA (Analysis of Molecular Variance; Excoffier @l., 1992) can be used to analyze
molecular data at different population subdivisig@enventionally, measures of spatial
autocorrelation are used to estimate spatial streavhen the specific geographic locations of
organisms sampled is known. Statistics include oreassuch as Moran’s | (Suvanto and Latva-
Karjanmaa, 2005) S0’ (Vekemans and Hardy, 2004; Jump and Penuelag,, R@ygiero et al.,
2005; Alberto et al., 2005), and F-statistics wahdom permutations to test for significance
(Mantel tests)( Jump and Penuelas, 2007; Vekemahsiardy, 2004; Alberto et al., 2005).

The study system and questions determine whichume&sthe most appropriate. For
example, Moran’s | is used for determining not cspatial genetic structure, but also whether
clone aggregation or seed dispersal were the merhaiehind spatial genetic structure in
Eurya emarginata by comparing spatial autocorrelations of data aitld without clones (Chung
and Epperson, 2000). Also, the shape of F-statistidistance curve may be used to infer
relative importance of pollen vs. seed dispersak@mans and Hardy, 2004). All of the above
techniques except the simple diversity indices fBba and Simpson’s) rely upon the use of
gene flow estimates such as F-statistics that haea derived for organisms with simply ploidy
and inheritance. The simple diversity indices caly be used when analyzing data
categorically.

Though some F-statistics have been developed fotedraploids (Ronfort et al., 1998),
we know of no F-statistics based on assumptiortsallaw for intraspecific variation in ploidy

and mode of inheritance, as is the casé\faerardii (Norrmann et al., 1997).
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The recently developed program STRUCTURE can assdjaiduals into populations
based on sequence or molecular marker data (Patehal., 2000). An update to the program
allows dominant marker data (such as AFLP) to @yaed for diploids, and codominant
marker data for polyploids (Falush et al., 2000y. Eomplex polyploid organisms suchAas
gerardii, analysis of dominant markers in STRUCTURE isysitpossible.

AFLP data has been used to assay spatial genetatise. In a wind pollinated tree
(Fagus sylvatica), Jump and Penuelas (2007) found that spatialtgesteucture exists up to 110
meters using AFLP markers and that 100-150 AFLFkerarare sufficient to identify spatial
genetic structure. AFLP markers have also been insgttidies of individuals of varying
cytotypes. Hedren et al. (2001) found that AFLP kaes reveal polyploid evolution in
Dactylorhiza (allopolyploids have a single, not multiple origi®imilarly, Guo et al. (2006)
resolved the evolution of tetraploithillea species using AFLP markers. Experimental and
modeling data suggest AFLP analyses identify a nigher proportion of smaller size
fragments (Vekemans et al. 2002). Size homoplasybeaa problem with only 88% of amplified
fragments expected to be detected after assumif@@ments are detected. When AFLP
markers are applied to studies of clonal populatitwo types of variation in AFLP banding
patterns arise within clones: (1) scoring error @2)dsomatic mutation within clones.
Douhovnikoff and Dodd (2003) found that variatiaonang stems within a clone accounted for
more variation within a clone than did lab errorthéeshold similarity value was established by
Douhovnikoff and Dodd (2003), above which samplesenthought to be of the same clone.
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