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The Current Status of Metabolomics and Its Potential Contribution to
Forage Genetics and Breeding

Mingshu Cao*, Chris Jones, Susanne Rasmussen, Marty Faville, Karl Fraser, Isabelle Verry, Warren Williams
AgResearch Grassland Research Center, Palmerston North 4442, New Zealand.

*Corresponding author email: mingshu.cao@agresearch.co.nz

Current status of metabolomics
Metabolomicsprovidesasystems-levelmeasurementforthecollectionofallmetabolites;theendproductsofcellular
processes.Metabolomicstogetherwithgenomics,transcriptomics,andproteomicsarepowerfultechnicalplatforms
whichhelpunderstandmolecularpathwaysfromgenomicconstituentstotheexpressionofthefinaltrait. Unlikethe
well-structuredlargeDNAandproteinmolecules,metabolitesvaryenormouslyintheirstructureandphysicochemical
properties. This makes the high throughput characterization of the complete set of metabolites in an organism a
daunting task.

Massspectrometry, eitherdirectinfusion-based orcoupled withchromatography, hasbecomethe dominant
technicalplatformin metabolomicsduetoits high sensitivity, high samplethroughput,accurate detection of mass-
over-charge ratio (m/z), and compact instrumentation. Soft ionization methods such as electrospray ionization
(ESI) and matrix-assisted laser desorption/ionization (MALDI) allow direct analysis of polar and thermally labile
biomoleculesintheirintactform.Thankstotheadvancesinhigh-resolutionmassspectrometryandhigh-resolution
chromatography thousands of peaks (described as m/z and retention time) can be routinely identified from crude
extracts of biological samples.However, afewissues must be addressed forreliable quantification of peaksand the
identification of metabolites from peaks. Systematic variations in metabolomic studies have been documented
including retention time shifts, variations of peak quantification between batches and run-order effects due to
decreased ionization efficiency within a batch. The use of known standards to quantify all of the detected entities
becomesimpracticalinmetabolomics.Computationaltoolsareemployedtoachieverelativequantificationsamong
biological treatments.

Structural elucidation of all the genuine peak signals remains an extremely challenging task (Kind and Fiehn
2010). Highaccuracym/zmeasurementallows the prediction ofelementalformulaofidentified peaksbutislimited
to those peaks of very low molecular weight. ESI MS/MS fragmentation spectra are routinely used for peptide
sequencingandputativestructuralinterpretationofsmallmolecules,however,theunderstandingandinterpretation
ofESIfragmentationpathwaysremainschallengingforsmallmoleculesduetotheirdiversestructuresandthesparse
fragmentspectra.Peakannotationiscomplicatedby(de)protonation,metalionadducts,isotopicions,chargestates
andin-sourcefragments.Databasesbased onspectralfeatureslikeaccuratem/z, retentiontime,ionfragmentation
patternsandotherinformationarebeingdevelopedtoaidmetaboliteidentification.MassBank(www.massbank.jp)is
such an example of spectral data repository from plant species

Despitethecurrentchallenges,metabolomicshasprovenavaluabletoolincorrelatingbiochemicalvariations
withphenotypes.Acommonpracticeistoidentifybiologicallysignificantsignalsfirstviacomputationalandstatistical
tools, and then structural interpretations can be carried out for the top-ranked signals. Unknown or unexpected
metabolites are usually found for a characteristic of biological relevance, which indicates the extent to which our
pictureof cellularmetabolismisincomplete (Pattietal.2012). Overtheyears several analytical platformshave been
developedatAgResearchandappliedtotheidentificationofnewmetabolitesinvolvedintheryegrassandendophyte
associations(Caoetal.2008; Koulmanetal.2012); theformation of testable hypothesesfrom co-regulation of gene
expressionandmetabolitechanges(Caoetal.2007);andthefingerprintingofryegrassandwhiteclovergermplasm.A
recentreview(Rasmussenetal.2012)summarizedthebroadaspectsofrecentadvancesonforagemetabolicresponses
to osmotic stress, nutrients, and fungal associations.

Application of metabolomics to forage genetics and breeding

Themajority oftraitsthatareofinteresttoforagebreeders,suchasyield, digestibility,and tolerancetobiotic/abiotic
stressesarecomplexcharacteristics.Selectionforthesetraitsbasedongeneticmarkersalonehasprovenchallenging
(Collard and Mackill 2008). The reasons for this are manifold and may include polygenic nature, complexity of GXE
and over-simplified description of phenotypes.



Withtheincreasing capacity of genotyping the characterization of phenotypes often remains superficialand
the main bottleneckto many geneticstudies (Mylesetal.2009). Evaluation of phenotypeson collected germplasm
isnecessaryfordesigningabreeding program, butitis often notstraightforward and the costis high. Metabolomics
enables detailed understanding of biochemical regulation of complextraits such as droughtresponse (Oliver et al.
2011),characterizationofthephenotypeofsilentmutations(Raamsdonketal.2001)andclassificationofgermplasm
orbreedinglines (Fig.1). Aphenotypedissected at the metaboliclevel may allow more precise evaluation of forage
nutritive quality than those of traditionally used criteria such as crude protein (CP), water-soluble carbohydrate
(WSC)and crude fibre (NDF). On the other hand, metabolites may form the end phenotype that could be subject to
directselection.Forexample,defencecompoundscouldbeselectedfordiseaseresistanceratherthanusingsubjective
diseaseresistancescores.Theapplicationofmetabolomicstogeneticpopulationshasmanyopportunities,including
the identification of genetic loci conferring the expression of significant metabolites (Koulman et al. 2009) and
theidentificationandcloningofnovel genesassociated withametabolicdisruptiondemonstrating that metabolic
phenotypes can provide mechanistic insights into gene function (Dumas et al. 2007).

Forageplantshavebeenconsideredrecalcitranttogenomicstudiesbecauseoftheirhighgeneticheterozygosity.
Thedecreasingcostofgenotyping,however, hasenabled high capacitygenomicmethodstocomewithinthereach
ofthesespecies.Weanticipatethathighthroughputnext-generationsequencing,metabolomicsandbioinformatics
willprovidenewavenuesforrapidlyadvancingourunderstandingofthegeneticregulationof natural productsand
metabolicprocessesthatare predictive of complextraits (Riedelsheimeretal.2012). Genetic mapping of metabolic
variation, be it either family or population-based, has revealed novel associations between gene function and
metabolism. Asan example, a single genetic locus was reported to be associated with the production ofa number
ofrelatedbioactivemolecules,suggestingapromisingopportunityformolecularbreedingofbioactivemetabolites
(Winzer et al. 2012).
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Figure 1. (A) Metabolomics based on 8 analytical platforms (*) was applied to investigate metabolic contents of a full sib
backcross family (BC,) derived from white clover and T. uniflorum. From 129 differentially expressed peaks it is indicated that
different metabolites between white clover and the BC, population are secondary metabolites (rather than primary metabolites
such as carbohydrates and lipids). (B) White clover cultivars (5 emboldened termini) cluster with similar metabolic signatures.
Based on the same criteria another three clusters occurred among the BC, individuals.

(*) the 8 analytical platforms include C18 reverse phase LCMS in positive (CP) and negative (CN) ionization mode, hydrophilic
interaction LCMS in positive (HP) and negative (HN) mode, LCMS for the analysis of lipids (LP, LN) and oligosaccharides (OL), and
GCMS (GC) for volatile compounds.
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Marker-assisted selection using QTL-linked SSR markers
In temperate forages

Marty J. Faville*, Andrew G. Griffiths, M. Zulfi Z. Jahufer, Brent A. Barrett
AgResearch Ltd., Grasslands Research Centre, Private Bag 11008, Palmerston North 4474.
*Corresponding author email: marty.faville@agresearch.co.nz

Introduction

Profitable production from pastoral agriculture in New Zealand is reliant on persistent pastures, which are based
primarilyon perennialryegrass (Lolium perenneL.)and whiteclover (TrifoliumrepensL.). Breeding has, historically,
delivered modest genetic gains in these species - estimated at 0.2 — 0.6% per annum (pa) for herbage yield in
perennial ryegrass (Van Wijk and Reheul 1991; Easton et al. 2002; Sampoux et al. 2010) and 0.6 — 1.3% pa for white
clover (Woodfield & Caradus 1994; Woodfield 1999). Higher rates of genetic gain in forages are needed to enable
improved pasture performanceinthefaceofchallenges,includingagriculturalintensification,increasingruminant
genetic potential and abiotic and biotic stresses.

Marker-assistedselection(MAS)mayenhancegeneticgaininbreedingprogrammesbyusingmolecularmarkers
toefficientlyandpreciselyselectplantswithdesirablegenevariantsfortraitsofinterest. Numerousquantitativetrait
loci (QTL) have beenidentified foragronomically important traits in forage legumes and grasses but, duein part to
theobligately-outcrossing,heterozygousnatureofthesespecies,therearefewreportedexampleswheremarkerslinked
to these QTL have been implemented in MAS (Humphreys and Turner 2001; Dolstra et al. 2007; Stendal et al.
2006).

Barrettetal.(2008) usedmarkersassociatedwithseedyield QTLinwhiteclovertoscreenbreedingpopulations
andsuccessfullyidentifymarkerallelesthathadasignificanteffectonseedyieldintwo-thirdsofpopulationssurveyed.
Herewe havetestedasimilarapproachforcomplextraitsin perennialryegrass (herbageyield, HY) and white clover
(average node number, ANN). Microsatellite (SSR)-based geneticlinkage maps developed previously were used to
identify QTL for herbage yield-related traits in ryegrass (Sartie et al. 2011; Faville et al. 2012) and ANN in white
clover. Markers linked to QTL regions identified in these biparental populations were screened for detection of
marker:traitassociationsinmulti-parentbreedingpopulationsandthenappliedinselectioncyclestosupportproof-of-
concept evaluation of MAS efficacy in forages.

Ryegrass
Individualplantsfromtwoperennialryegrassbreedingpopulations(GA207andGA208) wereevaluatedseasonallyfor
HY, measuredbothasvigourscoreand dry matter (DM)yield,inamixed species sward, overtwoyears at Palmerston
North,NewZealand.Twelvesignificant(P<0.001) marker:traitassociations,determinedbyregressionofmarkerdata
(alleleorgenotype) onbestlinearunbiased predictors (BLUPs) forHY measures, weredetected usingHY QTL-linked
SSRs. Plants lacking a marker allele at one locus on linkage group (LG) 6 exhibited mean 23% (population GA208)
and 11% (GA207) increases in annual DM yield above the sub-populations that did not carry the allele.
Phenotypicallyequivalent,marker-divergentselectionsbased onasinglemarkerlocus (M+,meanDMof 12.8
g+1.10SD; M-, mean DM of 12.2 g +0.61) were made within population GA208 and polycrosses completed within
eachselectionclass. Balancedbulks of half-sib (HS) progenyseedfrom M+ (lacksdetrimental allele)and M- (contains
detrimentalallele)selectionswereassessedinreplicatedsinglerowplotsatPalmerstonNorth.Performanceinrowsto
dateshowsevidenceofdivergentHY meansconsistentwithobservedmarkereffectsintheparents,withM-+exceeding
DMyield of M- by up to 29% between November 2011 and March 2012. Seed increases from M+ and M- are being
completedtoenableamorecomprehensive, multi-environmentevaluationof markereffectsonHY (and correlated
traits) to verify efficacy of this approach to MAS in perennial ryegrass.

White clover

In white clover, the persistence related traits ANN and internode length (IL) were selected. For each trait, six
QTL-linked SSRs discovered in mixed-sward field trials (multi-year and multi-site) were used to screen a multi-
parent population sampled from an early generation of the cultivar ‘Kopu II' Significant (P<0.0001) marker:trait
associations were identified for each trait. Five SSR alleles with significant marker:trait associations were used to
develop divergent marker selection indices, for increased or reduced ANN. For ANN, ‘Kopu II'population plants
carrying the beneficial marker index exhibited 19% higher mean ANN than those without.
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Contrasting selections (M+ and M-) were made from within the ‘Kopu II' population on the basis of both
phenotypicandmarker-basedselectionindices,andpolycrossescompletedwithineachselectionclass.HSprogeny
(15 families x 10 plants each) from M+ and M- selections were evaluated for ANN in pots. The M+ and M- HS
progenies exhibited a 19% difference (P<0.05) in mean trait performance, the same level observed in the parental
generation, indicating that MAS was effective. These same HS progeny are now being tested in mixed sward field
environments.

Conclusions

These cases describe a pragmatic approach to QTL-targeted MAS and demonstrate the potential for detecting
substantial,singlemarkereffectsinthecontextofanappliedbreedingprogrammeforoutbreedingforageplantspecies.
Markers from biparental QTL detected associations with target traitsin genetically-complex breeding populations
and predicted the performance of half-sibling progeny from MAS. Although there are caveats (general population
specificity ofallele:traitassociation; dependence on population linkage disequilibrium levels; correlated effectson
importanttraits);thesefindingsvalidatetheefficacyofMASinobligateoutcrossingforagesusingestablishedmarker
systemsand breedingstructures, delivering substantial differenceson economictraitsonthebasis of single marker
assays.
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Introduction

Orchardgrass(Dactylisglomeratal.)isindigenoustoEurasiaand northern Africa,buthasbeennaturalizedonnearly
every continent. Despite its distribution and uses, there is a need for improved late flowering germplasm for use
in North American mixed pastures. Many candidate genes affecting heading date exist in cereal grasses, including
vernalization (Vrn) (Dubcovsky et al. 2005; Karsai et al. 2008), flowering time (Ft) (Skot et al. 2011), and heading
date (Hd) genes (Nemoto et al. 2003; Skgt et al. 2007). An F, population derived from a very late heading D.
glomeratassp.himalayensisparentandanearlytomid-headingD.glomeratassp.aschersonianaparentwaspreviously
published (Xie etal., 2012), wherein heading dates were measured over two years and individuals were genotyped
using a combination of EST-derived SSR markers and AFLP markers. Six of the seven orchardgrass linkage groups
wereassignedbased onthisputativesyntenywithrice,and QTLweredetectedforheadingdateonlinkagegroups2,
5,and 6in both parental maps.This paper describes an effort to map the three candidate genes listed above in this
mapping population, to determine if any of them coincide with heading date QTLs.

Orchardgrass EST database search

DNA sequence of the candidate genes was first searched using the Dactylis glomerata EST database (http://titan.
biotec.uiuc.edu/dactylis/) (Bushman et al., 2011). The ESTIMA database annotations are updated semi-annually.
Usingkeywordsearches,novernalization,headingdate,orfloweringtimegeneswerefound.Usingsequencesfrom
perennial ryegrass (Lolium perenneL.),and BLASTn algorithms with E-values of 100, no sequences were identified.

Solution Capture Sequencing

Inorderto obtain sequences of candidate genes, solution capture sequencing was employed with the MYselect kit
(MYcroarray, Ann Arbor, MI, USA) on genmic DNA from the D. glomerata ssp. himalayensis and ssp. aschersoniana
parentsoftheF, mapping populationreportedin Xieetal.(2012).Solution capture, ortargeted enrichment, hasthe
benefitofenrichinggenomicsequencesthatcontainintronsand untranslatedregions.Forthisexperimentweused
syntheticoligosdesignedfromexpressedorheterologoussequences.Sequencesofcandidategenesfromperennial
ryegrass, tallfescue (FestucaarundinaceaeSchreb),and barley (HordeumvulgareL.)werealigned toeach otherand
used for orchardgrass bait design. For the Vrn genes, Genbank accession numbers EU007834, FJ793194,FJ687750,
and GQ227989 were used to design baits (Table 1). For the Hd genes, accession numbers AB094488, AB094481,
and AM489608 were used. For the Ft gene(s), FN993928 and FN993915 were used. At least two bait regions were
designed from each candidate gene to encourage more gene coverage. Manual selection from heterologous bait
sequenceregionswasrequiredtoavoidselectingbaitregionsthatincludedintron/exonjunctions,whichwould not
bindtogenomicDNAindownstreamsteps.Becausetoofewbaitsequencesprecludesuccessfultargetedenrichment,
extraorchardgrasssequencesfromtheESTIMAEST librarywerealsoincludedasbaits, resultingin 77 bait sequences
foroligodesign.Solution capturefollowed the manufacturer'srecommended protocol, withoneexception.Dueto
thelowyieldfromthefastlibrary preparation, 10 PCRreactionsforeachlibrarywere combined and concentratedto
increase the concentration of every library before moving on to the solution capture.
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Table 1. Sequences used to create baits for three flowering time genes, the targeted enrichment contig identifier, and the portions
of the bait sequences with hits to the orchardgrass sequences.

Genbank . . .
Gene [ Bait Gene Accession of | HitID Hit Region (bp of Bait Note
. Gene)
Bait Gene
Hd TaHd1-2 AB094488 Contig2 27-123 5'UTR
TaHd1-2 AB094488 Contig558 | 1742-2008 exon2
Tahd1-3 AB094491 Contig558 |1077-1310 exon2
LpHd1 AM489608 Contig981 | 1950-2378 exon2 and
3'UTR
Ft LpFT3 FN993928 Contig404 | 1120-1397 /1423- exon3 and
1505/1603-1738 3'UTR
FeFT3 FN993915 Contig404 | 1419-1503/1598-1701 3'UTR
Vrn FeVRN1 FJ793194 Contig441 | 148-336 exonT
LpVRNI1 GQ227990 Contig441 |638-826 exonT
VRNI1 FJ687750 Contig441 |1999-2189 exonl
HvVRN-H3/ EU007834 Contig404 | 800-1066 exon3
FT1

Captured products were used as templates for Emulsion PCR and pooled into a %4 454-Roche sequencing
chip atthe Utah State University Center for Integrated Biosystems (CIB). Sequencing data were analyzed using CLC

Genomics Workbench (CLC bio, Cambridge, MA, USA). Approximately 21,000 reads were generated from 454

sequencing, which assembled into 2,094 contigs varying in size from 105 bp to 1,975 bp. After BLASTn searches,
106 contigs had hits to 64 (83%) of the 77 bait sequences; including the Vrn, Hd, and Ft candidate genes (Table 1).
Although bait sequences were homologous with all three Vrn genes, only contigs with hitstoVrn1andVrn3 genes
werefound (Table 1). The Contig441 hitVrn1exon1sequencesfromthe baitaccession numbers,and Contig 404 hit
exon3oftheVrn3 gene. FortheHd genefamily, bait sequences were designed fromHd1,and three contigs had hits
to aregion upstream of the start codon as well as the second exon of this gene (Table 1). For the Ft3 gene, which is
synonymous with Vrn3, Contig 404 had hits to the last exon and 3'UTR portions of the gene.
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Genetic Mapping of Vrn3/Ft3

Ofthesecontigs, 18 candidategeneprimerpairsweredesignedandtestedforlikely
suitablesegregationratiosintheorchardgrassF, mapping population. Five primer
pairs showed polymorphismin a test panel of 10 plants,and Vrn3 was successfully
mapped at a 1:1 segregation ration on linkage group 3 of Him271 genetic map
(Figure 1).

Conclusion

Heading date is the primary factor determining the switch from vegetative to
reproductive phenology (Xie et al. 2012). In a previous study we identified seven
linkage groups in orchardgrass and showed the presence of QTLs and genes that
affectingand controlling the variation for heading data. That map was intended as
atesttodetermineif candidate genesforheading date coincided withQTLregions.
Targetedenrichmentreportedhereinproducedorchardgrasssequencefromthree
candidate genes for heading date: Vrn1, Vrn3/Ft3, and Hd1. Polymorphic primers
were detected forall three genes, but due to alack of mappable segregationratios
only the Vrn3/Ft3 gene was mapped. Based on its position on LG3 of the him271
parental map, the Vrn3/Ft3 gene was not located within or near any QTL for late
heading.

Figure 1.Linkage group 3 of the D.glomerata himalayensis parental map. TheVrn3 gene was mapped
in between the EST contig10375 and the AFLP markers.
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EffortsindevelopingM.truncatulageneticsandgenomicsresourcesweredevotedwhilekeepinginperspectivethe

geneticimprovementofrelatedcropspeciessuchasalfalfaandclovers.ThetransferofknowledgefromM.truncatula

to crop species is not simplistic. In order to improve the breeding programs, the detection of genes involved in

variationforbreedingtraitsisneeded.Twonon-exclusivestrategiescanbeproposed.Inthefirstone, theknowledge

from M.truncatulagenomicsservesasareferencetodevelopthegenomicsofthe cropspeciesthatis usedtodetect

genesinvolvedintraits,andthesegenesarebecomingavailabletobeincorporatedintobreedingprograms(Figure1).

Inthe second one, M. truncatulagenomicsis valued by the detection, inthe model species, of candidate genes that

aretested fortheireffectin crop species (Figure 1).This second strategy was further explored considering two traits

ofagronomicinterestin alfalfa: flowering date and stem length whichis correlated toforage yield and resistance to

anthracnose (Colletotrichum trifolii Bain et Essary).
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Mutants M. truncatula crop species
Transcriptomics
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Figure 1. Two strategies to transfer genomics information from M. truncatula to the breeding program of a legume species. Several
methodologies (boxes) are proposed to achieve each step.

In these two cases, the identification of genes in M. truncatula was based on QTL detection in mapping
populations, followed byafine mapping step.Forfloweringdateand stemlength,amajor QTL wasidentifiedonthe
chromosome 7 and the confidence interval of the QTL was narrowed down using a fine mapping study (Julier et al.
2007; Pierre et al. 2008). Using anin silico analysis of the genes annotated in the QTL region and a literature review
ofthe genes known to be involved in flowering date, six candidate genes were found. Among them, Constans-like
genecontainedsequencepolymorphismanddifferentialexpressionbetweenthetwo parentswasidentified (Pierre
etal.2011). Similarly for anthracnose, a major QTL was found on chromosome 4 in a region that contained several
resistance-likegenes.Amongthem,theRCT1genewasisolatedandprovedtoinduceresistanceinRCT1-transformed
alfalfa plants.Theresistant M. truncatula genotypes showed an alternative splicing of intron 4 albeit the intron was
correctly spliced out in susceptible genotypes (Yang et al. 2007; Yang et al. 2008).

Thenextstepwastodetermineifthese geneswereinvolvedintraitvariationinalfalfaand evaluatetheirvalue
toincrease genetic progressin breeding programs. For the Constans-like gene, a population of 400 individuals (40
individualsfrom 10varieties)wasusedforanassociationstudytocorrelatesequencepolymorphismwithphenotypic
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variation. By using SSR markers, this population was proved to have no genetic structure (Herrmann et al. 2008).
Allthe plants were phenotyped for flowering date and stem length in two locations for four years, inisolated plant
nurseries with three replications (clones). Two portions of the gene were sequenced, one covered most of the first
intron and the beginning of the firstintron and the other one included most of the second intron and a part of the
second intron. Each portion was about 500 bp-long. Eight SNP having a frequency above 10% were identified,

resultingin one SNP every 125 bp. In the same population, the sequencing of a neutral gene (glutamate synthase)
showed 1 SNP every 30 bp. This difference in SNP frequency indicated that Constans-like gene is not neutral in

alfalfa. From the 8 SNP, two of them explained up to 4% of the phenotypic variation, depending on the harvestand
location. Twodivergent populationswere generated by polycrossing sevenindividualswith orwithoutthe positive
alleles,respectively.Theirevaluationinaspacedplantdesignovertwoyearsshowedthatthetwopopulationsdiffered
for stem length by 7 to 15 cm in each harvest (Figure 2).

100 =
£ 80 //% 7 %% -
2 W mm =
E’; %0 %§ % Z% %% - 7 Constans +
E 0 %% % %% %% B Constans -
’ 3Augl10 10ct10 2Mayl1l 21Jun 1l 12 Aug 11l 130ct 11 15May 12

Figure 2. Stem length of the two polycrosses with (Constans +) and without (Constans -) the positive alleles of Constans-like gene,
evaluated in a spaced plant nursery over 7 harvests.

FortheRCT1gene,abulksegregantanalysiswasperformedwiththeobjectivetocomparetheallelefrequency
between the bulks that included susceptible vs. resistance plants. Eight varieties were chosen, 100 plants were
phenotypedineach varietyand,amongthem, 15 susceptible and 15 resistant plants were identified. Eight pairs of
bulks were thus generated. The whole gene (14 kb) was amplified for each genotype and the PCR products were
bulkedbeforesequencingonanext-generationsequencer(Roche454).Ageneassemblywas performedwith CAP2
onUnixforeachbulk.Polymorphismsweretoofrequentinintronregionstoalignthesequences.Focusingonexons,
five polymorphicregionswereidentified.The comparisonofallelefrequenciesbetween bulks wasunsuccessful:no
polymorphicregionaccountedforthedifferenceinresistanceamongthevarieties. Possiblescenariosareeitherthe
polymorphismrelatedtoresistanceislocatedinnon-codingregions,oranothergeneisinvolvedintheresistancein
alfalfa. We identified one infrequent polymorphism consisting of a deletion in the first exon around the ATG that
was more frequentin the resistant plants compared to the susceptible plants. This deletion should induce a lack of
function. Similarlyin M. truncatula, the alternative splicing of intron 4 may limit the functioning of the protein.This
deletion in ATG region could be tested for potential value to alfalfa breeding programs (Julier and Meusnier 2010;
Julier et al. 2012)

ThesetwoexamplesshowthatgeneticanalysesinM.truncatulacanbeusedtofindgenesinvolvedinagronomic
traitsincropspecies.Thesegenesmayexplainphenotypicvariationinalfalfa,asinthecaseof Constans-likegene,and
may be usedin breeding programs.Theresultisless clearforanthracnoseresistance butfurthertestsare needed to
assess the role of RCT1 in anthracnose resistance in alfalfa.
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Background

Inthe pastdecades, intense research effortsin modeland major crop species has led to the establishment of whole
genomesequenceswhichconstituteanimportantresourceforgeneticandgenomicapplications[1-4].Forforageand
turfgrassspecies,however,thedevelopmentofwholegenomesequencesishamperedbythesizeandthecomplexity
oftheirgenomes.Thus,targeteduseofgrassgenomesequenceresourcesbycomparativegenomicsprovidesamajor
opportunityfornon-modelspeciestoefficientlyexploregenomicinformationforgeneticandbreedingapplications.
Anovelapproachincorporatingcytogenetics,nextgenerationsequencingandbioinformaticstosystematicallyexploit
syntenywithmodelgrasseswasrecentlyusedinbarley(HordeumvulgareL.)toestablishagenome-wideputativelinear
geneindexofthebarleygenome.Inthis“artificial’barley genome, 21,766 barley genes were assigned toindividual
chromosomearmsandassembledinalinearorder[5].Here, we have used asimilarapproach for perennial ryegrass
(Lolium perennelL.)and reportonalineargene order model of the Lolium genome (the Lolium GenomeZipper) on
the basis of synteny to barley, Brachypodium, rice and sorghum. In addition, we have characterised chromosomal
rearrangementsofsyntenicgenesbetweenLolium,barleyandsequencedmodelgrassspeciesandappliedthelLolium
GenomeZipper for in silico prediction of the genomic location of previously unmapped Lolium genes.

Results

A Lolium transcriptome map [6] served as scaffold to identify chromosomal arrangements of syntenic genes in
sequenced grass species. A total of 762 EST-derived markers (between 79 and 154 on each linkage group, 109
on average) have been used to locate Lolium EST sequences on the linkage map. The total map length was 750
centiMorgan (cM), ranging from 63 cM on linkage group (LG) 3 to 151 cM on LG 2 (mean LG length of 107 cM)
withanaveragemarkerdistancelessthan0.9cM.Another8,876 expressed Loliumgenesofunknownchromosomal
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originwere usedforinsilicomapping.Foreach ofthesevenLoliumLGs, the ESTsequences of mapped DNA markers
were compared againstthe barley artificialgenome containing 21,766 ordered barley genes[5].Intotal, 301 of 762
(40%) Lolium markers matched a barley full length (FL)-cDNA. The Lolium LGs and the corresponding barley
chromosomeswere mostly collinear,indicating a highly conserved gene orderbbetween these two species. Alarge-
scale chromosomal translocation on Lolium LG4 to Triticeae chromosomes 4 and 5 was found and its chromosome
breaking point was further resolved.
ComparedtoBrachypodium,rice,andsorghum,ahighdegreeofsyntenyandmacro-collinearitybetweenthegenome
of Lolium and sequenced grass species was found (Figure 1). This scaffold was then used to anchor a collection of
expressedLoliumgenesinsilicototheirpredicted positioninthe Loliumgenome.Thisresultedinthe unambiguous
assignment of 3,315 out of 8,876 previously unmapped Lolium genes to the respective chromosomes.

rhrl. chr2D chr3. chrA. rhr&. chr!i. rhr?. ChrBD r.hr&D rhrlfD chr]D rhrlZD

Figure 1. Syntenic relationship between Lolium and barley as well as deduced syntenic segments in Brachypodium, rice, and
sorghum

Figure 1 includes five sets of circles: The inner circle represents the seven Lolium chromosomes (L1 to L7)
scaled according to the size of the genetic map. Marked positions within the bars indicate the location of Lolium
markers.Inthenextsetincludingthreecircles,theschematicstructureofthesyntenicbarleybridgeheadisillustrated.
Foreach Lolium chromosome, the barley artificial chromosome that was matched significantly by Lolium markers
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is visualized as heatmaps highlighting the density of hits. Each match between a Lolium marker and a barley full
length-cDNAsequence (asarrangedintheartificial chromosomes) isindicated by blacklines. The bars betweenthe
heatmaplayersillustratethesyntenicbarleyblocksbasedonthesequenceofthecolourkey,startingwithchromosome
1tochromosome 7. Moving outwards, the next three sets show the syntenic segments defined for the genomes of
Brachypodium (Bd), rice (Os) and sorghum (Sb). Each bar represents an entire syntenic chromosome of one of the
genomes.ColouredsegmentsvisualizethatpartofthechromosomewhichwasdefinedassyntenictoLoliumviathe
barley bridge. Chromosomes are assigned according to the colour key.
Basedonconservedregionsbetweengrassgenomes,2,438barleyfulllength-cDNAsand2,758syntenicgenes
of Brachypodium, 2,270 of rice,and 2,351 of sorghum were matched by 2,926 Lolium ESTs as evaluated by stringent
bestbidirectionalhitsequencecomparisons.Intotal,the LoliumGenomeZipperincorporates4,035geneloci(Table

1).

Table 1. General overview of the Lolium GenomeZipper

Number of L1 L2 |L3 |L4 |L5 |L6 |L7 |X
Loci with Lolium EST evidence 565 |690 | 636 |586 | 500 (487|571 4,035
Lolium markers matching Bd, Os or Sb genes | 19 13 |28 [26 |15 |18 |13 [132
Anchored barley full length-cDNAs 395 | 408 |400 |341 |277 (276|341 2,438
Anchored Lolium ESTs via bi-directional hit [ 408 |[501 |461 |445 | 344|372 (395 2,926
Anchored Lolium ESTs via first-best hit 476 |558 |538 |384 | 408|425 |463 3,252
Anchored Brachypodium genes 397 |451 | 450 |375 [365|350(370|2,758
Anchored rice genes 322 [408 | 403 |313 (205|311 (308 |2,270
Anchored sorghum genes 334 |390 (409 (320 (257|297 |344 (2,351
Discussion

TheLoliumGenomeZipperprovidesahigh-resolution scaffold ofthe Lolium genomeand offersthe opportunityfor
amore detailed analysis of the organization and evolution of the Lolium genome. The integrative Zipperapproach
has emerged as a milestone for genome analysis that allows researchers to rapidly develop draft gene-decorated
chromosomaltemplatesevenforlargeandcomplexgrassgenomes[5].Thisisanimportantdevelopmentsincethesize
andcomplexityofthelLoliumgenomearemajorbarrierstowardsdevelopingareferencegenomesequenceinLolium.
Moreover,suchchromosomaltemplatesareinstrumentalforgenomeresequencing,genotypingbysequencingand
large-scalemarkerdevelopmentstrategiesingenome-wideassociationstudiesandgenomics-basedbreedingconcepts.

Apartfromrevising ourunderstanding of the genomic relationship of Lolium to well described grass species,
the Lolium GenomeZipper will be useful for a broad range of forage and turf grass species that are - so far- not well
characterized. For Poa, Dactylis and Phleum species, for example, the Lolium GenomeZipper constitutes a unique
toolforefficientdevelopmentofmarkersatany genomepositionthatunderlietraitvariationin Loliumand/orother
majorgrassspeciessuchasbarley,Brachypodium, riceandsorghum.Asanexample, multiple sequencealignments
ofgenesconservedwithin Poaceaethathaveawelldefined biologicalfunction caneasily be generated by means of
theLoliumGenomeZipper.Conservedregionswithinthesesequencealignmentscanbeidentifiedandthenusedfor
primerdesigninordertoisolate orthologsinthespeciesofinterest. Thiswill greatly benefitlinkage mapping-based
QTL analysis or candidate gene-based association mapping in genetically more complex Poa and Phleum species
where linkage mapping is generally difficult [7]. For other species such as Festuca spp. with considerably more EST
orgenomicsequenceresourcesavailable,thepresentstudyprovidesthetechnologicaltoolsforthedevelopmentof
GenomeZippers in other forage and turf grass species, a straightforward approach to establish powerful tools for
genomeanalysis.Inthefuture,weenvisionusingnextgenerationtranscriptomesequencinginuncharacterizedforage
andturfgrassspeciesandaligninginsilicotheassembled genestothe Lolium GenomeZipper, thereby very quickly
obtaining high resolution maps.
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Conclusions

The Lolium GenomeZipper presented here is an ordered, information-rich scaffold of the Lolium genome and
constitutes an important tool for the assignment of candidate genes to QTL, for map-based cloning, functional
genomicsandthelLoliumgenomeassembly.Moreover,GenomeZipper-basedcomparativegenomicsholdsthekeyto
unlock the genomes of the most important forage and turf grass species.
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Introduction

Perennialryegrass (Lolium perenneL.)is often usedforgrazingintemperate grasslands with itsgood regrowthand
highnutritivevalue,whereasmeadowfescue(FestucapratensisHuds.)hassuperiortolerancetoabioticstressessuchas
freezing,andthushasgoodoverwintersurvivalingrasslands.Tocombinetheattractive propertiesofbothspeciesin
onegenotype,theirinter-specifichybrids,festuloliumhasbeenbredsincethe 1970s.Inthisdecade,quantitativetrait
loci(QTL) forwinterhardiness-relatedtraits have beenidentifiedin perennialryegrassand meadowfescue (Yamada
etal.2004; Alm et al. 2011; Bartos et al. 2011). A few Festuca chromosome segments able to increase tolerance to
freezingwereidentifiedinaL.multiflorumbackground by genomicinsitu hybridization (GISH) (Kosmalaetal.2006;
2007).However, the geneticfactorsinvolvedindifferential winter hardiness-related traitsin perennial ryegrassand
meadowfescuearepoorlyunderstood.Inthisstudy,toimprovethewinterhardinessofperennialryegrassusinggenes
frommeadowfescuebymolecularbreeding,introgressionmappingofwinterhardiness-relatedtraitswereperformed
usingDNAmarkers.Asanotherapproachtoidentifycandidategenesforwinterhardiness-related QTLsbetweenthe
two species, a comparative transcriptome study was conducted during cold acclimation.

Introgression mapping of winter hardiness

Three triploid hybrids (one F1 plant between a diploid meadow fescue plant from “Makibasake”and a tetraploid
perennial ryegrass plantfrom“Pokoro”and two of its progenies after backcrossing with diploid perennial ryegrass)
were backcrossed with diploid perennial ryegrass plants from the strain“Yatsugatake D-12."Progenies generated
progenies from the three populations estimated as being diploid plants (n =203) by ploidy analyzer were used for
furtheranalysis. Intron-flanking EST markers with locating chromosome information in Lolium/Festuca were used
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to identify introduced alleles from meadow fescue (Tamura et al. 2009; 2012). Genotyping of 91 markers selected
equivalentlyfromallchromosomesindicatedthat63%of plantsinthethree populationshad (partial) chromosome
fragmentsderivedfrommeadowfescue.Insomegenotypes,introductionofmeadowfescue-derivedchromosomal
fragments into perennial ryegrass was also confirmed by GISH analysis.

Thefreezingtoleranceofcold-acclimated crowntissueswasevaluatedbyscoringthedegree ofregrowthafter
freezing (0: dead to 9: completely alive). Mean freezing tolerance scores at —12.5°C were 3.1 for“Yatsugatake D-12"
and6.1for"Makibasakae."Backcrossedpopulationsshowedwidevariationsinfreezingtolerance,andthemeanscores
inthethreepopulations(2.4)werelowerthanthosein“YatsugatakeD-12"Ofthe 12selectedgenotypesthatshowed
high freezing tolerance, lethal freezing temperature (LT50) in crown tissues was evaluated. The lowest LT50 was
—17.0°Cin genotype A12-24-91.This was significantly lower than the —12.9°CLT50in D12F18, a diploid perennial
ryegrass genotype used for backcrossing, and much higher than the —26.0°CLT50 in Makibasakae-K1,a meadow
fescue genotype used for triploid hybrids (Fig. 1). The similarly low LT50 of high freezing tolerant introgression
genotypesandatriploidhybrid(—15.2°C)suggeststhatintrogressionofsingleorafewchromosomalfragment(s)from
meadow fescue could increase freezing tolerance in perennial ryegrass to at least the hybrid level.

Winter survival was evaluated from 2009 to 2011 in a field in Sapporo, Japan, where winter soils are covered
by snow and not frozen. After two years of wintering, almost all genotypes of “Yatsugatake D-12" evaluated were
completelydead, whereassomebackcrossed genotypessurvived. However,nogenotype showed scoresforwinter
survival and early spring yields higher than“Makibasakae” plants. On the marker loci with a meadow fescue allele
frequencyhigherthan5%ineach population (ameanof44%ofallmarkers), theassociation betweenthealleletype
(presenceorabsenceofameadowfescueallele)andwinterhardiness-relatedtraits(freezingtolerance,wintersurvival,
and early spring yields) were statistically analyzed. We found some marker loci showing significant positive effects
from meadow fescue alleles for winter survival and early spring yields on chromosome 7. In particular, introducing
ameadowfescuealleleoftherice Os06g13810homoeologue showedsignificant positive effectsonwintersurvival
scoresorearlyspringyieldsinallthree populations.Onthe contrary, negative effects of meadowfescuealleleswere
found at several marker loci on chromosome 4, including for winter survival and early spring yields after the first
winter. A significant positive association between a meadow fescue allele and freezing tolerance was not found for
anymarkerloci.Markerlocishowingpositiveand negativeeffectsofthemeadowfescuealleleforwinterhardinessin
thisstudycouldbemorepreciselyinvestigatedbybackcrossingoftheintrogressiongenotypes,whichwouldbeuseful
informationfortheselectionofsuperiorgenotypes.Toscanforusefulintrogressionacrossthewholegenome,genetic
analysisusingpopulationswithhigherfrequencyofmeadowfescueallelesthroughthewholegenomeisrequired,and
this is the next challenge.

Figure 1. Regrowth after freezing (-15 °C) of a meadow fescue genotype,
Makibasakae-K1 (a), an introgression genotype with the highest freezing tolerance
examined in this study, A12-24-91 (b), and D12F15, a perennial ryegrass (c).

Comparative transcriptome analysis during cold
acclimation in

perennial ryegrass and meadow fescue

To identify differentially expressed genes in perennial ryegrass and meadow
fescue during cold acclimation, an inter-specific comparative transcriptome
study was performed by the mRNA-seq approach (Tamura and Yonemaru
2010). cDNA or inter-specific subtractive cDNA between perennial ryegrass
andmeadowfescuewereconstructedfromcoldacclimatedcrowns,whichwere
sequenced using GS FLX at a small scale (5,000-10,000 reads). Generated
readswereclustered based onsequencehomologyamongandwithinspecies.
Wecomparedthereadnumberineachclusterandvalidatedtheexpressionlevel
in diverse genotypes of both species by quantitative RT-PCR using primer sets
designedtoamplifytheconservedsequences.Inperennialryegrass,jasmonate-
inducedproteinandgermin-likeproteingenesshowedsignificantlyhigherexpressioncomparedwithmeadowfescue.
Alternativelyinmeadowfescue,severalstresstolerance-relatedgeneexpressionweresignificantlyhigherthanthosein
perennialryegrass;particularly,theexpressionoficerecrystallizationinhibition proteinand metallothioneintype-2
whoseinvolvementinfreezingtolerancehasbeenreportedpreviously.Thesehighlyexpressedgenesinmeadowfescue
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weretranscriptionallyupregulatedbyalowtemperature(4°C).Increasedtranscriptlevelsduringcoldacclimationwere
also confirmed in the field in Sapporo, Japan, from October to mid December in 2011.To clarify the relationship
betweengeneexpressionlevelsduringcoldacclimationandwinterhardinessincludingfreezingtolerance,evaluation
ofintrogressiongenotypeshavingmeadowfescueallelesofcandidategenesinabackgroundgenomefromperennial
ryegrass is ongoing.

Conclusion

Diploid hybrids between perennialryegrassand meadowfescuearesterile,and thus,application of linkage genetic
analysisis quite limited in festulolium.Therefore, in addition to genetic mapping using introgression populations,
acandidate gene approachisanimportantalternate approach. This could be accomplished by application of QTL
information obtained by linkage genetic analysis of each species and information from functional genomics and
-omicsstudies, suchastheinter-species comparative transcriptome analysis performedin this study. A study using
acombinationofintrogressionmappingandacandidategeneapproachwouldprovide useful selectionmarkersfor
Lolium/Festuca introgression breeding.
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Abstract

Repetitive DNA provides a challenge for performing targeted DNA capture in plants. An array based method and
anin-solution procedure (MYselect) were compared for optimal targeted DNA capture of 1300 genes in perennial
ryegrass.TheMYselectproceduregavesuperiorresultswith>50%ofreadsontarget.Thisprotocoltogetherwith454
sequencingisbeingusedtoidentifysinglenucleotide polymorphisms(SNPs)and determinegenehaplotypesfrom
plants in elite breeding lines and diverse wild collections. Targeted DNA capture, in combination with barcoding
ofsamples, willallowforagenotype-by-sequencing(GBS)approach.Severalgeneshavebeenidentified whereloss-
of-function gives an improved trait phenotype. Mutations potentially causing loss-of-function were identified by
sequencing amplicons derived from DNA pools.In an alternate approach, rapid decay of linkage disequilibriumin
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perennialryegrassisidealforcandidategene-basedassociationstudiestoidentifyfunctionalnucleotidepolymorphisms
(FNPs) responsible for trait variation. Nineteen candidate genes in the lignin and fructan metabolic pathways
generallydisplayedrapiddecayoflinkagedisequilibriumcharacterisedbyr?valuesbelow0.2withindistancesof 1kb.
Acandidategeneinthefructan pathwaydisplayed copynumbervariation.Subsequentassociationtests performed
in a diverse association mapping population provided some evidence of correlation with fructan content but are
inconclusive because population structure did not allow for a definitive test.

Targeted genomic DNA capture

Plants with larger genomes, such as perennial ryegrass (Lolium perenne), possess abundant repetitive DNA which
interferes with targeted DNA capture techniques. Therefore two different methods were compared for optimal
genomic DNA capture of 1300 genes. The array-based method used gave only 0.8% of reads on target with non-
targetsequencespredominantlybelongingtorepetitiveDNAsuchasretrotransposonsandsimplesequencerepeats
(SSRs).Asecondapproachusedthe MYselectmethod (renamed MYbaitsfrom MYcroarray; http://www.mycroarray.
com/mybaits)whichisasolution-basedenrichmenttechniqueusingbiotinylated RNAbaits.Targetsequenceswere
repeat-maskedwithrepetitivesequencesfromthearrayexperimentandthePoaceaegrassfamilyrepeatdatabase.After
capture,sequencingwasperformedonaRoche454FLXorGSjuniorsequencer.Optimalresultswereobtainedwhen
asecondcapturewasperformedontheprimarycapture.Usingthismethod50-75%ofreadswereroutinelyontarget.
TargetbiaswasobservedandattributedtoeitherPCRbiasofsometargetsequencesduringlibraryamplificationsteps
orfailure ofthe probetobind onintron-exon boundaries, since approximately 40% of the sequences were based on
ESTs. Novel DNA sequence was obtained from introns (Figure 1) or the 5'or 3’ end of the genes targeted. Probes
werealsoabletocaptureparalogousgenesformanyofthesequencestargeted.Thistargeted DNA capturemethod,
combinedwithcustombarcodingofsamplesandtheuseofNextGensequencingplatforms,increasesthefeasibility of
a genotype-by-sequencing approach.
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Figure 1. Capture of novel sequence from 9 introns using an EST sequence for probe design.

|dentification of naturally occurring gene mutations
Loss-of-functionisdesirableforsomegenestogiveanenhancedphenotype.Forexample,severalligninbiosynthetic
genes (CAD, COMT, CCoAOMT) increase feed conversion efficiency by altering digestibility when down-regulated
in forages (Chen et al. 2003 & 2004; Guo et al. 2001). Using a combination of DNA pooling and 454 amplicon
sequencing, 18geneswerescreenedformutationsin 500 plants.ReplicatePCRanalyseswereincludedtoenablethe
identification of DNA polymeraseerrors. Uniform coverage ofamplicons wasachieved and each plantwithinapool
wasrepresentedapproximatelyfive-fold peramplicon.Sevenputativeloss-of-functionmutationswereidentifiedin
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fourtargetgenes. Five ofthe mutations were predicted to cause prematuretermination of the proteinand twowere
deletionsin conserved protein motifs. A previously known mutation was detected at the expected frequency level
provingthereliabilityofthemethodandtherepresentativenessofthegermplasmpool.Themutationsidentifiedwere
all at very low frequency ranging from 0.5-4%. Plant breeding crosses will be required in most cases to create and
evaluate homozygous lines, given the rarity of the mutations.

Candidate gene-based association mapping

Linkagedisequilibrium (LD) decaysrapidlyinmost perennialryegrass genesifthe population evaluatedisadiverse
representation ofthespecies.Forexample genesfromtheligninandfructan biosynthetic pathwaysaretypical with
LD characterised by r’values below 0.2 within 1kb.This characteristicallows forthe very fine mapping,and possible
identification, of the functional nucleotide polymorphisms (FNPs) responsible for trait variation. High expression
levels of the candidate gene Fr1 are associated with higher fructan content. SNP discovery was performed on this
geneusingapanelof 16 plants. Twodistinctisoforms (Fr1a&Fr1b)wereidentified based on DNA sequenceidentity.
Throughacombinationofevidencefromgeneticmappingandhaplotypingofadditionalplants,itwashypothesized
thatFr1bisatandemduplication of Fr1a. Asaresult, Fr1b may be eitherhemizygous orhomozygous. Agenotyping
assaywasdesignedand326plantsfromanassociationmappingpopulationevaluated.Mostplantsinthepopulation
onlyhadtheFr1alocusandweremissingFr1b.Theassociationmappingpopulationwasmeasuredforfructancontent
over several seasons. An association was detected for higher fructan contentin one season by ANOVA analysis but
whenpopulationstructurewasaccountedfortheassociationprovedspurious.Breedingpoolsthatarebeingevaluated
forfructan contentwill be monitored forany frequency shifts of the 3 genotype classes. This candidate gene-based
associationmappingapproachwillalsobeusedforadditionalgenesinthefructanandligninbiosyntheticpathways.
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Legumes are alarge and extremely diverse family, containing over 700 legume genera and 20,000 species and are
secondonlytograssesinimportancetohumanandlivestock.Thetwolargerclades,Hologaleginaandthephaseoloid/
millettoidgroupincludesomeofthemostimportantforagelegumes,includingMedicago, Trifolium,Lotus,Hedysarum
coronarium (sulla),and Onobrychis (sainfoin) species. Many of these species play an importantrole in agricultural
forage,byprovidingavaluablehighnutritivefeedsource. Thepresenceorabsenceof CondensedTannins(CT)varies
greatlywithinsuchforagelegumespecies. FoliarCTare presentinforage plantssuchasLotuscorniculatus (Birdsfoot
trefoil), and Onobrychis viciifolia (Sainfoin) but such species often show poor persistence under grazing. Foliar CT
bindreversiblywithforageproteinswithintherumenandthusreduceproteindegradation.Thisresultsinanincrease
in protein outflow from the rumen, leading to improved protein utilization by ruminants (McNabb et al. 1996).
Forages containing moderate amounts of CT therefore improve the nutrition and production qualities for grazing
livestock, including animal productivity, animal health and environmental aspects, while higher levels of CTin the
diet of ruminants decrease palatability and feed intake (Aerts et al. 1999).
Incontrast,foragelegumesthatcanpersistintemperategrazingsystems,suchasTrifoliumrepens(whiteclover),
and Medicagossativa (alfalfa), have only negligibleamounts of CTinleaves. Alfalfaisthe mostimportantand widely
grownlegumecropinpastoralagriculture,especiallyin Australiaand USA.InNewZealandwherethegrazingsystem
isbased uponmixed pastures, the predominantlegumeiswhiteclover(Trifoliumrepens), whichrepresentsroughly
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20%, while the major portion consists of grasses such as perennial ryegrass (Lolium perenne). This lack of CT causes
uniqueproblemsincludingbloat,inefficientproteinutilisationandadverselossofnitrogen(N)intotheenvironment.
Inefficientnitrogenutilisationbytherumen,especiallyofthehigh-proteinforages,compromisesanimalproduction
andhealth. Additionallyothersignificantenvironmentalissuespertainingtogreenhousegas(GHG)emissionsneed
to be addressed. Urinary nitrogen lost to the environment is rapidly converted to N20, a potent GHG. Grazing

ruminants are also responsible for the production of GHG emissions in the form of methane and nitrous oxide.
Allruminants produce methane gasfromrumenfermentationand thisrepresentsanadditionalloss of feed energy
(2-12%) from the diet (Woodward et al. 2001).

Biochemistry of Condensed Tannins
Foliar CT, alsoknown as proanthocyanidins, are polymeric flavonoids, derived from the phenylpropanoid pathway
andsharealarge portionoftheanthocyanin pathway enzymesteps.Biosynthesisandaccumulation of CTis still not
fullycharacterizedinlegumes,butmajoradvanceshaveelucidatedseveralstepsinthiscomplexpathway.Oneofthe
most desired characteristics for white cloverand alfalfa cultivarsis the ability toaccumulate CTin leaves. Increased
CT levels in clover would significantly enhance animal health and performance as well as reduce greenhouse gas
emissionsfrompastureanimals.Severalapproaches,includingscreeninggenepoolsandmutagenesis,havefailedto
provide a white clover, lucerne or red clover containing foliar CT (Woodfield et al. 1998). Moreover, attempts, using
traditional breedingtechniques, have allowed developmentofhighfloraltannin cultivars.However,sinceanapical
bud caninitiate eitheraflowerorastolonbutnotboth,increased flowernumberand CT production concomitantly
reducedstolonnumbers,resultingininadequateagronomicperformanceandlowpersistence,whencomparedtoelite
cultivars. (Burggraaf et al. 2006).

OneofourmainresearchinterestsinwhitecloverfocusesonunderstandingandmanipulatingCTbiosynthesis.
Wedirectedeffortstowardsattemptingtoalterthespatialandtemporalaccumulationpatternspresentinwhiteclover
and alfalfain away that would allow the production of CT in the leaves (Hancock etal 2012). Although white clover
(Trifoliumrepens)isahigh-qualitypasturelegume,itproducesnegligiblelevelsof CT,locatedonlyintrichomesonthe
abaxial epidermal layers of T. repens leaves.

The clover genus Trifolium L. is one of the largest genera in the family Leguminosae with ca. 255 species

(Ellison etal.2006).Only two species,namelyT.arvense (rabbitsfoot clover) andT. affine (T. preslianum Boiss.ls), are
known to accumulate significant levels of CT in leaves. One of these, T.arvense, which is a frequent and important
component in low-altitude, semi-arid tussock grasslands in New Zealand, was investigated further. Staining of T.
arvense tissues from wild-type plants with DMACA (p-dimethylaminocinnamaldehyde; Lietal. 1996) showed that
CT accumulates in the epidermal layers of the entire leaf lamina.

Genetic Modification of Condensed Tannins

To isolate R2R3-MYB transcription factors potentially involved in CT biosynthesis in T. arvense, we constructed a
cDNA library from leaves of T. arvense and identified a number of MYB factors. Two T. arvense cDNAs coded for
protein sequences fell within the MYB clades NO8 and NO9 (Stracke et al. 2001), whose members include those
known to activate CT oranthocyanin biosynthesis. Full-length putative orthologues from genomic DNA were also
isolatedfromtheTrifoliumspeciesT.arvense, T.affine, T.repens,T.occidentale,andtheMedicagospeciesM.sativa,and
M. truncatula.

ExpressionanalysisusingcDNAlibrariesfromcallus,immatureand matureleaftissuesrevealed thatTaMYB14
was expressed in immature and mature T. arvense leaves, but not in callus tissues which do not accumulate CT.
TranscriptsofMYB14orthologueswerealsodetectedincDNAlibrariesfrommeristematicleaftissues,trichomesand
floral tissues fromT.repens andT. occidentale, but not in young and mature leaf tissues, stolons, internodes, roots,
andpetioles.NoMYB14transcriptsweredetectedinared-leafT.repensline(‘Isabelle’)whichaccumulateshighlevels
of anthocyanins in foliar tissues, but does not accumulate foliar CT except in trichomes and flowers. Expression of
MYB14 was paralleled by the expression of the structural genes ANR and LAR which code for enzymes catalyzing
the last steps of PA monomer synthesis. This indicates that expression of MYB14 coincides with CT biosynthesis,
andthat CT biosynthesisis activated inT.arvense in both immature and mature tissues, while itis only activated in
meristematic leaf and floral tissues of T. repens.

AsegmentofthegenewasusedinasilencingvectorandtransformedintoT.arvense.Theplantsexpressingthis
construct had diminished or trace amounts of CT. Hence RNAi silencing of TaMYB14 resulted in almost complete
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cessationof CTbiosynthesisinT.arvense, NeitherwildtypenorsilencedT.arvensecallustissuescontained CT;leaves
fromregeneratedwildtypeplantsstained positive,whileleavesfromregeneratedTaMYB14-silencedplantsshowed
only a light blue staining in the leaves, indicating that CT biosynthesis was severely reduced in TaMYB14-silenced
plants.Extractsof wildtypeT.arvenseleaves contained highlevels of CTmonomers, mainly catechinand, toalesser
extent, gallocatechin, as well as PC:PC (procyanidin based), PC:PD (prodelphinidin based) and PD:PD dimers and
trimersofthevarious PC:PD combinations.Nohigher DP (degrees of polymerisation) polymerswere seenin LC-MS/
MS(Liquidchromatography-massspectrometry)scans,butfurtherworkonconcentratedacetonefractionsrevealed
the presence of upto DP6 CTsin wild typeT.arvense leaves. In contrast, only traces of CT monomers, but no dimers
or trimers were detected in leaf extracts from silenced plants, indicating that CT biosynthesis had been severely
reduced by TaMYB14 silencing, and that the expression of TaMYB14 is required for CT synthesis in T. arvense.

Inaddition, thegene wasclonedintoabinary vector (driven by 355 promoter) and transformedinto tobacco,
alfalfa and white clover lines. The resulting transgenic plants accumulated CT in foliar leaf tissue at high levels.
Analysis of DMACA and LC-MS/MS in tobacco plants transformed with the CaMV35S::TaMYB14 construct stained
positive for CT with DMACA, while untransformed tobacco plants did not, indicating CT biosynthesis occurred due
to the expression of TaMYB14. Monomers of CT (mainly epicatechin with small amounts of epigallocatechin and
gallocatechin), PC:PC dimers and trace levels of trimers were detected by LC-MS/MS analysis of flavonoid extracts
fromTaMYB14expressingtobaccoplants,whileCTwereundetectableincontrolplants.Theseresultsprovidestrong
evidencethatTaMYB14isabletoup-regulate the biosynthesis of CT,evenin plants phylogenetically distant fromT.
arvense,andindicatesthatup-regulationofCTbiosynthesiscompeteswithsubstratesforanthocyaninbiosynthesisor
accumulation as indicated in transformed high anthocyanin tobacco lines.

In alfalfa, plants were also transformed with TaMYB14 under the control of the CaMV35S promoter. Leaves from
non-transformedwild typeplantsstained positivewith DMACAinthetrichomesontheabaxialleaflayersonly,while
plants transformed with TaMYB14 stained positive in epidermal leaf cells as well. The presence of CT monomers
(epicatechin and catechin), PC:PC dimers, PC:PC:PC and PC:PC:PD trimers, and trace levels of tetramers in leaf
extracts of M. sativa plants transformed with the TaMYB14 construct was confirmed by LC-MS/MS analysis, while
CT were undetectable in control plants.

White clover plants were also transformed with TaMYB14 under the control of the CaMV35S promoter;
and the presence and expression of the transgene was confirmed by (RT)-PCR. Leaves from regenerated plantlets
were screened for CT accumulation using DMACA staining and a number of plants transformed with TaMYB14
tested positive.Leavesfromnon-transformedwild type plantsshowed,asexpected, positive DMACA staininginthe
trichomesontheabaxialleaflayersonly, whileplantstransformed withTaMYB14accumulated CTsinepidermalleaf
cellsaswellasintrichomes. Microscopicexaminationunderhighermagnificationrevealedthatstomatalguardcells
aswellasmesophyllcells stained positive with DMACA. Stainingintrichometierand apical cellswas much stronger
compared to wild type trichomes, and staining of spongy mesophyll cells indicated CT accumulation in multiple
vacuole-likeorganelles.InsometransgenicplantsCTwerealsodetectedinrootandpetiole cells. Anumberofplants
appeared to accumulate very high levels of foliar CTs, indicated by almost black staining with DMACA; however,
all of these plants died before sufficient material for LC-MS/MS analyses could be harvested. These results indicate
thatthe constitutive expression of TaMYB14 resultsin the ectopic production and accumulation of CT infoliar (and
other) tissues and cell layers of T. repens which normally do not accumulate CT (shown below; DMACA CT staining
of leaves from wild type and 3 transgenic plants).

Figurel. (A) DMACA stained white clover leaves, showing wild type (left) and leaves from three transgenic plants stained tannin
positive; (B) magnified positive white clover leaf showing vacuoles containing tannin.

To confirm the presence of CT unitsinT. repens leaves expressing TaMYB14, leaf extracts were analysed by
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LC-MS/MS. No CT units were detected in wild type T. repens leaves, while CT monomers, dimers, as well as trace
levels of trimers were detected inT. repens plants transformed with the CaMV35S::TaMYB14 construct. The major
monomerdetectedwasepigallocatechin,with 10-foldlowerlevelsofepicatechinandgallocatechin,andonlytracesof
catechindetected.Thedimersandtrimersdetected werePCandPDorallPDbased, consistentwiththe observation
ofbothPCandPDmonomersintransformedT.repensleaves.TheseresultsprovideevidenceforTaMYB14beingable
to activate the biosynthesis and accumulation of CT in white clover foliar tissues.

To analyse the effects of TaMYB14 on the expression of genes coding for enzymes of the phenylpropanoid
pathwayanda putative MATE-like CT transporter, RNAwasisolated from leaves of white clover plants constitutively
expressing TaMYB14. No significant differences in the expression of TrF3H and TrFLS in transgenic TaMYB14
compared to wild type T. repens leaves were detected. Expression of TrCHS, TrF3'5, TrDFR, and TrANS were up-
regulated in plants transformed with the CaMV35S::TaMYB14 construct compared to wild type plants with a
very strong induction of TrF3'5’ (>600-fold). Expression of the putative CT-specific genes TrANR, TrLAR, and a
transporterinvolvedinthetransportof CT units, TrMATE, could only be detectedinleavesfrom plants constitutively
expressingTaMYB14. Therefore, TaMYB14 expression is necessary and sufficientto up-regulate both early and late
steps of the phenylpropanoid pathway and to induce CT biosynthesis.

Conclusions

Ourresults demonstrate that expression of the R2R3-MYB transcription factorTaMYB14 is necessary and sufficient
toup-regulate genesofthe CTpathwayandtoactivate the synthesisand accumulation of CTsin leaves of Nicotiana
tabacum, M.sativa,andT.repens.Trepens plants constitutively expressingTaMYB14 synthesized and accumulated
CTsin leaves up to 1.8 % dry matter in surviving white clover. Targeted LC-MS/MS analysis identified foliar CTs up
tosixdegreesofpolymerizationinleafextracts.Hence,geneticallymodified M.sativaandT.repensplantsexpressing
TaMYB14 provide aviable option for mitigating certainanimal health and environmental issues presentin pastoral
agriculture based farming systems.
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Introduction
Animalproductionistheultimatemeasureoffeedingvalue (Patersonetal. 1994).Maintainingorimprovingfeeding
value to support animal growth or milk production is an important goal for pasture plant breeders and livestock
producers. Despite this, pasture plant breeders have traditionally focussed most efforts on improving plant yield
traits (Bathgate et al. 2005). Increasing the water soluble carbohydrate (WSC) concentration of pasture could be
onewaytoimprovefeedingvalues.GeneticprogresshasbeenmadeincreasingWSCconcentrationsusingtraditional
selectivebreedinginperennialryegrass(Loliumperenne)(Humphreys1989).Thesegeneticimprovementshaveshown
potential toincrease milk productionin cows (Milleretal.2001) and growth of lambs (Lee et al. 2001). However, the
expression of the trait has been inconsistent, particularly in the Australian environment (Francis et al. 2004).
Transgenicperennialryegrassplantswithenhancedfructanyieldshavebeengeneratedthroughtheexpression
ofchimericfructosyltransferasesundercontroloflight-regulated promoters(Spangenbergetal.2011;Spangenberget
al.2012)withanaimtoincreaseenergyconcentrationsbyoveronemegajouleof metabolisableenergyperkilogram
of dry matter, MJME/kg DM (Dairy Futures CRC2011).This paper assesses the potential economic value forarange
ofchangesinperennialryegrassenergyconcentrationontwocontrastingpasturebaseddairyfarmtrialsintemperate
Australia.

Methods
Datafromtwocontrastingenvironmentswereusedtoestimatetheeconomicvalueofchangingenergyconcentration
ofperennialryegrassconsumedbydairycows.Thisincluded thelowsummer-rainfallregion of Terang, in south-west
Victoria (36 dairy cows on 14-16 ha of land, calving in May-June) and the high summer-rainfall region of Elliott, in
northern Tasmania (70 dairy cows on 16 ha of land, calving in early July). Perennial ryegrass intake was limited to
home-grownsourcesaseitherforageorsilage.Thereplacementcostmethod(Sinden&Thampapillai1995)wasused
toestimatetheeconomicvalueofhavingmoreenergyavailableonthefarmthroughanincreaseinperennialryegrass
energy concentration.Mean monthly barley pricesin AUS per MJME (utilised) were used asan estimate of the cost of
replacing pasture energy.

Increasingperennialryegrassenergyconcentrationwasassumedtohavenoadverseeffectsondrymatteryield,
pasture survival, or rumen function of dairy cows. No additional costs were assumed to be incurred when the high-
energy perennial ryegrasseswere chosenasafull pasture seed mixinstead of a’standard’perennial ryegrass variety.
The modelwas notdesigned to maximise farm profitor productivity when the additional energy from high-energy
perennial ryegrass was included in the system.

Economicvaluesforchangesinenergyconcentrationofperennialryegrasswerefirstcalculatedforthe2009-
10 season.Then, a range of years was used to assess how inter-annual variability affected the results. Six milking
seasons (2005 to 2011) were used from Terang and four milking seasons from Elliott (2003 to 2007). A different
rangeofyearswerechosenfromeachtrialinordertocapturethemaximumnumberofyears'datawithoutsignificant
changes to management.

Six scenarios for each trial were simulated. For Terang (T) and Elliott (E), this included ‘0.5B/‘0.5H;1.0B,
1.0H,"1.5B and "1.5H" Where the number indicated the change in energy concentration (in MJME/kg DM) and
the suffix letter indicated whether the ‘base’ (‘B’) or‘20% higher’ (‘H’) price of barley was used. This provided for a
sensitivityevaluationofthereplacementcostofenergy.Theeconomicvalueforhigh-energy perennialryegrasswas
calculatedasthesummationofdrymatterintakeaspastureandsilageperhectaremultipliedbytheassumedchangein
energy concentration and the replacement cost of energy.

Economicvaluesweredifferentiatedbetweensummer,autumn,winterandspringforthe2009-10seasonbut
notwhenseveralyearsweresimulatedusingMonteCarlosimulation.Economicvalueswerecalculatedwithchanges
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tothemainvariablesincludingpastureintake,changesinenergyconcentrationandthecostofbarleyenergy.Results
were analysed from 10,000 iterations of Monte Carlo simulation using multiple years’ data. The @RISK program

(version5.7fromPalisadeCorporation)wasusedtoestimatethedistributionofpotentialeconomicvaluesforthetwo
trials from each simulation.

Results and Discussion

Results from one year of data (Figure 1) showed significant economic value for a one unit change in energy
concentration (1 MJME/kg DM). A 1 MJME/kg DM change in energy concentration was equivalent to $AU
217/ha economic value for Terang and $AU 206/ha for Elliott in the 2009-10 milking season. Spring made the
greatestcontributiontooveralleconomicvalueinbothtrialsashigherpastureavailabilityfacilitated higherpasture
consumption per hectare.
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Figure 1: Potential economic value of high-energy perennial ryegrass for one milking season for a one unit (MJ metabolisable
energy per kg dry matter) increase in energy concentration for the Terang and Elliott dairy trial data. Economic value is defined
as the increase in energy concentration of high-energy perennial ryegrass over ‘standard’ perennial ryegrass.

BasedonMonteCarlosimulation using severalyears’data (Figure 2), Elliotthad highereconomicvaluesand
greaterabsoluterangesineconomicvaluescomparedtoTerang (based onthe difference between the 10t"and 90
percentiles) over multiple years. Forexample, Elliott had $AU281/ha higher mean annual economic value over the
2003-07periodcomparedtoTerangwhenenergyconcentrationchangedbyoneunit.Themeaneconomicvaluefora
one unit change in energy concentration at Terang was $AU204/ha per annum for 2005-2011.
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Figure 2: Terang (T) and Elliott (E) economic value means and ranges with 0.5, 1.0 and 1.5 MIJME/kg DM changes in energy
concentration of perennial ryegrass using base (B) and 20% higher (H) barley prices from 10,000 iterations of Monte Carlo
simulation.
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Conclusions

Transgenic perennial ryegrass plants with higher water soluble carbohydrate concentrations could increase the
mean energy concentrations of perennial ryegrass pastures. Estimates of the value of a one unitincrease in energy
concentration for perennial ryegrass were $217 (Terang‘summer dry’inVictoria) and $206/ha (Elliott'high summer
rainfall'inTasmania) for thelactation period based on 2009-10 data.The scale of the potential benefits quantifiedin
thisstudyprovidesjustificationformoredetailedmodellingofmanagementpracticeswhichcapturegreateradvantage
from the high-energy perennial ryegrasses.
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Introduction
ThepredominantforageoftheeasternUnitedStatesistallfescue(Loliumarundinaceum=Schedonorusarundinaceus
= Festuca arundinacea), which shows remarkable adaptability over the entire C,-C, transition zone. Tall fescue/
endophyte symbiosis isimportantin U.S. agriculture because it represents a key component of forage systems in
a large portion of the country (Zhuang et al. 2005). Tall fescue and related grasses are also highly importantin
soil conservation and strip-mine reclamation, and as a turf for yards and athletic fields. A significant factor in the
exceptionalfitnessoftallfescueisitsseed-transmissiblesymbiont, thefungalendophyteNeotyphodiumcoenophialum.
The most common N. coenophialum strains produce ergot alkaloids and can cause episodes of “fescue toxicosis”
to grazing livestock (Hoveland, 1993; Schardl et al. 2006; Thompson and Stuedemann, 1993). Removal of the
endophyte, though feasible, is not a preferred solution because of its importance in host fitness characteristics.
N.coenophialumisdisseminatedonlybyseed,sothelifecycleisrelativelysimple(BaconandSiegel, 1988;Welty
etal. 1986). Hyphae are present within the stem apex region of plants from the time that the embryo has matured
(HintonandBacon, 1985). Theendophyte colonizesdeveloping seedsafteranthesis, whereitremainsuntiltheseed
areplantedandgerminate (thoughitcandieinprolongedorimproperstorage). Uponseedgerminationthehyphae
growalongwiththe cellsofthe stem apexregion oftheembryoandinfect newleavesandaxillary buds, fromwhich
new tillers develop. The hyphae also colonize the inflorescence when it begins development at the tip of the stem
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apex.Thefungus movesfromthegerminatingseedintotheseedling,and colonizes mainlyleaf sheaths, meristems,
andinternodesofelongatingstems,butnotroots. Fromthehostplanttheendophytereceivesnutrients, protection,
and vehicles for dissemination (tillers and seeds), whereas the fungus imparts to the host improved tolerance to
drought, insects, diseases, and nematodes as well as greater seedling vigor and growth potential (Latch, 1997).

Thedevelopmentalbasis of plant/endophyte mutualismis of considerableinterestin plantbiology duetothe
similaritiesand differenceswith thetwo best-studied plant-microbeinteractiontypes, virulence/susceptibilityand
avirulence/resistance (Alfano and Collmer, 2004). Is the endophyte invisible to the host, treading so lightly asto go
undetected?Thisseemsunlikely giventheobservationsthatendophytestendtobe highly host-specific,andinrare
instanceswhentheycanbetransferredbetweenhostspeciestheyelicitavarietyofdefense-likeresponsesinthesenon-
nativehostseventhoughthosesamegrassesnaturallyharborrelatedendophytes(Christensen,1997;Eatonetal.2010;
Koga et al. 1993).

Signaltransduction pathwaysarekeyininteractionsbetween plantsandfungi.Such pathwayscontinuetobe
studiedintensivelyinseveralplant-associatedfungi,includingthecausalagentsofriceblast(Magnaporthegrisea),corn
smut(Ustilagomaydis)andchestnutblight(Cryphonectriaparasitica),andtoxigenicAspergillusspecies.Regulationis
mediated by expressionoractivationof numeroustranscriptionfactors,whichthencaninduceorinhibitexpression
of othergenesinvolved ininteractions with the host (Basse and Farfsing, 2006; Degani et al. 2004; Hoffmeister and
Keller,2007; Nathues et al. 2004). Similarly, signal transduction pathways and transcription regulation associated
with host responses to pathogens are under intense investigation, with ongoing characterizations of pathways
signaled by salicylicacid,jasmonicacid, ethylene,abscisicacid, nitricoxide andreactive oxygen species. Numerous
transcriptionfactorsandmetabolicmediatorsoftheseplantpathwayshavebeenidentified(Dongetal.2003;Fanand
Dong, 2002; Kachroo et al. 2004; Kesarwani et al. 2007; Nandi et al. 2003). Recently, new transcriptomic tools are
aidinginthedissectionofthemolecularinteractionsinmutualismbetweenplantsandrhizobia,mycorrhizalfungiand
endophytes (Eaton et al. 2010; Hagslund et al. 2009; Martin and Nehls, 2009).

The presence of the endophyte in tall fescue has consistently been shown to contribute benefits important
in stand persistence and productivity (Clay, 1987). These benefitsinclude:enhanced drought tolerance, increased
tillering, improved root growth and above-ground biomass accumulation, enhanced ability to acquire mineral
phosphatefromsoil,improved nitrogenutilization,andanti-nematodeactivity (Arachevaletaetal. 1989; Assueroet
al. 2002; EImi et al. 2000; Panaccione et al. 2006; Timper et al. 2005; West et al. 1993). However, the mechanisms
bywhichthesebenefitsoccurremainuncharacterized.Further,currentfindingshaveyettoclarifyhowtallfescueand
endophyte communicate to enable adaptation to each other.

Besidesosmoticadjustment,researchinplantdroughttolerancehasfocused onotherphysiologicalchanges.
Even the root architecture is altered in endophyte-infected versus endophyte-free tall fescue in a manner that is
reminiscent of an auxin effect, and likely to increase wateracquisition (Malinowski et al. 1999). Other physiological
changesthat may occurare those that protect from reactive oxygen species [ROS] (Delauney and Verma; Tanaka et
al.2006). Theendophyte possibly helpsfightdrought,in part, by reducing the associated oxidative stressin various
ways,suchasproducingROS-scavengingmetabolitesorup-regulatinghostgenesencodingbiosyntheticenzymesfor
antioxidants like resveratrol (Powell et al. 1994).

Transcriptome analysis presents a powerful approach to evaluating the dynamics of forage grass responses
to environmental variations, and to formulating hypotheses for mechanisms of enhanced resistance to bioticand
abiotic stresses, as well as forage interactions with their endophytes. Available genomic resources for the Lolium/
Festucacomplexandtheirendophyteshave been meager,althoughtheseareexpanding (Dinkinsetal.2010;Hesse
etal.2007; Mian et al. 2008; Voisey et al. 2007). Given the scarcity and need for these resources, we have elected to
sequencecDNAlibrariesfromtallfescueand meadowfescue, thathasbeenusedtobegintoprovideastarting point
formoleculardissectionofthetallfescue/endophyteassociation,aswellasprovidingtoolsinsubsequentproteomic
and metabolomicanalysis(Dinkinsetal.2012). Understandingtheformsof metaboliccross-talkbetween plantand
endophyteshouldallowmorerefinedcontrolofendophytebenefitsanddetrimentsduringabioticstressconditions.

Experimental Design:

Geneticallyidenticaltallfescue(cv.KY31)clonepairsharboringthecommontoxicendophytewereisolatedusingthe
fungicidetebuconazole[(RS)-1-p-chlorophenyl-4,4-dimethyl-3-(1H-1,2,4-triazol-1-ylmethyl)pentan-3-ollinorder
to access the effects of the endophyte in the same genetic background (Dinkins, unpublished). The stock plants
andfungicide-treated clones wereexaminedforthe presence orabsence of endophytebytissue printimmunoblot
(An etal. 1993)Nucleic Acid</keyword><keyword>Serotyping</keyword><keyword>Symbiosis</keyword></
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keywords><dates><year>1993</year><pub-dates><date>May</date></pub-dates></dates><isbn>0099-2240(Print,
PCRandmicroscopyand propagatedforseveral clonalgenerations priortheinitialexperiments. Ramets consisting
of threetillers of similar size were plantedinto 8.5x 8.5 cm square potsin sand, in the greenhouse. Sand was chosen
as the growth medium because it allows even and rapid drying, and provides for easy harvesting of roots. Plants
were watered twice daily for six weeks before subjectingthemto experimental conditions toallowforregeneration
andaccumulationofsufficientbiomassforsampling. Aftersufficientre-growth had occurred (3-4 weeks), waterwas
withheldfromthetestgroup,whilecontrolplantswerewateredtwicedaily. Potswererandomizedonthegreenhouse
bench,oncewhile setting up the experimentand again before subjecting them to treatments, to minimize the bias
causedbymicro-environmentalvariation.Threepotsofeachclonepairweresampledasreplicatesfromeachtreatment
asendophyteinfected watered controls (E+D-), endophyte infected water-deficit stressed (E+D+), endophyte free
watered controls (E-D-),and endophyte free water-deficit stressed (E-D-), on each day from day 0 today 5. Samples
wereharvested between 8:30a.mt09:30a.meach day, collected samplesimmediately frozeninliquid nitrogenand
subsequently prepared for RNA isolation as described below. The samples were divided into shoot, pseudostem,
crownand root material. Fivetosix potssubjected towater-deficitconditionsfromeach clone (E+/E-) were placed
backintoadaily watering regimeon each harvestdate until 5 days after withholding waterin orderto monitor their
ability to recover from the drought stress. Live tiller numbers were counted after four weeks of recovery.

RNA was extracted using TRIzol® Reagent (Invitrogen Corporation, USA). The RNA was treated using
TURBO DNA-free, (Ambion, Applied Biosystem, USA) for removal of contaminating DNA from RNA samples
and for the removal of DNase after treatment. The integrity of RNA was checked by using the Bio-Rad Experion
Automated Eletrophoresis Station (Bio-Rad Laboratories, Hercules, CA, USA). The lllumina TruSeq RNA sample
preparation kit (Illumina, Inc, San Diego, CA, USA) was used library preparation including adapters for pooling
forsequencing analysis done at the lowa State University DNA Facility. The first samples were sequenced using the
Illumina Genome Analyzer Il (GAIl), and subsequent sequencing runs were done using the lllumina HiSeq2000.
Two biological replicates for each treatment were run.

Sequence analysis was done using CLCbio Workbench. The reads were first mapped the Neotyphodium
coenophialumcontigsandEpichloefestucaegenome(availableathttp://www.endophyte.uky.edu)toremovethefungal
sequences. Reads perkilobase per million reads (RPKM) value was used to compare therelative hitson ourinhouse
Lolium assembly (Dinkins etal.2012) and further filled in with the RNA-Seq reads. The new assembly comprised of
65,312 contigs (labeled as 65K Assembly) of which 36,912 matched (Blastx 1E 10-5) 12977 of the 37767 annotated
Arabidopsis thaliana proteins (TAIR 10.0 — www.arabidopsis.org), and 41,264 matched (Blastn 1E 10-5)9975 of the
25219annotatedBrachypodiumdistachyonCDSgenemodels(Brachy 1.0-www.phytozome.net). AnRPKMvalueof
20 was used as a cutoff for comparisons among the treatments.

Results and Discussion

Clone 27 was randomly chosen from among a number of recovered clones following fungicide treatment for the
experiment primarily due to its propensity to tiller rapidly in the greenhouse. While analysis of a single tall fescue
clone is not indicative of the heterogeneity observed for tall fescue endophyte interactions in the field, it is akin
to analysis of single cultivars in self-pollinating species. The analysis of E+ and E- plants of this clone (i.e. single
genotype)allowedforcomparisonsoftheendophyteeffectwithinasinglegenotype. OveralltheE+plantssurvived
thestressconditionsimposedduringtheexperimentbetterthantheE-plantswhennumberoftillersproducedupon
recovery was used as the measure. However, by day 5 days stress, none of the E+ and E- plants were able to recover
(Figure 1). Day 2 was chosen for RNA-Seq analysis since differences in recovery was observed from the controls, i.e.
plantsexhibitedstress,yetregrowthandrecoverywasobserved,aswellasdifferencesobservedintherecovery,based
onthenumber oftillers thatsurvived betweenthe E+andE- plants (Figure x). RNA expression levels was compared
between endophyte-infected water controls (E+WC); and day 2 stressed (E+D2); endophyte-free water control (E-
WC); and day 2 stressed (E-D2) in the pseudostem tissues as this is the region that contains the highest endophyte
concentrations (Hinton and Bacon, 1985).
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Figure 1. Number of tillers following stress treatments for tall fescue clone 27.

The first step in the analysis was to remove the fungal reads. As shown in Table 1 a high number of reads
matched fungal sequences in the E+ plants, although a number of reads from the E- plants matching was also
observed.ThosematchingtheE-plantsequencesweresubsequentlyfoundtomatchprimarilytofungalhousekeeping
genes that are expressed at high levels (data not shown). This was probably due to the presence of other fungion,
andin,theplantsassayedsincetheseplantswerenotgrownaxenically. TheremainderoftheRNA-Seqreadsmapped
onto the 65Kassembly. The number that matched the tall fescue assembly is shown in Table 1. The majority of the
readsthatmatchedthe65Kassembly,roughly88%foralltreatments, matchedtosinglecontigs,andthosematching
multiplecontigsrepresentedregionsofsimilarityoncloselyrelatedgenes,oralternativetranscriptsfromthesamegene

that assembled into different contigs.

Table 1. llumina RNA-Seq reads matching fungal and tall fescue assembly sequences.

Total Reads % Match to Fungall % Match to Assembly2 | % Unique
E-wWC 51,219,944 0.31 69.48 87.67
E+ WC 53,496,201 2.76 71.57 87.42
E- D2 32,058,077 0.39 67.42 88.06
E+ D2 63,570,072 3.58 58.71 87.88

1 Percent match to Epichloe fesctucae and Neotyphodium coenophialum sequence found at http://www.endophyte.uky.edu .
2 Percent match of the lllumina reads minus the fungal matches that matched to the 65K tall fescue assembly.
3 Percent of the reads that matched the 65K tall fescue assembly that mapped to a single contig.
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Figure 2. Number of differentially expressed contigs comparing water control and stress for endophyte-free (E-) and endophyte-
infected (E+) plants.

Inordertomonitordifferencesinexpressionbetweenwater-controlandstressedplants,aswellasbetweenthe
E+and E- plants, a two-fold differences was used as a cut-off where a minimum RPKM value of 20 was observed for
the highestexpressing treatment. Overall, stress resulted in changesin expressionin roughly 15% of the assembly
contigs. Thisis similarto observedresultsinanumberif species where stress has been observed to alter expression
in 10-30% of the genome (Shinozaki and Yamaguchi-Shinozaki, 2007). Similar genes involved in stress responses,
heat-shockrelated, ABA-responsive,documentedinotherspecies,wereobservedtobedifferentiallyexpresseddueto
thestresstreatmentinourstudy. AlthoughdifferentialexpressionwasfoundinbothE+andE-plants,bothincreased
anddecreasedexpressionroughlyequally,interestingly,morechangesinexpressionwereobservedintheE+plants
than in the E- plants (Figure 2). A number of changes observed higher in the E+ plants, were called (i.e. > 2-fold)
eventhoughasimilartrend wasalso observedin the E- plants, simply that 2-fold difference was notfound. This can
beseeninFigure3forthegenesinvolvedinprolinebiosynthesisthatareexpectedtobeexpressedhigherunderstress
(Delauney and Verma, 1993; Yoshiba et al. 1997).
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Figure 3. Comparison in expression of genes involved in proline biosynthesis, P5SCS1-like and P5CS2-like contigs, for endophyte-free
(Em) and endophyte-infected (Ep) under control and stress conditions.

Interestingly, the differential expressionis due to two different causes; first, expressionis higherin the E- than
E+ under non-stressed conditions, whereas it was observed to be higherin the E+ plants under stress. The reason
forthe observed differencesin expression under non-stressed conditionsis notknown as proline was barely above
detectablelevels,althoughprolinecontenttendedtobeslightlyhigherintheE+underthestressconditions(datanot
shown).
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Figure 4. Number of differentially expressed endophyte-free (E-) and endophyte-infected (E+) tall fescue contigs.

Comparing expression between the E+ and E- plants roughly 2200 contigs were found to be differentially
expressed(Figure4). Andwhereasignificantnumberofgenesweredifferentiallyexpressedduetostress,themajority
of the differentially expressed genes based on the presence/absence of the endophyte were found underthe non-
stressedtreatments.Only41contigsweredifferentiallyexpressedbetweenthetwoirrespectiveoftreatment;31that
were expressed higherinthe E- plantsand 10 that were higherinthe E+ plants. Inthelatter case, 9 of the 10 match
geneshomologoustoglycosylhydrolasesandonedid nothaveasignificantmatchtoanyproteinorgeneinthe NCBI
database. Of the 31 that were expressed higher in the E- plants, 20 had significant matches known plant genes, a
fourthcorrespondingtoheatshockproteins. Thespecificfunctionsofthedifferentiallyexpressedproteins,including
theputativeglycosylhydrolasesdescribedabove,inconjunctionwiththepresence/absenceoftheendophyteremains
to be determined.
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Development of a new genetic map for testing effects of creeping wildrye
genes in basin wildrye backcross populations
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Background
Perennialgrassesdisplaydivergentadaptationsintermsofgrowthhabit,phenology,stresstolerance,seeddormancy,
and many otherfunctionallyimportant traits.Basin wildrye [Leymus cinereus (Scribn.&Merr.) A. Léve ] is the largest
nativegrassinwesternNorth America.ltwasoncecommononsomeofthemost productivecroplandsofthisregion,
suchasCacheValleyregionsurrounding Utah State University,anditis stillfound on many sites where waterand soil
accumulate.However, like many native bunchgrassesofthisregion,ithasahigh growing pointthatis susceptible to
grazingand clipping.Creeping wildrye [Leymus triticoides (Buckley) Pilg.]is strongly rhizomatous grass, which has
good clippingtolerance,and wasonce thoughttobedominantspeciesin CentralValley of California, whereitis still
cultivated asasalinebiomass crop. Interspecific creeping x basin wildrye hybrids display acombination of tall plant
height from basin wildrye and strong rhizomes from creeping wildrye (Larson et al. 2006) that may provide good
biomass yield potential and clipping tolerance.
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Two mapping populations, TTC1and TTC2, were previously derived from crosses of two Leymus triticoides x
Leymuscinereusinterspecifichybrids, TC1andTC2,toone creeping wildryerecurrent parent(Wuetal.2003;Larson
etal.2012).ThesecreepingwildryebackcrosspopulationswereusedtomapQTLscontrollingtheinheritanceofplant
height, rhizomes, forage quality (Larson and Mayland, 2007; Larson et al. 2006). However, QTL analyses of the TTC
mappingpopulationsmaynotfullyexplaindifferencesbetweenspecies,especiallyfortraitsthatmayhavedominant
genesfromcreepingwildrye.Thus,anewfull-sibgeneticmappingpopulation,whichcomprisedof250genotypeswas
created fromabackcross of theTC1 hybrid to basin wildrye.This population, designated TCC, was developed to test
theeffectofcreepingwildryegenesinthebasinwildryebackground.ThisnewLeymusgeneticmapisfirstdescribedin
this report.

Construction of a new TCC genetic map of Leymus

A new TCC mapping family was developed from a backcross of the same TC1 hybrid to a basin wildrye recurrent
parent.TheTChybridsandbackcrosseswerenamedafterthespeciesepithetsoftheLeymustriticoides(T)andLeymus
cinereus (C). Molecular markers were developed from expressed gene sequence tags (ESTs) fromrhizome and tiller
meristems of the TC hybrids (Bushman et al. 2008; Kaur et al. 2008). Most of the 12,000 Leymus ESTs have been
alignedtoBrachypodiumandothergrassgenomereferencesequencesontheBiofuelfeedstockgenomicsresourcefrom
Michigan State University (http://bfgr.plantbiology.msu.edu/) and GrainGenes (Larson et al. 2012). The new TCC
familywasgenotypedwith412 AFLP markersand 81LeymusEST markersthatwere mappedinto 14linkagegroups
(LG) spanning 2389 cM (Table 1). By comparison, the current TTC consensus map (Larson et al. 2012) contains
375 AFLP framework markers and 376 Leymus EST markers in 14 LGs spanning 2381 cM (Table 1). The TTC and
TCC maps were aligned using 46 shared AFLP and 48 shared EST marker (Table 1). Thus, a total of 435 Leymus EST
markers mapped on the TTC and TCC map, including 28 marker loci for nine of the ten known lignin biosynthesis
genes (Table 1.).

Table 1. Summary of TTC and TCC molecular marker maps

TTC Consensus Map TCC Map Shared Total
Lignin  Cross- Map M Lignin Map (4"
EST EST species length per EST EST length per EST Leymus

AFLP SSR  STS STS Total (cM) locus AFLP SSR  STS Total (cM)  locus AFLP (lignin) EST

LGla 28 18 1 4 51 135.9 27 28 2 1 31 110.4 3.6 2 2(1) 21
LG1b* 43 20 0 1 64 166.9 2.6 21 3 0 24 110.8 4.6 1 2 21
LG2a 39 18 2 4 63 188.5 3 21 8 0 29 217.4 7.5 2 3 25
LG2b 23 34 1 4 62 207.2 33 28 6 0 34 147.9 4.4 2 2 40
LG3a 31 28 2 6 67 200.8 3 30 10 0 40 221.6 5.5 4 9 33
LG3b 28 20 0 5 53 164.7 32 28 4 0 32 225.8 7.1 2 4 20
LG4Ns 16 29 0 5 50 168.1 34 24 4 0 28 149.2 5.3 5 2 31
LG4Xm 18 25 0 7 50 127.3 25 33 3 0 36 173.6 4.8 3 1 27
LG5Ns 27 27 3 3 60 194.8 32 41 2 0 43 155.3 3.6 6 1 34
LG5Xm 25 27 3 4 59 160.5 27 22 1 2 25 167.3 6.7 4 2(2) 34
LG6a 26 22 1 1 50 179.2 36 27 9 1 37 164.5 4.4 3 5 29
LG6b* 26 18 2 1 47 153.6 33 40 14 0 54 164.7 3.1 5 7 29
LG7a 23 33 4 2 62 171.7 2.8 36 2 3 41 184.1 4.5 5 4(2) 42
LG7b 22 31 7 1 61 161.8 27 33 6 2 41 196.1 4.8 2 4(2) 49
Overall 375 350 26 48 799 2381 3.0 412 74 9 495 2389 4.8 46  48(7) 435

Comparison of QTL effects between reciprocal TTC and TCC backcrosses
QTLdifferences between the reciprocal backcrosses can be explained by non-additive gene effects. Genes that are
dominant in the recurrent parent or recessive in the donor parent will not show phenotypic segregation and are
not detectable by QTL analysis. Conversely, genes that are recessive in the recurrent parent or dominant in the
donorparentwill show phenotypicsegregationandare detectable by QTLanalysis. Additive-effectgeneswill show
phenotypic segregation in reciprocal backcrosses and should be detectable by QTL analysis in either direction.
Comparisons of plant height QTLs between the TTC and TCC reciprocal backcrosses show that one QTL was
present in both backcrosses, three QTLs were unique to the TTC L. triticoides backcross, and one QTL was unique
totheTCCL.cinereus backcross (Fig.2). Leymus cinereus contributed positive alleles for plantheight QTLson LG1a
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in both TTC and TCC reciprocal backcrosses. Thus, we deduce that these plant height QTLs on LG1a are the result
ofthesameadditiveeffectgene(Fig.2).TheL.cinereusdonorparentalsocontributed positiveallelesforplantheight
QTLs on LG2a, LG3b, and LG4Xm in the TTC L. triticoides backcross, but no significant effects were detectable
in the reciprocal TCC L. cinereus backcross (Fig. 2). Thus, we deduce that the L. cinereus LG2a, LG3b, and LG4Xm
plantheightQTLallelesaredominant(Fig.2).Conversely, the L.triticoides donor parent contributed positivealleles
fora plant height QTL on LG5Xm in the TCC L. cinereus backcross, but no significant effects were detectable in the
reciprocal TTC L. triticoides backcross (Fig. 2). Thus, we deduce that the L. triticoides LG5Xm plant height QTL allele
is also dominant (Fig. 2).

Comparisons of rhizome QTLs between the TTC and TCC reciprocal backcrosses show that one QTL was
present in both backcrosses, two QTLs were unique to the TTC L. triticoides backcross, and one QTL was unique
to the TCC L. cinereus backcross (Fig. 3). Leymus triticoides contributed positive alleles for all rhizome QTLs. Thus,
we deduced that the Leymus triticoides LG2a rhizome QTL is dominant because it was detectable only in the TCC
L. cinreus backcross (Fig. 3). The LG6a L. triticoides rhizome QTL had very strong effects in the TCC L.cinereus
backcross and relatively weak, but significant effects in the TTC L. triticoides backcross (Fig. 3). Thus we deduce
that the LG6a L. triticoides rhizome QTL has a strong, partially dominant effect (Fig. 3). Interestingly, L. triticoides
rhizome QTLs on homoeologous regions of LG3a and LG3b were detectable only in the TTCL. triticoides backcross
and not in the TCC L. cinereus backcross (Fig. 3). Thus, we deduce that L. triticoides rhizome QTLs detected on
homoeologous regions of LG3a and LG3b both have recessive gene effects (Fig. 3).

la 1b 2a 2b 3a 3b 4N_4X, SN, 5X, 6a 6b 7a 7b

i

|
- — 4 -l 1 f ﬂll.‘ fu ',L ' - L7
— | 2 N / - F eLle n M ,"'- i ] oy
J!,E,:.r),:.'l 1‘:““"‘;‘]'\}‘?"1"14"111‘1—"; ; R TII.FJ.iE.-j-N"'-r'THrJ-E'I l‘{-j: {-Lll""fna 'Ff‘“{"l‘“‘]"‘l‘lfr'q_&qr Ir"lrf‘!n."fc"f.: 'F"f: =l
'I ,-"IStrong;'. : Wf'l ; / f: ! =:
Pominant | ' Dominant| : ! : :
o I.- 7 ; : H T ;-' ;" TCC
Y SRR = e = g b i e of ees s frein
w [ # n'ﬂrhl'l J'b-;..,-"]. My /'NF = o W rﬂ\\l‘x Jl'I ‘“wll '“.l'l I"l E—"..J"u ?‘.L ﬂj Hllr'
C T
Additive Dominant

Figure 2. Comparison of genome-wide plant height QTL scans, over 14 linkage groups, between reciprocal TTC and TCC
backcross families derived from L. triticoides (T) and L. cinereus (C) hybrids. Shaded boxes and letters indicate the positive-effect
parent allele, with deduced gene effect annotations.

Conclusion

Interspecific creeping x basin wildrye hybrids display a combination of dominant plant height genes from basin
wildryeanddominantrhizomegenesfromcreepingwildryethatmay providegoodbiomassaccumulationpotential
andclippingtolerance.Strong, major-effect genes with dominantor partially dominanteffects were detectable for
both plantheightand rhizome traits. The relatively short creeping wildrye parent contributed one dominant plant
heightgene,whichcouldtheoreticallyprovideplantheightheterosis.Thecombinationofadditiveanddominantplant
heightgenes, from both parents, may explain therelatively tall plant height of the L. triticoides x L. cinereus hybrids,
which equaled or exceeded the taller basin wildrye parent (Larson et al. 2006). Conversely, the combination of one
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dominant,onepartiallydominant,andtworecessivecreepingwildryerhizome genesexplain whytherhizomatous
spreading of the hybrids was intermediate between creeping wildrye and basin wildrye (Larson et al. 2006).
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Figure 3. Comparison of genome-wide rhizome QTL scans, over 14 linkage groups, between reciprocal TTC and TCC backcross
families derived from L. triticoides (T) and L. cinereus (C) hybrids. Shaded boxes and letters indicate the positive-effect parent

allele, with deduced gene effect annotations.
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Abstract

Association mapping provides a powerfultool fordissecting complex quantitative traits. Cold hardinessinfluences
survivalofperennialgrassesintemperateregions.Weconductedcandidategeneassociationmappingofcoldhardiness
in 192 perennial ryegrass (Lolium Perenne L.) accessions. The population panel showed significant variations in
phenotypictraits of percentage of winter recovery, chlorophyllindex,and normalized difference vegetationindex.
Fivepopulationstructureswerefoundinthepopulationassessedby 109simplesequencerepeatmarkersinperennial
ryegrass. A total of 346 non-rare single nucleotide polymorphisms (SNPs) were discovered by sequencing 14
candidategenesinvolvedinantioxidantmetabolism,dehydration,andwatermovementacrossmembraneandsignal
transduction.Themodelimplementingpopulationstructureeliminated90%offalse positivecorrelations,compared
to simple linear model. Eleven significant associations between genes and traits were identified after controlling
populationstructure.Theresultsprovideimportantinformationforfurthergenevalidationandgeneticimprovement
for cold hardiness of perennial grasses.

Introduction
Perennialplantsgrowingintemperatezonessurviveharshwintersthroughcoldacclimation,aphenomenoninwhich
plantsincrease their freezing tolerance in response to decreasing day-length and low non-freezing temperatures,
followed by subfreezing temperatures through fall and winter (Thomashow 1999; Kalberer et al. 2006). Cold
hardinessisacomplex process involving environmental signals, gene expression, physiological mechanisms, and
empirical responses (Kalberer et al. 2006). Compared to the extensive research in cold acclimation in the model
and economicallyimportant species, relatively littleis known about the genetic mechanisms of cold acclimationin
perennial grass species used for forage and turf.

Perennialryegrass(LoliumperenneL.)isoneofthemostimportantforageandturfgrassesintemperateclimates
zonesintheworldforits high quality forforage and landscaping as well as for other elements of ecosystem services
such as carbon sequestration, soil formation and protection, and nutrient cycling. However, this grass species has
demonstrateditsinability to surviveinaharsh winter.Perennial ryegrassis a self-incompatible diploid (2n =2x=14)
out-crossing species (Cornish etal. 1979) thatshows a high degree of geneticdiversity within the population (Kubik
etal.2001; Xing etal. 2007). There are more geneticand genomic recourses available in perennial ryegrass (Jensen
et al. 2005; Gill et al. 2006; King et al. 2008) than for any other major perennial grass species with more complex
genomes.Thus,perennialryegrassprovidesagoodmodelforstudyingthegeneticbasisofcoldhardiness.Theresults
obtainedfromthisspeciescanbetransformedintoaninvestigationofotherperennialgrassspecieswithmorecomplex
genomes.

Associationmappingisapowerfulhigh-resolutionmappingtoolforcomplexquantitativetraits(Yuetal.2006;
Zhu et al. 2008; Ersoz et al. 2009; Brachi et al. 2010). Through exploitation of historical recombination events at
the populationlevel,association mapping studies link genes with traits, offerfine mapping,and testlarge numbers
of alleles (Yu and Buckler 2006). Using candidate gene association mapping, two SNPs in ScCbf15 and one in
ScCbf12,leadingtoaminoacidexchanges, weresignificantlyassociated withfreezingtoleranceinrye(Lietal.2011).
Furthermore,genome-wideassociationhasprovedtobeamorepowerfultoolforgeneticdissectionofcomplextraits
in model plants of Arabidopsis thaliana (Atwell et al. 2010; Brachi et al. 2010; Chan et al. 2011) and in crop species
(Yanetal.2010;Zhaoetal.2011).Severalstatisticaltoolshave beendevelopedtodeal withfalse positive correlations
caused by population structure and relative kinship when conducting association mapping (Yu et al. 2006; Zhang
etal.2010).Todate, the candidategene-associationmappingoffloweringtimehasbeenreportedinperennialgrass
(Skat etal.2007; Skat et al. 2011), but association mapping of cold hardiness have not been reported in perennial
grassspecies.Therefore, theobjective of thisstudywastoidentify candidategenesassociated with cold hardinessin
perennial ryegrass.
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Materials and Methods
Theperennialryegrassmappingpopulationconsistingof192accessionswascollectedfrom43counties,representing
wild, cultivated,andundefined materialswithwidegeographicaldiversityaccordingtoUSDAclassification.Allthese
accessionsarediploidsverifiedusingflowcytometrytechnique(Wangetal.2009a).Eachaccessionwaspropagatedby
tillers and the population was established in the field in West Lafayette, Indiana and Wanatah, Indiana in the fall of
2008.Wefollowedrecommendedpracticesforallroutineinputsandmanagements.Assessmentofcoldhardinesswas
conducted in March and April in 2009 and 2010.

Whole-plantmeasurementsweretakentoindicateplantcoldhardiness,includingvisualratingofcanopygreen
coverage (CGC, %), normalized difference vegetation index (NDVI) and canopy chlorophyll index. Based on our
observations,leavesofsomegenotypesturnedgreenandrecoveredfromthewinterwhileleavesofsomegenotypes
were still yellow at this time when samples were taken. Canopy green coverage was rated visually on a scale of 0 to
100,withOindicatingcompletelydeadornogreentissuecoverageand 100representingcompletecanopycoverageby
green tissue. Data on NDVI was collected using Crop Circle (Holland Scientific Inc., Lincoln, NE, USA), obtained
from calculation of (reflectance at near infrared wavelength - reflectance at red wavelength)/(reflectance at near
infraredwavelength +reflectanceatred wavelength).Canopy chlorophyllwas measured using FieldScout CM 1000
Chlorophyll Meter (Spectrum Technologies, Plainfield, IL, USA).

The population of perennial ryegrasses was screened by using 109 simple sequence repeat (SSR) markers
developed in perennial ryegrass (Jensen et al. 2005; Gill et al. 2006; King et al. 2008). Population structure was
examined using SSR marker data with STRUCTURE software 2.3.1 (Pritchard et al. 2000). Fourteen candidate
genes were selected for sequencing, including 10 putative genes encoding antioxidant enzymes (CAT, MnSOD,
FeSOD, chloroplastic Cu/ZnSOD, cytosolic Cu/ZnSOD, APX, GPX, GR, DHAR, and MDHAR) and additional
putative genes of LEA, PIP, TIP, and MRAK. Candidate gene association analysis was performed using the GLM by
implementing Q model and simple linear model with the TASSEL 2.1 software package (Bradbury et al. 2007). The
experimentwasrandomized completeblockdesignwiththreereplicationsforeachaccessionineachlocation.Each
genotypeforallreplicationsacrosslocationswasgeneticallyidentical.Phenotypicdataforeachaccessionfromtwo
locations were combined for association analyses.

Trait Variation

Large differences in traits of cold hardiness were found in the mapping population of perennial ryegrass (Table 1).
Among accessions, the minimum and maximum values were 0 and 79% for canopy green cover (CGC), 62 and 212
for canopy chlorophyllindex (Chl),and 0.15 and 0.67 normalized difference vegetation index (NDVI), respectively;
across the experimental locations. The cold tolerant accessions had higher CGC, Chl, and NDVI that that of the
sensitiveaccessions.Theresultsindicatedthataccessionsvariedintheircapacityforcoldhardiness,whichprovidesan
important basis for association analyses of genes with traits.

Table 1 Variation in percentage of recovery (PR), canopy chlorophyll index (Chl), canopy normalized difference vegetation index
(NDVI) for perennial ryegrass accessions.

Trait Minimum Maximum | Mean Stda
CGC 0 79 315 18.0
Chl 62 212 100.4 24.0
NDVI 0.15 0.67 0.33 0.07

a Standard deviation

Population Structures

The STRUCTURE analysis identified five groups (G1, G2, G3, G4, and G5) in this panel of perennial ryegrass (Fig.
1)basedonlikelihoodplotsofthemodelsandstability ofgrouping patternsacrossdifferentruns(Wangetal.,2009b).
Themeanmajorallelefrequency,genediversity,and observed heterozygositylevelrangedfrom0.36t00.40,0.71to
0.76,and 0.42to0.53 across thefive groups, respectively. Thegroup G1wasthelargestand mostdiverse group, with
121 accessions of mixed origins, including all the accessions from Oceania and the majority of the accessions from
the U.S., Canada, Europe, and South America. Approximately 89.4 % of cultivated materials were assigned into G1
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including 10 out of 11 turfgrass cultivars. The group G2 contained 21 accessions; from Europe (14), Asia (6), and
oneturf-type commercial cultivarfrom USA.Thegroup G3was the second largest group, with 25 accessions; mainly
from Europe (13), Africa (7), and Asia (3). The group G4 contained 13 accessions, mainly from North Africa (Algeria,
Morocco, and Tunisia). The group G5 was the smallest with 12 accessions mainly from Southern Europe and Asia.
There was no obvious kinship in this population (data not shown).

Figure 1. Genetic relatedness of 192 perennial ryegrass accessions with 109 SSRs as analyzed by the STRUCTURE program. Numbers
on the y-axis indicate the membership coefficient. The color of the bar indicates the five groups identified through the Structure
program (G1 =red, G2 = green, G3 = blue, G4 = yellow, and G5 = pink). Accessions with the same color belong to the same

group.

Association Analyses of Selected Genes

Atotalof346non-raresinglenucleotide polymorphisms(SNPs) werediscovered by sequencing 14candidategenes
involved (datanotshown).Significantassociationbetweencandidategenesandtraitswerefoundinthe population
of perennialryegrassaftercontrollingpopulation structure (Table 1).Specifically, MnSODwasassociated with NDVI
at locus 51; CAT was associated with CGC and Chl at locus 494; LpLEA3 was associated with CGC and Chl at
locus 219 and 251, respectively. Association was also found between Chl Cu/ZnSOD and NDVI at locus 370 in the
mapping population.

Table 2 Association of candidate gene with phenotypic trait of normalized difference vegetation index (NDVI), percentage of
recovery (PR), and chlorophyll content (Chl)

Trait Candidate gene Locus P-value

NDVI MnSOD 51 4.21E-04
CGC CAT 494 9.07E-05
Chl CAT 494 1.58E-04
CGC LpLEA3 219 1.95E-04
Chl LpLEA3 254 2.66E-04
NDVI Chl Cu/Zn SOD 370 4.73E-06
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Conclusion

The diverse accessions of perennial ryegrasses showed significant variations in phenotypic traits of canopy green
cover,chlorophyllindex,and normalized differencevegetationindexintheearly springatthe experimentsites.Five
populationstructureswerefoundinthepopulation.Significantassociationsbetweengenesandtraitswereidentified
aftercontrollingpopulationstructure.Furtherresearchisneededtovalidategene-traitassociation,andthiswillbenefit
genetic improvement for cold hardiness of perennial grasses.
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Abstract

Alfalfa (Medicago sativa L.) is a major forage legume. Selfing (i.e,, self-pollination) in alfalfa is possible, particularly in
theabsence of pollenfromanothergenotype.Selfinghasalsobeenshowntooccurininsect pollinated seed production
fields. Reported selfing rates under field conditions range from 2% to 53%. By and large alfalfa breeders have ignored
selfingintheirplantbreedingprogramsexceptinbreedingschemerequiringintentionalselfing.Evenmodestselfingrates
willsignificantlyincreaseinbreedingdepression,particularlyinsuccessivesyntheticseedincreasegenerations.Inbreeding
depressionduetoselfingdwarfsinbreedingeffectsassociatedwithbroadversusnarrowbasedsynthetics.Priortomolecular
markers, identifying selfed progeny in a standard alfalfa polycross or seed production field was almost impossible. In
this study we present a SAS software program and simple DNA test utilizing SSR markers amplified in one or two
PCR reactions that can identify selfed progeny in tetraploid polycrosses. The DNA test is demonstrated on a 15 parent
autotetraploidalfalfapolycrosspollinatedwithleafcutterbees(MegachilerotundataF.).Inthedemonstrationpolycrossa
45%selfingratewasobserved,consistentwith previousstudies.Outcrossandselfprogenywerephenotypedforbiomass
yieldandthesynthetic’sgeneticloadwasestimated.Basedonthesynthetic’sgeneticloadandselfingrateweestimateda7%
reductioninbiomassyieldfromthesyn 1tosyn3generation.Onewaytomitigatethisyieldlosswouldbetoactivelyselect
forreducedselfing.Alargerangeinselfingrateswereobservedbetweengenotypessuggestingthatselectionforthistrait

should be feasible.

Autotetraploid alfalfa Medicago sativa L.) (2n = 4x = 32)
is the third largest crop by acreage in the United States
withanestimated 28 millionkgofseed produced peryear
| | | | (NASS, 2009). Although alfalfa is generally considered to
| beanoutcrossing species, selfingis possible, particularly
in the absence of pollen from another genotype (Viands
et al,, 1988). Selfing has also been shown to occur in
insect pollinated seed production fields (Burkart, 1937;
Johansen, 1963; Bradner and Frakes, 1964; Pedersen,
| 1968; and Brown and Bingham, 1991). Reported field-
I3 I wide selfing rates range from 9% to 53% with an average
' .I | ‘ fieldselfingrateat34%.Mostoftheseearlier studiesused
r I S A [N () A 1 white flowered “sentinel” plants to estimate field selfing
M N7 I e O rates. Brown and Bingham (1991), however, used purple
; ' (gt g el flowered “sentinel” plants in a 0.2 ha modern variety
| seed production field pollinated with alfalfa leafcutter

o = T T “ Introduction
| |

|
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32 O | I
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— 0800 —

COriginal Polycross Size
~— 0.775

gl 2 F L L 4 4 ¢ U |1 1| bees(Megachile rotundata F), observing a 33% selfing
00 01 02 03 04 05 06 07 08 08 10 rate.Byandlargealfalfabreedershaveignoredselfingin
Self-Fertilization Frequency theirplantbreedingprogramsexceptinbreedingscheme

_ _ _ requiringintentionalselfing.Inspiteofthistherehasbeen
Figure 1. Expected inbreeding (contours = 1 -F) of syn 3seed  atraditionallyfocusinalfalfabreedingresearchonnarrow
(certified) depending on original polycross (syn 0) size and . . .. ..
self-fertilization frequency in an autotetraploid synthetic. vs.broadbasedsyntheticsandtheinbreedingimplications

of these two strategies (Busbice, 1969). Using models
presentedbyBusbice(1969)itbecomesclearthatselfingduringseedincreasegenerationshasamuchlargertheoretical
impact on inbreeding if the synthetic is narrow based than if it is broad based (Fig. 1).

Priortomolecularmarkers,identifyingselfed progenyinastandardalfalfa polycrossorseed productionfield whose
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plants did not contain a phenotypic markerwas almostimpossible. However, recently Riday (2011;2012;2013) has
suggestedusingDNAmarkerstoidentifyunknownparentageofprogenyinforagebreeding.Similartechniquescould
be used to identify selfed progeny (i.e., progeny resulting from self-fertilization). This study reports on the selfing
rateinasyn 1breeding polycross.Selfed progenyinthisstudywereidentified usinganexclusionanalysis (Jonesand
Ardren,2003) based SAS software code (SAS, 2008) specifically designed to utilize codominantautotetraploid DNA
markers with ambiguous dosage.

Materials and Methods

A 15 parent polycrosswas established Apr28,2009 at the Cal/West Seeds Woodland Research StationinWoodland,
CA (38°37'04.82"N, 121°47'55.35"W) in a Capay silt clay (fine, montmorillonitic, thermic Typic Chromoxererts)
using elite breeding material internal to their program.The 180 plant polycross (6 x 30 plant rectangle) was set up
with15parentsclonallyreplicated 12times.Tworeplicationswereincluded,eachconsistingof six-clonerowsofeach
parentwith plants spaced 38 cmapartand rows of different parental genotypes spaced 51 cmapart.Rows of plants
consisted of sixclonally replicated space-plants (of one of the 15 parents) spaced 38 cmapart.The 15 six-clonerows
forthe 15 parentswerespaced 51 cmapart. Asecondsetof 15six-clonerowsofthe 15 parentswereincludedaswell.
Plantswere sprinkleirrigated until Jun22and furrowirrigated once
on Jul 18.The polycross cage was sealed and a first set of alfalfa

Parent Selfing Seed Yield leafcutter bees was applied into the cage on Jul 13;a second set of
Rate (%) (g plant™)
° gp beeswasappliedonJul24,totalingapproximately5000bees.Plants
E09-006 13% 14 were pollinated for 28 days. Upon seed ripening, bulked seed from
E09-014 33% 0.8 each parent was harvested.
£09-020 57% 238 Equal numbers of progeny from the 15 parents that
£09-027 68% 1.8 producedseedwerespace-plantedintoabreeding nurseryi.nspring
2010 at the Cal/West Seeds West Salem, WI Research Station.
E09-032 13% 0.3
£09.03 29% 34 Progeny plants from the 15 parent polycross were transplanted
035 0° : into 5-plant maternal-halfsib rows with plants spaced 45cm apart
E03-036 51% 2.0 with 75cm spacing on all sides around the 5-plant plot. Individual
E09-039 48% 03 plants were visually evaluated for vigor on: Jul 21, Aug 5,and Oct 8
E09-040 15% 0.8 2010; and Apr 25, Jun 3, Jul 12, Jul 28, Aug 29 2011. Vigor scores
£09-041 69% 22 on each observation date were range transformed [100% x (Score
£09-042 50% 0.4 - Minimum Score)/(Maximgm Score - Mir‘ﬁm‘um‘Score)]. Scores
£09-043 70% 17 ranged from 0% to 100% with a 0% score indicating a dead plant.
£09.057 47% 1'8 Repeatedtransformedscoresofeachplantwereaveragedtocomeup
i 0° ' with an average vigor score (%) for each plant. Persistence (%) was
E03-079 20% 13 also measured on Aug 29 2011 with living plants receiving a 100%
E09-085 48% 15 score and dead plant receiving a 0% score.
Average 45% 1.5 Tissuefrom progeny plantsintheWestSalem breedingnursery was
LSD (P < 0.05) 16% collected and DNA extracted (Riday and Krohn, 2010). Nineteen

PCR amplified SSR markers (Sledge et al., 2005) (AFca11, AW 146,
Table 1. Selfing rate (%) and seed yield (g plantt) AW235, BE119, BE323955, BF85, BG249, BG280, B28, AL45,

of 15 alfalfa polycross parents pollinated with
leafcutter bees during summer 2009 in Woodland, AW86, BG230, Mt1GO5, BI54, AW379, 36275’ AWOT, BE78’
CA. and BF220), were run on a 4-dye ABI Prism 3130x| genetic analyzer

(Applied Biosystems Inc., Foster City, CA).

Results and Discussion

Awide rangein selfing rates was observed among the parents (13% to 79%) with an average rate of 45%. This rate
fallswithintheobservedinsectmediatedselfingrateobservedinstudiesusingsentinelplantstodetermineselfingrates
(Table 1).Somewhat surprisingly parental seed yield was positively correlated with the parental selfing rate (Fig. 2).
StricklerandVinson (2000) note in reviewing previous literature thatincreasing flower number on plants has been
associatedwithincreasedselfing,aspollinatorsaremorelikelytomovebetweenflowersonthesameplant(i.e., more
flowersperplant~moreseed).Seedyieldisanimportanttraitinalfalfabreedingprograms.ifthiscorrelationbetween
seedyieldandselfingratehasageneticbasisandisobservedbroadlyinalfalfapopulations,thismaymeanthatalfalfa

47



4.0 ; breedingprogramsareselectingplantsthathave
higher selfing rates via indirect selection for
increased seedyields (i.e.,and indirectly more

- . ' flowers per plant). The self-fertility of these
plants intrinsically may not be increasing but
3.0 rather the morphology of the plant is causing

. pollinators to stay longer on the same plant.
An obvious question related to the
observed selfing rate is what impact this rate
hasonvarietalperformance.Theselfingimpact
woulddependonthepopulation’'sgeneticload.

One thought among alfalfa breeders is that
over 100 years of alfalfa breeding has reduced

i
L

=0.4142

Seed Yield (g/plant)
L ]

13 . the genetic load in alfalfa populations by
increasingthefrequencyoffavorableallelesand
1.0 thatelitealfalfais moretolerant ofinbreeding.
Progeny from the polycross in this study were
0.5 transplanted to the field. The mean vigor
- & and 2" year persistence of the two classes of
plants were calculated (Table 2). Due to the
0.0 DNA based paternity test, outcross versus self
0% 20% A40% B0% 80% 100%  identity of field space-plants was known. The
Selfing Rate (%) inbreeding coefficient of the self plants was
estimated (selfs F = 0.17, assuming parents F
Table 2. Average vigor rating (% of Maximum), Aug 2011 persistence, and = 0)- Outcross progeny had on average a 64%
inbreeding coefficient (F) of outcross and selfed progeny of 15 alfalfa average vigor score rating and were 100%

parent polycross evaluated in West Salem, WI during 2010 and 2011. persistence compared to 38% average vigor

score rating and 83% persistence for selfs.

UsingsimplelinearmodelsproposedbyBusbice
and Gurgis (1976)itis clear that the population would be extinct beforeitreached aninbreeding coefficient of one.
This implies that the expected performance loss due to inbreeding is expected to be equal to F (Fig 1.).

In this study clonally replicated parents were placed in six-plant rows in the crossing blocks. Manipulating
plant positioning in the syn 1 crossing block may reduce the selfing rate. Other cultural practices might also allow
manipulation ofthe selfingrate (e.g., pollinator species, pollinatordensity).Insyn 2and syn 3 seed productionfields
(certified and foundation) options for cultural practice manipulation of the system may be more limited. If alfalfa
breedersactivelyselectedforself-incompatibilityinbreedingprogramsinbreedingassociated withselfingcouldbe
eliminated.Geneticvariationforthetraitdoesappeartobepresent(Table 1).Somebreederswouldarguethatselfsare
morelikelytobeoutcompetedduringestablishment.Thismaybetrueinhayfields;however,inseedproductionfields
seedingratesaremuchlowerthaninhayfields.Inadditionthereisamovementtowardsprecisionplantingofseedin
seedproductionfieldswhereindividualseedsareplaced 10cmapart.Undersuchconditionsselfsaremuchmorelikely
to survive in seed production fields and contribute to inbreeding during seed increase.

Thisstudywasconductedononebreedingpolycross.Furtherstudiesarerequiredtolookatalfalfaselfingrates
underdifferingpollinationconditionsinsyn1,syn2,andsyn3seedproductionsituations.Narrowsenseheritabilities
andgeneticvariationinabroadersamplingofelitealfalfagermplasmshould beexaminedtodeterminefeasibility of
selectingforself-incompatibilityinalfalfaandtodeterminewidespreadpresenceornotofnegativegeneticcorrelations
betweenseedyieldandselfingrates. DNAmarkersallowinexpensivephenotypingofselfingratesinalfalfarequiring
only maternaland progeny tissue andin most cases genotyping can beaccomplished usingonly one PCRreaction.
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Avg. Vigor Rating Aug 2011 Persistence Inbreeding

(% of Maximum) (% Alive) (F)
Outcross Progeny 64% 100% 0.00
Selfed Progeny 38% 83% 0.17

Table 2. Average vigor rating (% of Maximum), Aug 2011 persistence, and inbreeding coefficient (F) of
outcross and selfed progeny of 15 alfalfa parent polycross evaluated in West Salem, WI during 2010 and
2011.
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Abstract

Temperateoutcrossingforagegrassesandlegumeshavebeenthesubjectofincreasedresolutionofgeneticandgenomic
analysisforoveradecade, supportingstrategiesformolecularbreedingimprovement.Nonetheless, relativelylittle
progress has been madein terms of implementation in commercially relevant breeding programs. Factors such as
the complex heterogeneous nature of varieties, limited knowledge of the breeding value of individual genotypes,
non-extensive linkage disequilibrium and rudimentary phenotypic assessment procedures have all contributed
to this shortfall. Progressive advances in genomics technology and rapidly developing expansion of phenomics
capability are now capable of redressing this situation, in concert with a transition to a pedigree-based breeding
system. A field-based nursery of clonally replicated plants from current elite varieties of both perennial ryegrass
andltalianryegrasshasbeenestablishedtotestcurrenttoolsforgenotypicand phenotypicevaluation, supporting
informeddecisionsforintermatingselectedindividuals,andgeneratingcriticaldataongeneticrelationshipswithin
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and between varieties. Genotypic methods have been based on large-scale discovery and verification of single
nucleotide polymorphisms (SNPs), which is being extended to validation of efficient low-cost genotyping-by-
sequencing(GBS)systems.Phenotypicmeasurementsforkeycomponentsoftraitssuchasherbagequalityhavebeen
automatedforhigh-throughputdelivery. Aschemeforexploitation of these toolstoenable genomicselection (GS)
forryegrassesis described, along with predictions of likely improvements of genetic gain and logistical efficiency.
Furtherimprovementsmaybeobtainedthroughradicalre-designofgenomic-assistedbreedingsystems,suchasby
manipulation of gametophytic self-incompatibility (SI) to drive hybrid generation. The current status of activities
aimedatisolationandcharacterisationoftheSlgenesofperennialryegrassisdescribed,including physicalmapping,
transcriptome profiling and transgenic modification of candidate genes.

Background

Over the last twenty years, there has been significant incremental development of genomic resources (including
expressed sequencetags[ESTs]land genomesurvey sequences)and derived moleculargeneticmarkersto support
genomics-assisted breeding for temperate outcrossing forage crops, including grass and pasture legume species
(Forster et al. 2008). This has now extended to advances in whole genome sequencing, especially for alfalfa and
perennialryegrass.Trait-dissection studies have used multiple marker systems, mainly based on biparental genetic
mapping populations,and morerecently,candidate gene-based association studieshave been performed (Sket et
al.2007).These processes have required theincreased use of detailed phenotypic measurements,and haveledtoa
broaderexploration of germplasmdiversity. However, despite this progress, there has been very limited real-world
implementation in breeding programs delivering varieties to market.

Thisshort-fallisduetoanumberofconstraints,includingthe nature of breeding system, ascultivated varieties
are based on polycrosses between multiple individuals, leading to high levels of genetic heterogeneity; a limited
knowledge of the breeding value of individual genotypes, given that commercial breeding is usually based on re-
sampling from existing populations or varieties, leading to an absence of pedigree dataon anindividual basis;and
phenotypicassessmenthasbeenlargelybasedonvisualassessmentofyieldandpersistence,withnorealtraditionof
biochemicalorphysiologicalcharacterisation(duetocostandlogisticalconsiderations).Inaddition, therelationship
betweenperformanceofindividualparentalplantsinspaced-plantsettingandsyntheticprogenyinswardsiscomplex
and requires further study.

Further constraints arise due to the magnitudes of effect of marker-tagged QTLs. These estimates have been
largely derived from biparental mapping populations, and are generally small, unless for disease resistance and
phenology traits. A meta-analysis from 23 published studies involving 560 ryegrass QTLs has revealed mean and
median values close to c. 10% of phenotypic variance (H. Shinozuka, unpublished data). However, the well-known
‘Beaviseffect'demonstratesthatthesevaluesarelikelytobeover-estimated,assuggestedbygenome-wideassociation
studiesofquantitativetraitsinrice(Huangetal.2010)and maize.Theexperienceinanimalgeneticsisthatindividual
loci typically account for very small components of measurable characters.

The final major constraint is due to limited extent of linkage disequilibrium (LD), which has been empirically
demonstrated in most population types of perennial ryegrass, and certainly those involving diverse accessions
(Ponting et al. 2007; Auzanneau et al. 2007; Xing et al. 2007, Fiil et al. 2011). Low LD arises due to the effects of
largeancestraleffectivepopulationsize(N )andallogamousreproductivehabit,andrestrictsthecapacitytoidentify
enduringdiagnosticrelationships between markeralleles and traitgenealleles. In practice, this will limit the ability
toreliablytranslateknowledgeofmarker—QTLassociationsfromdiscoverytoexperimentalpopulations,andacross
germplasm pools.

As a consequence, a core set of technologies and methods are required to address these constraints. Firstly,
systems for intensive evaluation of individual plant genotypes, in order to allow a transition to a pedigree-based
breedingsystem;systemsforaccurate, high-throughputphenotypicmeasurementsofmorphological, physiological
andbiochemicalattributes;systemsforaccurate, high-throughputgenome-widesequencepolymorphismdetection,
movingfrom currenthighly multiplexed SNP assays tofuture GBS methods; methodsforexperimental design, data
management,analysisand prediction, including the value of simulation studies;and novel breeding technologies,
includingthecapacitytoselectforhost-microbesymbiota,andexploitationofhybridvigourthroughcontrolof SLAll
of these components will provide an integrated system for implementation of GS in forages.
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Pedigree-based breeding system and high-throughput phenotyping

In the first category, a field-based nursery has been established and maintained for the last several years at DPI-
Hamilton in western Victoria, Australia, containing perennial ryegrass and Italian ryegrass germplasm selected in
concert with an industry partner, New Zealand Agriseeds (NZA). The design includes 1,000 genotypes from each
species,withclonalreplication,acrossarangeofcommercialandpre-commercialgermplasm.Theindividualspaced
plantshavebeensubjectedtointensivephenotypiccharacterisationforbothmorphologicalandbiochemicaltraits.
SNPgenotypingatmoderatemultiplexratio,throughassessmentofgeneticrelationships,supportsselectionofelite
genotypesandtargeted crossesforevaluationas mini-swards.The process canthen beiterated through successive
generations.Thetrial wasestablished with clonalreplicatesas spaced plantsthat were assessedforherbageyield at
threekeytime-pointsthroughtheyear,andinaddition,allplantswereassessedforherbagequalityinlatewinterand
earlyspring(Fig.1).Scoringwasalso performedattherelevanttime pointsforanumberofothermorphogeneticand
disease resistance characters.

Summer Winter
Herbage Flowering
quality assessment

harvest

Aug \jept Oct Nov Dec JU ij Mar  Apr lﬁ%y Jun Jul

Relative DM/ ha / day

Yield harvests - both
Italian and perennial
ryegrass
Perennial ryegrass yield
harvest 2012

Figure 1. Establishment of the field-based nursery with clonal replication at DPI-Hamilton, and details of the herbage sampling
strategy.

Detailed measurementsofyield and nutrientcontenthave been analysed on a cultivar-specificbasis in terms
of mean and distribution, demonstrating that cultivar identity exerts significant effects on measured traits within
species,butsignificantvariationarisesbetweengenotypes,withbothmoderateandextremeoutliergenotypes.There
is potential to develop a breeding value index for specific genotypes through weighting of each trait. Forinstance,
a genotype with very high water soluble carbohydrate (WSC) content also exhibited very low biomass, hence
compromisingitsbreedingvalue.Heritabilityvaluesovervariousrangesweredetermined,andwereconsistentwith
previousdatafromvariousstudies.Thisdatawasusedtoselectparentsforthefirst-cycleoftargetedcrosses,andclearly
provides information suitable for the design of genomic selection strategies.

In order to perform large-scale screening of plants for carbohydrate content, methods such as near infra-red
reflectance spectroscopy (NIRS), high performanceliquid chromatography (HPLC) are subjectto constraints of cost
and/or logistics. For this reason, a high-throughput quantification protocol was developed and implemented, and
correlation was confirmed with HPLC-derived results. Method automation using liquid handing robotics delivered
11-foldincreaseinsamplethroughput,withvaluesobtainedforglucose,fructose,sucroseandfructanconcentrations.
The system is now being integrated with plant protein extraction and parallel quantification.

Genome-wide sequence polymorphism detection

The genotyping tools that have been used in the clonal nursery experiment are derived from previous perennial
ryegrassSNPdiscoveryactivitiesbasedontemplatessuchascandidategenes(Coganetal.2006),low-resolutionwhole
genomedistributedloci,andcomplexity-reducedrepresentations,collectivelydeliveringc.20,000predicted SNPloci.
Anoptimised sub-set with genome-wide distribution was formatted as a 384-plex lllumina GoldenGate™assay, to
providea’mastergenotypingtoolforgeneticrelationshipsandpopulationstructureassessment.Aproportionofthe
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SNPsprovedinformativeinltalianryegrass,andthetooliscapablediscriminatingbetweendifferentryegrasstaxa,and
betweendiploidandtetraploidvarieties.Theasssayshavealsobeentransferredtoanamplicon-based GBSsystemwith
significantreductionincost.Applicationofthetoolhasalsogeneratedacomprehensivecatalogueofcultivaraffinities
and differentiation, providing support for establishment of plant breeder’s rights (Fig. 2).

Lm = Italian ryegrass . e
Lp = perennial ryegrass ( > (R , = —_—
Lb = hybrid ryegrass e T - o

Figure 2. Schematic depiction of relationships between Italian ryegrass, perennial ryegrass and hybrid ryegrass varieties revealed
through use of the 384-plex SNP genotyping assay.

Forthe next-phase of genomics tool development, the aimis to achieve whole-exome coverage (in the limit,
‘a SNP in every gene’). The first stage has been to create a transcriptome atlas from a single genotype of perennial
ryegrass(Impact ,),basedonsamplingofmultiplevegetativetissues,followedbydeep-sequencingandannotation
based on matching to the Brachypodium distachyon gene complement. The atlas is being extended, such as to
reproductivetissuesandtheunigenesetprovidesareferencetemplatefor SNPidentification by resequencing.The
sameplantgenotypehasbeen usedforgene-spaceassemblyfromwholegenomesequencederivedfromlllumina
platforms such as the HiSeq2000, with an estimated 70 X coverage for each allele. Contigs containing coding and
controlelementsfromrepresentative geneshavebeenassembled.Thevalueofthisapproach hasbeenexemplified
by full description of gene families, such as those encoding nucleotide binding site - leucine-rich repeat (NBS-LRR)
domain-containinggenesresponsibleforqualitativediseaseresistance.Theperennialryegrassgene-spacesequence
hasalsoprovidedaframeworkforassemblyoflower-resolutionwholegenomesequencefromrelatedspecies,selected
frommajorcladesoftheLolium-Festucacomplex,andincludingbothltalianryegrassandmeadowfescueascultivated
species.Thisdatacanbeusedtoidentity orthologousgenes,andisrelevantforgenomicstudiesofrelated polyploid
speciessuchastallfescue.ltislegitimatetoanticipatethatfullexploitation ofthe exome-based sequenceassembly
willultimately be based on combination with contiguous genome assembly, probably driven by‘third-generation’
sequencingtechnologies.Intheinterim,gene-spaceorderingispossiblethroughempiricalgeneticmappingandby
usingcomparativegenomicstoassemblea'virtual’physicalmapbasedonmacrosyntenywithB.distachyon.Atpresent,
GBSsystemsarebeingtested,includingtargeted sequence capture,andalsoexomeframework-based complexity-
reduced representations.

Implementation of GS-based breeding schemes

Having developedthekeytechnology approaches,itis necessarytodecide howtoassemble some of thesetoolsto
addresslimitationsin currentcommercial breeding practice. Such programsare characterised by a limited number
ofrecombination-selectioneventsthatareexploitedwithinthebreedingcycle,contributingtolowobservedratesof
geneticgain (estimated atc. 7% per decade for perennial grasses [Goutand Jones 2006]).Ina proposed GS scheme,
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anumber of key initial requirements are evident, based on prior experiencein livestock genetics. GS theory states
thatlargereference populationsarerequiredto predictaccurategenomicestimated breedingvalues(GEBVs)when
effective population size (N is large. So, in order to implement a logistically feasible initial design, it is proposed
thatN_ _reduced (and hence LD increased) firstly through the use of existing cultivar sources (exploiting the effect
of prior ‘bottlenecks’), and secondly, through use of within-family information (derived from full- and half-sibs).
Theschemealsoaimstoreducegenerationintervalbydirectintroductionofgenotypesfromthefirstselectionround
intosubsequentrounds.GBSisusedatlowlevelsofresolution, through detection of genome-wide SNPvariationin
parental plants, and subsequent lower-density genotyping with imputation in the progeny.

Building on the success of the current field-based experiment, the scheme initiates with a clonal nursery
containingc.1,000candidategenotypes,whicharephenotypicallyassessedfortraitssuchasyieldandquality.A15%
selectionpressureisthenappliedandhigh-resolutionGBSisperformed.Selectionofparentalgenotypesisperformed
based on both phenotypic and genotypic data, and a series of pair-crosses involving common (bigamous) and
independent(monogamous)parentsareestablishedtoproduce50pairsofhalf-sibfamilies. Theresultingprogenyare
thenphenotypedandgenotyped(atlowerdensity,duetoknownpedigreerelationships)andGSpredictionequations
are derived. The process can then be reiterated based on GEBVs for parental replacement. In addition, synthetic
population development can be ‘spun-off” at any stage, and additional characterised germplasm (for instance,
containing a valuable transgenic event) can be used to refresh the reference population.

The scope of such a scheme can be extended to include other factors. Other target species would include
tall fescue, white clover (for which the major additional factor would be the influence of allopolyploidy on
genotypicanalysis),oralfalfa(forwhichautopolyploidyinfluencesallelicdosagedetermination,accuratehaplotype
reconstructionandverificationofmarker-traitgenelinkage).Directselectionofoptimisedassocationinplant-microbe
symbiota, such as fungal endophytes of grasses and rhizobia of legumes is a highly attractive option, but requires
efficientmethodsformassinoculation.Agronomictransgenesareanothervalue-addingcomponent.Forallofthese
options,simulationstudieswouldbevaluableinordertodetermine:optimumpopulationsizes;theimpactofdifferent
selectionstrategies; theinfluence of differenttraitarchitectures;andlastly, the effect of altered breeding systems,in
which control of Sl can play a key role.

Novel breeding methods based on control of Sl

The significance and formal genetics of gametophytic Sl in grasses are well-understood, and in previous studies,
comparative geneticand physical mapping has defined the minimal genomicintervals that contain the Sand Zloci
(Shinozuka et al. 2010). Knowledge of Sl allele content is important in ryegrass breeding for a number of reasons,
such as to predict likely effects on fertility when producing restricted-base synthetics (with minimal numbers of
parents).DevelopmentofpartiallyinbredlinescouldhelptomitigatethepopulationsizeproblemsinGSschema,and
toenablenovelbreedingschemestoexploithybridvigour.F, hybridproductionhasbeenshowntobeabletodeliver
large heterotic benefits for production traits (Posselt 1993), butis not currently practical for large-scale commercial
programs.

Based on genomic sequence analysis, highly polymorphic loci have been identified flanking the perennial
ryegrassSandZloci,andanumberofcomputationaltoolshavebeendevelopedtopredictSllocushaplotypesbased
onmarkerallelecontent.Empiricaltesting of predictive powerin progress,andthesuitabilityoftechnologyforother
speciessuchastallfescuehasbeentestedandvalidated.Aspreviouslydescribedinspeciessuchasredclover,thisdata
can be implemented to reduce within-line variation and maximise complementary heterozygosity inaF., hybrid
population, with potential to accelerate genetic gain.

Moredesirablestill,isactualgeneidentificationtopermitdevelopmentofdiagnosticallele-specificmarkers,and
ultimatelytransgenicsuppressionofSlgenefunction.Inourgeneisolationstrategy, BACclonesanchoredbyclosely
linked markers have been sequenced, allowing physical contigs to be assembled for both the S-and Z-containing
regions.Orderinghasbeenbasedoncomparativemicrosyntenywithmodelgrassspecies,allowinggenepredictionand
identification of both conservedandryegrass-specificgenes,comprisinga‘long-list'of (c.60) candidates.In parallel,
transcriptomicanalysisofmaleandfemalereproductivetissuetypeshasidentifieddifferentiallyexpressedgenesthat
reside within the S and Z locus regions, as well as novel additional candidate genes for both loci. A‘short-list’ of
Slcandidategenes, (¢, 5foreachlocus) hasbeenassembled.Forverification, cohorts of transgenic plantshave been
generated using RNAI cassettes and phenotypic evaluation of primary transgenic plants is underway.
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Conclusions
Inordertorealisetheobjectivesdescribedhere,improvementsingenotypingtechnology(suchasthird-generation
systemsincludingsinglemoleculerealtime[SMRT]technologiesandnanopore-basedseparation)arepredictableand
non-limiting.Incontrast,improvementsinphenotypingtechnologynotsopredictableand couldbehighlylimiting.
They include advances in glasshouse-based phenomics (Walter et al. 2012), the ability to extend to field-based
phenomics,andunderstandingoftherelationshipbetweenphenotypesofindividualplantsand populationsinswards.
The ‘'numbers game’for GS implementation is complex, especially when dealing with symbiota, and so detailed
simulations will be critical for quantification in design of experiments.
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From Breeding to Molecular Breeding: A 40 Year Perspective
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In1972,myfirstyearasanplantbreedinggraduatestudent, keywordsforbreedingarticlesinthejournalCropScience
thatyear,and commontoany plantbreeder, were heritability (h?), diseaseresistance, genetictrait, forage breeding,
forageyield,and mutant. Fortyyearslater,commonkeywordsinrecentCrop Sciencevolumesinclude MAS (marker-
assisted selection), QTL (quantitative trait loci), LOD (logarithm of the odds), and SSR (simple sequence repeats);
thesearealsosamekeywordsusedinthepapersatthissymposiumwhereevenitstitle, MolecularBreedingofForage
and Turf, has a definite technology feel. However, to a practicing plant breeder and cultivar developer, the main
guestionthathasevolved duringthe past40yearsishowtoeconomicallyandefficientlyapplyalltechnologies, but
especially the genomic and transgenic biotechnologies, to the breeding process?

Reminders
“People need to be reminded more than they need to beinstructed”. Dr. Samuel Johnson, 1709-1784. This quote
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representstheunderlyingthemeofthispresentation. So,whatwouldbesomeofthingstoremind peopleaboutthat
have happened in the past 40 years as well as future issues?

First, plant breeding is a profession with a proud and distinguished history. This is best shown by the classic 1929
picture of Professor R.A.Emerson, Cornell University, with his4 students easily located through Googleimages (key
words“Emerson, 1929, Ithaca”). Ofthese students, all proudly shown with their corn pollinating bags ready togo to
thefield,twoofthem, George Beadleand Barbara McClintock, later received Nobel Prizesin Physiology or Medicine.
Likewise,and even moredirect, wasthe 1970 Nobel Peace Prize awarded to Norman Borlaug, for hiscareerasaplant
breederwhosecultivarsfedoverabillionpeopleinaneffortcalledthe GreenRevolution. Therehavealsobeenmany
otherplantbreeders,evenforageandturfbreederssuchasGlennBurton,whohavehadveryproductivecareerswhen
measured by their cultivars'impacton agriculture and support the conclusion of a proud and distinguished history
upon which we can all build a future.
Second,aswithothersciencebaseddisciplines,plantbreedershaveusedtechnologytoadvancetheirefficiency.Even
inmy career, breeders have moved easilyfrom harvesting forage yield plotswith hand scythestovery sophisticated
self-propelled harvesters with weigh cellsand recording devices. Similarly,analyzing statistical data by hand using
machinesliketheMonroepinwheelcalculatorprogressedintothecomputeragewherenowbothpersonalcomputers
and large computational “systems” make data storage and analysis much faster and definitely more efficient.
Therefore, it was an easy step for most plant breeders to see the potential of genomics and transgenics as very
sophisticated tools to furtherincrease their efficiency. Theimportance of making this stepis supported by a quote
from Dr. Borlaug later in his career: “Producing food for 6.2 billion people, adding a population of 80 million more
ayear,isnotsimple.Webetterdevelopaneverimprovedscienceandtechnology,includingthenewbiotechnology,to
produce the food that's needed for the world today” (see http://en.wikiquote.org/wiki/Norman_Borlaug ).

Use of Biotechnologies

| had the pleasure of chairing the session on forage crop improvement during the 1993 International Grassland
Congress (Bouton 1993). In those days, biotechnologies were already being touted, but very few of the offered
papersatthatCongressdealtdirectlywiththeiruseleadingtotheconclusionthattheirimpactresidedintheirfuture
potential and not theirimmediate use to plant breeders. However, even before 1993, the groundwork for using
biotechnologieshadalreadybegunasseenintheaccompanyingfigurewhichtrackstheplenarypaperspresentedatthe
sameCongressesbeginningin 1983 untilthepresent. Therearenoteworthyfindingsinthisfigure: 1)from 1983 most
paperswereplenaryorinvitedwiththeimportantonespresentedbyDrs.Vasil, Demarly, Peacock,andSpangenberg,
and 2) the dramatic rise in papers coincided with the first MBFT meeting held in 1998. This lag phase in the use of
newtechnologies,accompaniedbyadramaticriseintheiruse,isnotunlikeadoptionofanytechnologyasseenbythe
adjacent figure that charts use of computers in US homes.
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Therefore,genomicandtransgenicbiotechnologiesarebeingroutinelyusedintraditionalforageandturfbreeding
programs with this area now described as molecular breeding (Bouton 2008).

Issues
Today, the question is“when will biotechnology positively impact farmers”? Before that general question can be
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answeredonemustaddressthespecificquestionof‘whenwillthesebiotechnologiesbeusedroutinelyandextensively
in forage crop cultivar development programs”?

The mainissue for wide spread adoption and useis their cost and cost effectiveness for a breeding program’s main
goals (Bouton 2012). Everything associated with the new technologiesis expensive especially when compared to
budgets of traditionally run programs. For one crop industries like corn, development costs and information are
sharedacrossmanygroups,buttheforageandturfindustrieshavemanyproductionsystemsandmanymorespecies
that fit them making even the major species less investigated. Government investment has mitigated this cost
somewhat, butitremains high and growing, and for many publicand private breeding programs, too high. Infact,
|, likemanybreeders,invested heavilyintobiotechnologiesbecauseoftheirpotentialtocosteffectivelyspeedupthe
selection and breeding phases allowing more of my resources to be spent on the final testing phase of the cultivar
developmentprocess(seeaccompanyingfigurebelow)wheremostbreederswilltellyouisthemosttimeandresource
consuming step. So,my original plantofree up resources due to use of biotechnologiesis nowirrelevantandalong
withnormalproblemsofcultivarperformanceinthevarioustrialstoprovetheirworth,itcancreatea“valleyofdeath”
forfinalreleaseand commercializationof new cultivars (Bouton 2008). Thisalsoleadstoapracticalquestion:instead
of going through the expense of incorporating complex persistence traits such as drought tolerance into drought
insensitivespecieslikeperennialryegrass,whynotjusthavefarmersuseadroughttolerantspecieslikealfalfa(Bouton
2012)?

Steps in the Cultivar Development Process
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“Valley of Death”

“Non-science” issues are also now a real problem. For example, the oral presentation by Mark McCaslin at this

symposium showed total costs estimates for transgene deployment to be over $100 million USD. Regulatory costs
areabig partof this costand the regulatory process needs to be reformed to balance benefit and risk especially for
perennial crops (Strauss etal. 2010). However, as pointed out by Dr. McCaslin, if a trait cannot command a high trait
feeinadditiontothe proprietaryseed price,andthenrealizeavery highmarketshare,itisnotworktherisktotryand
commerciallydeployit. Therearenotmanytraitsthathavethistype of market power;onlytraitsthatimpartdrought
toleranceandhighernutritivequality,orremovepasturebloatwouldhavethatpower.Another,non-scienceissuethat
hasemergedfortransgenics,whichisespeciallypertinentforcountriesinEuropeandAustralasia,isthe“greencentric”
view of its regulatory agencies andits citizenry. Thisis a depressing trend. Atthe sametime, itis a tragedy, because
transgenicsisapowerfultechnologythatneedstobefully utilizedforthebettermentofmankindanditsagriculture.
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So,thebestadvicetothose whowishto continueto pushforthe practical use of transgenicsis thatyou stay positive
and adopt a missionary spirit: live in the moment, cherish your wins, forget your loses, and keep your eye on the
finalprize,butalsoincreaseeffortstoeducateaskepticaland uninformed publicabouttheirsustainabilityandsafety
(Bouton 2010).

Even for genomics, where the issues are less controversial, genotyping costs are dropping but phenotyping
remains a significant problem (Bouton 2010). There are also practical problems, but these are mainly self-inflicted
andthereforecorrectable.Theunderlyingtechnologiessuchasgeneticmarkersystemsarealwayschanging,requiring
afrustrating increase in investment and a delay for their practical use. For example, my own alfalfa improvement
program, with me as a willing participant, started with a geneticmap based on RFLPs (20 years ago!) then migrated
to an assessment of using RAPDs and then SSRs and now SNPs with no cultivar yet developed that has depended,
even partially,onthe use of thistool. Thisis changing forus,and we now use markers moreroutinely in the breeding
program. However, the changing technology model may work wellforthe computerindustry where the consumer
iswilling to change very quickly to anew technology, butin pastoral agriculture where 50 year old varieties are still
used,thismaynotbeeconomicalorevenpractical. Theturnovertimeforeachgenerationofbreedingisalsolongand
whentechnologies continue to changeitcauses further delaysin their practical use. Therefore, maybeitis time for
someone,probablyaplantbreeder,toremindthegenomicistswherethesetoolsfitintheoverallcultivardevelopment
process (see accompanying figure). Or even better, say strongly “It is a tool, so find a way to cost effectively use it
somewhereinthe process”! Genomicistsare clever people;theyjust needed to be“reminded more thanthey need
tobeinstructed”thateventhesimplestwaysto use geneticmarkers (e.g.structuringfamilies, eliminatingirrelevant
plants before embarking on the expensive field tests, etc.) have potential for great impact!

Technologybasedresourcesaregoingtofewerandmoretraditionalforagespeciesbecausethesecropsarethe
onesthathavegreatereconomicvalue (Bouton2007). Therefore, this will favoralfalfa, perennialryegrass,and white
cloverasseenbythe percentage of papersat thismeeting centered on these crops. The concentration of resources
intofewerspeciesrequireseffortsonthe partofthose primary programstofindwaysthattechnologydevelopedfor
onespecieshasutilityacrossotherspecies. Tothisend, websitesare nowaccessiblethatarebuilding thatimportant
infrastructureinalfalfathatshouldhaveuseinotherlegumecrops(www.alfalfagenome.org;http://medsa.comparative-
legumes.org). Finally, traits are important, but do not forget the base germplasm.
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Other Invited Oral Presentation Abstracts

Determination of self-incompatibility genotypes in Lolium perenne through
linked DNA marker genotyping

Daniel Thorogood'™, Chloe Manzanares', Bruno Studer?, Richard Hayes 3, Susanne Barth?, Torben Asp?
'IBERS, Aberystwyth, Ceredigion, United Kingdom

?Institute of Molecular Biology and Genetics, Aarhus University, Slagelse, Denmark

3Aberystwyth University, Ceredigion, United Kingdom

“Teagasc, Carlow, Ireland

Self-incompatibility (SI) is a mechanism under genetic control that prevents inbreeding by blocking fertilisation
of ovules by like-pollen. Subject to frequency dependent selection, rare alleles, originating through mutation or
ingression into populations, are at a selective advantage and theoretically increase in frequency under balancing
selection. Sl loci are therefore highly poly-allelic. The grass family shares a common two locus Sl system controlled
gametophytically by two loci, S and Z. Although the genes responsible for Sl in grasses have not been identified
yet, fine-mapping of Sand Z in Lolium perenne has resulted in a number of close flanking markers. For this proof
of principle study, we investigate the possibility of using S-and Z-linked marker variation to predict genotypes and
their frequencies in plant populations. We used a population of 55 plants derived from a base population of nine
genotypesthathasbeensubjectedtotwelvegenerationsofmixedandhalf-sibfamilyselection.Wescreenednon-and
infrequently-recombinantSand ZDNA markers using high resolution melting curve analysis (HRM) whichis highly
discriminating,quickandrelativelyeasytoperform.MarkergenotypeswerethengroupedandrelativeS/Zgenotypes
were predicted. Marker polymorphismswere confirmed by DNA base sequencing.S/Zgenotypeswillbe confirmed
bymakingselectedin-vitrocross-pollinationstodemonstratethatthegenotypecombinationsproducethepredicted
incompatible, half-, three-quarters-andfully-compatiblepollinations.TheabilitytoreadilydetermineS/Zgenotypes
of grass plants will be of interest to population geneticists investigating properties of Sl lociand their evolutionary
significance.Beingabletogenotypelargenumbersofplantsquicklyandcheaplywillalsoenhancebreeders’abilityto
selectplantsonSlgenotypeinordertoproducehighlyintra-incompatible,inter-compatiblepopulationcombinations
for the production of heterotic F, hybrid populations in forage, turf and bio-energy grass crops.

Using a genotype by sequencing approach to estimate the extent of LD in
a perennial ryegrass association population

Stephen Byrne', Frank Panitz? Christian Bendixen?, Bruno Studer?, Christian Jensen*, Torben Asp**
'Department of Molecular Biology and Genetics, Aarhus University, Slagelse, Denmark

2Department of Molecular Biology and Genetics, Aarhus University, Research Centre Foulum, Tjele, Denmark
3Institute of Molecular Biology and Genetics, Aarhus University, Slagelse, Denmark

“DLF-TRIFOLIUM A/S, Research Division, Store Heddinge, Denmark

Knowledge on Linkage Disequilibrium (LD) is important when considering genotyping strategies for genomic
selection. A rapid decay of LD necessitates the need for a higher marker density to enable markers to capture the
entirephenotypicvariationinthepopulation.Outbreedingspecieswithlargeeffectivepopulationsizesareexpected
tohaveverylowlevelsof LD.We have utilised adraftassembly of the perennial ryegrassgenometoassesstheextent
ofgenomewidelLDinaperennialryegrassassociation population.The populationconsistsof 172singleindividuals
originatingfrom72varietiesand22ecotypes,andthereisa92,82splitbetweenforageandturftypes.Thepopulation
wasgenotypedusingagenotypebysequencingapproachwiththerestrictionenzymeAPEKI(5bpcutter).Sequence
tags were mapped onto scaffolds from the draft genome assembly that were greater than 10Kb in size, in order to
identify SNPswithvariousminorallelefrequencies.Thegenotypesweredeterminedforeachindividualatthese SNP
sites,and used to calculate the squared correlation of allele frequencies between SNP pairs falling within the same
genomic scaffold. This allowed us to estimate the rate of LD decay over distances up to 100Kb.
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The Lolium genome zipper - targeted use of grass genome resources for
ryegrass genomics

Bruno Studer™, Klaus Mayer?, Thomas Liibberstedt?, Stephen Byrne*, Torben Asp*, Matthias Pfeifer?, Mihaela Martis?

'Institute of Molecular Biology and Genetics, Aarhus University, Slagelse, Denmark
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3Department of Agronomy, lowa State University, Ames, lowa, United States

‘Department of Molecular Biology and Genetics, Faculty of Science and Technology, Research Centre Flakkebjerg, Aarhus University,
Slagelse, Denmark

Inthe pastdecades, intense research efforts in model grass species has led to the establishment of whole genome
sequencesthatconstituteamajorresourceforgeneticandgenomicapplications.Inoutbreedingforageandturfgrass
speciessuchasryegrasses(Loliumspp.),theseresourcesarenotavailableyet.Thus,targeteduseofsequenceresources
frommodelgrassgenomesprovidesamajoropportunitytoefficientlyexploitgenomicinformationforgeneticand
breeding applications in non-model species.

Characterisation of a Nodule Enhanced Malate Dehydrogenase Gene
from White Clover (Trifolium repens L.)

Fernando Rossello’, Noel Cogan?, John Mason', German Spangenberg**
'La Trobe University, Bundoora, Victoria, Australia
2Department of Primary Industries, Biosciences Research Division, Bundoora, Victoria, Australia

Aluminium (Al) toxicity isa major environmental limitation for plant productionin acid soils which represent more
than one third of the world’s agricultural land. Most agricultural soils are deficient in phosphorus (P), and most

solubleP,incorporated byadditionof non-renewable P-fertilisers, israpidlyfixedintounavailableforms. Al-induced
secretion of organic acids (OA) by roots, such as malate and citrate, has the capacity to chelate the toxic Al cation,
excluding it from the root, which appears also associated with enhanced P-use efficiency. A white clover EST was
identifiedastheputativeorthologueofaMedicagosativanoduleenhanced malatedehydrogenasegene(MsneMDH).
TheEST sequence ofthe putative TrneMDH was then used toidentify a white clover bacterial artificial chromosome
(BAC) clonethatwould containthe completegene.Theidentified BAC clone wassubjectedtosequencingusingthe
GS FLXTitanium platform and assembled using Newbler v 1.0.52 software. A contig of c. 36 kbp was identified that
contained the completeTrneMDH gene sequence as well as adjacent genesin both 5’and 3’directions. Extensive
micro-syntenywasidentifiedandcharacterisedbetweenthewhitecloverBACsequenceandthereferencegenome
sequencesofGlycinemax, LotusjaponicusandtolesserextentArabidopsisthaliana.TheTrneMDHgenesequence
was also subjected to in vitro SNP discovery and genetic mapping in an F, population, enabling its mapping to
linkage group 8.
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Condensed Tannin Expression in Legumes

Kerry Hancock*, Vern Collette
AgResearch, Palmerston North, New Zealand

Legumesareadiversefamily, withmanyspeciescontributinganimportantroleinagriculturalforage, by providinga
valuablefeedsourcewhileconcurrentlyfixingatmosphericnitrogentoenhanceplantgrowth.Thepresenceorabsence
of condensedtannins (CT) varies greatly withinforage and non-forage legumes. Condensed tannins are polymeric
flavonoids, derived from the phenylpropanoid pathway, which play an important role in pastoral agricultural
systems.Ruminantsfed onforagescontainingmoderateamountsof CTcanimproveawholerangeof nutritionand
productionqualitiesforgrazinglivestock, includinganimal productivity,animalhealthand environmental aspects.
However, the lack of CT can cause unique problems including bloat, inefficient protein utilisation and adverse
loss of nitrogen (N) into the environment while high levels of CT in the diet of ruminants decrease palatability
and feed intake. Sufficient foliar CT are present in some forage plants such as Lotus corniculatus (Birdsfoot trefoil)
andOnobrychisviciifolia (Sainfoin), but such species often show poor persistence undergrazing.In contrast,forage
legumesthat can persistintemperate grazing systems, such asTrifolium repens (white clover) and Medicago sativa
(alfalfa), have only negligible amounts of CT in leaves. Since the quantities and chemical structures of such CT,
aswellasthe spatialand temporalaccumulation patterns, are extremely diverse, considerable efforts are currently
directed towards understanding and modifying CT biosynthesis. CT biosynthesisand accumulationis still not fully
characterized in legumes, but major advances have elucidated several steps in this complex pathway. Traditional
breeding techniques attempts have increased the trace concentrations of CT present in some grazed legumes. In
addition,newbiotechnologyapproacheswithtranscriptionfactorssuchasMtPARandTaMYB14aimedatincreasing
thelevelsofCTinimportantforagelegumes,haveyieldedanumberofpromisingopportunities.Wewilldiscussthese
developments in this presentation.

RNA-Seq transcriptome analysis of flowering time and vernalization
response in perennial ryegrass

Torben Asp'*, Cristiana Paina?, Stephen Byrne?
"Institute of Molecular Biology and Genetics, Aarhus University, Slagelse, Denmark
’Department of Molecular Biology and Genetics, Aarhus University, Slagelse, Denmark

Thehighforagequalityprovidedduringitsvegetativegrowthphasemakesperennialryegrass(LoliumperenneL.)the
predominantforagegrassusedintemperateagriculture.However,foragequalitydecreasessignificantlyduringthe
reproductive phaseduetostemandinflorescence production.Thecontrolledinhibition ordelay offloweringwould
resultinan extended period of vegetative growth and asignificantincrease of forage quality. Ourgoalis to develop
andvalidatefunctionalmolecularmarkerssuitableformarker-assistedbreedingfordelayedfloweringtimeinperennial
ryegrass.We used an RNA-Seq approach to investigate the transcriptome during primary induction (vernalization
andshortdays)and secondaryinduction (warmertemperaturesand long days), which are essential forinitiation of
flowerinductioninperennialryegrass.Weobservedsignificantchangesinthetranscriptomerelatedtodifferenttime
pointsduringprimaryandsecondaryinduction.Candidategeneswereselectedbasedonexpressionprofilesandwork
is ongoing to convert them into Single Nucleotide Polymorphism (SNP) molecular markers for vernalization and
floweringresponse.ThecandidategenesandtheSNPmarkerswillbeintegratedintheperennialryegrassgeneticmap.
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SNP discovery and candidate gene-based association mapping of forage
quality traits in perennial ryegrass

Geoff Gill'*, Marty Faville?, Catherine Bryant’, Jean-Marie Rouillard?, Zac Hanley'
"Pastoral Genomics c¢/o Vialactia Biosciences, Auckland, New Zealand
2AgResearch, Palmerston North, New Zealand

3MYcroarray, Ann Arbor, Michigan, United States

Repetitive DNA provides a challenge for performing targeted DNA capture in plants. An array based method and
aninsolution procedure (MYselect) were compared for optimal targeted DNA capture of 1300 genes in perennial
ryegrass. The MYselect procedure gave superior results with >50% of reads on target. This protocol together with
454 sequencingisbeing usedtoidentify SNPsand determine gene haplotypesfrom plantsinelite breedinglines or
diversewild collections.Targeted DNA capturein combination with barcoding of sampleswillallowforagenotype-
by-sequencing (GBS) approach. Several genes have beenidentified where loss-of-function givesanimproved trait
phenotype. Mutations potentially causing loss-of-function wereidentified by sequencingamplicons derived from
DNA pools. Rapid decay of linkage disequilibrium in perennial ryegrass is well suited for candidate gene-based
associationstudiestoidentifyfunctionalnucleotide polymorphisms (FNPs) responsiblefortraitvariation.Nineteen
candidategenesintheligninandfructanmetabolicpathwaysgenerallydisplayedrapiddecayoflinkagedisequilibrium
characterisedbyr2valuesbelow0.2withindistancesof 1kb.Acandidategeneinthefructan pathwaydisplayed copy
numbervariation.Associationtestsperformedinadiverseassociationmappingpopulationprovidedsomeevidenceof
correlation with fructan content but are inconclusive because of population structure.

Genotypic and chemotypic diversity of epichloid endophytes

CarolynYoung'*, Nikki Charlton', JohannaTakach’, Ginger Swoboda’, Bradley Hall', Juan Pan? Christopher Schard|? Kelly Craven’, Michelle
Afkhami®

'Forage Improvement Division, The Samuel Roberts Noble Foundation, Ardmore, Oklahoma, United States

2University of Kentucky, Lexington, Kentucky, United States

3University of California-Davis, Davis, California, United States

Epichloidendophytes (Epichloé and Neotyphodium sp.) consistof both sexual (nonhybrid)andasexual (hybridand
nonhybrid)speciesthatarefungalsymbiontsofmanycool-seasongrasses.Mostepichloaearecapableof producing
thebioactiveanti-herbivorecompounds,particularlyergotalkaloids,indole-diterpenes,lolinesandperamine,andcan
exhibitconsiderablechemotypicdiversitywithinthesefouralkaloidclasses.Inaddition,somatichybridizationhasthe
potentialtoprovideincreasedherbivoreprotectionforthehostplantthroughpyramidingofthealkaloidbiosynthesis
genes.Molecularanalysesofendophytegenetictraitsfromwithinandbetweenhostpopulationsallowustoexplore
residentendophytediversity presentinsingle grass host species. PCRwith genomic DNA extracted fromindividual
plants (seeds ortillers) is used to rapidly predict alkaloid chemotypes at the EAS (ergot alkaloids), LOL (lolines), IDT
(indole-diterpenes)andPER(peramine)lociaswellastogeneratesequenceforphylogeneticinferenceof progenitor
originsforthesealkaloidgenes.Analysesofhousekeepingandmatingtypegenesareusedtosolidifythesephylogenetic
relationshipsand verify hybrid versusnonhybrid status.Collectionsof Elymus spp. (El.canadensisandEl.virginicus),
Bromuslaevipesandtallfescuehaverecentlybeenevaluatedandconsiderableendophytechemotypicdiversityhasbeen
identified within each host. Some hosts were able to harbor both hybrid and nonhybrid endophytes. Chemotypic
diversity of the hybrids may have arisen from independent hybridization events and this alkaloid diversity likely
translates into differences in fitness and persistence of the host.
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Multidisciplinary approaches to improve forage legume species for
stressing environments in South America

Ménica Rebuffo'*, Jorge Monza?, Alicia Castillo’, Juan Sanjuan?, Rafael Reyno', Leticia Batista? Gastén Quero?, Maria José Cuitifio’
'National Institute of Agricultural Research, INIA La Estanzuela, Colonia, Uruguay

’Department of Biochemistry, Faculty of Agronomy, Montevideo, Uruguay

3Department of Soil Microbiology, Zaidin Experimental Station-CSIC, Granada, Spain

Traditional legume plant breeding develops in connection to detrimental plant-interacting organisms, selecting
for well defined characteristics like partial or total resistance to pathogens or pests. But there are few examples of
integrating plantand microbialselectionsformaximizing beneficial plant-microbeinteractions,eventhewellknow
relationshipwithsymbioticnitrogenfixationmicroorganism.Participatoryapproachesarecommonlyinterpretedas
processesforfarmers’plantbreeding.Yet,integratedprojectsshowthatparticipatoryresearchapproachescanincrease
adoption of molecular and metabolic knowledge into applied plant breeding and improved plant and beneficial
microorganisminteractions.Symbiosisstrongly reliesontheenvironmentand onboth plantand microbial genetic
diversity,asthereisusuallyacertaindegree ofgenotype-to-genotypespecificity.Incollaborativeresearchinvolving
plantandmicroorganismgeneticresourcestheaimwastoidentifyhowbestthe partnershipsmightbefacilitatedto
promotethenewlyarisingcultivars.Plantbreedingselectionshouldbeperformedincludingthebeneficialmicrobes
in the target environment. Researchers involved in the projects LOTASSA and LESIS recognized the importance of
symbioticnitrogenfixationforthesuccessoflegumepasturesinenvironmentally-constrainedareas,screeningexisting
plantandrhizobialresourcesinawaythatthemostreliable,bestperformingplant-microbecombinationsinstressed
SouthAmericansoilswereselected.Complexcharacteristicssuchastolerancetoabioticstresses,suchassoilsalinityor
acidity,wereselectedinplantandmicrobesinparallel,withfinalroundstoestablishthemostefficientplant-microbe
combinations. Breeding without considering beneficial microorganisms may lead to progressive loss of the plant
capacitytobenefitfromthemicrobes.Therefore,improvedinteractionsand/orcompetitivenesswithmicrobesinvolve
simultaneous selection of most competent plant and microbial genotypes for the target environment. Improved
knowledgeofmicrobialinteractionswithnewcultivarsofLotusandTrifoliummayleadtoimprovedandmorereliable
pastures in marginal soils of South America.

Gene expression and metabolite analysis of endophyte infected and
uninfected tall fescue clone pairs under water deficit conditions

Randy Dinkins'*, Padmaja Nagabhyru? Christopher SchardI?
'"USDA-ARS, Forage-Animal Production Research Unit, Lexington, Kentucky, United States
2University of Kentucky, Lexington, Kentucky, United States

Tallfescue(LoliumarundinaceumL.)plantssymbioticwiththeendophyticfungus,Neotyphodiumcoenophialum(E+),
havebettersurvivabilityandpersistenceunderstressfulconditions,especiallyunderdroughtstress,thanplantslacking
theendophyte(E-).Tounderstandmoreaboutthegrass-endophyteinteractionsandhowendophyteaffectsthehost
plantphysiologyandgeneexpression,weconductedatimecoursewaterdeficitstressexperimentusinggenetically
identical E+ and E- clone pairs of tall fescue. Upon re-watering, survival and retillering was significantly greater for
E+ than E- plants starting from days 2 - 3 of the stress conditions. RNA-Seq analysis of pseudostem derived RNA
comparing E+andE-of Day 2 stressand control plants was done.CLCbio GenomicWorkbench wasusedtogenerate
contigs using the tall fescue cDNA sequences previously submitted to NCBI as a reference. The contig sequences
wereanalyzedusingBlastxandBlastnagainsttheArabidopsisthaliana,Brachypodiumdistachyonandricegenomes
forcomparisonandputativeannotationassignment.Onlyafewcontigs/genesweredifferentiallyexpressedbetween
theE+andE-plantsundernon-stressed conditions, butalarge numberweredifferentially expressed (>2X) between
E+andE- plants under the water deficit conditions. In addition, as expected, alarge number of contigs/genes were
differentiallyexpressedduetothestresstreatment.Metabolomicanalysesrevealed higheraccumulationofthefree
sugars and prolinein E+ plants atearly days of onset of stress compared to E- plants. Loline alkaloids and mannitol,
fungalmetabolites,alsoincreasedwithwaterstress.Analysisofspecificgenesisongoingandresultswillbepresented.
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Targeting the Miscanthus genome(s) for accelerated breeding of a
novel energy crop

Kerrie Farrar®
IBERS, Aberystwyth, Ceredigion, United Kingdom

Inthefaceofanincreasingpopulation,limitedlandandwaterresourcesandachangingclimate,wemustensurethat
sustainableland use solutionsare developed and deployedto provideforourfood, feed, fuel and fibre needs whilst
maintaining biodiversityand otherecosystemsservices.MiscanthusisaC4grassnativetomuchofSouth EastAsia. |t
combinesrapidannualgrowthwithminimalinputswithtolerancetolowtemperaturesandisthereforeanidealenergy
crop fortemperate as well as tropical environments. Our research focuses onincreasing Miscanthus yields in order
toreplacefossilfuel usage, sequesteratmospheric carbon,and ultimately contribute to climate change mitigation,
whilstminimisinglandtake.Understanding ofthe genetic control of biomass performancetraitsisrequiredinorder
toacceleratebreedingefforts.Acombinationofgermplasmcharacterisation,geneticmapping, transcriptomicsand
associationstudiesare beingdeployedtodeveloptrait-associated markersforusewithinthe breeding programme
atIBERS. Latterly, thisgenomicapproach has been augmented with studies of the bacterial endophyte population
presentwithin Miscanthus. Initial work has sought to characterise the populations presentand workis ongoing to
determinewhethertheendophytesconferanyadvantage,suchasnitrogenfixationorabioticstresstolerance,tothe
Miscanthus host.

Three ways to find a pool (or more): Comparison of DAIT, SNP and SSR
markers in elucidating heterotic pools in Lolium perenne (L.)

Klaus J Dehmer'*, Steffi Witter', Ulf Feuerstein?, Wilbert Luesink®, Bernhard Saal*, Stephan Weise'
"Leibniz Institute of Plant Genetics and Crop Plant Research Gatersleben (IPK), Gatersleben, Germany
2Euro Grass Breeding GmbH & Co.KG, Lippstadt, Germany

*Norddeutsche Pflanzenzucht Hans-Georg Lembke KG (NPZ), Malchow/Poel, Germany

“Saatzucht Steinach GmbH & Co KG, Steinach, Germany

Perennial ryegrass, Lolium perennelL.,isthe mostimportant grass speciesintemperate regions. Asan out-crossing
species, it is highly heterogeneous and resistant against most biotic and abiotic stresses. Due to its good cutting
toleranceanditshighyieldpotential,L.perennemayserveasasustainablesourceofbiomassforenergyproductionin
biogasplants.Inordertoyetincreasethe biomassyield of perennial ryegrassvia hybrid breeding utilizing heterosis,
three types of molecular markers were compared in a project funded by the German FNR (Agency for Renewable
Resources) for their ability to elucidate the presence of heterotic poolsin L. perenne: 1384 DArTs, 182 SNPsand 51
SSRswereemployedon305bulkedgenotypemixtures,therespectivedatabeinganalyzedandresultsvisualizedwith
the help of the bioinformatic analysis tool DiSTo2 (Diversity Studies Toolkit 2). Based on these results and together
with passport and phenotypic data, we expect to establish the basis for hybrid breeding for high biomass yieldsin
Lolium perenne, facilitating the generation of new ryegrass varieties. Being an alternative to today’s main crop for
biogasproductioninGermanyandworld-wide,maize,thiswilleventuallystabilize/increasetheryegrassproduction
area and lead to an enhanced diversification of agriculture.
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Molecular breeding of Miscanthus spp., a potential bioenergy crop

Toshihiko Yamada*
Hokkaido University, Sapporo, Hokkaido, Japan

Oneofthemostintensivelyinvestigated potentialnewenergycropsis Miscanthusssp.thatis nativetoeastern Asian
countriessuchasJapan,ChinaandKorea.Molecularbreedingwilloffergoodopportunities,especiallyforvalueadded
traitssuchasenhancedbiomass,abioticstresstoleranceandfermentationefficiency.Amolecularbreedingprogram
for Miscanthusto develop anovel energy crop has been started at the Hokkaido University, Japan. Recent research
achievements of our group are following. Genetic transformation can be expected to be applied on Miscanthus to
producegeneticallymodifiedplantswithdesiredcharacters.Particlebombardment-mediatedtransformationhasbeen
establishedinM.sinensis(Wangetal.2011).SuccessfullyobtainedtransgenicM.sinensisplantswithperennialryegrass
sucrose-sucrose 1-fructosyltransferase(prft4)accumulatedfructanandshowedlessleafwiltingunderlowtemperature.
Thispossiblyleadstohigherbiomassproductionincoldareas.Evaluationforgeneticdiversityusingsimplesequence
repeat markers revealed that the accessions collected in Hokkaido Island was distinctly separated from those in
othersouthernregionsof Japan, which suggested thatgeographical proximity probably played asignificantrolein
determining the extent of genetic diversity. Elucidation of genetic control of flowering time and content of lignin,
cellulose,andhemicellulosesincellwallsisimportantfordevelopmentofbioenergy crop.Homologuesofflowering
genessuchasHD1(CONSTANS)wereisolatedandcharacterizedthepolymorphismamongaccessionsofMiscanthus.
Also, ligninbiosynthesisgenesasphenylalanineammonia-lyase(PAL),cinnamate4-hydroxylase (C4H),caffeicacid/5-
hydroxyferulicacid O-methyltransferase (COMT),4-coumarate:coenzymeAligase (4CL),cinnamoylCoAreductase
(CCR),andcinnamylalcoholdehydrogenase(CAD)wereisolatedandtranscriptexpressionlevelsofthesegeneswere
analyzedinleavesandstem ofthe Miscanthus spp..Molecularbreedinginaconjunctionwithatraditional breeding
program would develop novel bioenergy crop of Miscanthus for feedstock production.

Linkage and Meiotic Analyses Suggest a Segmental Allopolyploid Origin
of the Hexaploid Brachiaria humidicola

Bianca Vigna'*, Leticia Jungmann?, Cacilda do Valle?, Maria Suely Pagliarini®, Antonio Augusto Garcia?, Anete de Souza?
'Embrapa Southeastern Region Animal Husbandry, Sdo Carlos, Sao Paulo, Brazil
’Embrapa Beef Cattle, Campo Grande, Mato Grosso do Sul, Brazil

Geneticlinkagemapsplayfundamentalrolesinunderstandinggenomestructure,explaininggenomeformationevents
during evolution, and discovering the genetic bases ofimportant traits. The African species Brachiaria humidicola
(Rendle) Schweick is an important perennial forage grass throughout the tropics (Keller-Grein et al. 1996). It is
a polyploid and apomictic species (Valle & Savidan 1996), which makes genetic studies more difficult, leading to
limited genomicresources currently available. AF1 population derived from the cross between two heterozygous
genotypes of the species, the sexual accession BRA005811-H031 and the apomictic cultivar B. humidicola cv. BRS
Tupi, both 2n=6x=36, was used for map construction and meiotic and apomixis analyses. The linkage map for the
specieswasdevelopedfrom79polymorphicSSRmarkersderivedfromthesamespeciesusingthesoftwareOneMap
basedonthesimplex(segregating1:1)anddouble-simplex(segregating3:1)markers.Themapconsistedof38linkage
groups (LGs) and had a total length of 1,543.8 cM, with 63 microsatellite loci and an average map density of 12.3
cM.TwohomologygroupswereformedwithsevenLGswhiletheotherLGsremainedungrouped.Theapo-locuswas
mapped in LG02, 31.3 cM from the mark/amplicon Bh026.e.D2. From bi- to hexavalents at diakinesis, two nucleoli
insomemeiocytes,smallerchromosomeswithpreferentialallocationinthefirstmetaphaseplate,andasynchronous
chromosomemigrationtothepolesduringanaphaseswerefoundincytologicalanalyses.Thisisthefirstlinkagemap
ofaBrachiariaspeciesandthis map will be useful for quantitative traitlocusanalysisin B.humidicolain thefuture, as
wellasgenomeevolutionstudiesinBrachiariaspecies.Thelinkagemapalongwiththemeiocytesanalysesconfirmthe
previousreportedevidencesofhybridization(Boldrinietal2010)andsuggestasegmentalallopolyploidoriginofthe
hexaploidB.humidicola.Moreover,apomixismappingisconsistentwithpreviousreports(Ebinaetal 2005, Steinetal
2007) and confirms the necessity of further studies.
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Genomic and phenotypic instabilities in Poa annua L.

David R. Huff*, Qing Mao, Jonathan M. La Mantia
Pennsylvania State University, University Park, Pennsylvania, United States

Poa annua L. is one of the world’s most widely distributed plant species and is ecologically and economically
importantbothasaweedandasaforageandturfgrass;however,littleinformationisavailableconcerningthegenetics
of this species for breeding purposes.We used single copy nuclear DNA sequences trxand CDO504 and chrolopast
sequences ndhF and trnTLF to discern the evolutionary origin of Poa annua from all other possible origins. We
showthatatleasttwointerspecifichybridizationsbetweenthematernalannualspeciesPoainfirmaandthepaternal
perennial species Poa supinagaverise to present-day Poa annua. Following this result, we were able to re-examine
previouslypublishedcytologicaldatafromamphihaploidsandpresentevidenceforthegenomicdesignationsofPoa
infirma as Il and Poa supina as SS, making the genomic constitution of the allotetraploid Poa annua as lISS. As a
species,Poaannuais most prevalentasaninvasive,annual weed in ecosystems world-wide but thereisalsoadwarf
perennialgreens-typeformthatproduceshighturfqualitywithgreatutilitytothegolfindustry.Wecharacterizedthe
morphologicaltraitsofthegreens-typephenotypeandinvestigateditsinheritanceandstabilitythroughgeneticcrosses.
We found that the greens-type phenotype links to a single genetic mechanism. However, in advanced-generation
progeny,thesegregationofthegreens-typephenotypedoesnotconformtothedisomicsingle-geneinheritancemodel.
Additionalmodelsincludingtetrasomicinheritance,genecomplementation,and quantitativeinheritancemodels
werealsonotapplicable.These crossing results, along with the observation of somatic reversions, suggest that the
greens-typephenotypeisunstableandmayberegulatedbyanepigeneticmechanism.Overall,ourresultsplacenew
emphasisontheextensivechromosomalrearrangementsthattookplaceduringPoaannua’sevolutionaryoriginasthe
underlying cause of epigenetic modification of the greens-type phenotype.

Molecular and Cytological Evaluation of Genetic Diversity in
St. Augustinegrass

Susana Milla-Lewis™, Maria Carolina Zuleta', George Van Esbroeck’, Bobby Ottley? Kevin Kenworthy?
'North Carolina State University, Raleigh, North Carolina, United States
2University of Florida, Gainesville, Florida, United States

St.Augustinegrass(Stenotaphrumsecundatum(Walt.)Kuntze)isawidelyusedturfgrassspeciesinwarm, tropicaland
subtropicalregionsoftheworld.Inthepresentstudy,flowcytometry,chromosomecounts,and AFLPmarkeranalysis
were performedin ordertoassessgeneticdiversity at the molecularand cytological levelsamong public sources of
Stenotaphrumgermplasm.Cytologicalinvestigationsidentifiedfivedifferentploidylevels(diploid,triploid,aneuploid,
tetraploid, and hexaploid) with chromosome numbers ranging from 2n=2x=18 to 2n=6x=>54. Lack of agreement
between flow cytometry-inferred ploidy leveland chromosome counts was observed forhigher ploidy genotypes.
Therefore, DNA contentsoftheseaccessionsare notsimple multiplesofthe contentofthediploid genome.Thismay
indicate the existence of different genomes in the genus. Over 1700 loci were scanned with 15 AFLP primer pairs.
Allplantintroductionsand cultivars could be uniquely identified and the average pair-wise genetic similarity value
wasrelativelylowat0.63.Resultsfrombothprincipalcoordinateandclusteranalysesshowedwelldefinedseparation
of accessions by ploidy levels. Moreover, results from the AMOVA indicated that 46% of the total variation could
beexplainedbydifferencesbetweenploidylevels.Aclearpositivecorrelationwasobservedbetweenploidyleveland
numberofbandsscored,withpolyploidsshowinganincreasednumberofbands.Theseresultsindicatethatvariation
inchromosomenumberisanimportantsourceofgeneticvariationin St. Augustinegrass.Information derived from
this study will aid in the strategic utilization of Stenotaphrum germplasm in cultivar development.
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Identifying SNP among diverse alfalfa genotypes using
transcriptome sequencing

Xuehui Li, E. Charles Brummer*
Forage Improvement Division, The Samuel Roberts Noble Foundation, Ardmore, Oklahoma, United States

Alfalfa,aperennial,outcrossing species,isawidely plantedforagelegume.Markerassisted breeding couldenhance
improvementofalfalfa, particularlyforquantitativelyinheritedtraits,ifmany genome-wide markerswereavailable.
Theobjectiveofthisexperimentwastosequencethetranscriptomesof27alfalfagenotypesincludingelitebreeding
genotypes, parentsofmappingpopulations,andunimprovedwildgenotypes,usinganllluminaGenomeAnalyzerllx
inordertoidentifysinglenucleotide polymorphism (SNP).Between 17.2and31.6 million72-bpreadswereobtained
for each of the 27 transcriptomes. De novo assembly of the reads generated 25,183 contigs with a total length of
26.8 Mbp and an average length of 1,065 bp, with an average read depth of 55.9-fold for each genotype. Overall,
21,954 (87.2%) of the 25,183 contigs represented 14,878 unique protein accessions. Gene ontology (GO) analysis
suggestedthatabroaddiversity of geneswasrepresentedintheresultingsequences.Therealignmentofindividual
reads to the contigs enabled the detection of 872,384 SNPs and 31,760 InDels. High resolution melting (HRM)
analysis was used to validate 91% of 192 putative SNPs identified by sequencing. Both allelic variants at about 95%
of SNP sites identified among the five wild, unimproved genotypes are still present in cultivated alfalfa, and all four
USbreeding programsalso containahigh proportion ofthese SNPs.Thus, little evidence exists forloss of significant
DNA sequence diversity due to either domestication or a century of selection. An alfalfa lllumina Infinium array
with ~12,000 SNPs is being developed, which will enable high-throughput genotyping. The EST and SNP markers
generatedfromthisstudyarepubliclyavailableatthelegumelnformationSystem(http://medsa.comparative-legumes.
org/) and can contribute to future alfalfa research and breeding applications.

Mechanisms of drought and salt tolerance in the fodder shrub
Zygophyllum xanthoxylum

Suo-Min Wang*, Qing Ma, Jin-Lin Zhang, Ai-Ke Bao
College of Pastoral Agriculture Science and Technology, Lanzhou University, Lanzhou, PR. China

Zygophyllumxanthoxylum,asucculentxerophytewithexcellentadaptabilitytoadversearidenvironmentsandafodder
shrub with high palatability and nutrient value, colonizes arid areas in China and Mongolia. Here we reported the
possible physiological and molecular mechanisms of drought and salt tolerance in this species. We found that Z.
xanthoxylumincreased growthrespondingtosaltconditionwithatypicalfeatureforhalophytesandbecamemore
tolerant to droughtin the presence of moderate salinity (50 mM NaCl). Our further experiments showed that NaCl
at50mMmitigated deleteriousimpactsofdroughtonthegrowth of Z.xanthoxylum byimprovingtherelativewater
contentand increasing leaf turgor pressure due to a significant increase of the contribution of Na+ to leaf osmotic
potentialandasignificantdropinleafwaterpotential,andconcomitantly,increasingchlorophyllconcentrationsand
photosystemllactivityresultinginanenhancementofoverallplantphotosyntheticactivity.Subsequently, wefound
that two distinct low-affinity Na+ uptake pathways existed in Z. xanthoxylum, one of which might be mediated by
an AKT1-type channel; the plasma membrane Na+/H+ antiporter ZxSOS1 involved in the transport and spatial

distributionofNa+andK+andthereforeregulatedthegrowthof Z.xanthoxylumundersaltcondition; thetonoplast
Na+/H+ antiporter ZxNHX mediated leaf Na+ accumulation by compartmentalizing Na+ into vacuoles under salt
anddroughtcondition.Finally,co-expressionofZxNHXandvacuolarH+-pyrophosphatasegeneZxVP1significantly
improved bothdroughtandsalttoleranceinimportantlegumeforages Medicagosatival.and LotuscorniculatusL.
Insummary,thesefindingssuggestthatZ.xanthoxylumisabletoaccumulatehighconcentrationofNa+initsleaves
and use it directly for osmotic adjustment under arid environments, which is coupled with animprovementin leaf
hydrationandphotosyntheticactivity;moreover,thetransporters/channelsinvolvedinNa+andK+uptake, transport
andvacuolarcompartmentalization playvitalrolesforZ.xanthoxylumtoadapttobothsaltand droughtconditions.
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Candidate Gene Association Mapping of Cold Hardiness in
Perennial Ryegrass

Yiwei Jiang*, Xiaoqging Yu
Purdue University, West Lafayette, Indiana, United States

Association mapping providesapowerfultoolfordissecting complexquantitative traits. Cold hardinessinfluences
survivalofperennialgrassesintemperateregions.Weconductedcandidategeneassociationmappingofcoldhardiness
in 192 perennial ryegrass (Lolium Perenne L.) accessions. The population panel showed significant variations in
phenotypic traits of survival rate, chlorophyll index, and normalized difference vegetation index. Five population
structuresandminimumrelativekinshipwerefoundinthepopulationassessedby 109simplesequencerepeatmarkers
inperennialryegrass.Atotalof346non-raresinglenucleotidepolymorphisms(SNPs)werediscoveredbysequencing
14 candidate genesinvolvedinantioxidantmetabolism,dehydration,and watermovementacrossmembraneand
signal transduction. The model implementing population structure eliminated 73 % of false positive correlations,
compared to simple linear model. Sixty significant associations between genes and traits were identified after
controlling populationstructure.Theresults provideimportantinformationforfurthergenevalidationand genetic
improvement for cold hardiness of perennial grasses.

A recurrent selection approach for the identification of dehydrin variants
linked to superior freezing tolerance in alfalfa

Yves Castonguay'*, Jean Cloutier?, Marie-Pier Dubé?, Josée Michaud? Annick Bertrand? Serge Laberge?
'Crops and Soils Research and Development Centre, Quebec, Canada
2Agriculture and Agri-Food Canada, Quebec City, Quebec, Canada

The analysis of candidate gene polymorphisms is a powerful strategy to unravel the genetic bases of phenotypic
variation of complextraits. Dehydrins belong toacomplexfamily of intrinsically disordered proteins with potential
adaptivevaluewithregardtotolerancetofreeze-inducedcelldesiccation.Theyaredefinedbythepresenceofoneor
more Lysine-richKsegmentsthatcanbe combined with otherconserved domainsincludingY segmentslocated at
theNterminus.Bulksegregantanalysis(BSA)ofalfalfa(Medicagosativaspp.sativa) populationsrecurrentlyselected
for superior freezing tolerance uncovered a Y2K4 dehydrin restriction fragment length polymorphism (RFLP) with
ademonstrated impactonfreezing tolerance [Rémus-Borel etal. (2010) TAG 120:1163]. Investigation of intragenic
polymorphism identified a subgroup of cold-inducible Y2K4 size variants that were more intensely amplified in
genotypeswiththeRFLPandinresponsetorecurrentselection.Adetailedanalysisoftheassociationwiththefreezing
tolerance phenotypeled totheidentification of a paralog with a characteristic shortintron within thatgroup of size
variants, that responded positively to selection [Castonguay et al. (2012) TAG 124:809]. Sequence-characterized
amplified region (SCAR) primers targeting the intronic region confirmed a stronger amplification of the short-
intron variant in genotypes with the RFLP likely as a result of copy number variation. The recent discovery of a
cold-inducibleK3dehydrinvariantthatco-segregateswiththe RFLPand theY2K4 short-intronvariantsuggeststhe
presenceofagenomedomainwheregenesthatsharefunctionalandsequencesimilarityareclusteredandco-regulated.
Our results illustrate that enrichment of favourable alleles by recurrent selection facilitates the identification of
functional variants in crops with limited genomic resources.
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Isolation and identification of cold resistance genes from
Medicago falcata

Zhenfei Guo*, Jiali Tan, Chunliu Zhuo
StateKeyLaboratoryforConservationand Utilization of Subtropical Agro-Bioresources, South China Agricultural University, Guangzhou, P.R.
China

MedicagofalcataiscloselyrelatedtoM.sativa,butexhibitsgreatertolerancetocold.myo-Inositolphosphatesynthase
(MIPS)catalyzessynthesisofmyo-inositol,whilegalactinolsynthase(GolS),usingmyo-inositolassubstrate, catalyzes
formation of galactinol that is synthesized to raffinose family oligosaccharides (RFOs). myo-Inositol, galactinol
and RFOs play an important role in abiotic stress tolerance. During cold acclimation higher levels of myo-inositol,
galactinol, raffinose, and stachyose accumulated in M. falcata than in M. sativa. MfMIPS1 and MfGolS1 were
thereforeisolated from M.falcataand characterized.Invegetativetissuesunderroomtemperature condition, weak
MfMIPS1 transcripts were detected, and MfGolS1 could not detected using RNA blot hybridization; however, they
were highlyinducedin leaves after cold treatment for 24 h.The time course examination showed that transcripts of
MfMIPSTand MfGolS1 wereinduced earlierand maintained higherin leaves of M.falcatathan M. sativain response
to cold at 5 °C. MfMIPS1 was also induced by dehydration and salt stress while MfGolS1 was weakly induced by
saltstress,butnotresponsivetodehydration.Pharmacological experimentsrevealed that MfMIPS1wasinduced by
H202 and nitric oxide (NO), but not abscisic acid (ABA); MfGolS1 was induced by sucrose and myo-inositol, but
not H202, NO, and ABA. H202 and NO were demonstrated to be involved in cold- and dehydration-induced
MfMIPS1expressioninacombinedaction.Transgenicplantanalysisindicatedthe elevatedlevels of myo-inositoland
galactinolwereassociatedwiththeenhancedresistancetocold,droughtandsaltstressesinthetransgenictobaccoplants
overexpressingMfMIPS1;andtheelevatedgalactinolwasassociatedwiththeenhancedresistancetoabioticstressinthe
MfGolS1 overexpressing plants. The other cold resistance genes isolated from M. falcata will be also introduced.

Genes Associated with Aluminum Tolerance in Alfalfa (Medicago sativa):
Variation in Sequence and Expression Levels

Dong-Man Khu', Joseph Bouton’, E. Charles Brummer? Maria Monteros**
'The Samuel Roberts Noble Foundation, Ardmore, Oklahoma, United States
2Forage Improvement Division, The Samuel Roberts Noble Foundation, Ardmore, Oklahoma, United States

Aluminum (Al) toxicity is an abiotic factor limiting crop productivity in acid soils. Acid soils account for 40% of the
world’sarableland.Alfalfa(Medicagosatival.)isthemostwidelygrownforagelegumeandanimportantcomponent
of sustainable agricultural systems. Alfalfa productivity is limited by Al toxicity in acid soils. Biomass yield and
persistence are compromised due to the inhibition of root growth in acid and Al-toxic soils. Quantitative trait loci
(QTL) for Al tolerance were identified in a mapping population resulting from a cross between Altet-4 (Al tolerant)
and NECS-141 (Al sensitive) using molecular markers. The objectives of this study were to identify candidate genes
associated with Al tolerance in tetraploid alfalfa and to evaluate variation in the gene sequences (SNPs) and their
expression patterns in Al sensitive vs. Al tolerant alfalfa germplasm. High resolution melting (HRM) analysis was
usedtogenotype119SNPsdevelopedfromgenesdifferentiallyexpressedbetweenMedicagotruncatulaaccessions
grown with and without Al. SNP markers targeting candidate genes were integrated into alfalfa linkage maps and
theirassociationwith Altolerance QTLwasevaluated.Resultsfromourcurrentprogresstoevaluatedifferentialgene
expressionofcandidategenesinalfalfawithacidandAltolerancewillbepresented.UnderstandingmechanismsofAl
toleranceandtheunderlyinggeneticmechanismscanfacilitatetheimplementationofmolecularbreedingstrategies
and biotechnology approaches to develop alfalfa cultivars that are productive in acid and Al toxic soils.
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Genomic Selection in Perennials

Michael Casler*
USDA-ARS Dairy Forage Research Center, Madison, Wisconsin, United States

Breedingperennialforage,turf,andbiofuel cropsisaslowprocess,requiringmultipleyearstocompleteeachcycleor
generationofselection.Thisisexacerbatedwhentheprincipalselectioncriterionisacomplextraitofhugeeconomic
value, such as turf quality, forage yield, or biomass yield, that must be measured under realistic field conditions
that include competition, multiple sites, and multiple years (ages of stand). Adding juvenility and vernalization
requirements,whichcompoundthisproblemformanyspecies, resultsincycletimesthatoftenexceed5years.Recent
advancesinDNAsequencingtechnologies have created opportunitiestoapply genomicselectiontechnologiesto
asmall number of economically important perennial crops. Genomic selection involves saturation of the genome
withsingle-nucleotide polymorphic(SNP)markerstoalevelthatgenerateslinkagedisequilibriumbetween most of
the important quantitative trait loci (QTL) controlling the trait of interest and one or more SNP markers. Genomic
selectionofferstwodistinctadvantagesto perennialforage, turf,and biofuel crops: (1) it createsaready mechanism
to conduct meaningful selection among plants within families for traits that cannot be effectively measured on a
single-plantbasis (e.g. turf quality, forageyield,and biomassyield under competitive conditions) and (2) it offersan
opportunitytodrasticallyreducetheaveragetimerequiredtocompleteacycleofselection.Genomicbreedingvalues
(GEBV) are computed as the sum of all SNP marker effects, capturing as much variation as possible for the relevant
QTL.The genetic correlation between GEBV and phenotype, often termed the accuracy of GEBV estimation, isone
ofthecriticalkeystothesuccessandefficiency ofgenomicselection.Earlyestimatessuggestthataccuraciesof0.3to
0.5 could result in doubling of selection gains for perennial grasses and legumes.

Towards genomic selection in perennial ryegrass

Leif Skot*
Aberystwyth University, Ceredigion, United Kingdom

Genomicselection (GS) attempts to make use of the availability of increasingamounts of genotypicinformation by
enablingthe prediction of breeding valuesforquantitative traits based on determining the effectofalargenumber
ofmarkerssimultaneously.Theaimistoenhancetheefficiencyof breedingprogrammesbyincreasingthespeedofa
breedingcycle, reducingthecostofphenotyping,andacceleratingselectionofcandidatesforproductionofsynthetics.
The perennial ryegrass breeding programme at IBERS differs from many others by its longevity and small size of
its base population.Intheory, this decreases the number of markers needed to achieve a certain level of prediction
accuracy.lwilldiscusstheopportunitiesforincorporatingGSintothisbreedingprogramme,anddescribepreliminary
information on linkage disequilibrium, and some cross-validation accuracies based on 3000 DArT markers,

and highlight some of the challenges associated with GS. Ten-fold cross-validations within each of two breeding
populationsweresurprisinglyvariableamongsets,butalsovaried betweentraits.Variationspannedbetween0and
0.6,withthemajoritybetween0.3and0.4.Moreconsistentpredictionaccuracieswereachievedwithalargertraining
populationof288genotypesderivedfromthreevarieties.Thephenotypicdatainthiscasewasbasedonspacedplants,
while the predictions in the breeding populations were projected from plot data of half-sib progeny.
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Genetic Characterization and Linkage Disequilibrium in five Lolium
perenne Populations using Genic SNP Markers

Kovi Mallikarjuna Rao’, Simen R. Sandve’, Ergon Ashild’, Studer Bruno?, Asp Torben?, Kent Matthew?, Odd Arne Rognli'*

Department of Plant and Environmental Sciences, Norwegian University of Life Sciences, As, Akershus, Norway

’Department of Genetics and Biotechnology, Faculty of Agricultural Sciences (DJF), Aarhus University, Flakkebjerg, Slagelse, Denmark
3Centre for Integrative Genetics (CIGENE), Norwegian University of Life Sciences, As, Akershus, Norway

Predictedclimatechangeswithhighertemperaturesandlongergrowthwillmakeitpossibletoextendthecultivation
ofperennialryegrassfurthernorthin Europe.However,climate change mightleadtomore unstable winterclimates
and winter survival of perennial ryegrass need to be improved in order to be successful in these regions. Using a
population mixtures of 5 diverse populations, i.e. two European cultivars (Arsenal and Toronto), one Norwegian
cultivar (Fagerlin), and two Norwegian breeding populations (FuURa0575-79 and FuRa9805), grown at several field
locations covering a wide range of latitudes and climatic conditions in Norway, we aim to establish marker-trait
associations by investigating shiftsin allelefrequencies of molecular markers.In orderto establish the numberand
distribution of markers necessary for detecting allelic shifts we estimated linkage disequilibrium (LD) within and
amongthecultivars/populations.Forty genotypesfromeach ofthe 5 cultivars/populations were genotypedat 278
genicSNPlociselectedacrosssevenlinkagegroups.IngenerallowLDwasobservedandLDdecaywasrapidalthough
somedifferenceswereobservedamongcultivars/populationsandlinkagegroups.AsexpectedLDwascorrelatedwith
the effective population size; lower LD was observed in Arsenal (based on a polycross between 40 clones selected
from the cultivars Abersilo and Respect) compared with Toronto (based on a polycross between 10 clones from
the population SLp 91-136). Analysis of population structure indicated two sub- populations within Arsenal and
Fura9805,andthreesub-populationswithinToronto,Fura0575-79andFagerlin.Allelefrequencies,geneticdiversity,
polymorphicinformation contentwereestimatedwithinthecultivars/populationsand willbe presented.Thisisthe
firstreportofgenomewidehighthroughputgenotypingusinggenicL.perenneSNPs.Strategiesfordetectingallelic
shifts in samples from field populations will be discussed.

Structure-Function Analysis of Caffeic Acid O-Methyliransferase
from Perennial Ryegrass (Lolium perenne L.)

Gordon Louie', Marianne Bowman', Yi Tu?, Aidyn Mouradov®, German Spangenberg?*#*, Joseph Noel'

'The Howard Hughes Medical Institute, La Jolla, California, United States

2Department of Primary Industries, Biosciences Research Division, Bundoora, Victoria, Australia

3Dairy Futures Cooperative Research Centre, Australia

“La Trobe University, Bundoora, Victoria, Australia

School of Applied Sciences, Royal Melbourne Institute of Technology University, Bundoora, Victoria, Australia

Lignin forms from the polymerization of phenylpropanoid-derived building-blocks (the monolignols); the
modification through hydroxylation and O-methylation of the monolignols modulates the chemical and physical
properties of the lignin polymer. The enzyme caffeic acid O-methyltransferase (COMT) is central to lignin
biosynthesis,andisoftentargetedtransgenicallytoalterplantlignincomposition.Despiteintensiveinvestigation, the
structural determinants of the regiospecificity and substrate selectivity of COMT remain poorly defined.Reported
here are X-ray crystallographic structures of perennial ryegrass (Lolium perenne L.) COMT (LpOMTT1), in open
conformational-state,apo-andholo-enzymeforms;andmostsignificantly,inaclosedconformational-statecomplexed
withthe productsS-adenosyl-Lhomocysteineand sinapaldehyde.The product-bound complexrevealsforthefirst
timethepost-methyl-transferorganizationof COMT'scatalyticgroupswithreactantmolecules,andthefullyformed
phenolic-ligandbindingsite.The corescaffold ofthe phenolicligandforgesahydrogen-bonding networkinvolving
the4-hydroxygroupthatanchorsthearomaticringandtherebypermitsonlymetahydroxyl-groupstobepositioned
fortransmethylation.Whiledistalfromthesiteoftransmethylation,thepropanoid-tailsubstituentgovernsthekinetic
preference of ryegrass COMT foraldehydes overalcoholsandacids duetoasingle hydrogen-bond donorforthe C9
oxygenated moiety dictating the preference for an aldehyde.
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Development of an integrated transcript sequence database
and a gene expression atlas for gene discovery and analysis in
switchgrass (Panicum virgatum L.)

Jiyi Zhang, Malay Saha'*
Forage Improvement Division, The Samuel Roberts Noble Foundation, Ardmore, Oklahoma, United States

Switchgrass (P.virgatum L.) is a perennial C4 grass with potential to become a major bioenergy crop.To help realize
this potential, a set of RNA-based resources were developed. Expressed sequence tags (ESTs) were generated from
two tetraploid switchgrass genotypes, Alamo AP13 and Summer VS16. Over 11.5 million high-quality ESTs were
generatedwith454sequencingtechnologyandanadditional 169,079Sangersequenceswereobtainedfromthe5'and
3’endsof 93,312 clonesfrom normalized, full-length-enriched cDNAlibraries. AP13andVS16 ESTs were assembled
into 77,854 and 30,524 unique transcripts (unitranscripts), respectively, using the Newbler and PAVE programs.
Published Sanger-ESTs (544,225) from Alamo, Kanlow, and 15 other cultivars were integrated with the AP13 and
VS16 assemblies to create a universal switchgrass gene index (PviUT1.2) with 128,058 unitranscripts, which were
annotated for function. An Affymetrix cDNA microarray (Pvi_cDNAa520831) containing 122,973 probe sets was
designed from PviUT1.2 sequences, and used to develop a Gene Expression Atlas for switchgrass (PviGEA). The
PviGEA containsquantitativetranscriptdataforallmajororgansystemsofswitchgrassthroughoutdevelopment.We
developedawebserverthatenablesflexible,multifacetedanalysesofPviGEAtranscriptdata.ThePviGEAwasusedto
identify a full-complement of genes involved in monolignol biosynthesis.

Transcriptional factor LcDREB2 cooperates with LcSAMDC2
to contribute to salt tolerance in Leymus chinensis

Gongshe Liu*, Xianjun Peng, Shuangyan Chen
Key Laboratory of Photosynthesis and Environmental Molecular Physiology, Institute of Botany, Chinese Academy of Sciences,
Beijing, P.R. China

S-Adenosyl-methionine decarboxylase (SAMDC) is a key enzyme in PA biosynthesis and catalyzes the conversion
of S-adenosyl-methionine (SAM) to decarboxylated S-adenosyl-methionine (dcSAM). Dehydration responsive
element-binding proteins (DREBs) exert protective effects understress by activating the expression of downstream
genes. SAMDC and DREBs have been extensively studied in improving plant resistance to abiotic stresses, but the
mechanism for transcriptional regulation of SAMDC remains unclear. In this study, the LcSAMDC2 gene and its
promoterwereisolatedfromLeymuschinensis,aperennialrhizomegrassdistributedintheeasternEurasiansteppe
(including the northern Plain) and the Inner Mongolian Plateau of China, with important roles in environmental
protection and livestock development. Two DRE cis-elements were identified from the promoter of LcCSAMDC2
and shown to bind LcDREB2. Subcellular localization and a yeast one-hybrid assay revealed that LcDREB2 is

a transcription factor. An EMSA (Electrophoretic Mobility Shift Assay) showed that LcDREB2 can bind to the
LcSAMDC2 promoter probe containing a DRE element. Over-expression of LcDREB2 in L. chinensis calluses
increased expression of LcSAMDC2. Co-expression of LcDREB2 and the promoter of LcSAMDC2 fused with

GUS in tobacco activated GUS activity. These results indicate that LcSAMDC2 is one of the downstream genes of
LcDREB2. In addition, transgenic expression of LcDREB2 and LcSAMDC2 in Arabidopsis can improve the salt
stress tolerance of transgenic lines. Our results indicate that LcDREB2 cooperates with LcSAMDC2 to contribute to
resistance to abiotic stress.
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Commercialization of GE Traits in Forages

Mark McCaslin*
Forage Genetics International, Prior Lake, Minnesota, United States

Numerous novel traits have been identified and introduced into cultivated crops through conventional breeding,
includingtheuseofinterspecificcrossesandmutagenesis.Geneticengineeringhasofferedadditionalopportunities
toplantbreederstointroduce novel geneticvariationfortraitsand characteristics that was previously notavailable
using only those more conventional plant breeding tools. As of January 1, 2012 over 90 genetically engineered
(GE) trait/crop combinationshad beenfullyderegulated and were availableforcommercial saleinthe United States
(Smith,2012).Thevastmajority of thesearetraitsassociated withfourcommercial crops:corn,soybeans,canolaand
cotton.The commercialization of GE traits in perennial forage crops has introduced some incremental complexity
whencompared withtheannual row cropsthathave been commercialized with GE traitsto date. Perenniality perse
complicates the extensive testing required for USDA, FDA and/or EPA deregulation of GE traits. In addition, the
polyploidnatureofmanyofthewidelyusedforagespeciesalsocomplicatesbreedingschemesandvarietydevelopment
programs when high purity levels of the GE trait are required. For species requiring insect or wind mediated open-
pollinatedseedproduction,researchonpollenflowhasbeencriticaltoeffectivelydesignstewardship programsthat
facilitatetheseedproductionandcommercial coexistenceof GE-traitedvarieties,conventionalvarietiesandorganic
seedforbothdomesticandexport markets. Alfalfais thefirst perennial forage crop commercialized with a GE trait. GE
alfalfaprovidesexamplesofthechallengesoutlinedabove,andalsoprovidessomepossiblesolutionstothesechallenges.
Iwill presenttheexperiencethatForage Geneticshasgained withtheintroduction of RoundupReady Alfalfaasacase
study for discussing challenges and opportunities in commercialization of GE traits in perennial forages.

Advances in genetic modification of switchgrass

Chunxiang Fu', Frank Hardin'#, Hiroshi Hisano'#, Xirong Xiao'4, Jonathan R. Mielenz*#, Richard A. Dixon?**, and Zeng-Yu Wang'#*
'Forage Improvement Division, The Samuel Roberts Noble Foundation, Ardmore, Oklahoma, United States

2Plant Biology Division, The Samuel Roberts Noble Foundation, Ardmore, Oklahoma, United States

3Biosciences Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee, United States

“BioEnergy Science Center

Geneticimprovementofswitchgrass(PanicumvirgatumL.)throughbiotechnologicalapproachesisexpectedtoplay
acrucialroleinmodifyingthequalityorquantity of biomasssuitableforbiofuel production.Developmentofgenetic
tools is essential for effective improvement of existing switchgrass cultivars. Switchgrass, like many other grasses,
isgenerally considered difficult to genetically manipulate at the cellular level. The establishment of a well-defined,
rapidand highlyefficientgenetictransformationsystemisanimportantprerequisiteforgeneticengineeringofthis
species.Wehavedevelopeda highly efficient transformation systemforthe widely used switchgrass cultivar Alamo
by identifying genotypes that are highly responsive to tissue culture and optimizing transformation parameters.
The transformation efficiency of this system (number of independent transgenic plants/number of calli used for
infection) exceeds 90%. Moreover, the systemis consistent, highly reproducible and hasfacilitated the reduction of
recalcitranceandincreasedbiomassyieldinswitchgrass.Forexample, thegeneticmodificationofligninbiosynthesis
genesresultedintransgenicplantswithimprovedsugarreleaseandincreasedethanolproduction.Theoverexpression
of microRNA156b resulted in significant improvements in biomass yield. The development of an enhanced
transformationsystemresultedinsignificantadvancesinthegeneticmodificationofswitchgrass, ultimatelyexpediting
the improvement of switchgrass for cellulosic biofuel production.
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Application of proteomics and transgenesis for
the improvement of forage plants

Hyo-Jin Lee, Yong-Goo Kim, Sung-Hyun Hur, Atikur Rahman, Iftekhar Alam, Byung-Hyun Lee*
Department of Animal Bioscience, Gyeongsang National University, Republic of Korea

Forage productivity is affected by various environmental stresses such as salinity, heavy metal, drought, and
extreme temperature. Therefore, understanding of stress biology is essential. Proteomics is an advantageous

area of study in dissecting stress response mechanisms to boost our understanding of systems-level cellular
behavior, especially in forage plants where we lack genome sequence information. Plant genetic engineering is
also benefited from this knowledge by the identification of new gene products that may confer stress tolerance.
We studied the rice proteome in response to heat and heavy metal stresses leading to the discovery of some
promising candidates for stress tolerance such as a mitochondrial HSP and GST omega. In addition, we
constructed a reference map for the leaf proteome of Miscanthus sinensis. This information will provide the basis
for future studies to elucidate stress response mechanisms. Among the potential genes found by proteomics, we
overexpressed Oshsp24 in Arabidopsis and Oshsp26 in tall fescue. Transgenic tall fescue plants showed greater
photosynthetic capability and overall stress tolerance under heat stress compared to wild-type plants. Additionally,
we generated transgenic tall fescue plants overexpressing chaperone (2-Cys Prx) and signal pathway-related gene
(AtNDPK?2), under the control stress-inducible promoter. The transgenic plants maintained photosynthesis and
showed enhanced tolerance to several abiotic stresses such as methyl viologen, hydrogen peroxide, NaCl or heavy
metals. The potential contribution of proteomics towards biotechnology and the value of genetic transformation
for improving forage crops against common environmental stresses will be discussed. (This work was supported
by a grant from the Next-Generation BioGreen 21 Program (No. PJ008139), RDA, Korea).
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Assessing the genetic diversity and reproductive strategy of Danthonia
spicata through SSR marker analysis

Scott Warnke '*, Keenan Amundsen 2, Azhar Hossain 3
'USDA-ARS, Logan, Utah, United States

2University of Nebraska, Lincoln, United States

3National Turfgrass Evaluation Program, Beltsville, United States

Danthoniaspicataisanativecool-seasongrassoftenfoundinmanagedturfenvironmentsthroughouttheeastcoast
of the United States. Commonly known as poverty oatgrass D. spicata is often associated with low pH high iron
soilsand has shown excellent tolerance of shade, drought, and low soil fertility. Currently very little is known about
the level of genetic diversity or the primary reproductive strategy (outcrossing, self-fertilization or apomixis) in D.
spicata.Highthroughput454sequencingofrandomshearedD.spicatagenomicDNAwas usedtodevelopaSimple
SequenceRepeatresourceofapproximately450SSRcontainingfragments.Primersweredesignedto96dinucleotide
repeatcontainingfragmentsandscreenedonaprogenypopulationdevelopedfromasingleturftypeD.spicataplant.
Approximately 60 of the 96 primer pairs tested produced fragmentsin the expected sizerangeand of these 60 none
haveshownevidenceofsegregation.Tenprimerpairsthatproducedrepeatableuniformamplificationwerechosen
for analysis of genetic diversity levels of D. spicata populations from the Washington D.C. area. Preliminary results
indicatelimited geneticvariationexists withinand betweenthese selected populations.Theimplicationsforfuture
breeding efforts will be discussed.

Biochemical response of some Iranian native grasses under drought stress

Iman Roohollahi ', Nayer Azam Khosh kholgh Sima 2, Mohsen Kafi '*
'University of Tehran, Iran, Karaj, Iran
2Agriculture Biotechnology Research Institute (ABRII), Iran, Karaj, Iran

Native cool and warm-season grasses are important for the enhancement of arid and semiarid rangeland in Iran.
Agropyron (Dewey and Asay, 1975), Festuca (Rechinger, 1970) and Cynodon (Hralan and Rawal, 1970) grasses
are highly distributed in Iran. Previous studies have established that changes in protein synthesis or degradation
may influence drought tolerance (Jiang and Huang, 2002). Drought tolerance is also accompanied by antioxidant
metabolisminvariousplantspecies(DaCostaandHuang,2007).Ourobjectivewastocomparebiochemicalresponses
oflraniannativegrassesunderdroughtstressinagreenhousestudy.Seedsfrom 3 populationsofnativecool-season
and one clone of awarm-season grass species were collected from rangeland habitats of Iran. Seeds of Agropyron
cristatum, Festucaovina, Festucaarundinaceaandasingle Cynodondactylonsprigwithfournodeswereplantedin
pots (25cmindiameterand 30cm deep). Anincrease intotal soluble carbohydrate and sucrose contentin the non-
irrigatedtreatmentwasobservedinFestucaarundinacea(Fig.1).Martinezetal.(2003)indicated thatunderdrought
stressLoliumperennereleasessucroseforosmoticadjustment.OurresultshowsthatcarbohydratecontentinCynodon
under 50% FC was noticeably higher than under 75% FC (Fig. 1.A). All non-irrigated treatments of Cynodon
dactylon died and was not included in the graph. Hays et al. (1991) found an increase in soluble carbohydrates in
responsetodroughtstressin Cynodonto be associated with morphological root changes (droughtavoidance) but
inourstudynorelationshipwasobserved between Cynodondactylonturfqualityand carbohydrate contentunder
drought stress. Based on responses to drought, and the magnitude of total carbohydrate, protein and antioxidant
activity, Festuca arundinacea was superior to other species in drought tolerance.
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Molecular and physiological analysis of two salt-tolerant alfalfa
(Medicago sativa) lines selected for us on semi-arid rangelands

Ivan Mott '*, Michael Peel ', M. Rokebul Anower ?, Yajun Wu 2
'USDA-ARS, Logan, Utah, United States
2South Dakota State University, Brookings, South Dakota, United States

Soilsalinityisa growing global concernandin semi-arid regions saline concentrations can severely limitor prevent
alfalfaproduction.ThreecyclesofrecurrentselectionforsurvivalatEC=18dSm-1inagreenhousescreeningwasused
todeveloptwosativa-typeandtwofalcata-typepopulationsofalfalfawithincreasedsalttolerance.Theselectedalfalfa
populations werefield tested undersalineand non-saline conditions. Several selectedlines had minimal reduction
inforageyieldundernon-saline conditions,and greatersurvivalandyield thanthe parentsundersaline conditions.
Onesativa-typeline,CS15-2,and onefalcata-typelineBC11-1werechosenforphysiologicaland molecularanalysis.
Measurementsofseveralphysiologicalparameterswereconductedongreenhousegrownplants,includingstemlength
elongation, leaf number, relative water content, and total electrolyte content. Plants from both CS15-2and BC11-1
hadgreaterstemelongationandmaintained highnumberofleavesundersalttreatmentcomparedtotheirparents.
Measuresofthe chlorophyllcontentindexshowed thatboth selected linesaccumulated more chlorophyllthanthe
parentsundersaltstress,andimprovedabilitytomaintainwaterstatus(relativewatercontent).CS15-2showedlittle
accumulationofelectrolytewhiletheparentsshowedasignificantincreaseinelectrolyteaftersalttreatment.However,
BC11-1showedthesameincreaseofelectrolyteaccumulationasitsparents.TheresultsimplythatCS15-2andBC11-
1may havedifferent mechanisms of salttolerance. Additional physiological analyses are underway to betterdefine
themechanism(s)ofsalttoleranceintheselines.Furthermore, microarrayanalysisusingtheMedicagoGeneChipwas
usedtomeasuregeneexpressionof CS15-2andBC11-1 alfalfas,and their parentsunder controland salt conditions.

Molecular characterization of two bermudagrass populations for winter
survival using genomic SSR markers from common bermudagrass
(Cynodon dactylon var. dactylon)

Tim Samuels*', Yanqgi Wu', Chengcheng Tan', Dennis Martin?, Yuanwen Guo', Laxman Adhikari’
'Department of Plant and Soil Sciences, Oklahoma State University, Stillwater, Oklahoma, United States
’Department of Horticulture and Landscape Architecture, Oklahoma State University, Stillwater, Oklahoma, United States

Bermudagrass, Cynodon spp, is economically important as a major turf and forage species in the southern United
States.However,intransitionzonesandhigheraltitudeareas,wintersurvivabilityisamajorconcern.Freezetolerance
in bermudagrass is a heritable trait. Limited SSR markers are currently available for bermudagrass research. The
objective of this study was to analyze two bermudagrass populations using genomic SSR markers. Within each
population they will be further analyzed on the basis of winter survivability by selecting plants that survived the
winter and comparing them with the original plants within the given population. Genomic DNA samples were
extracted from the bermudagrass genotypes ‘RV’and ‘YK' Five libraries were constructed for SSRs enriched for
CA-, GA-, ATG-, AAC- and CAG-sequences. A total of 44 non-redundant highly amplified polymorphic markers
fromallfive libraries were usedin this study. Resultsindicate that RV winter survival selection population produced
significantdifferentbanding patternsthattheoriginal populationin86.4% ofthe SSRmarkersused.YKdatashowed
a significant difference between winter survival and original population in 36.4% of the SSR markers used. It is
interesting to note that RV was significantly different from YKin 34.1% of the markers used. This data suggests the
two germplasms used in this study, should be used in breeding new cold tolerant bermudagrass cultivars.
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Proteomic analysis of Miscanthus sinensis leaves subjected to heat siress

Iftekhar Alam ', Shamima A. Sharmin 2, Md. Atikur Rahman 2, Yong-Goo Kim ', Byung-Hyun Lee 2*
'Department of Animal Bioscience, Gyeongsang National University, Korea
Division of Applied Life Science, Gyeongsang National University, Korea

MiscanthussinensisisafertileperennialrhizomatousC4grassthathasbeentraditionallyusedasforageandfibers.The
recentfocusontheuseofrenewablebiomassasapossiblealternativetofossilfuelshasestablishedaroleofthiscarbon
neutralplantasabioenergyfeedstock.Naturally,M.sinensisisexposedtohightemperatureduringitsmaingrowing
season.Therefore,understandingtheheatstressresponseofM.sinensiswouldbeusefulforthedevelopmentofheat-
tolerantcropplantsinthefuture.Untilnow,theplantispoorlyrepresentedingenomesequencedatabases.Proteomics
hasseveraladvantages over othermRNA-based approachesin non-model organismstostudy cellular processes at
the molecularlevel. We exposed the seedlings to heat stress of 42°Cina growth chamber for24hand 48 h. Agroup
of seedlings treated for 48 hwere furtherallowed to recover for next 48 h.Total proteins were extracted from leaves
andanalyzedbytwo-dimensionalgelelectrophoresis.Matrix-assistedlaserdesorption/ionization-timeofflightmass
spectrometry (MALDI-TOF MS) or MALDI-TOF/TOF MS allowed to identify 56 differentially expressed protein
spotsinheat-treatedleaves.Theseproteinswereinvolvedinavarietyofcellularprocessesincludingphotosynthesis,
energymetabolism,hestshockresponses,signaltransduction,transcriptionandproteinsynthesis.Interestingly,unlike
previous studies, C4-specific pyruvate orthophosphate dikinase, Rubisco large subunit andits associated proteins
wereup-regulatedduringheatstressandtendtorestoreuponrecovery.ldentificationoftheseproteinsrevealedsome
important clues regarding the way M. sinensis copes with high temperature conditions.

Expression and functional characterisation of a white clover isoflavone
synthase in tobacco

Benjamin Franzmayr !, Susanne Rasmussen ', Karl Fraser !, Paula Jameson **
'AgResearch Grasslands, Palmerston North, Manawatu, New Zealand
2University of Canterbury, Christchurch, Canterbury, New Zealand

Productivity of Trifoliumrepens,avaluablecomponentoftemperate pastures,isreduced byinsect pests.lthasbeen
suggested thatphenylpropanoid derived isoflavonoids such asformononetin can protect white cloverfrominsect
damage.lsoflavonoidsarealsoinvolvedinthe establishmentof rootnodulation.Formononetinandits breakdown
product, equol, are phytoestrogens.The aim of this study was toisolate and functionally characterise anisoflavone
synthase(IFS2_12)fromT.repensbyexpressingitinNicotianatabacum (tobacco).Toinduceanthocyaninproduction
and increase isoflavonoid precursors in tobacco we expressed the tomato R2R3 MYB transcription factor ANT1 in
tobacco.WeheterologouslyexpressedIFS2_12intobaccobothtransientlyandstably,andanalysedisoflavonoidsin
leafextractsbyliquidchromatographycoupledtomassspectrometry.Asapositivecontrolwealsoexpressedadouble
construct of soybean IFS and alfalfa chalcone isomerase (IFS/CHI) which had been previously shown to induce
isoflavonoid production in tobacco. Stable transformants expressing IFS2_12, IFS/CHI and ANT1 were crossed
andresulting plantsanalysedforisoflavonoid production.Leaves oftobacco plantsexpressing ANT1 had arange of
tissuecolourphenotypesfromgreenthrough bronzeto purple.BothtransientandstableexpressionofthelFS2_12
orIFS/CHI constructs resultedin the production of theisoflavonoid genistein and its conjugates. Highest levels (up
to 19.2 mg g-1 DW) accumulated in a progeny of a purple ANT1 crossed to a IFS/ CHI transformant, while the
secondhighestwasfoundinaplantderivedfromaselfedIFS2—_12transformant.WeconcludethatthegenelFS2_12
isolatedfromT.repensencodesanisoflavonesynthase.Thisstudy pavesthewayforengineering white cloverplants
with isoflavone levels sufficient for insect protection.
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Development and Application of Duplex PCR for the Identification of
Selfed Progeny in Switchgrass

Linglong Liu, Yanqi Wu*
Department of Plant and Soil Sciences, Oklahoma State University, Stillwater, Oklahoma, United States

Switchgrassis a herbaceous model plant for the cellulosic biofuel feedstock development in the USA and Europe.
Accurate identification of selfed progeny is important to produce switchgrass inbreds, which can be used in the
production of heterotic hybrids. Development of a technically reliable and easily used marker systemis required to
quantify and characterize breeding origin of progeny plants of targeted switchgrass parents. Here agenome-wide
screeningof915mappedmicrosatellitemarkerswasconducted,and842(92%) producedclearandscorablebandson
apooled DNA samplesincluding eight major switchgrass varieties. A total of 166 primer pairs were selected on the
basis of their evenly distributionin switchgrass genome and PCRamplification quality on 16 tetraploid genotypes.
Mean polymorphic information content value for these 166 selected loci was 0.810 ranging from 0.116 to 0.959.
Amongthem,acoresetof48loci,whichevenlydistributedon 17 linkagegroupsand had meannullallelefrequency
of 0.059 with a range from -0.196 to 0.281, suggesting low mutation rates, was further refined and optimized to
develop 24 sets of duplex markers. Most of (up to 87.5%) non-allelic bands within each duplex were separated by
more than 10-bp. Assuming one known parent, 10 randomly selected markers provided combined non-exclusion
probability of less than 0.0001 (i.e., accuracy being > 99.99%) in the identification of selfed progeny. Using the
establishedduplexPCRprotocol,selfingratiowasOforanopen-pollinated’Kanlow’genotype, 11.3%fortenselected
and bagged parents, and 77.3% for a breeding line grown in a growth chamber. In conclusion, the duplex PCR of
48lociprovidesamplechoicesforunlinkedlocionswitchgrasswholegenome,andrepresentsapowerfulandreliable
method for the identification of selfed progeny in switchgrass.

Genetic Engineering of Sugarcane for Increased Fermentable Sugar Yield
from Lignocellulosic Biomass

Jae Yoon Kim ', Je Hyeong Jung ? Walid Fouad 2, Maria Gallo ?, Wilfred Vermerris 2, James Preston 3, Fredy Altpeter **
'University of Florida, Gainesville, Florida, United States

2University of Florida, Agronomy Department, Gainesville, Florida, United States

3University of Florida, Department of Microbiology and Cell Sciences, Gainesville, Florida, United States

Sugarcane is one of the most efficient photosynthesizer in the plant kingdom, able to convert as much as 2% of
incident solar energy into biomass. In the U.S. sugarcane is mainly grown for the production of sugar with Florida
beingthelargest producerofsugarcane, followed by Louisiana, Hawaii,and Texas. Alargeamount of lignocellulosic
biomasssuchasleaflitterresiduesandbagassearegeneratedduringthesugarcaneharvestorafterthesugarrefining
process,respectively.Therefore,lignocellulosicbiomassfromleafandprocessingresidueswilllikelybecomeavaluable
feedstock for biofuel production. However, higher temperatures and/or acid concentrations resultin dehydration
of xylose to furfural, and glucose to hydroxymethy! furfural, which act as inhibitors of the fermentation process.
New pretreatment protocols are being developed that require the application of xylanases and other enzymes for
maximal yields of xylose. Our objectives target the improvement of fermentable sugar yields from hemicellulosic
sugarcaneresiduesandenhancingthebiosafety ofthetransgenicplants.Weevaluatedtwotransgenicapproaches:
lignin modification by RNAi suppression of the lignin biosynthetic gene COMT and in planta production of a
hyperthermostablexylanase.Morethan200transgenicsugarcaneplantsweregeneratedandlineswithsuppression
or expression of the target genes were selected. RNAi suppression of COMT resulted in reduced lignin content
and altered lignin composition. In planta produced xylanase Xyl10B converted the majority of sugarcane xylan to
fermentablexylobiose.Performanceandconversionefficiencyoftransgenicplantsgrowninreplicatedfieldplotsunder
USDA-Aphis notification 11-040-120 will also be presented.
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Genetic Improvement of Elephantgrass (Pennisetum purpureum Schum.)
through Breeding and Biotechnology

Baskaran Kannan, Fabio Faleiro, Jae Yoon Kim, Manfredo Sobanski, Elizabeth Mayers, Tenisha Phipps, Marco Sinche, Fredy Altpeter*
University of Florida, Gainesville, Florida, Utah, United States

Elephantgrass (Pennisetum purpureum Schum.) is the most productive perennial biomass grass for the Southern
US and a prime candidate for production of lignocellulosic biofuel. Biomass yield and low input characteristics

like nutrient uptake efficiency and abioticand biotic stress tolerance are the main targets for geneticimprovement
of elephantgrass. Our research involves molecular marker analysis for the identification of superior parents and
confirmationofcrosses,intraandinterspecifichybridizationandselectionofsuperiorhybrids,chromosomedoubling
torestorefertilityoftriploidinterspecifichybridsandgenetictransformationtointroducetransgenesforsuppression
offlowering,improvedstresstoleranceandquality.Forthedevelopmentofthefirstgenetictransformationprotocols
forelephantgrassandsterile,interspecifichybridsofelephantgrassand pearl millettissueculture,genetransferand
selection protocols for various explants including immature leaves, inflorescences and seeds were optimized. For
chromosomedoublinganinvitro protocol whichimproved the production of non-chimeric plants was developed.
Interspecifichybridizationbetweenelephantgrassandpearlmillet(Pennisetumglaucum)supportsimprovementof
importanttraits(e.g.droughttolerance, biomassqualityand production).Incontrasttoelephantgrass,whichproduces
largeamountsofwinddispersedseeds,interspecifichybridsaremaleandfemalesterileduetotriploidy (2n=3x=21)
anddonotproduceseedswhichcontributestobiosafety.Chromosomedoublingofthetriploidhybridsrestoredseed
productionandfertility,andallowedbackcrosseswithelephantgrasstogeneratepentaploid,interspecifichybridsfor
furtherimprovementofbiomassproductionandpersistence.Intraandinterspecificelephantgrasshybridswithhigh
agronomicperformancewereselectedunderfieldconditions.Chromosomedoublingwasobtainedforallinterspecific
hybridswithsuperiorbiomassproductionandforthefirsttimethegenerationoftransgenicelephantgrassisreported.

Genetic modification of lignin in switchgrass reduces recalcitrance and
improves ethanol production and forage digestibility

Chunxiang Fu', Jonathan R. Mielenz?4, Xirong Xiao'#, Yaxin Ge', Choo Y. Hamilton®#, Miguel Rodriguez Jr.>#, Fang Chen?**, Joseph Bouton’,
Richard A. Dixon**, and Zeng-Yu Wang'“*

'Forage Improvement Division, The Samuel Roberts Noble Foundation, Ardmore, Oklahoma, United States

2Plant Biology Division, The Samuel Roberts Noble Foundation, Ardmore, Oklahoma, United States

3Biosciences Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee, United States

“BioEnergy Science Center

Switchgrass is a leading dedicated bioenergy feedstock in the United States because it is a native, high yielding,
perennial prairie grass with broad cultivation range and low agronomic input requirements. Biomass conversion
research has developed processes for production of ethanol and other biofuels but they remain costly primarily
due to the intrinsic recalcitrance of biomass. We show here that switchgrass genetic modification can produce
phenotypicallynormalplantsthathavereducedrecalcitrancetofermentativebio-processing.Downregulationofthe
switchgrasscinnamylalcoholdehydrogenase(CAD)geneorcaffeicacid O-methyltransferase(COMT)genedecreases
lignin content modestly, reduces the syringyl to guaiacyl lignin monomer ratio, and improves sugar release. More
importantly, the downregulated COMT lines showed up to 38%increase in the ethanol yield by using conventional
biomassfermentationprocesses.Theyrequire300-400%lowercellulasedosagesforequivalentproductyieldsusing
simultaneous saccharification and fermentation (SSF) with yeast. In addition to increased ethanol production, the
transgenic switchgrassalso showed increased forage quality, whichis very beneficial for farmers since switchgrass
canserveasadual purpose (bioenergy/forage) crop.Thus,thetransgenicapproachhasthe potentialtoimprovethe
economicviabilityofvariousbio-basedfermentation-derivedfuelsbygreatlyimprovingtheenergy,cost,andland-use
efficiency oftheirproduction.Theinnovative transgenicswitchgrassillustrates thefeasibility of developing energy
crops specifically designed for industrial processing to biofuel.

78



Overexpression of miR156 in switchgrass leads to improved
biomass production

Chunxiang Fu', Ramanjulu. Sunkar?, Chuanen Zhou', Hui Shen??, Jiyi Zhang?®, Jessica Matts?, Jennifer Wolf', David Mann*®, Neal Stewart
Jr#3, Yuhong Tang*®, and Zeng-Yu Wang'*

'Forage Improvement Division, The Samuel Roberts Noble Foundation, Ardmore, Oklahoma, United States

%Plant Biology Division, The Samuel Roberts Noble Foundation, Ardmore, Oklahoma, United States

3Department of Biochemistry and Molecular Biology, Oklahoma State University, Stillwater, Oklahoma, United States

‘Department of Plant Sciences, University of Tennessee, Knoxville, Tennessee, United States

*BioEnergy Science Center

Switchgrass(PanicumvirgatumL.)hasbeendevelopedintoadedicatedherbaceousbioenergycrop.Biomassyieldis
amajortargettraitforgeneticimprovementof switchgrass.microRNAs have emerged asaprominentclass of gene
regulatoryfactorsthat has the potential toimprove complextraits such as biomass yield. AmiR156b precursor was
overexpressed in switchgrass. The effects of miR156 overexpression on SQUAMOSA PROMOTER BINDING
PROTEIN LIKE (SPL) genes were revealed by microarray and quantitative RT-PCR analyses. Morphological
alterations,biomassyield,saccharificationefficiencyandforagedigestibilityofthetransgenicplantswerecharacterized.
miR156 controlsapicaldominanceandfloraltransitioninswitchgrassbysuppressingitstarget SPLgenes.Relatively
lowlevelsofmiR1560verexpressionweresufficienttoincreasebiomassyieldwhileproducingphenotypicallynormal
plants.Moderatelevelsof miR156 led toimproved biomass but the plants were non-flowering.These two groups of
plants produced 58-101% more biomassyield compared with the control. However, high miR156 levels resulted in
severelystuntedgrowth.Thedegreeof morphologicalalterationsofthetransgenicswitchgrassdependsonmiR156
level. Theimprovementinbiomassyieldwasmainlybecauseoftheincreaseintillernumber.Targetedoverexpression
of miR156 also improved solubilized sugar yield and forage digestibility, and offered an effective approach for
transgene containment.

Standardization of Switchgrass Sample Collection for Cell Wall and
Biomass Trait Analysis

C. Frank Hardin', Chunxiang Fu', Hiroshi Hisano', Xirong Xaio', C. Neal Stewart, Jr.2, Wanye Parrot?, Richard A. Dixon', Zeng-Yu Wang'*
'The Samuel Roberts Noble Foundation, Ardmore, Oklahoma, United States

’Department of Plant Sciences, University of Tennessee, Knoxville, Tennessee, United States

3University of Georgia, Athens, Georgia, United States

Asanative, low-inputcrop with high biomass production, switchgrass (Panicum virgatum) hasbecomeafavorable
feedstockforthe production of cellulosic biofuelsin the United States. Many efforts are being made toimprove the
production of cellulosic biofuels from switchgrass. Protocols regarding analysis of switchgrass biomass have been
established;however,thedevelopmentalstageofthematerialsbeinganalyzedhasvarieddependingonresearchers’
discretion,and nostandardized harvesting procedure hasbeendefined.Developmental stageshavealargeimpact
ontheresults of biochemical analyses.We propose a standardized procedure for switchgrass sample collection for
cellwalland biomass analyses by describing various developmental stages of switchgrass, definingthe R1 stage as
thestageatwhichtillers should be collected,and providing adetailed description of how and what material should
be analyzed. Such a standardized procedure will help to maintain consistency in switchgrass evaluation methods,
enablecomparisonsofdataobtainedfromdifferentapproachesandstudies,andfacilitateeffortstowardsimproving
switchgrass as a bioenergy crop.
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Variation in Sequences and Expression Levels of Lignin Genes in
Alfalfa Stems

Maria J. Monteros '*, Jiging Gou ', Yuanhong Han ', Andrew Farmer 2, Dong-Man Khu ', Christy M. Motes ', E.Charles Brummer'
1Forage Improvement Division, The Samuel Roberts Noble Foundation, Ardmore, Oklahoma, United States
2NCGR, Santa Fe, New Mexico, United States

Alfalfa is the most important forage legume with potential value as a lignocellulosic crop. Lignin content and
compositioninalfalfaaffectbothforagequalityandprocessingefficiencyforconversiontobiofuels.Theobjectivesof
this study were toidentify genesand transcription factorsinvolvedin lignification and to evaluate variation in both
sequence and expression levels of these genes in alfalfa genotypes contrasting for lignin content. A total of 20,439
single nucleotide polymorphism (SNP) markers were identified inlignin genes and transcription factors from stem
transcriptome sequences of 27 alfalfagenotypes. High-resolution melting (HRM) analysis was used to validate over
95% of a subset of the in silico predicted SNPs located on multiple alfalfa chromosomes and their corresponding
allelic dosages. Lignin content variation was identified in six alfalfa genotypes based on UV-microscopy and wet
chemistryanalysis.Lignincontentwasnegatively correlated with forage quality, total sugarcontentand processing
efficiency in the alfalfa samples evaluated. Quantitative RT-PCR was used to assess the levels of gene expression
thatwereassociatedwithdifferencesinlignincontentofthegenotypesevaluated.Gene-derived SNP markerswere
integrated onto existing linkage maps in alfalfa and are being used to identify genomic regions relevant to lignin
contentinsegregating populations.Theidentification of SNP markersingenesaffectingligninaccumulationcanbe
usedtodevelopalfalfacultivarswithimprovedforagequalityand processingefficiency byimplementingmolecular
breeding approaches.

Characterisation of a Phosphate Transporter Gene from White Clover
(Trifolium repens L.)

Fernando J. Rossello™??, Noel O.I. Cogan'?, John Mason'23, German C. Spangenberg'??
'Department of Primary Industries, Biosciences Research Division, Bundoora, Victoria, Australia
’Dairy Futures Co-operative Research Centre, Australia

3La Trobe University, Bundoora, Victoria, Australia

Acidsoils,pH5.5orlower,are one of the mostsignificantlimitationstoagricultural productionworldwide, affecting
approximately 30% of the total land area. The primary site of root growth inhibition by Aluminium (Al) toxicity
isfocussed at the root apex, which is also the region most actively involved in Al tolerance responses mediated by
organicacidsecretion.Rootsecretionoforganiccompoundsrepresentsanetlossofcarbontotheorganism,making
aninducible,localisedmechanismofAltolerancemediatedbyroottipsecretionthemosteffectivemeanstoconferAl
tolerance.Transgenicmodificationoffersthepotentialtoenabletargetedgeneexpressionindesiredtissuetypesunder
specificconditionsformaximal effect with minimalfitness penalty.Plantgene promotersare thekeytoenablesuch
aprecisionstrategy.Aphosphatetransportergene(TrPT1)fromwhitecloverhasbeenidentifiedandfullysequenced
alongwithits5'regulatorysequencestoputativelydirectroot-specificgeneexpressioninducibleunderlowinorganic
phosphate conditions, found underacidic Al-rich soils. Anindepthinssilicoanalysis of the TrPT1 promoterhas been
performedrevealingahighlevel of conservation of the transcription factor binding sitesindentifiedin Arabidopsis
thalianaandMedicagotruncatulaPT1andPT2promotersequences.Fromacollectionofcharacterisedtranscription
factor binding site motifs the P1BS element, which regulates response to P deprivation, was identified in all of the
PT promoter regions along with other sites associated with root and nodule expression and auxin induction. The
detailedcharacterisationoftheDNAsequenceoftheTrPT1promoterdemonstratesitssuitabilityandspecificityasan
inducibleandroottipecell-specificpromoterfordeploymentintransgenicapproachesforengineeringAltolerancein
forage legumes such as white clover and alfalfa.
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Comparative Genetics and Genomics of White Clover (Trifolium repens L.)
and Subterranean Clover (Trifolium subterraneum L.)

Kioumars Ghamkhar'*, Sachiko Isobe? Noel O.l. Cogan’, John W. Forster'?, Philip Nichols* Rudi Appels®
'Department of Primary Industries, Biosciences Research Division, Bundoora, Victoria, Australia
’Kazusa DNA Research Institute, Chiba, Japan

3La Trobe University, Bundoora, Victoria, Australia

“Department of Agriculture and Food Western Australia, South Perth, Western Australia, Australia
SState Agricultural Biotechnology Centre, Murdoch University, Murdoch, Australia

The availability of the complete genome sequence of the barrel medic (Medicago truncatula Gaertn.) facilitates
comparativegenomicstudiesbetweenthisandotherlegumespecies.Inpreviousstudies,acomprehensivemaphas
beendevelopedforwhiteclover(TrifoliumrepensL.),andthefirstcomparativeanalysisbetweenmapsofsubterranean
clover(T.subterraneum)andredclover(T.pratense) maps,andthegenomeofM.truncatula, hasbeenperformed.In
thisstudy,theapproachhasbeenextendedtocomparisonsbetweenthemapsofwhitecloverandsubterraneanclover,
whichisan obvious targetfor comparative genomic studies due to agriculturalimportance, phylogenetic position
andrelativelowgenomiccomplexity.Detailedcomparisonofsubterraneanand whitecloverswithM.truncatulahas
identifiedinter-andintra-chromosomalrearrangementsanddemonstratedconservedsyntenybetweenchromosomes.
ResultssuggestextensivegenomeconservationwithintheTrifolieaetribeacrossasubstantial periodofevolutionary
divergence.Thedatasupportsthehypothesisthatgenomesofcloselyrelated speciesshareregionsof copynumber
variation.Theoutcomesofthis study willexpedite progressin clovergenomics,assistgeneticmarkerdevelopment,
and highlight areas of interest for future evolutionary and functional studies.

Comparative Genomic Analysis of Five Diploid Grasses from the Festuca-
Lolium Species Complex

Noel Cogan'? Melanie Hand 3, Hiroshi Shinozuka'?, German Spangenberg'??, John Forster'23*
'Department of Primary Industries, Biosciences Research Division, Bundoora, Victoria, Australia
2Dairy Futures Co-operative Research Centre, Australia

3La Trobe University, Bundoora, Victoria, Australia

SpeciesbelongingtotheFestuca-Loliumcomplexcomprisemanyagriculturallyimportantcool-seasonforagegrasses
including perennialryegrass(L.perennel.), Italianryegrass(L.multiflorumLam.), meadowfescue (F.pratensisHuds.
syn.L.pratense Huds.[Darbysh.])and tallfescue (F.arundinacea Schreb.syn.L.arundinaceum Schreb. [Darbysh.]). A
fullysequencedandannotatedgenomefromeachspecieswouldbeultimatelydesirabletopermitmajoradvancesin
foragegrassgeneticsandbreeding,throughtheprovisionofacompletecatalogueofgeneandregulatoryregionsofa
species,aswellastoolsforevaluationofgenome-widevariation.However,thegenomesofimportantFestuca-Lolium
speciesarebothlarge(haploidgenomesizes=2-4Gb)andcomplex(astallfescueisanallohexaploid)whencompared
to model grasses such as rice (Oryza sativa L. - 389 Mb) and Brachypodium distachyon L. (270 Mb), for which
completegenomesequencesareavailable.Lowercoveragesurvey-sequencingofmultiplespeciesoffersanalternative
methodforobtaining genecataloguesandalsoenablesinter-specificgenomiccomparisons.Low-coverage whole
genomesequencewasobtainedfromfivediploidspeciesoftheFestuca-Loliumcomplex:L.perenne,L.multiflorum,
F.pratensis,F.altissimaandF.ovina.Samplingwasdesignedtoincludeagriculturallyimportantforagegrasses,along
withrepresentativesofeachmajorsub-genuswithinthespeciescomplex.Followingdenovoassembly,samplingofc.
80%ofthegene-spacewasestimated,basedonacomparisonwithpredictedgenesfromB.distachyon.Thecomplete
chloroplastgenomewasalsoassembledforeachspecies,enablingphylogenomicanalysisofincludedtaxa.Thiswork
hasgeneratedsequencesformanyfunctionallysignificantprotein-codinggenesandwillenableaninsightintothepan-
genomeoftheFestuca-Loliumspeciescomplex.Thegeneratedsequencewillalsoprovideaframeworkforassemblyof
the hexaploid tall fescue genome in the future.
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From Models to Crops: Use of Resources in M. truncatula for Crop
Improvement in Alfalfa

Yuanhong Han, Dong-Man Khu, Jiging Gou, Maria J. Monteros*
Forage Improvement Division, The Samuel Roberts Noble Foundation, Ardmore, Oklahoma, United States

Increasedworldwidedemandsforfoodandfuelaredrivingforcestodevelopcropsandcroppingsystemsthataremore
productive with reduced inputs. Alfalfais one of the mostimportant cultivated forage legumes worldwideandis a
closerelativeofthemodellegumeMedicagotruncatula.lntegratinginformationfromexistingandemergingdatabases
withtranslationalgenomicsapproachesprovidesopportunitiestoleverageknowledgefromM.truncatulaandother
legumes, todevelop cropimprovementstrategiesinalfalfa. Geneticvariationfordroughtandaluminumtolerance,
phosphorus-use-efficiency and lignin content wasidentified in diverse M. truncatulainbred lines representing the
geneticdiversityintheUSDAcollection.IntegrationofalfalfatranscriptomesequenceswiththeM.truncatulagenome
sequence andgeneannotationsand QTL mapping studiesfacilitates the identification of candidate geneslocated
ingenomic regions relevant to the target traits in alfalfa including abiotic stress and forage composition. Ongoing
effortsincludeintegrationofmultiplephenotypingstrategies,metabolomicsprofiling, transcriptomesequences,and
bioinformaticsapproachestofacilitatethedevelopmentandimplementationofmolecularbreedingmethodologies
that increase the efficiency of cultivar development in alfalfa.

Self-incompatibility in ryegrass: Homing in on the genes of the
S-locus complex

Chloe Manzanares ', Bruno Studer 2, Susanne Barth 3, Torben Asp 2, Daniel Thorogood ™*
'IBERS, Aberystwyth, Ceredigion, United Kingdom

’Institute of Molecular Biology and Genetics, Slagelse, Denmark

3Teagasc, Carlow, Ireland

Self-incompatibility (Sl)isageneticmechanismthatpreventsself-pollinationbyusingasystemofrecognitionbetween
thepollenandthestigma.Thegeneticcontrolofthismechanismingrassesishardlyunderstood.Inperennialryegrass
(Lolium perenne L.), Sl is controlled by at least two loci, S and Z (Lundqyvist, 1954; Hayman, 1956) which have not
been characterizedinany grass speciesyet.The S-locusin perennial ryegrass has been mapped onlinkage group 1
(Thorogood et al., 2002) but, to date, mapping approaches for geneisolation and cloning have beeninconclusive.
UsingmappingpopulationsespeciallydesignedtomaptheS-locus,fine-mappinghasbeenconductedbygenotyping
over 10,000 plants using high resolution melting curve analysis (HRM).Sofar, the two closest recombinantflanking
markers of the S-locus have been mapped at 0.06cM and 0.01cM either side of the S-locus region that contains
6 genesin therice and 9 genes in the Brachypodium homologous regions. Using these markers as well as several
non-recombinantmarkers, contiguous Lolium BAC clones covering this region have beenisolated, sequenced and
assembledinorderto build up the physical region of the S-locus. Moreover, RNA-seq from stigmaand pollentissue,
aswellasstigmaspollinatedwithincompatibleand-compatiblepollen,hasbeenconductedtocorroborateexpressed
candidate genes and to identify the causative polymorphism that is the basis of S locus specificity.
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Systems Biology Analysis of Gametophytic Self-Incompatibility in
Perennial Ryegrass

Hiroshi Shinozuka'?, Yidong Ran'?, Timothy I. Sawbridge'?3, Noel O.l. Cogan'?, German C. Spangenberg'*3, John W. Forster'**
"Department of Primary Industries, Biosciences Research Division, Bundoora, Victoria, Australia
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Perennial ryegrass, whichisanimportant pasture grass crop in temperate climates, possesses agametophytic self-
incompatibility (SI) system controlled by two loci (S and Z). Although the Sl system is believed to contribute to
the maintenance of geneticdiversity in populations, it provides major obstacles to targeted molecular breeding. A
comprehensive approach usingasystems biology paradigm has been initiated to enable the identification of both
the S and Z genes. For the purpose of genetic mapping in perennial ryegrass, 17 (S) and 10 (Z) SI-linked DNA-
basedmarkersweredevelopedusingcomparativegeneticmeans.Alarge-scalemappingpopulationcomposedof567
individualswasestablished.TheperennialryegrassSllociwerefine-structuremappedbygenotypingandphenotyping
of this population. The S and Z loci were mapped on linkage groups (LGs) 1 and 2, respectively. A comparative
approachwiththeSI-linkedmarkersrevealedgene-basedmicrosyntenicrelationshipsforbothlocibetweenperennial
ryegrass and model grass plant species, such Brachypodium distachyon and rice. This microsyntenic information
supportedthefine-scalegeneticand physical mapping processes. Additional DNA-based markers were developed
basedonmicrosyntenicinformationtodissecttheprobableintervalscontainingthetwoloci.Forphysicalmapping,
BACclonesrepresentingthetargetregionswereisolatedfromaperennialryegrassgenomiclibraryandsequencedwith
ahigh-throughputsecond-generationsequencingsystem.BAC-derivedsequenceswerealignedbasedonmicrosyntenic
information,and gene-like sequences wereidentified.Inaddition, high-throughputdeeptranscriptsequencing of
target reproductive tissues has been performed to assist identification and ranking of candidate genes for further
investigation.Thegeneration of transgenic perennial ryegrass plantsfortargeted modification of the expression of
candidate genes for S and Z has also been progressed for highly qualified candidate sequences.

tform for Forage Phenomics

Kioumars Ghamkhar '*, Pieter Badenhorst 2, John Mason 2, Joakim Rodin '
'Department of Primary Industries, Biosciences Research Division, Bundoora, Victoria, Australia
’La Trobe University, Bundoora, Victoria, Australia

Thescienceandtechnologyofgenomicshasacceleratedrapidlyoverthelastdecadewithadvancesinanalysisofplant
genomesnowfarexceedingourabilitytoundertakehigh-throughput,highaccuracyplantphenotyping.Phenomics
hasopenedtheopportunitytoovercomethisphenotypingbottleneckthroughaccurate,quantitative, high-resolution
phenotyping based on digital analysis of plant morphology, developmentand function. These“whole of lifecycle”,
guantitative measurements of plant (shoot and root) growth, development and performance enable accurate
phenotypingforarangeofapplicationssuchasfunctionalanalysisofgenes;transgenictraitdissection(includingroot
traits);phenotypingofcoregermplasmcollectionstounderpinnovelallelediscovery;phenotypingoftransgenicplant
genotypeswithnoveltraits(singletraitsandtraitstacks);phenotypicscreeningtransgenicplantsforfieldevaluation;
transgeniceventoptimisationandgermplasmdevelopment.Atotal of sevenspeciesofinterest(fivegrassandthree
legumespecies)arebeingphenotypicallyscreenedunderfieldandcontainment,controlledenvironmentconditions,
encompassingarangeofannualandperennialspecies,aswellasdifferentsymbioticinteractions(fungalendophytesin
foragegrasses,andrhizobialbacteriainforagelegumes).Aforagephenomicsplatformisbeingestablishedincludinga
range ofimaging technologies - from RGB to hyper-spectral and fromin cameratoairborneimaging - toundertake
non-destructive measurementsovertime of:shoot mass, leafnumber,shape,angle,and othermorphometricdata,
and leaf colour and senescence using visible spectrum images; leaf water and carbohydrate content using near
infrared images; leaf temperature using far infrared images; removal of water from soil in pots using near infrared
wavelengths;planthealthassessmentbymeasuringleafgreennessusingRGBimagingandmonitoringthestateofleaf
photosynthesis using fluorescent imaging.
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Accelerated Genomics in Allotetraploid White Clover (Trifolium repens L.)
Based on High-Throughput Sequencing

Noel Cogan'? Melanie Hand'23, Michelle Drayton'? Rebecca Baillie'?, John Forster'*?
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Whitecloverisanimportantforagelegumeintemperategrasslandagriculture,whichwouldbenefitfromabroader
uptake of molecular breeding technologies to deliver the next generation of elite cultivars. However, as a complex
outbreeding allotetraploid (2n = 4x = 32) species, white clover presents significant challenges with respect to
developmentofgenomicresources.Significanteffortshaveledtothecharacterisationofthesequencediversitywithin
andbetweenthetwoconstituentsub-genomesofthisspecies.Inaddition,extensivecomparativegenomicswiththe
modellegumespeciesMedicagotruncatulaandLotusjaponicashasdeliveredarationalisedlinkagegroupnomenclature
system,aswellastranslationalgenomicsdataforthepredictionofgeneorderandcontent.Proof-of-conceptworkhas
beenperformedinSNPdiscovery,withampliconsfromselectedgenesundergoingcloning,sequencingandvalidation
todifferentiategenuineallelic(homologous) variation from homoeologousand paralogous sequencevariation.In
ordertovalidateareduction-to-practiceforahigh-throughput SNPdiscovery pipeline, large-scaleresequencing of
genicamplicons has been performed. A total of 195 gene amplicons were selected based on two rounds of primer
design,initiallyfrom genesof potentialagronomicsignificance,and subsequently on the basis of predicted genetic
map locationbased oncomparativegenomics.The parental plantsfromtwo biparentalmapping populationswere
used as the template DNA source, and amplified products were pooled and sequenced using GS FLX Titanium
technology.ThesequencedatawasreferenceassembledusingMosaiksoftware,andacollectionof9,610putative SNP
lociwereidentified.TheseSNPlocirepresentanimportantresourceforthedevelopmentofahighly-multiplexed SNP
assay system to correlate genotypic diversity with phenotypic variation.

Assembly and Analysis of de novo transcriptome in perennial ryegrass

Jacqueline Farrell, Stephen Byrne, Torben Asp*
Institute of Molecular Biology and Genetics, Slagelse, Denmark

Perennialryegrass(Loliumperennel.)isanimportantgrassspeciesforbothforageandamenity purposes.Denmark
is the world’s largest exporter of grass seed and therefore it plays an important role in the country’s economy. It is
envisagedthatbreedingeffortsmaybeenhancedwiththeassistanceofnewbreedingtechnologiessuchasgenomic
selection. A major step towards genomic selection will be the availability of a reference genome, and efforts are
underway withinourgroup todeliverthis. Animportantstepindenovoassembly willbe definingthe geneset,and
theavailabilityoftranscriptomesequencingdatawillgreatlyaidgenepredictionandvalidation,andthedevelopment
of functional markers for improved ryegrass breeding. Therefore, the goal of this study is to develop a de novo
assembly of the perennial ryegrass transcriptome from the same inbred genotype being used forde novo genome
assembly. Furthermore, we also conducted de novo assembly with other heterozygous genotypes to enable SNP
discovery for marker-assisted selection (MAS). In this study we have isolated RNA from leaf, stem, inflorescence,
leaf sheath, root and meristem from the inbred and heterozygous genotypes to get a good representation at the
transcriptome and study tissue specific expression.
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Computational Tools for Genomics-Assisted Forage Plant Breeding

Luke Pembleton 3, Noel Cogan '?, Junping Wang ', John Forster 3%
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Withtheadventofnext-generationgenotypingplatforms,theabilitytorapidlyandcost-effectivelygenotypeplants
incommercial breeding nurseries hasbecomerealisticand practical. This capacity notonly paves the way forfuture
integratedgenomics-assisted breeding programsforforages, butalreadyhasdirectapplicationincurrentbreeding
programs.Maintenanceofgeneticdiversityinbreedingnurseriesisfundamentalforachievementofcontinualgenetic
gaininbreedinglines.Loss of rare beneficial alleles canbe common whenintense phenotypic selection for several
keytraitsisapplied, which can presentsignificantissuesinfuture breeding cycles.Inaddition, the ability to perform
populationidentification and seed purity analysis from genotype data for a quality-assured seed supply chain also
providesbenefitstobreeders.However, ratesof developmentingenotypingtechnologyhavenotbeenmatchedby
corresponding advancesin computational tools to assistand enable their application. Selection while Conserving
Diversity (SeConD), isasoftware packagethatassists breederstoselectasub-set of phenotypically eliteindividuals
fromabreedingnursery,whilstensuringthatallmolecularmarkerallelesidentified withinthe nurseryare presentin
theselection.Statistical Analysisof MixedPloidyPopulations(StAMPP)allowsuserstocalculateNei'sgeneticdistance
andpairwiseFstvalueswithconfidenceintervalsandp-valuesfromsinglenucleotidepolymorphismgenotypicdatasets
derived from samples of mixed ploidy levels. Previously unavailable to mixed ploidy genotype analysis, StAMPP
allowsbreederstodevelopcultivarcatalogues,explorebreedinghistory,examinepopulationstructureandperform
populationdifferentiation,toprotectthegeneticsofproprietarycultivarsandtoprovideconfidenceonseedpurityto
farmers.Thesetwopackagesprovideaneffectivelinkbetweengenotypedataanditsapplicationincommercialplant
breeding.

Construction of a DAIT marker resource for better adapted forage crops to
climate change

Marc Ghesquiére ', Philippe Barre', Jean-Louis Durand ', Bernadette Julier ', Isabelle Litrico ', Amel Maamouri ', Pierre Mournet ?, Ange-Marie
Risterucci ?, Jean-Paul Sampoux ', Helene Vignes 2

'INRA, Lusignan, France

2Centre of International Co-operation in Agricultural Research for Development, Montpellier, France

Climatechangestressesbreedingforbetteradaptedforagecropstoincreasingcoldandwarmtemperatureaswellas
tomoreand moresevere summerwaterdeficitandwinterflooding.However,mostofforage cropsareout-breeding
polyploids;furthermore,theyarecommonlyusedascomplexmixturesofgrassesandlegumeswhichperformanceand
resilienceofannual productivityresultfromintricateinteractionsatboth, withinand between, geneticlevels.Inthis
context,awholegenometoolisrequiredtosurveygeneticdiversityandchangeatvariousscalesoftimeandspaceto
develop more effective breeding methods. A DArT marker resource is currently under construction in the 4 major
foragecrops:Dactylisglomeratassp.,Festucaarundinaceassp., Loliumsp.andMedicagosativassp.,withspecialcareto
insureafairbalanceacrosssub-species,genomesandecotypes.Theaimistodeliverabout8000 public polymorphic
markers within each complex of species. Although DArT markers have the limitations of dominant markers, they
allowwholeanddensegenomecoveragesuitabletorevealstronggeneticdisequilibriumbetweenhighlyphenotypically
differentiated populations,openingtointrogressionassistedmarkerbreedingforcomplicatedadaptivetraits. DArT
markershavebeenalreadyappliedinvariousfieldsofFestucaxLoliumbreeding:cytogenetics,interspecificgenome
balanceacrosscultivarsandgenerations,freezingtoleranceassociationaswellasshort-termgeneticresponsestowater
stress.Responsetoanartificialincrease oftemperatureand summerwater deficitis currently investigated between
and within Temperate and Mediterranean cultivars of tall Fescue and Dactylis. Applied in mapping populations of
Medicagosativa, DArTmarkerswillhelptorapidlysaturateframeworkgeneticmapsfromco-dominantSSRmarkers,
and tomore accurately localize QTLs. Finally, DArT markers let open access to gene level through DNA-sequencing
and comparative genomics.
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Development of a Transcriptome Atlas for Perennial Ryegrass
(Lolium perenne L.)
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Thecurrentgenerationof DNAsequencingplatformspermitssignificantresourcesanddatatobegeneratedrapidly
atrelativelylow cost.Asingle genotypeof perennialryegrasshasbeensubjected totranscriptomeanalysisthrough
deepsequencingofcDNAsamplesderived frommultipledistincttissuetypes.Atotal of 0.6 billionsequencingreads
from the lllumina HiSeq2000 platform have been generated from 11 different vegetative samples, including leaf,
pseudostemandrootsamplesforbothterrestrialandsubterraneanaspectsofgeneexpression.DNAsequenceassembly
hasbeenperformedontheresultingdatafromeachindividualtissuesample,aswellasanoverallassemblyusingthe
SOAPdenovopackageversion1.05.Theassemblygeneratedbetweenc.23,000and29,000scaffoldsfromeachtissue
type,andthecombinedassembly obtained 57,480 scaffolds, summingtoinexcess of 47 Mb,withanaveragelength
of820bp.Theresultingcontigshavebeencompared,usingaBLASTanalysispipeline,tothegenecomplementfrom
therelatedmodelgrassspeciesBrachypodiumdistachyonL.Inexcessof85%ofallpredictedgenesandsplicevariants
ofthefullysequencedmodelgrassspecieshavebeenidentifiedintheassembledryegrassdataset.Inaddition,analysis
ofthedatahasenabledtissue specific patterns of expression to beidentified, with over 23,000 genes attributedtoa
broadexpressionprofile,alongwithsmallercohortsthatdisplaytissue-specificexpression.Theidentificationofspecific
transcriptionregulationpatternswillbevaluableforcandidategeneidentificationforagronomicallyrelevanttraits.

Improving Association Analysis of Stress Tolerance Traits by Model Testing
and Selection in Perennial Ryegrass

Xiaoging Yu, Yiwei Jiang*
Purdue University, West Lafayette, Indiana, United States

Population structure and/or relative kinship in the association mapping population can often resultin many false
positive association signals between gene and traits. Model testing and selection of the best model can increase
accuracy of association mapping results. We conducted model testing and fitting for phenotypic traits related to
drought tolerance and cold hardiness in 192 globally collected perennial ryegrass (Lolium perenne L.) accessions
screenedby109simplesequencerepeatmarkers.Followingthepreviouslyrecommendedprocedures,simplelinear
model, Q (considering population structure), K (considering relative kinship) and Q + K models were tested with
subpopulationmembershippercentageasfixedcovariatesandwithkinshipasarandomeffect.Thebestfitmodelwas
determinedforeachtraitbased onthevalue of Bayesianinformation criterion (BIC). The lowerBICindicated abetter
model fitting. We found that the Q model either had the lowest BIC value or had the second lowest BIC value for all
the phenotypic traits in this mapping population. Approximately 83 % and 73 % of false positive correlations were
eliminated after controlling population structure (Qmodel) fordrought tolerance and cold hardiness, respectively;
comparedtothesimplelinearmodel.Ourresultsdemonstratethatmodeltestingcanlargelyeliminatenoisesignalsin
association mapping study of stress tolerance in perennial ryegrass.
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Rapid SSR Marker Development in Buffalograss
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Buffalograss (Buchloedactyloides)isanimportantlowinputsustainableturfgrassspecies, nativetoNorth America.
There are limited genomic resources available for studying buffalograss. Next generation sequencing provides a
platform for increased access to sequence data at reduced costs and can be used to study species with little to no
upfrontsequenceknowledge.Thelargeamountsofsequencedatageneratedfromasinglenextgenerationsequencing
experimentcanbeleveragedforexpandinggenomicresourcesandgeneticmarkerdevelopment.Inthisstudy, 454
and lllumina sequencing was performed on Prestige and 378 buffalograss varieties. A total of 79.6 Mb and 9.5 Gb
of transcriptome sequence data were generated from the 454 and lllumina sequencing respectively. A hybrid de
novo assembly resultedin 560,720 Prestige and 356,547 378 contigs. After filtering the sequences based onlength
and sequence similarity criteria, 81,070 378 and 129,692 Prestige sequences remained. The software program
RepeatMaskeridentified3,748simplesequencerepeat(SSR)containingsequencesfrom378and7,611fromPrestige.
Two and three bp repeats were the dominant SSR types. Reciprocal BLAST searches were performed and 1,586
homologousSSR-containingsequenceswereidentifiedbetweenthetwovarieties.Insilicoanalysiswasdonetoidentify
nearidentical sequences from Prestige and 378 that differed only by copy number of the simple sequence repeat.
Flanking PCR primers were designed by Primer3 for each SSRand a subset was amplified on the parents from three
experimental genetic linkage mapping populations. More than 92% of the SSR markers amplified a productin the
expectedsizerange.ThisapproachallowedforrapiddevelopmentofsequencespecificSSRgeneticmarkersandgreatly
increased the transcriptome sequence information available for future buffalograss studies.

Whole Genome Sequencing of Perennial Ryegrass (Lolium perenne L.)
Supports Exome Assembly for Gene and SNP Catalogue Development

Noel O.I. Cogan'?, Hiroshi Shinozuka'? Timothy I. Sawbridge'?3, German C. Spangenberg'??, John W. Forster'*3*
'Department of Primary Industries, Biosciences Research Division, Bundoora, Victoria, Australia
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3La Trobe University, Bundoora, Victoria, Australia

Thecurrentgenerationof DNAsequencingplatformsenablessignificantresourcesanddatatobegeneratedrapidlyat
relativelylowcost.Althoughdeterminationofwholegenomesequenceforacomplexplantgenomeisstillasignificant
undertaking, generation and assembly of the exome (gene-encoding) componentis possible with the use of more
modestresources.Asingleplantgenotypeofperennialryegrasshasbeensequencedtoapproximately70Xcoverage,
with c. 2 billion sequencing reads of 100 bp paired-end sequence reads on the lllumina HiSeq2000 platform.The
generatedsequencedatahasbeenassembledusingtheSOAPdenovosoftwarepackagev1.05.Thesequenceassembly
hasbeenempiricallyoptimisedthroughiterativeassessmentofperformancebasedonarangeofinputkmersizes,in
termsofnumberofbasesassembled,andtheaveragelengthofassembledcontigsandscaffolds.Anoptimalassembly
has generated 1.9 million scaffolds covering c. 1.7 Gb, while all contigs and singletons cover c. 3.5 Gb. Comparison
ofthecontigsandscaffoldstothe coding sequencesfromBrachypodiumdistachyonL.haspermittedidentification
of putative perennial ryegrassorthologuestoc.86% of all predicted genesandalternate transcriptsfromthe model
grassspecies.Developmentofthisexomesequencelibraryhasenabledassemblyandidentificationofalargecollection
of geniccontigs,along with the corresponding regulatory elements.The collectionisaccessible to interrogation to
characteriseanddocumentcomplete sets of genefamilies, along with provision of reference assemblies toidentify
sequence polymorphisms.
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Isolation and functional study of MsBAN gene in Medigo sativa

Xuemin Wang, Jie Dong, Hongwen Gao*
Institute of Animal Science, Chinese Academy of Agricultural Sciences, Beijing, PR. China

Forageswith high digestibility and abundant soluble proteins can cause pasture bloat, but condensed tannins can
reducetheincidence and severity of bloat for ruminantlivestock. The BANYULS (BAN) gene encodes a key enzyme
in condensed tannin synthesis pathway. A cDNA of BAN gene was isolated from Medicago sativa using the RACE
method. Cnserved motifs were detected including a NADP binding site (VIGGTGFVASLLIKQLLEKGY) in the
N-terminal region. A single-copy MsBAN gene was detected by Southern blotting M.sativa genomic DNA. TReal-
time PCR indicated that the expression level of BAN gene is highest in pods and least in flower. The expression of
BANgenewasup-regulated by NaCland PEGstressandinduciblebyexogenous ABAand GA3 hormonetreatments.
A MsBAN-GFP fusion protein expression vector used to analysis the subcellular location in protoplasts from
Arabidopsis leaves, which showed thatthe GFP signalislocalized in plastid.Inorderto further testthe MsBAN gene
expression,wesequencedagenomicDNAclonedincludingthegenepromoterandfunctionaldomains.Inaddition
toTATA-box, manyelementsalsohavebeendetected, suchas ABA-response element: ABRE, GA-responseelement:
GARE motif, MYB-binding domain, ERF-bindingdomain,and especial tenlight-response elements.These elements
and motifs suggested that MsBAN may be involved in many stress response regulation. The MsBAN was efficiently
expressed and purified in Escherichia coli using the protein re-construction method. The BAN gene was over-
expressedinArabidopsis,anddetectableby GUSstaining.Thiswork providesanexperimental systemforfunctional
analysis of and important tannin synthesis-related gene, which will be useful to improve Medicago sativa.

A High-resolution Method for the Localization of Proanthocyanidins in
Plant Tissues

Shamila Abeynayake ', Stephen Panter 2, Aidyn Mouradov 4, German Spangenberg "3*

' Department of Primary Industries, Biosciences Research Division, Bundoora, Victoria, Australia

2Dairy Futures Co-operative Research Centre, Australia

3La Trobe University, Bundoora, Victoria, Australia

“School of Applied Sciences, Royal Melbourne Institute of Technology University, Bundoora, Victoria, Australia

Histochemical staining of plant tissues with 4-dimethylaminocinnamaldehyde (DMACA) or vanillin-HCl is widely
usedto characterize spatial patterns of proanthocyanidinaccumulationin planttissues.These methodsare limited
intheirability toallow high-resolutionimaging of proanthocyanidin deposits. Tissue embedding techniques were
usedincombination with DMACA stainingtoanalyze theaccumulation of proanthocyanidinsin Lotus corniculatus
and Trifolium repens tissues. Embedding of plant tissues in LR White or paraffin matrices, with or without DMACA
staining, preserved the physicalintegrity of the planttissues, allowing high-resolutionimaging that facilitated cell-
specificlocalization of proanthocyanidins. Abrown colorationwasseenin proanthocyanidin-producing cellswhen
plant tissues were embedded without DMACA staining and this was likely to have been due to non-enzymatic
oxidation of proanthocyanidins and the formation of coloured semiquinones and quinones.This report presents a
simple, high-resolutionmethodforanalysisofproanthocyanidinaccumulationinorgans, tissuesandcellsoftwoplant
specieswithdifferentpatternsofproanthocyanidinaccumulation,namelyLotus corniculatus (birdsfoottrefoil)and
Trifoliumrepens(whiteclover).Thistechniquewasusedtocharacterizecelltype-specificpatternsofproanthocyanidin
accumulation in white clover flowers at different stages of development.
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Biosynthesis of Proanthocyanidins in White Clover Flowers: Cross Talk within
the Flavonoid Pathway

Shamila W. Abeynayake'??, Stephen Panter?, Ross Chapman'#, Tracie Webster', Simone Rochfort'?, Aidyn Mouradov'**>, German
Spangenberg'*3*

'Department of Primary Industries, Biosciences Research Division, Bundoora, Victoria, Australia

%La Trobe University, Bundoora, Victoria, Australia

3Dairy Futures Co-operative Research Centre, Australia

“Present address: EcoGeonomix, Ferntree Gully, Victoria, Australia

School of Applied Sciences, Royal Melbourne Institute of Technology University, Bundoora, Victoria, Australia

Proanthocyanidinsandanthocyaninsareproducedbycloselyrelated branchesoftheflavonoid pathwayand utilize
thesamemetabolicintermediates.Previousstudieshaveshownaflexiblemechanismoffluxdiversionatthebranch-
pointbetweentheanthocyaninandproanthocyanidinpathways,butthemolecularbasisforthismechanismispoorly
understood.Floraltissuesinwhiteclover(Trifoliumrepens)plantsproducebothproanthocyanidinsandanthocyanins.
This makes white clover amenable to studies of proanthocyanidin and anthocyanin biosynthesis and possible
interactions within the flavonoid pathway. Results of this study show that the anthocyanin and proanthocyanidin
pathwaysarespatially co-localized withinepidermal cells of petalsand temporally overlapin partially openflowers.
Acorrelationbetweenspatio-temporal patternsofanthocyaninandproanthocyanidinbiosynthesiswithexpression
profilesof putativeflavonoid-relatedgenesindicatesthatthese pathwaysmayrecruitdifferentisoformsofflavonoid
biosynthetic enzymes. Furthermore, in transgenic white clover plants with down-regulated expression of the
anthocyanidinreductasegene,levelsofflavan3-ols,anthocyanins,andflavonolglycosidesandtheexpressionlevels
of arange of genes encoding putative flavonoid biosynthetic enzymes and transcription factors were altered. This
is consistent with the hypothesis that flux through the flavonoid pathway may be at least partially regulated by the
availability of intermediates.

Construction of Medicago truncatula Genetic Map by EST-SSR and QTL
Analysis of Leaf Traits

Wei Zhenwu*, Tu Depeng, Lei Yanfang
"Institute of Forage and Grassland Science, Yangzhou University, Yangzhou, PR. China

Our study aieds at identifying the the multifoliate trait of alfalfa, and breeding novel alfalfa cultivar. Medicago
truncatula,asamodellegume, provided animportantinformation sourcesforleguminouscropsand pastures.This
report has screened 425 pairs of SSR, whichincluding 100 pairs of Medicago truncatula EST-SSRand 325 other pairs
of Medicago truncatula SSRs. The 143 F, RIL population was constructed by the A17 and A20 lines of the French
cultivar Jemalong. The genetic linkage map of Medicago truncatula was constructed with 129 markers. The map
contained 16groups,whichaccountedfor914cMofgenomelengthofMedicagotruncatula.Theaveragedistanceof
marker was 7.1 cM. The result of 129 markers showed 42 segregation distortion markers in the 8 groups. The QTL
analysis show that six QTL distributed among in four linkage groups controlled leaf length, and their contribution
rate is between 16.5% and 34.9%. Five QTL distributed in five linkage groups controlled leaf width, and their
contribution rate was between 16.3% and 30.2%. There were six QTL which controlled the leaf length on LG1a,
LG3, LG6a, and LG7c. LG1a had two QTL and the contribution rate was 30.7% and 34.9%. The QTL gLFL-1-2

had the highest LOD, which was 6.83. The QTL controlling leaf width were distributed among LG1b, LG2b, LG6a,
LG6¢, and LG7c. The contribution rate in LG1b was 30.2%, its additive effect size was -3.71, and its LOD size 3.69.
In the 11 detected QTL, the additive effect size all came from the parent A20.
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Development of molecular marker resources for tall fescue

Konstantin Chekhovskiy '*, Perumal Azhaguvel ?, Nick Krom ', Yuhong Tang ', Ji He ', Malay C. Saha’
'Samuel Roberts Noble Foundation, Ardmore, Oklahoma, United States
2Syngenta, Slater, lowa, United States

Tallfescue [Festucaarundinacea Schreb. syn.Lolium arundinaceum (Schreb.) Darbysh]is animportant cool season
perennial hay and pasture grassin the temperate regions of the world. Attempts have been undertaken to develop
molecular marker resources for the species. Parents (B400 and W279) of a mapping population were selected for
this study. Total RNA was collected from root, stem, leaf and inflorescence and pooled for each parent. RNA-seq
was carried out at the NCGR using Illumina platform. A total of 78.4 M and 55.6 M reads were obtained from the
droughttolerantB400andsusceptibleW279parents, respectively.Therewere 54,295 transcripts producedfromthe
B400, and 76,219 from the W279 data. SSR motifs were identified in 2,084 and 1,646 of the assembled sequences
in B400andW279, respectively. In silico alignmentidentified polymorphic SSR loci between the two parents. SNPs
homozygousin B400 and heterozygousinW279 and vice-versa were identified. Sequences containing these SNPs
wereblastagainstthe Brachypodium genomeand SNPsevenlydistributed throughoutthegenome were selected.
Inthefirstphase 96 primerpairshave beendevelopedandtested using high resolution meltinganalysis. All primers
successfully amplified in two parents between Tm gradients from 56 to 72°C and 78 of them showed single peak
candidates.Prescreeninginparentsandasubsetofthepopulationidentified 36 primerssuitableformappinganalysis,
28 were with complex patterns, and 14 were polymorphc between parents but monomorphicin the population.
Genotyping and mapping of the 36 selected SNPs are in progress.

Gene Discovery and Molecular Marker Development Based on
High-Throughput Transcriptome Sequencing in Brachiaria brizantha
Hochst ex A. Rich.

Nilo Suseno'?3, Noel O.I. Cogan'?, Sukhjiwan Kaur'?, Aidyn Mouradov'?*#, Stephen Panter'?, John Mason'?3, German C. Spangenberg'***
'Department of Primary Industries, Biosciences Research Division, Bundoora, Victoria, Australia

’Dairy Futures Co-operative Research Centre, Australia

3La Trobe University, Bundoora, Victoria, Australia

4School of Applied Sciences, Royal Melbourne Institute of Technology University, Bundoora, Victoria, Australia

Brachiariaisan economically-importantforage grassgenusin Centraland South America. Productivity per hectare
andweightgain perheadare bothsignificantly higherin cattle grazed on Brachiaria pastures compared with those
grazing native savana. B. brizantha Hochst ex A. Rich is an apomictic tetraploid species, which does also have a
diploid sexual form thatis not currently used in agricultural systems.The B. brizantha cv."Marandu’has been widely
adoptedduetoitsresistancetospittlebugaswellasdisplayinggoodpersistenceundergrazingandresistancetowater
deficit. However, B.brizanthastillhasopportunitiesforimprovementindigestibilityand nutritive value. The species
wouldbenefitsignificantlyfromanenablingmolecularbreedingprogramforvarietaldevelopment.Togenerateinitial
resourcesapooledcDNAlibrarywaspreparedfromRNAsamplesfromdifferenttissuesandsubsequentlysequenced
using GSFLXTitanium technology. A total of 445,357 sequence reads were obtained, corresponding to c. 130 Mbp,
which wereassembled using Newbler softwarev 2.3, generating 12,005 contigs of acombined length of 6,373,398
nucleotides.Thetranscriptsequencecontigsgeneratedwerealsoanalysedforthepresenceofsimplesequencerepeats
(SSRs). A total of 1,699 SSR motifs were identified and primer pairs were designed for SSR amplification for 1,446
contigs using the batch Primer3 software.This molecular marker resource willenable molecular breeding effortsin
Brachiaria species.
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Gene Discovery and Molecular Marker Development Based on
High-Throughput Transcriptome Sequencing in Paspalum dilatatum Poir.

Andrea Giordano'?3, Noel O.I. Cogan'?, Sukhjiwan Kaur'? Aidyn Mouradov'?, Stephen Panter'?, John Mason'?3, German C.
Spangenberg'#3*

'Department of Primary Industries, Biosciences Research Division, Bundoora, Victoria, Australia
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3La Trobe University, Bundoora, Victoria, Australia

Dallisgrass(PaspalumdilatatumPoir.)isahighlyproductiveC4grasswithawidedistributionwithintemperate-warm
regionsand hasagrowing season fromlate spring to late summer.Itis anative grass species of South America, with
special relevance for dairy and red meat production. The forage quality of Paspalumis higher than other C4 forage
speciesandthespeciesexhibitsotherdesirabletraitssuchasfrosttoleranceandtoleranceofwaterstresses.However,
therearesstill significant opportunities for molecular breeding toimprove the productivity of this species. With the
ongoingreductionsincostandresourcesrequiredtodelivergenomictoolstounderpinmolecularbreedingstrategies,
opportunities nowariseformany speciestorapidly benefitfromthese developments. AcDNA library was prepared
from pooled RNA of different tissues (stems, roots, leaves and inflorescences) from the final reproductive stage of
P.dilatatum’Primo’and subsequently sequenced using GS FLX Titanium technology. A total of 324,695 sequence
readswereobtained,correspondingtoc.102Mbp,whichwereassembledusingNewblersoftware,generating20,169
contigs of acombined length 0f 9,336,138 nucleotides. The generated contigs were subjected to BLAST sequence
analysis against the full genome sequences of Oryza sativa subsp. japonica, Sorghum bicolor and Brachypodium
distachyon as well asagainst the UniRef 90 protein database. The transcript sequence contigs generated were also
analysedforthe presence of simple sequence repeats (SSRs). A total of 2,339 SSR motifs were identified and primer
pairsweredesignedfor SSRamplificationfor 1,989 contigs using the batch Primer3 software.Empirical validation of
acohortof96SSRshasbeen performed, withacceptable performance confirmedfor64% ofthe markerstested.This
molecular marker resource will enable molecular breeding efforts in Paspalum species.

Genetic engineering for the improvement of forage digestibility in
warm-season grasses

Takahiro Gondo ', Yuuki Nakamura ', Shin-ichi Tsuruta ', Mitsuhiro Niimi ', Ryo Akashi 2*, Chihiro Jige ', Chisato Amano '
'University of Miyazaki, Miyazaki, Japan
Frontier Science Research Center, University of Miyazaki, Miyazaki, Japan

Warm-seasongrasseshaverelativelylownutritivevalueandpoordigestibilityincomparisontomosttemperategrasses
and other forages. It is believed that the low digestibility of warm-season grasses is due to its high lignin content.
Cinnamyl alcohol dehydrogenase (CAD) is a key enzyme involved in lignin biosynthesis and down regulation of
CADgeneexpressionmaybeaneffectivewayofimprovingforagedigestibility.Bahiagrass(PaspalumnotatumFliigge)
plants were transformed using antisense and RNAi vectors containing the sorghum (Sorghumbicolor (L.) Moench)
CAD gene.These transgenic plants showed decreased lignin content and 4 out of 9 lines showed higher level of in
vitro-digestibilitythanseed-derivedcontrolplants.Transgeniclinesplantsshowedreducedsizeandlowerdrymatter
productioncomperedwith control plants.However,onelinewasindicated theopposite phenotypewith higherdry
matter productionand 6.9% greaterinvitro-digestibility compared to control plants.This study demonstrated that
genetic engineering has the potential to improve warm-season forage grass digestibility.
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Genetic Variation, Population Structure and Linkage Disequilibrium in
Populations of Perennial Ryegrass Selected for Freezing Tolerance

Kovi Mallikarjuna Rao '*, Odd Arne Rognli ', Simen R. Sandve ', Ashild Ergon ?, Bruno Studer 3, Torben Asp 4, Matthew Peter Kent 2
Department of Plant and Environmental Sciences, Norwegian University of Life Sciences, As, Akershus, Norway

2Norwegian University of Life Sciences, As, Norway

3Aarhus University, Slagelse, Denmark

“Department of Molecular Biology and Genetics, Aarhus University, Slagelse, Denmark

Freezing tolerance is a trait of major agronomical importance in northern and central Europe. The plant material
studied was derived from an experimental population established from pair-crosses and polycrosses among five
genotypes of the Lolium Test Set (genotypes LTS 3,4, 11, 15, and 16), employed in the EU project GRASP to
represent diverse trait performance and climaticadaptation in Europe.Three-hundred individual plants from Syn-
0 generation were first screened for freezing tolerance. Then two generations of differential selection (selection
intensity 10%) using artificial freezing tests followed by open pollination of the 30 selected genotypes inisolation
was conducted generating a high-freezing tolerant (HFT-2) and a low-freezing tolerant (LFT-2) population. Every
roundofselectionwasperformedusing300plantsfromeachdivergentpopulation.AnunselectedSyn-2generation
(US) was generated by intercrossed 100 randomly selected individuals every generation to quantify the effect of
random genetic drift. A total of 80 individuals (HFT-2: 24, LFT-2: 29 and US: 27) were genotyped using 278 genic
Lolium perenne SNPs distributed across the linkage groups as follows: LG1 (37); LG2 (57); LG3 (32); LG4 (40);
LG5 (39); LG6 (37); and LG7 (36). The SNP genotyping was performed using the Sequenom MassARRAY iPLEX
Goldtechnology.Linkagedisequilibrium(LD)wasmeasuredwithineachchromosomeamongthethreefrosttolerant
populationsandobservedhigherLDintheselected populationsthanintheunselected.LD(r2) decayvariedamong
the three populations especially for LG5 and LG7, linkage groups that contain several QTLs/genes for freezing
tolerance.Structureanalysisfurtheridentifiedsubpopulationswithintheselections.Dataforallelefrequencies,genetic
diversity, and polymorphic information content will be presented and discussed.

Isolation and functional study of MsBAN gene in Medigo sativa

Xuemin Wang, Jie Dong, Hongwen Gao*
Institute of Animal Science, Chinese Academy of Agricultural Sciences, Beijing, PR. China

Forages with high digestibility and abundant soluble proteins can cause pasture bloat, the condensed tannins can
reduce the incidence and severity of bloat for ruminant livestock. The BANYULS (BAN) gene is a key enzyme in
condensedtannin synthesis pathway. AcDNA of BAN geneisisolated from Medicago sativa by using RACE method.
Some conserved motifs were detected including A NADP binding site (VIGGTGFVASLLIKQLLEKGY) in the
N-terminal region. Southern blot was performed and identified the single-copy of MsBAN gene in the genome of
M. sativa. The results of Real-time PCR indicated that the expression level of BAN gene is highest in pods, and least
in flower. The expression of BAN gene is up-regulated by NaCl and PEG stress. Under exogenous hormones ABA
and GA3 treatments, the gene expression was also significantly induced.We constructed the vector of MsBAN-GFP
fusionproteintoanalysisthesubcellularlocationinprotoplastsfromArabidopsisleaves,andfoundthatthe GFPsignal
is localized in plastid. In order to further verifying the MsBAN gene expression, we cloned the full length of gene
promoterand analysisthe domains.Inaddition to TATA-box, many elementsalso have been detected, such as ABA-
response element: ABRE, GA-response element: GARE motif, MYB-binding domain, ERF-binding domain, and
especialtenlight-responseelements.TheseelementsandmotifssuggestedthatMsBANmaybeinvolvedinmanystress
responseregulation.Byusingproteinre-constructionmethod,theprokaryoticexpressofMsBANproteinwasstudied.
TheMsBANcouldbehighlypurifiedandefficientlyexpressedinEscherichiacoli.Wealsoconstructed over-expression
vector,andtransformed the Arabidopsis plants.The positive linesidentified using GUS staining was keptforfurther
study.Theseworksprovidedacandidategeneforforagequalityimprovementandfoundabaseforfurtherfunctional
study of tannin synthesis-related gene.

92



Methanogenic potential in the rumen and quantitative trait locus analysis
of subterranean clover
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Subterranean clover (Trifolium subterraneum L.) is one of the important forage pasture legumes in ruminant
production.Whileithasgoodagronomicand nutritive properties,consumptionofforagesbytheruminantisreadily
associated with methane production during microbial fermentationinthe gut (‘methanogenicpotential’). Todate,
42 cultivarsofsubterraneancloverhavebeenreleasedinAustralia, butfurthergeneticgainscanbeexpectedifplant
breedersareabletoexploitnewtraits,and onesuchtraitisplantmethanogenicpotential.Inourpreliminary studies,
wehavefoundthatcultivarsofsubterraneanclovervaryintheirmethanogenicpotential, withsignificantdifferences
observed between two cultivars, i.e. Daliak and Woogenellup. The aim of the current study was to examine a bi-
parentalcross(F, population) betweenthesetwocultivarsinordertoidentifyregionsofthegenomeassociated with
variationinmethanogenicpotentialandidentifycandidategenesformarkerassistedbreedinginfuture.Briefly,plant
sampleswerefermentedusinganin-vitrobatchfermentationtestsandmethanewasmeasuredinthesetreatments.
This was followed by a QTL analyses for this trait. We have found that there was (significant P<0.05) variability in
methanogenicpotentialamongstthesamplestested. Themolecular-geneticinformationgeneratedisexpectedto
provideaplatformtodevelopsubterraneanclovercultivarswithlowermethanogenicpotentialintherumen,which
will offer a powerful new approach to reduce greenhouse gas emissions from ruminants.

Methodologies for marker assisted selection in forage breeding schemes

Philippe Barre ¥, Laurence Pauly ?, Sandrine Flajoulot 2, Jérbme Garon 2, Vincent Béguier ?, Bernadette Julier'
'INRA UR4, Lusignan, France
2Jouffray-Drillaud, St. Sauvant, France

Markerassistedselection(MAS)onforagespeciesisstillrarelyusedbybreedersexceptfortheintrogressionofsimple
traits. This could be due to the lack of cheap and high throughput markers and / or of methodologies to apply MAS
intheirbreedingmaterial.Duetoinbreedingdepression,foragebreedingmaterialgenerallycomesfromintercrosses
ofseveralselectedplants.The populationresultingfromanintercrossconsistsinseveralfull-sibfamilieslinked by the
parents of the intercross, equivalent to a multipopulation connected design.The objective of this study was to test
methodologies to detect Quantitative Trait Loci (QTL) in multipopulation connected designs using plant height of
perennialryegrassasanexperimental system.Inafirstexperiment,basedonthreelargebiparentalpopulations(200
plants each) connected by acommon parent, the multipopulation connected analysis from MCQTL software was
foundtobemore powerfulfortheidentification of favorableallelesthan the detection within each population with
QTL Cartographersoftware.Numerous QTL were detected in spite of a narrow genetic basis of the studied material.
Inasecond experiment, the same analysis was carried out to detect QTL directly in breeding material:a population
(252 plants) resulting from the intercrosses of six selected plants. Molecular markers were used to identify the male
parentand confirm the female parent of each sibling. Full-sib family sizes varied from 2 to 28 individuals. A few QTL
weredetectedwiththemultipopulationconnectedanalysisbutabetterequilibriuminthefamilysizeswouldimprove
the efficiency of the design.This study gave newinsights on the use molecular markersin complexforage breeding
schemes that may be tractable using new high throughput genotyping techniques.
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Overexpression of Alfalfa Mitochondrial Heat Shock Proteins23 Confers
Enhanced Tolerance to Oxidative Stresses

Sang-Hoon Lee*
National Institute of Animal Science, Cheonan, Chungnam, Republic of Korea

Theroleofheatshockproteins(HSPs)in protectingcellsagainstdamageassociated withenvironmentalstresseshas
been well documented in a wide range of organisms, ranging from human to bacteria. As an important organelle
in plant cells, mitochondria perform many essential functions. Mitochondrial structural breakdown and abnormal
metabolicactivity affects cell viability at high temperature. Therefore, the capacity of mitochondria to tolerate high
temperaturegreatlyimpactstheactivityandsurvivaloftheentirecell. Mitochondrial sHSPs (mHSPs) are synthesized
in the cytoplasm as precursors and then transported into the mitochondria. The cloning and characterization of
a gene (mHSP23) coding for a heat shock protein in alfalfa in a prokaryotic and model plant system is described.
mHSP23 containsa633bp ORFencodinga polypeptide of213aminoacidsand exhibits greater sequence similarity
to mitochondrial sHSPs from dicotyledons than to those from monocotyledons. When expressed in bacteria,
recombinant mHSP23 conferred tolerance to salinity and arsenic stress. Furthermore, mHSP23 was cloned in a
plantexpressingvectorandtransformedintotobacco,aeukaryoticmodelorganism.Thetransgenicplantsexhibited
enhanced tolerance to salinity and arsenic stress under ex vitro conditions. In comparison to wild type plants,
transgenicplantswereexhibitedsignificantlylowerelectrolyteleakage.Moreover,thetransgenicplantshadsuperior
germinationrateswhenplacedonmediumcontainingarsenic.Takentogether,theseoverexpressionresultsimplythat
mHSP23 playsanimportantroleinsalinityandarsenicstresstoleranceintransgenictobacco.Thisapproachcouldbe
useful to develop stress-tolerant plants including forage crops.

Searching in sequences of Leymus BAC clones for genes controlling
salt tolerance

Richard Wang '*, Steve Larson ', Hongbin Zhang ?
'USDA-ARS, Logan, Utah, United States
2Texas A&M University, College Station, Texas, United States

Many species of Thinopyrum and Leymus are known to be highly salt tolerant. Salinity tolerance in diploid
Thinopyrumelongatum,thusallpolyploidThinopyrumspeciestoo,iscontrolledbygenesondifferentchromosomes.
Somecandidategenes,includinggenesforperoxidase precursor,forsalinity tolerance had beenidentified through
amicroarray study ontwowheattranslocation linesinvolving chromatinsfromThinopyrum junceumand Aegilops
speltoides.Inadditiontotoxiceffects,saltandheavy-metalstressescanalsoinduceoxidativestresswiththeformation
andaccumulationofreactiveoxygenspecies(ROS).Antioxidantenzymeactivitiesofsuperoxidasedismutase,catalase,
peroxidase,ascorbate peroxidaseandglutathionereductaseappearedtoberesponsibleforthe highertoleranceto
abioticstressesinplants.Bacterialartificialchromosome (BAC)genomicDNAlibraryrepresentingabout6.1 haploid
genomeequivalentsoftetraploid Leymus had been previously developed.By screening the entire BAClibrary with
designed Overgo primers, 11 BACclones that might contain homoeologous genes controlling salinity tolerance or
being affected by salt stress had subsequently been selected and sequenced. Contig sequences of two BAC clones
targetingtheperoxidaseprecursorwillbeanalyzedtofindpolymorphismsamongtheorthologousgenesfromvarious
plant species.
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Sequencing and annotation of the perennial ryegrass mitochondrial
genome

Md. Shofiqul Islam ¥, lan Max Mgller ', Bruno Studer 2, Stephen Byrne ', Frank Panitz 3, Christian Bendixen 3, Torben Asp ?
'Department of Molecular Biology and Genetics, Aarhus University, Slagelse, Denmark
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Perennialryegrass(Loliumperennel.)isoneofthemostimportantforageandturfgrassspeciesadaptedtotemperate
regionsworldwide.Asanallogamousspecies,perennialryegrassiscurrentlybeingimprovedaspopulations,thereby
notfullyexploitingthepotentialofheterosis.Themitochondrialgenomeofperennialryegrasswassequencedaspart
of a project with the long term goal to control pollination for the development of hybrid breeding schemes using
cytoplasmic male sterility. Intact mitochondria were isolated from leaves of a four-month-old plant and used for
DNA extraction. Mitochondrial DNA was sequenced using the 454 GS-FLX sequencer, resulting in 287,367 single
readswithanaveragereadlengthof406bp.Thereadswerequalityfilteredandcontaminatingchloroplastsequences
were removed from the dataset. De novo assembly using the CLC Genomics Workbench resulted in approximately
2,400 contigs, of which nine contigs ranging from 6,735t0 219,170 bp were identified as mitochondrial sequences.
The scaffold information from a draft assembly of the perennial ryegrass genome, which became available in our
laboratory, was used to order and orientate the contigs. Primers were designed to PCR amplify across gaps. The
resultingfragmentsweresequencedandusedtoclosegapsbetweenestablished contigs.Finally,themitochondrial
genome was assembled into a master circle molecule of 678,559 bp. We are currently working on the annotation
of the mitochondrial genome and have already identified large duplicationsin the entire genome, as well as major
rearrangementscomparedtomitochondrialgenomesofothergrassspecies.Thegeneticstructureofthemitochondrial
genome of perennial ryegrass will be presented. Our work constitutes a solid basis for comparative analyses of
mitochondrialgenomeswithinLoliumandbetweencloselyrelatedgrassspecies,andwill-onthelongrun—increase
our understanding of cytoplasmic male sterility in perennial ryegrass.

Sucrose starvation up-regulated the expression of LcSUT1 in leaf sheath of
Leymus chinensis under defoliation

Gongshe Liu*, Shuangyan Chen, Ligin Cheng
Key Laboratory of Photosynthesis and Environmental Molecular Physiology, Institute of Botany, Chinese Academy of Sciences,
Beijing, PR. China

Leymus chinensis is a perennial grass of Gramineae. Itis widely distributed in the northern China and the Republic
of Mongolia.The high vegetative productivity, protein contentand palatability of L.chinensis makesita key species
intherangeland.Grazingorcuttingisremoval of grassleavesbyanimalorartificial harvesting, whichlead totheloss
ofthephotosyntheticorgansandthereforereallocationofcarbohydrateinwholeplants.Sucroserepresentsoneofthe
majorproductsof photosynthesis.Itis synthesizedinsourceorgansandtranslocatedtosinkorganstosupporttheir
growth.AlthoughdefoliationinLoliumperenneledtothesignificantincreased expressionof LpSUT1inleaf sheath,
the induction mechanism was not clear. To better understand the function of SUT1 after defoliation, we cloned a
sucrose transporter LcSUT1 from L. chinensis. Heterologous expression of LcSUT1 in yeast proved that it was a
functionalsucrosetransporter.Tissue-specificexpressionanalysis showedthatLcSUT1 highly expressedinleafand
leaf sheath, which suggested LcSUT1 mayplayimportantrolesinthesetissues.Defoliationremoval of theleafblade
thatfunctionsassourcetissuetoperformphotosynthesisandfixcarbon,certainlywilllead thecarbonreallocationin
thewhole plants.Ourresults showed thatthe LcSUT1 was significantly up-regulatedinleaf sheath afterdefoliation,
butnotinduced by wounding.The expressionlevel of LcSUT1 wasalsoincreased when callus,amodel of sink tissue,
grew on N6 medium without sucrose. Our hypothetic conclusion is that the increased expression of LcSUT1 in leaf
sheaths after defoliation may be the results of sucrose starvation.
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Biserrula pelecinus: genome, phenome and metabolome analyses

Kioumars Ghamkhar '*, Bidhyut Banik ', Zoey Durmic ', Simon Rochfort 2, Clinton Revell ', Richard Snowball ', William Erskine
'Department of Primary Industries, Biosciences Research Division, Bundoora, Victoria, Australia
2La Trobe University, Bundoora, Victoria, Australia

BiserrulapelecinusL.isaMediterranean annual pasture legume which performs best on well-drained sandy loams
and medium loams with a pH 4.5 - 7. Diversity analysis of a germplasm collection containing 279 accessions using
18agro-morphologicaltraits,22eco-geographicaldatasetsfromthecollectionsites,andamplifiedfragmentlength
polymorphism (AFLP) markers was conducted to develop a core collection constituting c. 10% of the original
collection.Thiscorecollectionadequatelyrepresentedthediversity ofthewholecollection.Apreviouscomparison,
chiefly between pasture legume species, revealed significant variation for in vitro methane production, Biserrula
pelecinusshowed particularlylowmethanogenicpotential.lthasbeenproposedthatthecorecollectionofB.pelecinus
may exhibit variation for fermentability traits. The Biserrula core, comprising 30 accessions from seven different
countries, inaddition to subterranean cloverand bladder clover control samples, was examined for variability of in
vitrorumenfermentation,includingmethaneproductionbyrumenmicrobes,andpossibleassociationofthesetraits
tovariationforplantmorphologicalcharacters.Significantvariabilityinfermentability profileswasrevealedbetween
accessions.Themethanogenicpotentialoftheaccessionsshoweda90%broad-senseheritabilityvalue.Althoughall
ofthetestedaccessionsshowedlowgaspressureandmethanogenicpotential, theyalsosustainedvolatilefattyacid
(VFA), which indicates low digestibility and high nutritive value. Metabolomic profiles of five high and five low
methanogenesisaccessionsweredeveloped,andcorrelationsbetweenmetabolitesandmethanogenicpotentialwere
investigated.ThesecorrelationsmaybeusedforselectionofanenvironmentallyfriendlycultivarofB.pelecinusinthe
near future.

Determination of genetic components of eight half-sib family populations
of alfalfa in central valley of Mexico

Baldomero Alarcon-Zuniga'*, Marisol Galicia-Juarez?, Abelino Saragos-Perez', Jose Abel Vazquez-Pablo ', Madel RosarioVenegas-Ordonez’
'Universidad Autonoma Chapingo, Chapingo, Mexico
2Colegio de Postgraduados, Montecillos, Mexico

Genetic variance estimators in forage crops are essential parameters to determine the response to selection for
agronomic and quality traits; and these estimators are influenced by the breeding scheme, environment and
population background. With this aim, we estimated the genetic components of eight alfalfa populations (Julia,
San Miguelito, Macate, Mediterranea, Atlixsco, Tanverde, Jupiter and INI-76) using a Half-Sib Family design (10
HFF per population) at two locations in the Central Valley of Mexico. A lattice design (8x10) with three replications
(12m2 perplot)andsevenharvestsin2010was used.Phylogeneticrelationshipamongandwithin populationswas
estimated by AMOVA using 10 AFLP polymorphic primers combinations. 357 polymorphic amplicons resulted
in 83.5% of molecular variance within populations and 16.5% among populations (GS=0.31 to 0.76), without
clusteringobserved,indicatingastronggeneticrelationshipforthesepopulations.Associationbetweenmoleculardata
and geneticcomponents was verified, with total yield, stem/leaf biomass, height, stem number, and crude protein
representingupto54%ofthegeneticvariancewithinpopulations,asshowninmolecularresultsalso.Additivegenetic
variance accounted up to 14% of genetic variance and heritability was 0.05,0.08,0.12 and 0.18 for total yield, stem
yield, height, and leaf yield. E and GxE variance represented up to 79% of the phenotypic variance. NDF, ADF and
CPshowedintermediate narrow sense heritability (0.17,0.19,0.25, resp),assuming an additive effectforthesetraits.
Expected geneticgain perselection cyclein total yield, crude protein,and stem numberand yield was greater from
Half Sibfamily than progenytest;howevernodifferenceswasobservedforleafbiomass, NDF, ADF,and plantheight.

96



Development and characterization of genomic simple sequence repeat
markers in Cynodon transvaalensis

Chengcheng Tan ', Yanqgi Wu ¥, Charles Taliaferro !, Greg Bell !, Dennis Martin ', Timmy Samuels '
'Oklahoma State University, Stillwater, Oklahoma, United States
2Department of Plant and Soil Sciences, Oklahoma State University, Stillwater, Oklahoma, United States

Cynodontransvaalensis,commonly called’Africanbermudagrass,haseconomicvalueasaturfgrass,andsignificant
breeding value to hybridize with C.dactylon var.dactylon to develop new interspecific clonal turf cultivars. Simple
sequence repeat (SSR) markers are one of the most widely used co-dominant molecular marker systems, which
should be highly suitable for genetic investigations in highly heterozygous African bermudagrass. However, few
SSRmarkers are available in C. transvaalensis. Accordingly, the objective of this study was to develop genomic SSR
markers in the species. Genomic DNA of ‘TN 4200 24-2'C. transvaalensis accession was used to construct four SSR
genomic libraries enriched with CA, GA, AAG, AAT as core sequences. The SSR-enriched DNA inserts sequenced
at Oklahoma State University Core Facility generated 3050 trimmed sequences, which were examined with CAP3
programtoeliminatetheredundancyandblastagainstthe previously developed SSRmarkers.Consequently, 1426
non-redundantprimerpairsweredesignedfromthesequenceswithSSRlocatorsoftware. Aftertheinitial screening
on'TN 4200 24-2'genotype, 981 primer pairs were effective in amplifying reproducible clear target bands. A panel
ofanotherseventransvaalensisaccessionsplustheDNAdonorgenotypewasutilizedtotestpolymorphismsofthe981
SSRmarkers.Aninheritancestudywasconductedinsixtransvaalensisprogenyplantswithtwoparentplants’'Uganda’
and'T577'accessions.The laboratory work of testing SSR markers polymorphism and inheritance was just finished,
and more results will be updated.

Development, characterization, and cross-taxon utility of EST-derived
SSR markers in alfalfa

Zan Wang*
Institute of Animal Science, Chinese Academy of Agricultural Science, Beijing, P.R. China

Due to their highly polymorphic and co-dominant nature, SSR markers are acommon choice for assaying genetic
diversity and genetic mapping. EST- derived microsatellite markers identified from publicly available sequence
databases may serve as time effective and less costly alternative markers in alfalfa. By analysis of 12,371 M. sative
EST sequences from the NCBI, 774 SSR containing ESTs were identified corresponding to one SSR per 7.7 kb of
EST sequences. Tri-nucleotide repeats (48.8%) were the most abundant followed by di- (26.1%), tetra- (11.5%),
penta- (9.7%), and hexanucleotide (3.9%) motifs. The top five motifs included AG/CT repeat (17.2%) followed
by AAG/CTT (15.1%), ACC/GGT repeat (7.2%), ATC/ATG repeat (7.1%), and AAC/GTT repeat (6.9%). One

hundred primerpairswere successfullydesignedand usedforvalidation oftheamplificationandassessmentofthe
polymorphismamong 28alfalfagenotypesrepresenting six M. sativa subspecies.Nearly, 56 primer pairs produced
SSR bands of expected size length in all Medicago spp, of which 25 primer pairs exhibited polymorphic bands
among the 28 genotypes. The PIC values ranged from 0.62 to 0.94 with the mean of 0.86, indicating a high level of
informativeness within these EST-SSRs.The high level of marker transferability across other Medicago species was
100%in M. lupulina, 91.1% in M. minama, and 47.0% transferability across genera in Trifolium repens and Meliotus
albus. These EST-SSRs in alfalfa will be a valuable resource for future genetic studies, like construction of linkage
maps, diversity analysis, quantitative trait locus/association mapping, and molecular breeding of alfalfa.
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Differentiation of perennial and italian ryegrasses at both species- and
variety-specific levels using multiplexed SNP Markers

Junping Wang'?, Noel O.I. Cogan??, Luke W. Pembleton??, John W. Forster?34*

'Department of Primary Industries, Hamilton Centre, Hamilton, Victoria, Australia

’Department of Primary Industries, Biosciences Research Division, Bundoora, Victoria, Australia
3Dairy Futures Co-operative Research Centre, Australia

“La Trobe University, Bundoora, Victoria, Australia

TheLoliumspeciesL.perenne(perennialryegrass)andL.multiflorum(ltalianryegrass)arewidelycultivatedasforage
grasses and they are closely related, such that natural and artificial hybridisation produces fully fertile F, progeny.
Cultivarsfrom both speciesandinterspecies hybrid (L.x. boucheanum) are represented in the current pasture seed
market.Differentiationatboththespecies-andvarietallevelsarenotreadilyundertakenbymorphologicalcomparison
and enzyme electrophoresis. The objective of this study was to differentiate L. perenne and L. multiflorum at both
speciesandcultivarlevelsbydiscoveryandimplementationof multiplexedsinglenucleotide polymorphisms(SNP)
markergenotypingassays.GenomicampliconsequencingfromL.perennepermitted SNPpredictionandvalidation
to allow assembly of a 384-plex lllumina GoldenGateTM assay panel. The panel was used to genotype plants from
cultivarsofeachnon-hybridandhybridtaxon.Hightransferabilityof SNPmarkerperformancewasobservedbetween
L. perenne and L. multiflorum. Neighbor-joining (NJ) tree analysis based on pair-wise genetic distances between
cultivarsrevealedthatclusteringofperennialandltalianryegrassvarietiesintotwodistinctgroups,withintermediate
positioningofthe hybrid variety. Atthevarietal level within species, the NJ tree generally reflected breeding history
andpedigree.TetraploidvarietiescouldalsobedistinguishedfromdiploidtypesbasedonSNPdata, whichexhibited
5 and 3 distinct genotypic classes, respectively. These results demonstrated that multiplexed SNP markers could
differentiate L. perenneand L. multiflorum at both the species and variety-specific levels. The primary catalogue of
current varieties from both species will provide valuable information for cultivar choice on farm and direction for
future varietal development in breeding.

Genetic and geographical differentiation of two hexaploid perennial
Triticeae grasses in China (Poaceae)

Shiyong Chen ', Xinquan Zhang #*, Xiao Ma ', Jiamin Miao '
'Department of Grassland Science, Sichuan Agricultural University, Yaan City, PR. China
2Department of Grassland Science, Animal Science and Technology College, Sichuan Agricultural University, Yaan City, P.R. China

ElymusnutansandRoegneriakamojiaretwoimportantandwidelydistributed perennialTriticeaeforagegrassspeciesin
China.Thesespeciesalsopossessthesamegenomeconstitution(2n=6x=42).Here,morphology,gliadinandmolecular
markers have been used to evaluate the geneticand geographical divergence of 63 E.nutans accessions from West
Chinaand40R.kamojiaccessionsfromSouthwestChina.Substantialgeneticdiversitywasidentifiedbetweenthetwo
species.Theaverage Shannon-WeaverindexofE.nutansandR.kamojibased on30quantitativecharacterswas2.21
and 1.96, respectively. Within E. nutans, a total of 42 bands were detected, 90.48% of which were polymorphism.
The Nei's genetic similarity (GS) coefficient ranged from 0.32 to 1.00 with an average of 0.63. Accordingly,among
R. kamoji, there were 29 bands with a polymorphism rate of 89.66% and the genetic similarity coefficients ranged
0.45-1.00 with an average of 0.70. Moreover, different molecular markers (SSR, SRAP, RAPD) were used in E. nutans,
whichrevealed thatthe GSranged 0.19-1.00 with an average of 0.70.The results of cluster analysis were congruous
with the gliadin, which indicated that the results of cluster were related with the geographical origin. Furthermore,
thedistinctgeographicaldifferentiationwasalsorevealedinthetwospecies.Theseresultsalsoshowedthatecological
factors,suchasaltitude, climate,andlandform, playedacrucialrolein the differentiation.The Qinghai-Tibet Plateau
and Southwest China might be the diversification center for E. nutans and R. kamoji, respectively.

98



Genetic diversity of Miscanthus sinensis based on simple sequence
repeats (SSR) markers

Wenzhi Xu ', Xinquan Zhang ?, Linkai Huang '
'Department of Grassland Science, Sichuan Agricultural University, Yaan City, P.R. China
’Department of Grassland Science, Animal Science and Technology College, Sichuan Agricultural University, Yaan City, PR. China

Miscanthus sinensis is a C4 perennial grass, native to most parts of China. Since M. sinensis has high biomass yield
andiswelladaptedtomarginallands,ithasbeenselectedasacandidateforbioenergyresources.Inordertoexplore
geneticdiversity of wild population M.Sinensisin Sichuan, China, 103 wild sampleswere collected and analyzed by
simplesequencerepeats (SSR) markers.Ten pairs of primers designed fromthe EST-SSRmarkers of sorghum (Wang,
Barkley2005)wereusedfollowingthetouchdownPCRprogramtoamplifythe M.sinensisgenome,andthedatawas
analyzed by Ntsys-2 and Popgen32.Theresults showed that a total of 163 fragments were amplified, of which 156
were polymorphic, thatwas95.71%.Theaverage Nei'sgenediversity was0.36 and mean Shannonindexwas 0.53. 1t
showsthatthe provenanceof Miscanthusplantshavehighgeneticdiversityin Sichuan,China.Thegeneticsimilarity
(GS) among all accessions ranged from 0.42 to 0.95, Cluster analysis of UPGMA showed that 103 samples could be
classifiedinto 6 groupsatthelevel of GS0.63,and the genetic distance between these sample were 0.03 t0 0.04. But
the result of clustering and the germplasm collecting locations were not correlated.

Genetic variation of alfalfa traits related to competition in
alfalfa-fescue mixtures

Amel Maamouri '*, Gaétan Louarn ', Bernadette Julier ?
'INRA, UR4, Unité Pluridisciplinaire Prairies et Plantes Fourragéres, Lusignan, France
2INRA UR4, Lusignan, France

Alfalfaisanimportantforage crop with low input costs related to atmospheric nitrogen fixation. Mixtures of alfalfa
withgrassspeciescombine,inasinglesward,theadvantagesofthetwospecies:seasonalgrowthpattern,biochemical
composition, nitrogen fixation or absorption. The survival of each species results from the ability of the plants to
get the resources needed for its growth among which light radiation and nitrogen are of major importance. The
presentstudyaimsatdescribinggeneticvariationfortraitsrelated tocompetitioninalfalfa-fescue mixture. Forty six
contrastinggenotypesfromtenalfalfavarietiesand twogenotypes (aforagetypeandaturftype) of tallfescue were
planted on September 2010. An innovative design was used: for each pair of alfalfa-fescue genotypes, it included
spaced plants, monocultures in dense conditions (plots of 7 plants, the target plant being surrounded by 6 plants,
7 cm apart) and alfalfa-fescue mixtures (plots of 3 alfalfa and 4 fescue plants, 7 cm apart), with 3 repetitions. Each
genotypeofalfalfaandthetwogenotypesoffescuewereclonallypropagatedtoestablishthetreatments.Fourharvests
weretakenin2011;drymatterbiomasseswererecordedforthetargetplantandthesurroundingplants.Inanalysesof
variance,theeffectsofalfalfagenotypesandtreatmentsonbiomassproductionwerehighlysignificant.Theinteraction
betweengenotypesandtreatmentswasonlysignificantinthefourthcut,showingthatthedifferencesamongalfalfa
genotypes for biomass production depended on the surrounding plants. Traits related to plant height, nitrogen
content,growth habitwerealsorecorded.Thisdesignwillbe studiedagainin2012.Asimilardesignwasestablished
with the F, progeny of mapping populations from contrasting clones of the initial population, in order to analyze
genetic control of traits responsible for competition for light or nitrogen.
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Genome-wide SNP identification in multiple morphotypes of allohexaploid
tall fescue (Festuca arundinacea Schreb.)

Melanie L. Hand'*3, Noel O.l. Cogan'?, John W. Forster'23*

'Department of Primary Industries, Biosciences Research Division, Bundoora, Victoria, Australia
“Dairy Futures Co-operative Research Centre, Australia

3La Trobe University, Bundoora, Victoria, Australia

Asanoutbreedingallohexaploidspecies,theagronomicallyimportantpasturegrasstallfescue (Festucaarundinacea
Schreb. syn. Lolium arundinaceum (Schreb.) Darbysh.) provides an example of a plant species with a complex
genome.Furthermore, threedistinctmorphotypes of tall fescue have beenidentified (Continental, Mediterranean
andrhizomatous) which differ with respect to geographical origin, growth patterns and morphological features. A
bioinformatic pipeline was developed that successfully identified SNPs within genotypes from distinct tall fescue
morphotypes, following the sequencing of 414 polymerase chain reaction — generated amplicons using GS FLX
Titaniumtechnology. Equivalentamplicon sets were derived from representative genotypes of each morphotype,
including six Continental, five Mediterranean and one rhizomatous. A total of 8,584 and 2,292 SNPs were identified
with high confidence within the Continental and Mediterranean morphotypes respectively. The success of the
bioinformatic approach was demonstrated through validation (at a rate of 70%) of a subset of SNPs using both
SNaPshot™ and GoldenGate™ assay chemistries. Furthermore, the quantitative genotyping capability of the
GoldenGate™assay revealed thatapproximately 30% of the putative SNPs were accessible to co-dominantscoring,
despitethehexaploidgenomestructure.Thesub-genome-specificoriginofeachSNPvalidatedfromContinentaltall
fescuewaspredictedusingaphylogeneticapproachbasedoncomparisonwithorthologoussequencesfrompredicted
progenitor species.This SNP collection may now be refined and usedin applications such as cultivaridentification,
genetic linkage map construction, genome-wide association studies and genomic selection in tall fescue.

Marker-Trait Association of Rangeland and Turf Traits in Hybrids of Festuca
idahoensis and Festuca ovina

Matthew Robbins ', Yingmei Ma 2, Steven Larson ', Paul Johnson ?, Jack Staub ™
TUSDA ARS FRRL, Logan, Utah, United States
2Utah State University, Logan, Utah, United States

ThefinefescuespeciesFestucaidahoensisElmerisnativetothelntermountainWestand has potential forlow-input
turfandrangelandapplications.The poorseed productionandweakseedlingvigorofthisspeciesmaybeovercome
by identification and improvement of interspecific hybrids between F.idahoensis and F.ovina L. concomitant with
detection of economically important marker-trait associations for plant development. To this end, we assessed a
population of cross-progenies derived from an open-pollinated crossing block of F.idahoensis and F.ovina parents
for morphological characteristics and AFLP markers. A total of 261 cross progenies were cloned and planted in
a replicated trial at Hyde Park, UT., with seven F. idahoensis and three F. ovina commercial controls. Plant vigor,
total biomass, height, width, re-growth, 100 seed weight, and seed production were evaluatedin 2010 and 2011.
Cross-progenies were significantly different from each other and controls (P<0.0001) for all phenotypic traits over
both years. Plant vigor was significantly correlated (P<0.0001) with plant height (r2=0.91), width (r2=0.83), and
total biomass (r2= 0.89). Most of the cross-progenies grouped together while the controls were unique based on
Principal ComponentAnalysis (PCA) ofthemorphologicaldata.Thisresultwas supported by geneticdifferentiation
analysesofsixselective AFLP primercombinationswhich provided aneighbor-joining treeand Bayesian clustering
by STRUCTURE. AFLP results showed the interspecific nature of the cross-progenies while the controls grouped
togetherby species. Single-factor ANOVA of the AFLP markers with the morphological datarevealed three markers
thatwereassociated with heightand 18 other markers associated with multiple traits over both years. These results
provideastartingpointforimprovementofF.idahoensiswithtraitsfromF.ovinausingacombination of phenotypic
and marker-assisted selection.
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Molecular Characterisation and Analysis of Genetic Diversity within
a Globally Distributed Collection of Tall Fescue
(Festuca arundinacea Schreb.).
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Tall fescue (Festuca arundinacea Schreb. syn. Lolium arundinaceum (Schreb.) Darbysh.), is an outbreeding
allohexaploid (2n = 6x = 42) cultivated for pasture worldwide. The majority of tall fescue cultivars are classified as
Continental types, and have arisen from northern European ecotypes that display maximum growth over summer
periods. Alladditional cultivars can generally be categorized as either Mediterranean or rhizomatous, which differ
fromContinentalcultivarswithrespecttogeographicalorigin,growthpatternsandmorphologicalfeatures.Previous
sequencing of a chloroplast genome-derived gene and the internal transcribed spacer region of ribosomal DNA
fromeachofthethreetallfescuemorphotypesandrelatedtallfescuecytotypes,hasidentifieddiagnosticnucleotides
capableofcharacterisingtallfescuegermplasm.Thisapproachhasbeenusedtoscreenalargecollectionoftallfescue
and meadow fescue accessions held and maintained by the United States Department of Agriculture through the
GermplasmResourcelnformationNetwork.Resultshaveidentifiedthepresenceofthethreetallfescuemorphotypes
aswellastallfescuesub-speciesofvaryingploidylevelsin both collections.Characterisation oftheseaccessions has
enabledbiogeographicalanalysisofeachtallfescuemorphotypeandsub-speciesandasexpected,hasrevealedaNorth
African distribution of Mediterranean tall fescue and a wider European distribution of Continental tall fescue from
Spainthrough to western China. Genetic structure within Continental, Mediterranean and rhizomatous tall fescue
wasinvestigatedfurtherthroughtheamplificationof34SSRmarkers.Thisanalysissupportsthedivergencebetween
ContinentalandMediterraneantallfescueandalsoidentifiessubpopulationswithintheContinentalgermplasmthat
reflect morphological differences and geographical distribution. This work has provided an insight into the phylo-
geographicalhistoryoftallfescuewhilstcomprehensivelycharacterisinganddissectingacomplexgermplasmresource
for the benefit of plant breeding.

Molecular characterization of Lotus tenuis with contrasting behavior
for salinity

Mariela Acuia*, Maria Maciel, Maria Agostina Affinito, Adriana Andrés
National Agricultural Laboratory (INTA), Pergamina, Argentina

InArgentinaoverthepastyearstherewasastrongincreaseofagriculturalproductiondisplacinglivestockproduction
in marginal areas. One of the species more relevant to these environments is Lotus tenuis Waldst. et Kit, perennial
legume, diploid 2n=2x= 12, allogamous, with a spring-summer-autumn production.This speciesis naturalized in
thefields of Flooding Pampa and valued forits contribution to forage supply of livestock systemsin the region.The
characterizationofgeneticvariabilityofL.tenuishasbeenbasedonthedescriptionofmorpho-physiologicaltraits.The
aim of this work was to conduct molecular characterization of two synthetic materials of L. tenuis, with contrasting
behaviorforsalinity (tolerantvs.susceptible) according to preliminary research.Four SSRmarkersfromL.japonicus
wereusedtodeterminethepresence/absenceofthebands/allelesin30seedlings(sixbulkseachwithfiveseedlings)
fromeachsyntheticmaterial. Therewere27% more presentallelesinsusceptiblebulksthanthetolerantones.These
results provided not only basic knowledge on the transfer of SSR from L. japonicus to L. tenuis, but also allowed
the integration of molecular markers in breeding programs of the species and the initial identification of markers
associated with salinity tolerance.
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Morphological Appraisal of Festuca valesiaca for Plant Improvement and
Its Relatedness to the Festuca ovina Complex

Yingmei Ma ', Paul G. Johnson ', Jack E. Staub ?, Steven R. Larson 2, Matthew D. Robbins ?*
'Utah State University, Logan, Utah, United States
2USDA-ARS FRRL, Logan, Utah, United States

Fine-leavedFestucavalesiacapossessesvariedenvironmentaltolerance.However,itsagronomicperformanceinthe
westernUnited StatesanditsgeneticrelationshiptospeciesoftheFestucaovinacomplexhavenotbeeninvestigated.
Therefore, a project was designed to identify F. valesiaca accessions possessing high biomass production and seed
yieldtoinitiatebreedingforlow-maintenancegrowingenvironmentsandtoexaminetheirrelatednesstotheF.ovina
complex.TwelveF.valesiacaaccessionsoriginatingfromKyrgyzstanandeightcommercialcultivarsweretransplanted
to a field nursery at Blue Creek, Utah in a randomized complete block design (RCBD) with six replications. Plant
height, plant width, total biomass, seed weight, and seed number per plant were evaluated between 2009t0 2011.
Amplified fragmentlength polymorphisms (AFLP) with 10 primer combinations were used to evaluate the genetic
relatedness betweenF.valesiacaand species of the F. ovinacomplex. Morphological trait evaluationindicated that
plantheight, plantwidth,andtotalbiomassoftheF.valesiacaaccessionsexaminedwereequaltothecontrol'Cascade’
In contrast, the plant vigor and seed weight of accessions ‘'KGZ-094,'KGZ-119,'KGZ-229; and 'KGZ-242' were
significantlyhigherthan’Cascade’Principalcomponentanalysisusingalltraitsasloadingfactorssuggestedthatthese
accessionsweredistinctfromthemajorityoftheaccessionsexamined.AFLP-basedneighbor-joiningclusteranalysis
defined five distinct groups consisting of diverse Festuca species (Outgroups; Group 1), F.idahoensis (Group 2), F.
rubra (Group 3), F. ovina and F. valesiaca (Group 4), and F. trachyphylla (Group 5). This relationship of these species
werefurtherconfirmed byan AFLP-based geneticstructureanalysis.Inconclusion, F.valesiacaiscloselyrelatedtoF.
ovina. Given their morphological attributes, F. valesiaca accessions ‘KGZ-094, 'KGZ-229), and ‘KGZ-242' should be
considered for low-maintenance applications and use in plant improvement.

Mutation Induction of Sorghum (Sorghum bicolor) by
Gamma-Ray Irradiations

Hitoshi Nakagawa '*, Ryouhei Morita ?, Toshio Takyu 3, Hisato Okuizumi 3

Japan International Research Center for Agricultural Sciences, Tsukuba, Ibaraki, Japan
2Nishina Center, Riken, Wako, Saitama, Japan

3National Institute of Agrobiological Sciences, Tsukuba, Ibaraki, Japan

Gamma ray irradiation is one of the most powerful tools forinduction of mutations for genome analysis and gene
isolation,aswellasdevelopmentofnewvarieties.Recentreportsindicatethatgamma-raycaninducebothdeletions
with1-5bpand 10to90thousandbp,andlargedeletionscanknockoutatandemarrayinonetime.Themechanisms
oflowglutelincontentsof mutantsareelucidatedthatthedifferentsizeandthepositionofdeletionsgeneratedifferent
characteristicsof mutations, suchasactasdominantgeneorrecessive gene, relationships between genotypesand
phenotypes, too. We irradiated the seed of sweet sorghum varieties by gamma-rays with optimum dosage (acute
irradiation) or grew plants 10 - 30 m from 60Co source in the Gamma Field (chronic irradiation), Institute of
Radiation Breeding, National Institute of Agrobiological Sciences. Survival rate of sorghum varieties by gamma-ray
acuteirradiation was different and differences of radiosensitivity to gamma ray in varieties are suggested. Various
mutantswereidentifiedintheM2populationofthesevarieties.Spontaneous,naturallyoccurring,recessivemutations
calledbloomless (bm)and brown mid-rib (bmr) have been successfully utilized in sorghum breeding forforage use.
Thesecharacteristicsarealsosuggestedtoimprovesorghumbioethanol productionthroughfermentationofstems.
Bloomlessmutantsandbrownmid-ribmutantsfromthreevarietiesweresuccessfullyobtained.Thegeneticanalyses
of the mutations were conducted by hybridization of the mutants with the original three varieties and one natural
mutantdemonstratedthattheselocusofbloomlesscharacterweredifferent.Characterizationofthemutationsisbeing
conducted by the use of genomic data. Artificial bmbmr plants were obtained by the hybridization of abm mutant
and a bmr mutant. Advantages of mutation induction by gamma-ray for genome analysis will be discussed.
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Phenotypic Assessment of Yield and Nutritive Values of Italian ryegrass
(Lolium muiltiflorum) from a Spaced-Plant Field Trial
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Italian ryegrass (Lolium multiflorum) is an agronomically important pasture grass. Molecular breeding of Italian
ryegrassforyieldand quality throughmarker-assisted selection (MAS) has progressedlittlebeyond the stage of QTL
identification by trait-dissection.In orderto effectivelyimplement MAS for complex outcrossing species like Italian
ryegrass,genomicselection strategiesmayberequired.Genomicselectionusesinformationonsequencevariation
acrossthewholegenometoprovidepredictionequationsforphenotypicperformanceforcomplexquantitativetraits
such, asyield.The objective of this study was to provide data forgenome-wide association analysis and to identify
superiorgenotypesforselectioninbreeding.Atotalof960Italianryegrassgenotypeswereassessedforherbageyield
and nutritive valuesin afield-based nursery experimentlocated at Hamilton in south-westernVictoria, Australia, in
2010-2011.The experimental design was arandomised complete block with four replicates resulting in total 3840
plants in the trial. Herbage yields were recorded from 5 cuttings over the year. Nutritive values including crude
protein,water-solublecarbohydrate,acidandneutraldetergentfibre,anddigestibilitywereassessed usingnearinfra-
redreflectancespectroscopyonvegetativesamplesharvestedinMay2011.Abroadrangeofphenotypicvariationwas
observed.Thereweresignificantgenotypicvariancecomponentsforyieldandnutritivevalues.Moderateheritability
estimateswereobtainedfornutritivevalues,ascomparedtolowtohighheritabilityestimatesforyieldsfromdifferent
cuttings.Targetplantswerealsogenotypedusingsinglenucleotide polymorphism (SNP) markers.Whilepreserving
alISNPallelevariants,genotypeswithhighyieldwereselectedforpair-crossingandevaluationofthederivedfamilies
isbeingprogressed.Phenotypicmeasurementsfromthisstudyareamenabletogenome-wideassociationstudies,given
provisionof sufficientmarker coverageoverthegenome,andinvestigation of thefeasibility of genomicselectionin
Italian ryegrass breeding.

Progress of the Pasture and Turf Breeding and Genetics Program of the
Forage and Range Research Laboratory

Joseph Robins*, Shaun Bushman
USDA-ARS Forage and Range Research Laboratory, Logan, Utah, United States

The breeding and genetics programs of the USDA ARS Forage and Range Research Laboratory include focus on
cool-seasongrassesforpastureandturfproduction.Themajorobjectiveofthisprogramisthedevelopmentofpasture
grasses with high biomass production and nutritive value and turfgrasses with high turf quality that also possess
highwater-use efficiencyand winterhardiness.Research effortsfocusonevaluation of novel sourcesofgermplasm,
identificationofgeneticmechanismscontrollingtraitsofinterest,anddevelopmentofelitebreedingpopulationsused
forgermplasm/cultivarrelease.Cropimprovementison-goinginorchardgrass (cocksfoot) and timothyforpasture
production and in Kentucky (meadow) bluegrass and rhizomatous wheatgrasses for turf production. Highlights
of thisresearchinclude theidentification of potential heteroticgroupsfor semi-hybrid orchardgrass development,
the development of an EST library and linkage map for the autotetraploid orchardgrass genome, identification of
Kentuckybluegrassaccessionswithsalinitytolerancesimilartothatoftallfescue,and developmentofrhizomatous
wheatgrass breeding lines with high turf quality and low irrigation requirements. Genetic objectives include
elucidationoftheroleofwater-solublecarbohydrateconcentrationonabioticstresstoleranceandidentificationofthe
geneticdeterminantsofheadingdate.Researchinvolvescollaborationwith publicand privateentitieswithinNorth
America and worldwide.
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Quantifying selfing and outcrossing in lowland Switchgrass populations
using SSR markers

Shuiyi Lu ', Yangi Wu ¥, Tim Samuels 2
'Oklahoma State University, Stillwater, Oklahoma, United States
2Department of Plant and Soil Sciences, Oklahoma State University, Stillwater, Oklahoma, United States

Switchgrass (Panicum virgatum L.), a native C4 perennial species, is being developed as a major-cellulosic crop
for biofuel production in the U.S. Previous reports indicated switchgrass plants set a few or no seed when their
inflorescenceswerebagged.However,noinformationisavailableonmatingbehaviorofplantsunderopenpollinating
conditions in the field. Accordingly, the objective of this study was to quantify selfing and outcrossing rates of
switchgrass plants grown in the field. Two small (NL94 C2-3 and SL93 C2-3) and two large (NL94 C3 and SL 93
C3)lowlandswitchgrassbreeding populationsfieldestablishedwiththreereplicationswereusedintheexperiment.
Each small population consisted of five parents, while each large population was composed of 26 parents. Half-sib
(open-pollinated) seed samplesin the four populations were hand collected from each parent plant on October 1,
2010.Tenseedlingsperreplicationforeachfamilyweredevelopedinagreenhouseonthe AgronomyResearchStation,
OSU. DNA samples isolated from 1680 half-sib progeny with 168 female parents were genotyped with a set of six
Simple Sequence Repeat (SSR) markers to estimate selfing versus outcrossing rates. Of the NL94 C3 offspring, 12
were selfed progenies (1.74%). While 18 half-sib families of NL C3 population did not contain any selfed progeny,
progenies of eightfamiliesencompassed selfed individuals ranging from 3.3%to 13.3% on the basis of each family.
Inthe population of NL94 C2-3, three were selfed progenies (2%). Interestingly, all progenies from SL93 C2-3 were
derived from outcrossing. SSR marker analysis of SL93 C3 progeny plants is in progress. The findings would be
valuable in the better understanding of reproduction systems and development of new cultivars in switchgrass.

Relationships among orchardgrass subspecies

Shaun Bushman ', Metin Tuna ?*, Yingmei Ma 3
'USDA-ARS, Logan, Utah, United States

2Namik Kemal University, Tekirdag, Turkey

3Utah State University, Logan, Utah, United States

Dactylis L.[orchardgrass or cocksfoot]isamonospecific genus used as aforage and hay grass. Nearly all cultivars of
Dactylisareauto-tetraploidspeciesglomeratassp.glomerata,buttherearealsomanyothersubspecieswithdiploidand
tetraploidcytotypes.Thediploidandtetraploidsubspeciesaremaintainedasaccessionsatseedbanksacrosstheworld,
and many of the subspecies have not been characterized since initial taxanomic analyses at the time of collection.
Additionally,thesesubspeciesrepresentvaluablesecondarygermplasmthathaveperiodicallybeenintrogressedinto
orchardgrassvarietydevelopmentprograms.Sincecategorizationintosubspecieshasbeeninconsistent,itispossible
thatsubspeciesidentificationswould notalways correspondto DNA-markerbased groupings.Inthisstudywehave
collected plantsfrom 104 Dactylisaccessionsrepresentingapproximately 20 differentsubspecies/taxa, conducted
nuclearDNAcontentanalysis,andused SSRmarkergenotypingtoestimategeneticrelationships(orgeneticdiversity).
Ofthe accessions, 35 were diploid, 56 tetraploid, and 13 were mixed diploid/tetraploid. Mean nuclear DNA content
varied from 3.65 pg/2C (D. masei) to 4.97 pg/2C (D. g. subsp woronowiii) for diploid taxa, and from 8.18 pg/2C (D. g.
subsp.aschersoniana)to9.11pg/2C(D.g.subspworonowii)intetraploid taxa.No plants with hexaploid DNA content
weredetected. DNAmarkershighlightedsubspecieswithstatisticalsupport,whileotherswerescatteredamongcladesof
varying subspecies. Implications of orchardgrass subspecies relationships will be discussed.
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Selection of Paspalum spp. accessions for use as turfgrass

Liana Jank ¥, Francisco Humberto Dubbern De Souza 2, Frederico De Pina Matta 2, Miriam Ferreira Marcos 3, Rosangela Maria Simeéo '
'Embrapa Beef Cattle, Campo Grande, Mato Grosso do Sul, Brazil

’Embrapa Cattle-Southeast, Sdo Carlos, Séo Paulo, Brazil

3UCDB, Campo Grande, Mato Grosso do Sul, Brazil

Paspalum spp. is alarge genus with more than 400 identified species grouped into 20 taxonomic groups. In Brazil,
there arearound 220 native species. Embrapa Cattle-Southeast located in Sdo Carlos, state of Sdo Paulo, maintains
alargegermplasmbankofthe genuswith morethan320accessionsof 37 species collectedin various regions of the
country.Recently,aprojectcoordinatedbyEmbrapaCattle-Southeastwasinitiatedwiththeobjectivesofevaluating
accessionsforuseasturf.Anexperimentwas conductedin Campo Grande, MS, with 27 accessions belongingtoten
speciesinplots 1.0to 1.5m2inthreereplications.Plots were established with individual cuttings spaced 15cmfrom
each otheron February 2011 and evaluated for plant survival and soil cover. In the beginning of the rainy seasonin
November, plotswere cuttoa5cmheightand growth above thatwasharvested everyfortnightina 1 m2area.Data
wereanalyzed by SAS.Ofthe 27 accessions, nine presented morethan 80% survival 45 days after planting,and more
than80%soil cover4monthsafterplanting. Theseare:P.modestum2and5,P.lividum4,P.rhodopedum8,P.notatum
13,20and 22 and Paspalumsp. 18.Paspalumoteroi 12 showed ittle plantsurvival butgood soil cover.Oneyearafter
planting soil cover varied from 3.4 m2 to 32 m2.Total dry matter in the rainy season varied from 0.3 to 1.0 kg/m?2
inamaximum of 11 harvests. Accessions 2,4 and 5 produced less than 400 g in 9 harvests. Considering highest soil
coverandlowernumberofharvests,drymatteryieldsandflowering,accessionsofP.modestum,P.oteroiandP.lividum
showed great promise to be used as turf, emphasizing the great potential of this germplasm collection.

The National BioResource Project Lotus japonicus and Glycine max / soja
in Japan

Genki Ishigaki ', Ryo Akashi ', Masatsugu Hashiguchi !, Jun Abe ?, Toshio Aoki 3, Toyoaki Anai *, Akihiro Suzuki *

'Frontier Science Research Center, University of Miyazaki, Miyazaki, Japan

*Graduate School of Agriculture, Hokkaido University, Sapporo, Japan

3Department of Applied Biological sciences, Nihon University, Fujisawa, Japan
“Faculty of Agriculture, Saga University, Saga, Japan

TheNational BioResourceProject(NBRP)aimistocollect, preserveand provide bioresourcesthatare basicmaterials
forlifesciencesresearch,andtoupgradethebioresourcesrespondingtothe demandsofthe presentagebyadding
highervaluesthroughdevelopingpreservationtechnology,genomeanalysis,andotherssystematically.Inaddition,
reinforcement of the function of the information center, which provides information of whereabouts and others,
isincluded. Japanese trefoil (Lotus japonicus) is a wild perennial plant with a small genome and a short life cycle.
This plant is expected to play a role as the model organism of leguminous plants, which include important crop
plants. Additionally, the soybean, Glycine max (L.) Merr., is the most important grain legume crop in terms of total
productionandinternational trade of agricultural products. Legume Base, aresource center for L.japonicusand G.
max, was established in April 2004.The scope of Lequme Base is the collection, development and conservation of
the geneticresources of L.japonicus and G. maxand the distribution for the utilization by the research community.
DNA resources including genomic DNA clones will be also available through Legume Base web site (http://www.
legumebase.brc.miyazaki-u.ac.jp). In here, we will introduce NBRP Japan and Legume Base.
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Biosynthesis of Proanthocyanidins in White Clover Flowers: Cross Talk within
the Flavonoid Pathway
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2La Trobe University, Bundoora, Victoria, Australia

3Dairy Futures Co-operative Research Centre, Australia

‘EcoGeonomix, Ferntree Gully, Victoria, Australia

School of Applied Sciences, Royal Melbourne Institute of Technology University, Bundoora, Victoria, Australia

Proanthocyanidinsandanthocyaninsareproducedbycloselyrelated branchesoftheflavonoid pathwayandutilize
thesamemetabolicintermediates.Previousstudieshaveshownaflexiblemechanismoffluxdiversionatthebranch-
pointbetweentheanthocyaninandproanthocyanidinpathways,butthemolecularbasisforthismechanismispoorly
understood.Floraltissuesinwhiteclover(Trifoliumrepens)plantsproducebothproanthocyanidinsandanthocyanins.
This makes white clover amenable to studies of proanthocyanidin and anthocyanin biosynthesis and possible
interactions within the flavonoid pathway. Results of this study show that the anthocyanin and proanthocyanidin
pathwaysarespatially co-localized withinepidermal cells of petalsand temporally overlapin partially openflowers.
Acorrelationbetweenspatio-temporal patternsofanthocyaninandproanthocyanidinbiosynthesiswithexpression
profilesofputativeflavonoid-relatedgenesindicatesthatthese pathwaysmayrecruitdifferentisoformsofflavonoid
biosynthetic enzymes. Furthermore, in transgenic white clover plants with down-regulated expression of the
anthocyanidinreductasegene,levelsofflavan3-ols,anthocyanins,andflavonolglycosidesandtheexpressionlevels
ofarange of genes encoding putative flavonoid biosynthetic enzymes and transcription factors were altered. This
is consistent with the hypothesis that flux through the flavonoid pathway may be at least partially regulated by the
availability of intermediates.

Characterization of Medicago truncatula mutants and application of the
knowledge for alfalfa improvement

Chuanen Zhou', Lu Han', Catalina Pislariu?, Jin Nakashima? Chunxiang Fu', Qingzhen Jiang', Li Quan?, Elison B. Blancaflor?, Yuhong Tang?,
Joseph H. Bouton', Michael Udvardi?, Guangmin Xia3, Zeng-Yu Wang'*

'Forage Improvement Division, The Samuel Roberts Noble Foundation, Ardmore, Oklahoma, United States

%Plant Biology Division, The Samuel Roberts Noble Foundation, Ardmore, Oklahoma, United States

3School of Life Sciences, Shandong University, Jinan, PR. China

Medicago truncatula has been developed into a model legume. Many tools and resources have been developed
in M. truncatula. By screening a large population of Tnt1 retrotransposon-tagged mutants of M. truncatula, we

identifiedseveraltypesofmutantsthatexhibitedthedefectsincompoundleafdevelopment,leafsenescenceandseed
development.Toapply theinformation gained from M.truncatula toimprove hay quality of alfalfa, wefocusedona
leafsenescencerelatedmutantthatmaintainedgreenleavesduringsenescence.Geneticandmolecularanalysesrevealed
that the mutation was caused by Tnt1 insertion in a M. truncatula STAY-GREEN (MtSGR) gene, which is induced

bysenescenceandresponsibleforchlorophyllbreakdown.Transcriptprofilingrevealedthatlargenumbersofgenes
were either up-regulated or down-regulated in the mutant. Based on the MtSGR sequence, an alfalfa STAY-GREEN
gene (MsSGR) was cloned, and transgenic alfalfa lines were produced by RNA interference of MsSGR. Silencing of
MsSGR led to the production of stay-green transgenic alfalfa. This beneficial trait offers the opportunity to produce
premiumalfalfahaywithamoregreenishappearance.Furthermore, mostofthetransgenicalfalfalinesretainedmore
than50%ofchlorophyllsduringsenescenceandhadincreasedcrudeproteincontent.Thisstudyillustratestheeffective
application of the knowledge from a model system for the geneticimprovement of an important commercial crop.

106



Elucidating Condensed Tannin Storage in the Leaves of Legume Species
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CondensedTannins(CT)areoneofseveralclassesof phenylpropanoidssynthesizedandaccumulatedbymanyplant
speciesincludinglegumes.Condensedtanninsaresynthesisedbythephenylpropanoidpathway,involvinganarrayof
structuralandregulatorygenesfortheproductionofmonomericprecursorunits,polymerisationoftheseprecursors
andeventualtransportationintothevacuoleforstorage.Unlikethebiosynthesisandsequestrationofanthocyanins,
theequivalentmechanismforCTaccumulationinplantcellsispoorlyunderstood.Weneededtogainaninsightinto
positioningandstorage of CTinlegume species.We used various microscopicand staining techniquesto establish
the cellular position of CT within leaf tissue of a range of non-forage Trifolium species and other forage legumes
knowntoaccumulatesignificantCTlevels.TherewasacontinuumofCTstoragepatternswithintheleavesoflegume
species.WhitecloverleafCTwererestrictedtotheabaxialtrichomesandsynthesizedexclusivelyduringmeristematic
development prior to leaf emergence. InT. arvense, leaf CT were located along the inner plant epidermis in most
abaxial and adaxial leaf cells but did not fill the vacuolar space. In contrast Lotus corniculatus, L. pedunculatus and
Desmodiumuncinatumexhibitedawidespreadstoragepattern,withCTlocatedthroughouttheleafmesophylland
palisadecells,butabsentinany epidermalcells.Theseresultsindicate thatdifferent storage patternsexistinrelated
species and are probably governed by differential regulation. Utilization of this information has implications for
functional analysis and manipulation of the CT pathway.

High-throughput Automated Low-Cost Quantification of Individual Water
Soluble Carbohydrates and Protein in Grass Herbage

Luke W. Pembleton'*4, Noel O.I Cogan'?, Junping Wang?3, John W. Forster'3#*
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’Department of Primary Industries, Bundoora, Victoria, Australia
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“La Trobe University, Bundoora, Victoria, Australia

Quantification offorage qualityisessentialfortheidentification ofelite genotypesandthecontinuedadvancement
of pasture grass breeding. Anumber of methods for quantification of water soluble carbohydrates (WSC) and plant
protein are available, such as near-infra red spectroscopy (NIRS) and high performance liquid chromatography
(HPLC).However,suchmethodsarelaborintensive, low-throughputand cost-prohibitive forcommercial breeding
programs,whichtypicallyneedtoassessthousandsofsamplesannually.Anaccuratehigh-throughputmicro-plate-
based protocolhasbeendevelopedandvalidated, with theabilityto simultaneously processand quantifyWSCand
plant protein with a high level of automation. This protocol represents an important throughput improvementin
pastureplantphenotyping,withanincreaseinsampleprocessingofc.11-foldcomparedtocommonly-usedmethods.
AsWSCandproteinareextractedsimultaneouslyandquantifiedwithinmicro-plates,consumablecostsareminimized
withoptimalreagentuseefficiency,resultinginalowcostpersamplethatissuitableforcommercialpasturebreeding
companies.Thisrepresentsafirsthigh-throughput,lowcostherbagequalityphenotypingprotocolsuitableforbroad-
scaleapplicationwhichallowsbreederstoselectelitegenotypesbasednotonlyonvisualassessmentbutalsoonWSC-
to-protein ratios for improved ruminant nutrition.
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Lignin Biosynthesis in Paspalum dilatatum: Isolation and Characterisation
of Cinnamoyl CoA Reductase
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Dallisgrass (Paspalum dilatatum Poir) is a highly productive C4 grass native to South America and naturalized in
Australiawithspecialrelevancefordairyandanimalproduction.However,digestibilityofwarm-seasongrassesispoor
compared with most temperate grasses.The main factor limiting digestibility is lignin deposition in plant cell walls
whichcausesresistancetodigestionbyruminantmicrobes.Duringthetransitionofthevegetativetothereproductive
stage of development, lignin compositionin monocots changes withanincreasein syringyl (S) ligninand decrease
in guaiacyl (G) lignin that negatively correlates with digestibility. The aim of this work is the identification of genes
associated with lignin biosynthesis and theisolation and characterisation of cinnamoyl CoA reductase (CCR) gene
inP.dilatatum.Lignification-related candidategeneswereidentified by transcriptomesequencingusingtheRoche
GS FLX sequencing platform. A novel PACCR with a coding sequence of 1,293 bp from P. dilatatum was isolated.
Phylogenetic analysis shows that PACCR is closely related to other monocotyledonous CCRs revealing with high
homology to SbCCR. Deduced aminoacid sequence sequence analysis showed that the catalytic site for CCR
enzymaticactivityandtheconservedNAD/NADP(H)-dependentdehydrogenaseandreductasebindingfolddomains
were present in PACCR. The genomic analysis revealed that CCR belong to a multicopy gene family in P. dilatatum.
Thespatio-temporal profile oflignindepositionshowsanincreaseinSligninand Glignindepositionincellwallsand
theaccumulation of cellsenrichedin Slignin during plant maturity. The expression profile of PdCCR correlates with
plant maturation and lignin deposition. This work describes the characterisation of a CCR gene in P. dilatatum for
thefirsttimecontributingtotheknowledgebaseofthefunctionalcharacterisationofligninrelatedgenesinwarm-
season grasses.

Cumulative potential net benefits of fransgenic white clover and alfalfa for
dairy production in southern Australia

Claire Lewis ¥, Joe Jacobs ', Kevin Smith 2, Bill Malcolm 3

'Future Farm Systems Research, Department of Primary Industries, Ellinbank, Victoria, Australia
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Whiteclover(TrifoliumrepensL.)andalfalfa(Medicagosatival.)are keylegumeforagesusedforgrazingandfodder
conservation by the southern Australian dairy industry. White clover and alfalfa with alfalfa mosaic virus resistance
(‘AMV Res.) and delayed leaf senescence (‘DLS’) have been developed and field evaluated (G. Spangenberg, pers.
com.).Astheseforagesareyettobetested undercommercialfarming conditions, we have developed aneconomic
modeltoestimatethe potential netbenefitofthese speciesandtechnologiesunder Australianfarming conditions.
Fora mixed pasture sward containing white clover and perennial ryegrass (Lolium perenne L.), the cumulative net
benefitswereestimated over 10yearswhileforthealfalfahaystandafourtofiveyearperiodwasused.Partialbudget
analysis was used to determine the potential value of including the’AMV Res.! and ‘DLS’ traits individually, and in
combinationasatraitstack.Thisapproachcomparedtheannualpotential extrabenefitsminustheannual potential
extracostsfromgrowingthenovelforagescomparedtoacurrentcommoncultivar.Basedonthe'whatif'assumptions
usedinthisanalysisthetraitsshowedthegreatestmedian potential net benefit,and greatestvariability of potential
netbenefit, whendeployedin combination comparedtosingletraits underall scenarios tested. Sensitivity analysis
wasusedtoidentify thekeycontributingfactorsto potential valuecreationunderallscenarios.The use of economic
modelsaccompanyingmolecularbreedingprogramscaninformtheprioritisationoftraitsdeployedandalsoassistin
determining required trait efficiencies.
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In vitro Chemical Mutagenesis of Apomictic Bahiagrass for Improvement
of Turf Quality

Baskaran Kannan, Paula Lomba, Fredy Altpeter*
University of Florida, Gainesville, Florida, United States

Tetraploid apomictic bahiagrass (Paspalum notatum Flugge) cultivar“Argentine”is a prime low-input and drought
tolerantturfandforagespecies.However,theturfqualityofbahiagrassislimitedbyitsopengrowthhabit, lightgreen
colorandprolificproductionoftallseedheads.Geneticimprovementbyconventionalbreedingisverydifficultdueto
itsapomictic mode of reproduction. Our objective was to explore the potential of in vitro chemical mutagenesis for
generationofuniformmutagenizedseedprogenywithimprovedturfquality.Scarifiedandsurfacesterilizedbahiagrass
seedsweretreatedwithdifferentconcentrationsofthemutagensodiumazide.Calluswasinducedfromtheseseeds
andregeneratedviasomaticembryogenesistoobtainuniformlymutagenizedplants.2,0000fthe20,000regenerated
seedlings were selected based on their morphological characteristics and transferred to soil. 46 independently
mutagenizedlines(M1lines)withreducedstemlength,highertillerdensityorreducedordelayedseedheadformation
were established under field conditions in 1.2m x 1.2m plots in a randomized block design with 4 replications for
furtherevaluationofdensity,leaftexture,tillerlength,color,growth pattern,biomass,seedheadandseedproduction,
aswellasseedlingvigor.Mutagenizedlineswithimprovedcharacteristicsandproductionofviableseedwereidentified
and their apomictic M2 progeny was evaluated in 3m x 3m plots. The superior line displayed higher density, finer
leaves, an uprightgrowth habit, dark green color, reduced seedhead formation and uniform seed progeny.Thisline
also retained the superior drought tolerance and persistence of bahiagrass.

Analysis of Compatibility and Stability in Designer Endophyte-Grass
Associations between Perennial Ryegrass and Neotyphodium Species
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FungalspeciesofthegenusNeotyphodiumformendophyticsymbioseswithagronomicallyimportantpasturegrass
species such as perennial ryegrass (Lolium perenne L.) and tall fescue (Festuca arundinacea Schreb.). The fungal
mycelium proliferates within the vascular tissue of aerial tissues, especially the leaf base and leaf sheath, and is
asexuallypropagatedthroughcolonisationofseeds.Fungalgrassendophytesproducebothbeneficial (toleranceto
abioticstressessuchasdrought,deterrenceofinvertebrateherbivores)anddeleteriouseffects(toxicitytomammalian
herbivores)forpasturegrassproduction.Herbivoretoxicityeffectsareassociatedwith productionofalkaloidssuchas
lolitremBandergovaline (producingmammaliantoxicity syndromessuchasryegrassstaggersandfescuetoxicosis)
and peramine (deterrence of feeding by insect pests such as the Argentine stem weevil). A genetic diversity study
based on gene-associated simple sequence repeat (SSR) markers hasidentified the range of limited but significant
global variation within N. lolii. This variation can be correlated with both geographical origin in Eurasia and major
toxinprofiles.Usinggenotypicdataasapredictoroflikelytoxin profile,agermplasmcollectionresource established
onthebasisofgeographicaltargetingandgenotypicanalysisidentifiedadiscretenumberofpreviouslyunidentified
endophytestrains,someofwhichalsohavefavourabletoxinprofiles.Thesenovelendophyteshavebeendeployedinto
anovelmethodforinoculationofmultiplestrainsintocommongeneticbackgroundsofhostgrass, providingapanel
ofsymbiotasuitableforisogeniccomparisonsbasedonidentityofeitherthegrassorendophytegenotype.Members
oftheisogenicinoculationpanelhavebeenusedtoassesscompatibilityandintergenerationalstabilityofthesymbiota
dissecting endophyte and host plant genotype effects.
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Analysis of Compatibility and Stability in Designer Endophyte-Grass
Associations between Tall Fescue and Neotyphodium coenophialum
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Neotyphodiumfungalspeciesformendophyticsymbioseswithagronomicallyimportantpasturegrasses.Tallfescue
(Loliumarundinanceum[Schreb.]Darbyshsyn.FestucaarundinaceaSchreb.)isgenerallyreportedtoassociatewith
theendophyteNeotyphodiumcoenophialum.Bothbeneficialanddetrimentalagronomicpropertiesresultfromthe
association,includingimprovedtolerancetowaterandnutrientstressandresistancetoinvertebratepests.Invertebrate
resistanceisprovidedbyspecificmetabolitesproducedbytheendophyte,inparticularlolinealkaloidsandperamine.
Other metabolites produced by the endophyte, such as ergot alkaloids, are toxic to grazing animals and reduce
herbivore feeding. Genetically novel endophyte strains with favourable alkaloid profiles have beenidentifiedin
astudy of global genetic diversity using expressed sequence tags (EST)-derived simple sequence repeats (SSR)
markers combined with metabolic profiling. Novel endophytes have been isolated for inoculation into an
isogenichostplantgenotypepanelselected fromelitetallfescue germplasmtoassessendophyte compatibility,
andvegetative stability, withthe host plantgenotype.Nine outof 10 novel endophytes strains were successfully
inoculatedintofourhostgenotypesrepresentingabroadrangeoftallfescuecultivars.Followinginoculation,in-
depthcharacterisationofthedesignersymbiota(i.e.endophyte-hostassociations)canbeperformedindependentof
effects due to host genotype variation.

Comparison of alkaloid gene clusters in three endophyte isolates from
drunken horse grass

Li Chen ', Walter Hollin 2, Jennifer S Webb 2, Emily Gay 2, Daniel G. Panaccione 3, Jolanta Jaromczyk ?, Christopher Schardl #*
'Lanzhou University, Lanzhou, PR. China
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Drunken horsegrass (Achnatheruminebrians (Hence) Keng) is acompetitive perennial intoxicating grass, growing
on alpine and subalpine grasslands of Northwest China, and is associated with grassland degradation. Livestock
tend to avoid A. inebrians, which is known to be toxic to cattle, sheep, goats and horses. Endophytes of this grass
play an important role in both competitiveness and toxicity, which is attributable to their production of alkaloids
thataccumulatetohighlevelsintheplant.TwodifferentendophytetaxaarereportedinA.inebrians:Neotyphodium
gansuense Liet Nan (Ng) and N.gansuense var.inebrians C. D. Moon et Schardl (Ngi). We sequenced the genomes
ofan Ngisolate from Northwest Gansu Province and two Ngiisolates from Southeast Gansu Province and Xinjiang
Province,China.Weidentifiedanergotalkaloidbiosynthesis(EAS)geneclusterbutnoindole-diterpenebiosynthesis
(IDT)geneclusterinthetwoNgiisolates.Plantswith theseisolateshad highlevelsoftheergotalkaloids,ergonovine
andlysergicacid amide.In contrast, the Ngisolate had an IDT cluster but no EAS cluster.We inoculated endophyte-
free (E-) A.inebrians with Ng, and the infected plants (E+) are ready to check for indole-diterpenes. The diversity
of endophytes in drunken horse grass with their different alkaloid profiles may have important implications for
management of grazing livestock on the grasslands of Northwest China.
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De Novo Generation of Genetic Diversity in Neotyphodium Grass Fungal
Endophytes Based on Colchicine Treatment
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Colchicineinhibitschromosomesegregationduringmitosisandhasbeenwidelyusedforinductionofchromosome
doublingin plants, but limited to very few fungal species. This study has developed a method for putative induced
polyploidisation in endophytic symbiotic fungi of perennial ryegrass (Lolium perenne L.). The Neotyphodium
endophyte strain PT (non-N.loliitaxonomicgroup) was grown in potato dextrose brothin the presence of 0.1-0.2%
(w/v)colchicine.Protoplastswere preparedfromcolchicine-treated (CT) myceliaandthenusedtoregeneratesingle
fungal colonies. Over one hundred CT colonies were regenerated from protoplasts, of which 20 were randomly
selectedforfurtheranalysis. SYBR Green staining of nucleiand flow cytometricanalysesindicated thatthe majority
(80%) of CT strains contained similar DNA content to the PT (parental) endophyte. Four CT strains exhibited
anincreasein nuclear DNA content, although whole genome duplication was not observed. In vitro growth assays
showed that, when compared to PT endophyte, one strain exhibited enhanced growth, while two CT colonies
showedreducedgrowth.Fourofthe20CTcoloniesshowedincreasedantifungalactivityagainstseveralplantfungal
pathogens. The genomes of 10 CT strains were sequenced using the HiSeq 2000 Sequencing System. No large
partialduplicationseventsweredetectedinanyofthestrains.However,genomeassemblyproducedcontigsthatwere
greaterinabundance but smallerin size compared totheassembled PTgenome.ltis speculated thattheincreased
abundanceofsmallercontigsinCTstrainsmaybecausedbyincreasedtransposonprevalence.Differencesingenome
assembly statisticsindicate thatgenomic changes caused by colchicine treatment have occurred in CT strains. The
useofcolchicinemayhencebeapplicabletothedenovogenerationofgeneticdiversityinNeotyphodiumendophytes
includingtheproductionofartificial polyploidendophytesexhibitingnoveltraitssuchasenhancedgrowthandhost
colonization and increased antifungal activity.

De Novo Generation of Genetic Diversity in Neotyphodium Grass Fungal
Endophytes Based on X-Ray Mutagenesis

Tuan-Ngoc Le'?, Emma J. Ludlow'? Sophie Davidson'2, Timothy I. Sawbridge'*3, Kathryn M. Guthridge'?, John W. Forster'?3, German C.
Spangenberg'#3*
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Thefungal endophyte Neotyphodium loliiisacommon symbiont of perennial ryegrass (Lolium perenneL.).In this
study,amethodforgeneratingnovelendophytegeneticdiversityusingionisingradiationisdescribed.Liquidcultures
of N.loliiwere exposed toasingle ordouble dose of ionising radiation (from the radioisotope Cesium-137) ranging
from 10-30 Gray (Gy). After a period of recovery, protoplasts were prepared from irradiated mycelia and then used
toregeneratesinglefungalcolonies.Morethan5,000irradiation-mutagenised(IRM)colonieswereregeneratedfrom
protoplasts.NinelRMcolonies,whichweresubjectedtodifferentdosesofradiation,wereselectedforfurtheranalysis.
All9IRM coloniesexhibited reducedinvitrogrowth comparedtothe non-irradiated standard toxic (ST) endophyte.
However,inadual-cultureinvitroassay,theseIRMcoloniesshowedsimilaractivityagainstseveralfungal pathogens
astheSTendophyte.Thegenomesofthe 9IRM colonies were sequenced usingthe HiSeq 2000 Sequencing System.
SequenceanalysisrevealedthatthreelRMstrainscontainedlarge(>250bp)deletions,includingthosewithingenes
encoding proteins of predicted function. Three other IRM strains contained partial duplications of chromosomal
regions. Compared to the ST endophyte reference genome, all IRM strains contained approximately 3-5 single

nucleotide polymorphisms (SNPs) and 100 small insertions/deletions (INDELs) per Mb across genic regions. The
effectofradiationdoseonthemutagenesisindexwasalsocomparedamongthelRMstrains.Arepeateddoseof 10Gy
onendophyte mycelia created the highest number of SNPsand INDELs per Mb across genic regions. Use ofionising
radiationconsequently hasthe potentialforde novogenerationofgeneticvariationinNeotyphodiumendophytes.
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Genetic Diversity and Host Specificity of Fungal Endophyte Taxa in Fescue
Pasture Grasses

Piyumi N. Ekanayake'??, Melanie L. Hand'??, German C. Spangenberg'?, John W. Forster'2**, Kathryn M. Guthridge'
'Department of Primary Industries, Biosciences Research Division, Bundoora, Victoria, Australia

“Dairy Futures Cooperative Research Centre, Australia

3La Trobe University, Bundoora, Victoria, Australia

Anumberof pastureand turfgrass species form mutually beneficial symbioticassociations with endophyticfungal
species.Withinthefescuegrasses,diploidmeadowfescueinteractswithNeotyphodiumuncinatum,whileallohexaploid
tallfescuehasbeenreportedtoassociate with N.coenophialumandtwo other morphologically distinct taxa (FaTG-
2 and FaTG-3). The evolutionary history of hexaploid tall fescue is complex, as it is part of a species group with
varyingploidylevels,andexhibitsdistinctecogeographicalmorphotypes.Inordertoevaluatebothnaturallyoccurring
variationandhostgrasstaxonspecificity,diversitywasdeterminedincollectionsrepresentingmultiplemeadowfescue
andtallfescue accessions.Initial screening with a minimal set of endophyte-specific SSR genetic markers detected
endophyteincidencein 33% of 701 tested accessions. Subsequentanalysisidentified N.coenophialum genotypes
withinContinentalandrhizomatoushexaploidandoctoploidtallfescueaccessions.FaTG-2and FaTG-3endophytes
appearedtoberestrictedtoMediterraneanhexaploidanddecaploidtallfescuehosts.Endophytesofmeadowfescue
wereconfirmedasbelongingtoN.uncinatum.Thisstudyhaselucidatedhostspecificityoffescueendophytetaxaand
supported models for host-symbiont co-evolution.

Metabolic Profiling of Novel Neotyphodium Endophytes in Tall Fescue
(Lolium arundinaceum Schreb.)

Piyumi N. Ekanayake'?3, Simone J. Rochfort'?3, Pei Tian'?3, Jatinder Kaur'?, John W. Forster'?3, Kathryn M. Guthridge'?, German C.
Spangenberg'*3*

'Department of Primary Industries, Biosciences Research Division, Bundoora, Victoria, Australia

“Dairy Futures Cooperative Research Centre, Australia

3La Trobe University, Bundoora, Victoria, Australia

Tall Fescue (Lolium arundinaceum [Schreb.] Darbysh syn. Festuca arundinacea Schreb.), which is one of the most
economically important forage grasses in temperate regions of the world, is known to form associations with
Neotyphodiumspeciesendophytes,ofwhichNeotyphodiumcoenophialumisthemosthighlycharacterisedtaxon.In
addition, endophytes belong to other groupings such as FaTG-2, FaTG-3 (Festuca arundinacea Taxonomic Group)
and otheruncharacterised taxa have also been identified to reside within tall fescue. Endophyte symbiosis confers
protection from mammalian and insect herbivory through the production of a range of secondary metabolites in
planta.Amongthem,peramine,ergotalkaloids,lolinesandlolitremsprovide protectiontothehostplantfrominsects
while lolitrems and ergot alkaloids are also toxic to grazing animals. Knowledge of the alkaloid composition of the
symbiotummetabolomeisconsequentlyanessentialcomponentforselectionofagronomicallyfavourableendophytes
which do not produce mammalian toxins, but still synthesise beneficial alkaloids for resistance to invertebrate
herbivoryaswellasecologicalfitness.Twentynoveltallfescueendophytestrainsfromfivetaxawerecharacterisedfor
inplantaproductionoftheabovefouralkaloidsusingliquidchromatography-massspectrometry(LC-MS).Theresults
revealeddiversealkaloidprofilesbetweenstrainsandendophytetaxa.Sixendophytestrainswereidentifiedaslacking
production of both ergovaline and lolitrem B. Endophytes belonging to the presently unclassified ‘non-Epichloé
outgroup'failedtoproduceanyoftheknownalkaloids.Novelendophyteswithfavourablealkaloidprofileshavebeen
isolatedandinoculatedintoanisogenichostplantgenotypepanelinordertoperformdetailedcharacterisationofthe
metabolic profiles of novel endophytes independent of effects due to host genotype variation.
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Pan-Genome Analysis of Perennial Ryegrass Endophytes

Sophie E. Davidson'?, Timothy I. Sawbridge'?3, Maia Rabinovich'23, Jatinder Kaur'?, John W. Forster'23, Kathryn M. Guthridge'?, German C.
Spangenberg'3*

"Department of Primary Industries, Biosciences Research Division, Bundoora, Victoria, Australia

2Dairy Futures Co-operative Research Centre, Australia

3La Trobe University, Bundoora, Victoria, Australia

Neotyphodiumspeciesarefungalendophytesthatformsymbioseswithagronomicallyimportantpasturegrasses.N.
lolii is the predominant endophyte of perennial ryegrass (Lolium perenne L.), but other non-N. lolii taxa, such as
LpTG-2, are also detected. Within- and between-taxon diversity provides a source of variation for production of
secondarymetabolites(inparticularlolitremB,ergotalkaloidsand peramine)whichareeithertoxictograzinganimals
orreducefeedingbyinvertebrateherbivores.Aselectionof23perennialryegrassendophyteswasassembledinorderto
samplediversityacrosstherangeofvariationforthevarioustaxa,andhigh-throughputDNAsequencingtechnology
has been performed on each strain. Furthermore, the genome of the commonly identified ‘Standard Toxic’(ST) N.
loliiendophytehasbeenassembledintoareferencegenome,inordertofacilitatethiscross-taxonpan-genomeanalysis.
Resultsfromtheanalysisinclude:anenhanced understanding of the genomicvariationamongstvarious perennial
ryegrassendophytes;improvedinsightsintomitochondrialandnucleargenomicchangesthathaveoccurredduring
theendophyteevolution;andanincreasedabilitytoassociategeneticvariationwith phenotypicdifferences,suchas
presence and absence of key genes in alkaloid biosynthesis.

Systems biology of alkaloid biosynthesis in fungal endophytes of tall
fescue (Lolium arundinaceum Schreb.)

Piyumi N. Ekanayake'?3, Timothy I. Sawbridge'? Kathryn M. Guthridge'?, John W. Forster'%3, German C. Spangenberg'?3*
"Department of Primary Industries, Biosciences Research Division, Bundoora, Victoria, Australia

?Dairy Futures Cooperative Research Centre, Australia

3La Trobe University, Bundoora, Victoria, Australia

SymbioticassociationsbetweentallfescuegrassesandendophyticfungiofNeotyphodiumspeciesmanifestenhanced
resistancetoseveralbioticstressfactors,including protectionfrommammalianandinsectherbivoryandresistance
to both nematode pestsand somefungal pathogens. The ability of endophytes to synthesise arange of secondary
metabolites in planta plays a major role in obtaining protection from mammalian and insect herbivores. Grasses
infectedwithendophytespredominantlyproducefourvarietiesofalkaloids:pyrrolopyrazinealkaloids(e.g.peramine);
ergot alkaloids (e.g. ergovaline); pyrrolizidine (e.g. lolines); and indole diterpenes (lolitrems). However, different
endophytestrainshavediversealkaloidproductioncapabilities.Inthissystemsbiology(genome-metabolome)study,
wholegenomesequencingofseveralnoveltallfescueendophytestrainsthatexhibitphenotypicdifferences,including
diverse alkaloid production profiles, was performed using the HiSeq2000 (Illumina) DNA sequencing platform,
to identify sequence polymorphisms. For instance, the content of genes that involved in alkaloid biosynthesis
was compared between novel endophyte strains, including the taxa N. coenophialum, FaTG-2, FaTG-3 (Festuca
arundinaceaTaxonomicGroup)andacurrentlyuncharacterised’non-Epichloé€out-group.Deletionswereobserved
inregions harbouring genes associated with alkaloid production that correlated with variation for known alkaloid
profiles.Furtheranalysisisongoingtorelateotherphenotypicdifferencesobservedamongtheseendophytestrainsand
their sequence variation.
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Understanding alkaloid diversity in tall fescue endophtyes

Carolyn Young '*, Johanna Takach ?
'Forage Improvement Division, The Samuel Roberts Noble Foundation, Ardmore, Oklahoma, United States
“The Samuel Roberts Noble Foundation, Ardmore, Oklahoma, United States

Epichloidendophytes(EpichloéandNeotyphodiumsp.)associatewithcool-seasongrasses,includingtheagriculturally
importantforagestallfescueand perennial ryegrass.Thisassociation confers protectionfromavariety of bioticand
abiotic stresses, including herbivory and drought. A collection of 85 tall fescue lines from 15 locations in Greece,
including both Continental (summer active) and Mediterranean (summer dormant) germplasm, was screened for
the presenceof nativeendophytes. Atotal of 37 endophyte-infected linesfrom 10locations wereidentifiedand the
endophyteswereclassifiedintofivedistinctgroupsbasedonphysicalcharacteristicscandmolecularmarkersdesigned
toalkaloidbiosynthesisgenesand SSRsequences.Theseclassificationswere supported by phylogeneticanalyses of
thehousekeepinggenestefAandtubB,andtheendophyteswerefurthercategorizedasN.coenophialum(represented
by three independent groups) or Neotyphodium sp. FaTG-2 (represented by two independent groups) isolates.
AnalysesofthetallfescuematKchloroplastgenesindicatedapopulation-wide, host-specificassociationbetweenN.
coenophialum and Continental tall fescue and FaTG-2 with Mediterranean tall fescue, which also correlated with
differences in colonization of host tillers by the native endophytes. The alkaloid potential of the endophytes was
determined usingaPCR-based gene profilingapproach ofinfected plant material for the presence orabsence ofall
genesknowntoberequiredfortheproductionofeachalkaloidclass.Allalkaloid potential predictions,exceptforone,
werevalidated by chemicalanalysesofinfected plantmaterial. Exceptforthegeneresponsibleforthe production of
peraminein one of the FaTG-2 groups, variation in alkaloid gene content, specifically the presence and absence of
genes,andcopynumberofgeneclustersexplainedthechemotype(chemicalphenotype)diversityobservedinthetall
fescuecollection.Theresultsfromthisstudy provideinsightintoendophyte germplasmanddiversity presentintall
fescue collections.

Assessment of Gene Flow in White Clover (Trifolium repens L.) under Field
Conditions in Australia Using Phenotypic and Genetic Markers

Arturo De Lucas'*#, John W. Forster'3#, Kevin F. Smith?3, German C. Spangenberg'3#*
'Department of Primary Industries, Biosciences Research Division, Bundoora, Victoria, Australia
’Department of Primary Industries, Hamilton Centre, Hamilton, Victoria, Australia

3Dairy Futures Cooperative Research Centre, Australia

“La Trobe University, Bundoora, Victoria, Australia

White cloveris one of the mostimportant pasture legumesin global temperate regions. It is an outcrossing, insect-
pollinated species with gene flow occurring naturally between plants. A 2-year study was conducted to assess the
relationship between gene flow and physical distance in white clover under field conditions in southern Australia
Whitecloverplantsexhibitingaredleaf mark phenotypictraitacted as pollendonorstorecipient plantslacking leaf
markings atdistances up to 200 m distantfrom the donor plants. Progeny were scored for the dominant red-leafed
phenotypeandgeneflowwasmodelled.Paternitywasconfirmedusingsimplesequencerepeatmarkers.Aleptokurtic
patternofgeneflowwasobservedunderconditionsdesignedto measure maximised geneflowwith themajority of
pollination occurring in the first 50m from the donor pollen source.
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Development of an Antibiotic Marker-Free Creeping Bentgrass with
Resistance to two Herbicides

Sang-Hoon Lee*
National Institute of Animal Science, Cheonan, Chungnam, Korea, South

Creepingbentgrass(Agrostisstoloniferal.)isoneofthemostwidelyusedturfspeciesingolfgreensaroundtheworld.
Whenagolfgreenisestablished, weedshinderearly growth and settlement of the grass, decreasing productivityin
thegreen,andinterferingwithitslatergrowth.Topreventtheemergenceofherbicide-resistantweedswhenonlyone
herbicideisinuse,wesoughttodevelopanewdual-resistancecreepingbentgrasstofacilitatemixtureprocessingwith
muchlowerdensityorsystematicapproachthroughacombinationofnon-selective herbicides.Herbicide-resistant
creepingbentgrasswithoutantibioticresistancemarkerswereproducedthrough Agrobacterium-mediatedgenetic
transformationmethod.Embryogeniccalluswereinfectedwith AgrobacteriumtumefaciensEHA105harboringthe
barandthe CP4-EPSPSgenesforbialaphosandglyphosateresistance, respectively.Phosphinothricin-resistantcalli
andplantswereselected.Soil-grown plantswereobtained 14-16 weeksaftertransformation.Stabletransformation
ofthe selected regenerated plants was validated by PCRand Southern blot analysis revealed that at least one copy
oftransgenewasintegratedintothegenomeofeachtransgenicplants.Transgeneexpressionwasfurtherconfirmed
by northern blot analysis and the CP4-EPSPS protein was detected by ELISA. Transgenic plants remained green
and healthy when sprayed with Basta containing 0.5% glufosinate ammonium or glyphosate. Agrobacterium-
mediatedtransformationefficiencywashigh(9.4%).Forthefirsttimeherein,wereporttheAgrobacterium-mediated
transformationofbentgrasswithtwoherbicide-resistancegenes.Thus,thiseffectiveandreliablemethodcouldbeused
as routine transformation and may facilitate the development of new varieties of creeping bentgrass.

Function Analysis of MWLEA3 gene of Mongolian Wheatgrass

Yan Zhzo', Fengmin Shi', Jinfeng Yun', Xiaoping Lu 2, Defu Liu’
'Ecology and Environment College, Inner Mongolia agricultural University (IMAU), Huhhot, PR. China
2Inner Mongolia agricultural University (IMAU), Huhhot, PR. China

Mongolianwheatgrass(AgropyronmongolicumKeng),isapersistent,long-lived perennialgrass.ltnotonlyhashigh
feedingvalue, butalsoisrichinstressresistancgenes,suchasdrought-tolerance, cold-tolerance, salt-toleranceand
soon.ltcould provide valuable resource for theimprovement of resistance and breeding of forage and its closely
related species. In this study, the function of the MwLEA3 gene of Mongolian Wheatgrass was verified on the basis
of molecularbiologicalidentificationand physiologicaland biochemicalidentification.The plantexpressionvector
of pPCAM-MwLEA3 was constructed and transformed into tobacco via Agrobacterium infestation. TO transformed
tobaccos were tested by PCR, PCR-Southern, RT-PCR and imposition of drought stress. Molecular detecting results
showedthe MwLEA3 genehadbeentransformedintotobaccoandexpressed.Theresults of droughtstress showed
thatthetransgenictabaccoshadstrongerresistancethanwide-typeones.Moreover,weconstructedthefusionprotein
vector pA7-MwLEA3 for subcellular localization, and it was transformed into onion epidermal cells, the results
showed the expressed protein encoded by MwLEA3 was a nuclear localized protein.
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Generation of transgenic tall fescue overexpressing molecular
chaperones for enhanced tolerance against abiotic stresses

Byung-Hyun Lee', Yong-Goo Kim? Kyung-Hee Kim?, Iftekhar Alam? Hyo-Jin Lee? Sung-Hyun Heo?
'Division of Applied Life Science, Gyeongsang National University, Republic of Korea
’Department of Animal Bioscience, Division of Applied Life Science, Gyeongsang National University, Republic of Korea

Foragesarethebackboneofsustainableagricultureandcontributeextensivelytotheworldeconomy.Themajority of
foragespecieshaveacomplicatedgenomewhichmakesconventionalbreedingdifficultand painfully slow.Genetic
transformation has becomea powerful tool of molecular breeding forimproving forage quality aswell astolerance
tovariousabioticstresses.Environmentalstresses,suchasdrought, salinityand extremetemperaturessignificantly
increasethe generation of reactive oxygen species (ROS).ROSinterruptsimportant cellular processesresultingina
significant reduction of plant growth. Therefore, exploitation of the mechanisms that protect plant from ROS is a
majortargettoengineerforagecropsforstresstolerance.The2-cysteineperoxyredoxinsexhibitboth peroxidaseand
chaperonfunctioninplantsunderstresscondition.We overexpressed 2-cysteine peroxyredoxinsunderthe control
of a constitutive promoter in tall fescue. The transgenic plants showed significantly lower electrolyte leakage and
lipid peroxidationunderheat (42C) ormethylviologen stress.Underheatsstress, transgenic plants maintained their
chlorophyll florescence (Fv/Fm) for more than 24hrs, while wild-types lost chlorophyll florescence very quickly.
We hypothesize that the high levels of 2-cysteine peroxyredoxins proteins help transgenic plants to be protected
from oxidative damage through its chaperon activity. The chloroplastis the major site of ROS generation in plants.
Oshsp26isachloroplast-localizedsmallheatshockproteinthathasbeenshowntoexpressfollowingoxidativeorheat
stress.Overexpressionofthe’local’chaperonecould play special protectiverole.Thus,weoverexpressed Oshsp26in
tall fescue, which resulted in higher photochemical efficiency of PSII (Fv/Fm) in transgenic plants than that in wild
typesduringheatstress.Ourresultssuggestthatoverexpressionofmolecularchaperonesincreasescellularprotection
andenhanceplantperformanceunderabioticstresses.(ThisworkwassupportedbyagrantfromtheNext-Generation
BioGreen 21 Program (No. PJ008139), Rural Development Administration, Republic of Korea).

Study on Transformation of AICBF1 Gene mediated by Agrobacterium
Tumefaciens in Alfalfa

Fugui Mi ', Chunbo Xu 2, Yong Wang '
'College of Ecology and Environment Inner Mongolia Agricultural University, Hohhot, P.R. China
2Grassland Research Institute of Chinese Academy of Agricultural Sciences, Hohhot, PR. China

The purpose of the paper is improving alfalfa cold resistance effect by cold-induced transcription activator CBF1
gene.The AtCBF1 gene was amplified and cloned by PCR from genomic DNA of Arabidopsis thaliana. The resulting
sequence demonstrated that the length of DNA cloned fragment is 642bp and the sequence homology rate was
99.84%, compared to the CBF1 gene sequence in GenBank by DANMAN sequencing. On this basis, the plant
expression vector contained pBI121-CBF 1 with AtCBF 1 gene construct,and then the target gene was transformed
into alfalfa using Agrobacterium tumefaciens methods. The transformed plants were selected by kanamycin.
Furthermore, the target gene was detected by PCR and RT-PCR, and a 650bp band was demonstrated in the
electrophoretic profile, which confirmed that AtCBF 1 gene had been expressedin alfalfa.In summary, the research
established the good basis of breeding new alfalfa varieties on cold resistance.
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