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ABSTRACT

Pyramiding of alierderived Wheat streak mosaic virlWSMV) resistanceand resistance enhancing
genes in wheat is a cesffective and environmentally safe strategy for disease control-lRE&I
markers andcytogenetic analysis witlgenomicin situ hybridization were applied to identify alien
chromatin in four genetically diverse populations of whé&iticum aestivur lines incorporating
chromosome segments fromhinopyrum intermediumand Secale cereale(rye). Out of twenty
experimental lines, ten carrie@h. intermediumchromatin asT4DL*4Ai#2S translocatios, while,
unexpectedlyseven lines were positive for alien chromaiih.(intermediunor rye) on chromosome 1B.
The newly described rye 1RS chromatiransmitted from early in the pedigregas assciated with
enhancedVSMV-resistanceUnder field conditionsthe 1RS chromatin alone showed some resistance,
while together with th@h. intermediunftAi#2S offered superior resistant®that demonstrated bie
known resistant cultivar Mac#ost alienwheat lines carry whole chromosome arms, and it is notable
that these lines showethtra-arm recombinatiorwithin the 1BS arm.The translocation breakpoints
between 1BS and alien chromatin fell in three categorl) at or near to the centromere, 2) intercalary
between markers UIThin5 and Xgwm1130 and 3) towards the telomere betweégwmO091lland
Xbarc194 Labelled genomicTh. intermediunDNA hybridized to the rye 1RS chromatin under high
stringency conditionsindicating the presence of shared tandem repaaieng the cereal3he novel
small alien fragments may explain the difficulty in developing sadkpted lines carrying/smldespite
improved tolerance to the viru§he results will facilitate directed ahmosome engineering producing
agronomically desirable WSMYesistant germplasm.
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INTRODUCTION

Wheat streak mosaic virl8¥SMV), transmitted bythe wheat curl mite (WCM)Aceria tosichella
Kiefer, is an important yield limiting disease of wheatriticum aestivum2n=6x=42, ABBDD)
(Graybosctet al, 2009. First recorded inhe United Statest hassince spread wide)ynfectng both
winter and spring wheat cultivarkifected plants showrgenish yellow streaks and chlorosgigth
stunted growth, low root biomasseduced water uptake effency and low yield (Thomaset al,
2004;Priceet al, 2010. Both WSMV and the mite vector survive during the late summer on 'green
bridges' provided by volunteevheat and othesusceptible wild and cultivategrassegDivis et al,
2009. Since vral diseases cannot be controlldilectly by agrochemicalsmanagement ofnsect
vectors and agronomic conditions must be employ®aime tansgenic wheat lines have been
developedvith WSMV-resistance in controlled environmeiiEahimet al, 2010) buthave not been
tested in thdield.

Geneticresistance to WSMV offerthe most environmentallgnd economically desirable
strategyfor disease contrakindhas been pursued since resistance to WSMV was discoffaietde
et al, 1991; Graybosclet al, 2009; Mutti et al, 2011). Today, there is huge interest ith using
genomic predictionto access genotyp& environment interaction using marker and pedigree
information in breeding programmeg€rossaet al, 204), and in enhancemenbdf the genetic
variability available in wheathrough wide hybridizatior{see HeslopHarrison and Schwarzacher
2012) Among the natural sources, the gene poayefSecale cerda (2n=14,genomesRR) andthe
perennial wheat grasseshinopyrum intermedium(Host) Barkworth and Dewegyn. Agropyron
intermedium(Host) P. Beauv(2n=6x=42, JJFSS) andTh. ponticum(Podp.) Barkworth an®.R.
Dewey (2n=10x=70, JJJJIBFF) are ofparticular interes{Kim et al, 2004;Li and Wang 2009.
These sources provide large reservoirs of useful genes including WCM and \WSkianceand
chromosomes or chromosome segmefitan Thinopyrum have been transferred into wheat
backgrounddLi et al, 2007; Grayboschet al, 2009. While rye is susceptible to WSMV, there is
evidence that rye genes in wheat background can delagptbad of the disease (ki d., 2007)
through resistance to either the vector or the virus itself. Many wheat lines cantBlL4a1RS
translocation, with th& RSrye chromosome arm being reported to confer a rangmt€ and abiotic
stress resistancebBl¢slopHarrisonet al, 1990; Kim et al, 2004) Two genedor WSMV-resistance,
WsmlandWsm2 have been used in wheat improvem@taybosclet al, 2009 Haleyet al, 2017).
Wsmlis present on the short arm Bifi. intermediunthromosome 4Ai#2, and offeeffective field
resistance to WSMVh wheat(Chenet al, 2003;Friebeet al, 2009. The Wsm2gene(of unknown
origin, but perhaps from bread wheat its@fls mapped to the short arm of wheat chromosome 3B
(Lu et al, 2010. A third Th. intermediumderived geneWsm3 was mapped to chromosome
T7BS 7S#3L(Liu et al, 2011 but it is yet to be exploited comméatty.

The Wsml Wsm2and Wsma3resistanceshow temperature dependgn(Liu et al, 2011
Seiferset al, 2013. Lines withWsmlgenefrom 4Ai#2Sareresistantat 20°C and delay symptoms of
the disease up to 25°CQutbare susceptible at 28°@Fahim et al, 2012) Wsm2resistance was
originally ineffective above 18°C but exposure to virus over several generations resuleedamo
resistance up to of 28°CFahim et al, 2012 Seiferset al, 2013) while, the Wan3 derivatives
displayed effective resistance at a temperature of ZURC et al, 2011). WheatTh. intermedium
substitution lines that carried entire chromosomes 4Ai#2 wesestantat 27°C, suggesting the
presence of further resistance geoasrlh. intermediumdAi#2L (Fahimet al, 2012) Wsml1might
also be effective against other viruses,lf@swi nt er whe at (Graybbschetala20096 Ma c e 6
with Wsm1lgene reists the canfection of WSMV andherelatedTriticum mosaic virugTriMV) up
to 19°C, indicating the effectivenessWbimlselection in disease synergi¢miu et al, 2011)

Transfer of desirable genesd genecombinations into varietiewith durable and nermace
specific resistance constitute core objectives of modern plant bredaiatg( and Langridge 2010
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HeslopHarrison and Schwarzacher 2012he successful transfer of 4Ai#2S . intermediunin

the form ofthe TADL*4Ai#2S translocation representhemost widelyexploited source of WSMV
resistance (Wellset al, 1982 Friebe et al, 2009) The present study used genomiit situ
hybridization (GISH Schwarzacheet al, 1992 complemented by targeted DNA markers and field
evaluation tocharacterizaesistance irNebraskaadapted winter wheat lines originating from four
genetically diverse populatiortkat include theKansasWSMW-resistantTh. intermediuniines in
their pedigree, and wheresistant and susceptible sislielesare availablevithin populatiors (Divis

et al, 2009.

MATERIALS AND METHODS

Plant material

Table 1llists thewheat linesusedin this studyand pedigrees where knvn. ReferenceWSMV-
resistant(R) lines KS95H102 and KS96HW10 both carrying thaWsmlgene(Divis et al, 2006
Grayboschet al, 2009 and susceptibl€S) lines 6 Mi | | eamd u @3 o nvarb esedkad
controb. Experimental linespreviously classified as Rr S to WSMV (Diviset al, 2006) were
derivedfrom four breeding populationsiesignatechereas populatiors I, II, 11l and IV (Table 1)
Mace (Pl 651043 Graybosch et al 2009was derived from population 1ll and was tested as
NO2Y5117.PCR marker screéng involved selected experimental lines (Table 1) as wellTas
intermedium(cultivars Manaska,Beefmaker, Haynaker, Reliant),T. aestivumland race6 Chi ne s e
Spr i ng 606 Baehaevaetat fTIBL*IRS wheatrye translocation),S. cereale@®etku$ rye,
aneupoids Chinese Spring wheatullisomic1B-tetrasomielA (CS N1BT1A), nullisomic4A-
tetrasomie4dD (CS N4AT4D) and nullisomic4D-tetrasomie4dB (CS N4DT4B) and thepedigree
lines KS91H184 KS91H174 RioBlanco, MO8 Vsta, Redland Tam107, Anton (see Supplesargn
Table S3) DNA was extracted using standard CTAB methods.

Virus screening in greenhouse and field

Lines were originally scored in 2002 for response to naturattinfeby WSMV at Hays, KS USA

and Sidney, NE USA (Divist al, 2006).Visual subjectie assessment of the degree dfocbsisand

plant stunting were usddable 1and footnotes)Selected lines were further evaluated in the field at
the University of Nebraska Agricultural Research and Development Center, Mead, NE.1lin 201
individual spikesirom eachline were harvested and used to sgddast 201.2 m replicate rows of

single plartderivedlinesin SeptembeR011 as a block swounded by early planted whehatserved

as ad@reen bridgé for the developmentfoWCM populations.Multiple plantings ofthe resistant
cultivar Maceand the susceptible line Tomahawkre included as a control.hrough the fallwheat

curl mite WCM) populations migrated from the early planted wheat to the experimglaiatis
providing a natual source of WSMMnoculation.The level of infestation was highgr 2012than in
2002.Response to WSMWas rated using theisual score (Table 1) In addition, & the flag leaf

stage, chlorophyll content was assessed using a Soil Plant Analytical Development (SPAD) mete
(model 502 Plus, Konica Minoltdensing, Inc., Osaka, JapaRdr each treatment, 10 SPAD readings
were taken and average&halysis of variance (Proc GLM, Version 9.4, SAS, Cary, NC) followed by
mean separation using DundtacobEare meah SRAP readings afn g e
each experimental line to each other, and to Mam#® Tomahawksignificant and not significant
differencesat p=0.05are indicated in Table. 1

Fluorescentin situ hybridization (FISH)
Spread preparations of chromosomese made fronboth seedling root tipor anthersfrom all 20
breeding lines and contrdlh. intermediumnormal wheats,and wheats containing tHELBL*1RS
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translocationusing proteolytic digestiongsee Schwarzacher and Hesléfarrison 2000). Probes
(de<ribed inForsstromet al, 2002 Contentoet al, 2005 Patokaret al, 2019 includedthe rDNA
sequencepTa71(9 kb completerepeat unit of 25%.8518S rDNAof T. aestivum) andpTa794(410
bp fragment of 5S rDNA of. aestivurjy and therepetitiveDNA sequencepScl119.2or CS13120
bp tandem repe&olated fromS. cereale anddpTalor Afa, 340bp tandem repeat from. aestivun).
Small insert clones were amplified by PCR using M13 prim&mal genomic DNAfrom Th.
intermedium, S. cerealand Aggilops (syn Triticum) tauschii was sheared to-8 kb pieces by
autoclaving.For labelling, biotinl6-dUTP and digoxigenii1l-dUTP (Roche DiagnosticsBasel,
Switzerland)were incorporated in separate reactions usiiadgPrime Array CGH Genomic Labeling
System (Invitrogen Thermo FisherScientific, Waltham, Massachusetts, UpAccording tothe
manufactured mstructiors.

In situ hybridization followed the échnique of Schwarzacher and Hesigrrison (2000
with small modificatiors. A total of 40¢ | probe mixture was applied pe
formamide, 20% (w/v) dextran sulphatex ZSC(saline sodium citrate: 018 NaCl, 0.03M sodium
citrate),25-100ng probe, 0.028 g of sal mon s p e (whi) SDS@Eodiamdbddedyl. 1 2 5 %
sulphate) and 0.125mM EDTA (ethylenediamingetraacetic acid). For genoniit situ hybridization
(GISH) autoclaved genomic DNA fror@hineseSpring (20-30 x of the probe concentrationyas
added as blocking DNA. Probe and chromosomal DNA was denatured togetharHybaid
Omniblock (Thermo FisherScientific) at 75°C for 7 minutesinder plastic cover slips and slowly
cooled to the hybridization temperature of 3@rnight Washes were carried out with 20% (v/v)
formamide and 0.k SSC at 42°Cequivalentto 85%stringency. Hybridization sites were detected
with 2 pg/ml streptavidin conjugated flexa594 (Molecular Probe$hermo FisheBcientific and 4
pg/ml  antidigoxigenin conjugated to FITCfluorescein isothiocyanate) (Roche Diagnostics).
Chromosomes wereoanterstained withd pg/ml DAPI @ ,6-diamidinc2-phenylindolg diluted in
Mcllvaines buffer(pH 7.0) and mounted in antifade soluti¢@itifl uor, London, UK. Photographs
were taken on a Zeiss epifluorescence microscope with single band pass filters equippedSiith a C
camera (ProgRes C12, Optroniddjlton Keynes, UK, model S97790)r Nikon Eclipse N8O
fluorescent microscope equippadth a DSQiMc monochromatic camera (Nikpdokyo, Japan
Each metaphase was captured in three different filter sets and then overlayed and avittyzed
Adobe Photoshop CS2dobe SystemsSan JosgCalifornia USA) or NIS-Elements BR3.1 software
(Nikon) using only croppingand functions affecting the whole image equally

Molecular marker analysis

PCR markersvere chosen from literature and appropridé¢abases, and the sequenaieng with
their melting temperature, sourceferencesand expected product size are gi@upplementary
Table S1). PCR markers specific fotAi#2S chromatinwere used to confirm the presencetlod
Wsmlgene 1BS or 1RS spcific markersvereemployedto detect thg@resence ofye chromatin and
identify molecularbreakpoints along the Hwvheatarm Primersequencesf all markers except UL
Thin5 were obtained from publishegsources Nucleotide sequences for some of the fmallly
unavailable Gatersleben Wheat Microsatellites (GWM) markers were kindly provided by Marion S.
Roéder (IPK, Gaterslebeermany).DNA amplificationwascarried out in a 1%l reaction mixture
containing 100ng of template DNA, 1x Kapa Biosystems btér A, 1.5 mM MgCl, 200 uM of
dNTPs (Bioling London, UK, 0.6 uM of each primer and 0.8 of Kapa Taq DNA polymerase
(Kapa Biosystems, Wilmington, MassachusditSA). PCR conditions were: 94°C ifgt minutes
followed by 30 cycles at 94°C for 1 mite 50-60°C respectively(Supplementaryiable S1) for 45
seconds, 72°C for 2 minutes, and final extension of 72°C forinutes PCR amplification and
polymorphism of the products were analysed..53% agarose gels.
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Table 1 Pedigrees of reference lines and four populations of derived lines (from C. James Peterson, USDA

ARS) studied herewith r esults of WSMV-resistance fieldtests at different locations and years and
summary of FISH/GISH results obtained with genomicTh. intermedium,rye and repetitive DNA probes

Wheatghromosomevvlth Field Response to WSMY
alien segment
E(f;irlzjtri]cc)(ne/ PedigredSource Line/variety 2002 2012,Mead, NE
4D 1B ?D | Sidney, | Hays, SPADY Visual
NE KS Mean (std) Score
KS102) KS91H184/KS89H20// | KS95H102 + - R R
TAM 107
KS101? KS91HW?29//RioBlanco/ | KS96HW1061 + - R R
KS91H184
Millenium® | Arapahoe/Abilene//NE86| Millennium - - S S
488
TomahawR | Agripro, Wi88083 Tomahawk 145 d(2.1) [
N02Y5018 + BPI R R
Population] | CO850034//T57/5 N02Y5019 - BPI [ S 235¢(2.3) MS
*TAM107/3/(KS91H184/ | NO2Y5021 - - S S
RioBlanco/KS91HW29// [ N02Y5025 T N R R
VISTA) N02Y5003 - BPIII R R 240c(25) | MR
Yuma//T- N02Y5057 + - R R
Populationll | 57/3/ AMAR/4/4 NO2Y5075 + - R R
*Yuma/5/(KS91H184/Arl | NO2Y5078 + - R R
inS/ N02Y5082 - - [ [
KS91HW29//NE89526) | N02Y5096 - - S S
yuma// T- N02Y5105 - - S MR
Popilation | 57/3/c0850034/4/4 NO2Y5106 * - R MR
I *Yuma/5/(KS91H184/ NO02Y5109 - - + R R 154 d(1.7) S
ArlinS/KS91HW29)// N02Y5117(Mace + - R R 285 b(6.9) R
NE89526) NO02Y5121 - - S S
N02Y5149 + BPIII R R 363 a(3.5) R
Population MO8/Redland//KS91H18| N02Y5154 + - R R
v 4/3 *RioBlanco NO02Y5156 - BPIII S S
N02Y5163 - BPII S S
N02Y2016 + BPI R R

Abbreviation: WSMV ,Wheat streak mosaic virus.

Recombinant chromosomes were disomic in all cases and included the T4DL*4Ri#Rffermediuntranslocatio
(4D; see Figure 3a); an aliérmagment on the short arm of 1B of cldisil into three breakpoint (BP) types by FISH
and molecular markers (see Table 2 and Figures 3b and 4): BPI very small, BPIl small and BPIIl wiadilenarm
fragment; and a small aligragment on an unknown-Benome chromosome (?D; see Supplementary Figure S1).

Other Sources: Wellst al, 1982; Diviset al, 2006; Grayboscht al, 2009 and personal communication.

a) R=resistant or no symptoms, Mioderately resistant or slight symptom severity, M®derately susceptible or
moderate symptom severity=8usceptible or severe. In terms of plant phenotgeore of £no loss of
chlorophyll, and no stunting;/=2andom and occasional yellow foci or streaks@% loss of chlorophyll and
4=leaves complete yellow and plants severely stunted.

b) From Diviset al, 2006. Scores are visual ratings, based on degree of streaking/chlorosis and stunting.

¢) Soil Plant Analytial Development metre readings for leaf chlorophyll content; Higher SPAD readings indicate
higher intensity of greenness of leaf tissue (no or mild symptoms), while lower8BdiBgs indicate increasing
severity of virus symptoms. Means followed by thmedetter were not sigincantly different aP=0.05.

d) Reference lines previously known for presence/absenth.dhtermediunthromatin and validated here.

€) Tomahawk was used as reference susceptible to WSMV in the 2012 trial only; it was selectedbintkn a

population of crosses of adapted parents.
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RESULTS

Twenty xperimental linesrom four breeding population@ able 1)previously classified a®sistant
or susceptibléo WSMV (Divis et al, 2006)wererescored in the field arghalysed in detail by
molecularcytogeneticand PCR markers to identify their genomic constitytibealien chromatin
preseneind nature of WSMVesistance.

Phenotypic responses to WSMYV infection

Lines classified as resistaint WSMYV in the 2002 season (Divit al, 2006) were found to carry the
T4DL*4Ai#2S translocation(Table 1and below exceptfor NO2Y5003 ad N02Y5109 These two

lines, along withthe resistantMace, the susceptibleontrol Tomahawk and twoother lines,
NO02Y5019 and NO2Y5149vere selected folurther phenotypic characterizatidn 2012 (Table 1).

The level of infection in 2012 was much highlan that seen iaither location ir2002, due both to
increased mite pressure, and unseasonably walimand spring growing conditions.N02Y5109

clearly was susceptible in 2012 (Talile its symptom development as measured by SPAD readings
was not siqnificantly different from that ofthe known susceptible Tomahaw&ome wheat lines
possess tolerance to low levels of mite and virus infection, but, under higher viral loads, or under
more severe environmental conditions, as observed i@, 28k tolerane breaksdown and may
explain the incosistent response of NO2Y51@%at sometimes shows limitesistanceN02Y5003

and N02Y5109 were scored MR and MS, respectively, in 2012. Early in the season, both appeared
resistant, but asemperaturesncreased resistance diminishedNonetheless, mean SPAD readings
were significantly higher in these two lines than in Tomahé&Vable 1) Finally, NO2Y5149was

scored agR in this trial, and had significantlyhigher SPAD readings thahe R control lineMace
(Figurel, Tablel)

Figure 1: Field response of highlyesistant line N02Y514@a), resistant cultivar Macéb) and
susceptible checRomahawk(c) to natural infection with WSMV, Mead, NE, 2018howing
yellow leaves due to loss of chlotogl and stunting in susceptible plants and full green leavs in
resistant plants.
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Molecular cytogendic characterization

Fluorescentn situ hybridization(FISH) with total genomicTh. intermediunDNA revealeda number
of alien wheattranslocationand recombinant chromosomes the twenty lines analyse@able 1
Figures 2and3, Supplementary Figures S2 and.Se characteristic banding patterngdpfTal/Afa
(mainly on theD-genome), pSc119.2 (abundant in thgdhome with some sites on A anegBnome
chromosomés 5S rDNA (on the short arms of group 1 and 5 chromosorard)45S rDNA probes
(on 1B, 6B, 5D 1A and sometimesdetected orvD) were used andharacteristic banding patterns
(Forsstronet al, 2002;Contenteet al, 2005 Patokaret al, 2015)compared in normal chromosomes
and thosecarrying alien segment3he recipient wheat chromosomes were identifiediBs(Figure
3a) and1B present in some lines of Populations | and(Rgure 3b); translocation andecombinant
chromosomes are described in more detail belatal genomic rye DNA was also used as prtabe
identify rye chromosomeegments

Genomicin situ hybridization (@SH) with Th. intermediungenomic DNA

GISH to the resistantreferencelines, known to includeTh. intermediunDNA, KS96HW1G61 and
KS95H102(Figure2a Supplementary Figur83aandTable 1) revealeda pair ofsmallchromosora
armslabeled with total genomicTh. intermediumDNA that also hybridized with weaker signal to the
D genome chromosomed wheat(see also Figures 2imdh, Supplementary FigureS3b, e and j
This Th. intermediunthramatin has a strong terminal band with the repetitive DNA probe pSc119.2
(Figure2g see also in the derived lild02Y5106, Figure 2e, and02Y2016,Supplementaryigure
S3h) andwas preseraisa centric translocatioThewheat chromosomarmwas identifiel as 4. by

its hybridization pattern with the repetitive DNA probe dp/Pda (Figure 3a and shown in the
derived line NO2Y505,7/Figure 2h, and MaceGraybosgh et al 2009 andSupplementaryigure S3f).
Millennium, the susceptiblereference linedid not slow any detectabl@h. intermediunthromatin
(Tablel).

Populationl. The R-lines, N02Y5018(Figure 2b)and N02Y5025Supplementary Figure 3Shave

the TADL*4Ai#2S translocationTable 1) buta further small fragmenwith strong Th. intermedium
DNA hybridization was detectedt the distal end of thénertarm of a large chromosome pairline

NO02Y5018(Figure 2b). This recombinant chromosomeasidentified as 1Bdue to its hybridization
patternwith 5SrDNA, 45SrDNA andthe repetitive prob@Sc119.2(Figure 3b; the origin of this
recombinant chromosonis discussedelow). Furtheralien fragmerg on 1B weredetectedn lines

NOY5019 (Supplementaryigure Sb) and NO2Y5003 Figure 2c)that both lack th&4DL*4Ai#2S

translocation (Tablel)hesetwo linesvariedin their WSMV respons@n 2002 with line NOY5019

showing more symptomshowever, SPAD readings in2012 were similarNo Th. intermedium
chromatin was detected in tBdine NO2Y5021 (Tabld).

Populationll and 1. All R-lines NO2Y5057 (Figure 2h), NO2Y5075(Supplementary Figure S3d)
NO2Y5078 (Supplementary Figure S3e)N02Y5106 (Figure 2e) and Mace (NO02Y5117
Supplementary Figure RfshowedTh. intermediunchromatin in the form of th@4DL*4Ai#2S
chromosomal translocatiowfile Th. intermedimorigin chromatinwasnot detected ireitherS-lines
NO2Y5082 or NO2Y5096 using FISHand ro large Th. intermediumfragmentswere detected in
N025105, NO2Y5@9 andN02Y5121 (Table 1) Alien chramatin was detected on anothemgBnome
chromosomedentified by GISH with T. tauschiiDNA (Figure S2) in line NO2Y5109of population
Il thatdemonstrated inconsistent phenatyyesponse to WSMV (Tablg.1
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PopulationlV. The Rlines N02Y5149 (Figure 2f) N02Y5154 (Supplementary Figure S3gnd

NO02Y2016 (Supplematary Figure S3h)ncorporatedTh. intermediumchromatin in the form of
T4DL*4Ai#2S chromosomal translocation (Tablg. Alien fragmentson 1B hybridizing with Th.

intermedium DNA were also detectedin R-line N02Y5149 N02Y2016 as well as inSines

NO02Y5156 (Figure 2g)and NO2Y5163Figure2d).

Characterization of lines with the Binslocation orecombinant chromosorse
The parentalR-lines (KS91H184andKS91H174 cartying Th. intermediunchromatin in the form of
T4DL*4Ai#2S translocation(Divis et al, 2009, have never been described as cargenf alien
chromatinon 1B However, &abelledgenomic Th. intermediumDNA probe identified seven 1B
recombinarg or translocationsn populatiors | and IV (Tablel). Two approachewere followed to
identify thenature and origin of the 1B alien fragmerfgsty, FISH experimentgarried outusing
labelled genomic DNA fromrTh. intermedim and the probe pScl19@n lines having the4D
translocationwith and without the 1B recombinant chromosomere analysedand a possible
reciprocal translocation between ff@DL*4Ai#2S and wheat 1BS chromosomas ruled outisthe
pScl19.2 site remained constdRigures 2a, 2e and 3b). Secondly, the 1BS recombinarg were
screenedvith GISH usinglabelledrye genomic DNA probalong with useof molecularmarkers
characterisingBSor 1RS(e.g. Figure 2d,able2 andbelow)

GISH confirmed lines NO2Y5003,N02Y5149and N0O2Y515&0 have acentic T1BL*1RS
(Type Ill) translocationasrevealed by the bright fluescence ofye 1RSchromatin(e.g, Figures 2c
andy). Strong fluorescencef the terminal heterochromatic regiarf the alien rye chromatinwas
evidentand also was detected by thh. intermediungenomic prob€Figures 2c andf) indicating
crosshybridizationbetween rye andh. intermediunDNA. NO2Y5156(susceptibleandN02Y5003
(moderately susceptible; Table 1 both lack the 4Ealien translocation.NO2Y5149 (resistant,
displaying the exceptionally high SPAD valuedrriesthe Wsmlgeneof 4D and the 1RS arm
suggesting 1RSn this line enhancesdWSMV-resistancgTable 1). Among theother resistantlines,
NO02Y5018(Figure2b) and N02Y2014Supplementaryigure S3halso carried the additionamall
Type |, 1BS alien chromatinalong with Wsm1of 4D (Table 1)but their WSMV field resistance
response is typical &/smlonly. Smalldistal 1B alien fragments were detected in NO2Y50&igre
2b), N02Y5019Supplementaryigure S3b)N02Y5163 Figure2d) and NO2Y201§Supplementary
Figure S3h)with labelledTh. intermediungenomicDNA (Table 1), but GISH withyre DNA did not
detect rye chromatin in these lines

Figure 2: In situ hybridizationof example root-tip metaphasand meiotic pachytenghromosomesom WSMV-
resistant (a, b, c, e, f, h) and WSM\sceptible wheat lines (d). Hybridization signal of total genomic DNA is
shown in red and of repetitive DNA probes in green. Wheat chromosomes fluoresce blue withRBIkR&Nt
chromosomes are identified. Whole alien chromosome arms are indicated with arrows and small segnessts
hybridizationare indicated with arrow headB.ar 1 0em ( a, b, c , Ingitu hybridizaionto h) an
further lines with alien fragmeitre shown irSupplementaryigure S3.

a) KS96HW101, d) N02Y5163 ande) N0O2Y5106: genomid h. intemediumDNA (biotin, Alexa594 red and

120bp repeat$cl119.2 (digoxigenin, FIT@reen

b) NO2Y5018 genomicTh. intermediunDNA (biotin, Alexa594red) and 5SDNA (digoxigenin, FITG green

¢) N02Y5003 genomic rye DNA (biotin, Alexa594, red) and 34Gbpeat dpTal/Afa (digoxigenin, FITC, green)

f) NO2Y5149:Th. intermediunfdigoxigenin, FITC shown in red) and 45S rDNA (biotin, Alex594 shown in green)
g) NO2Y5156: Pachytene chromosomes: genomic rye DNA (biotin, Alexa594, red) and 5S rDNA (digoxigenin,
FITC, green)

h) NO2Y5057: genomidh. intermediunDNA (biotin, Alexa594, red) and 340bp repeat dpTal/Afa (digoxigenin,
FITC, green)
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[ 1rye
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genomic rye and

Th. intermedium
DNA

[ dpTal/Afa

] pSc119.2/variable
between lines

Figure 3: Diagram of alien translocation and
recombinant chromosomes. Examples of
FISH signals of two probes each (green and
red) on blue DAPI stained chromosomes are
given

a) Wheat 4D and T4DL*4Ai#2S
chromosomes showing he dpTalAfa,
pScl19.2and genomic DNA hybridization
patterns The Th. intermediumarm has a
terminal pSc119.2 sitgseeFigure2e)and the

= T [ T ]

©O 5S rDNA dpTal site is more proximal than on 4D.
@ 455 DNA b) Wheat chromosoméB, 1B recombinant
(BPI and PBIl) and T1BL*1RShowing the
characteristi@arrangement of 53ight green),
. . 45S rDNA(brown)andpSc119.%sites (blue)
1B recombinant T1BL™RS Chromosome arm 1BS has one telomeric
BPI and BPII BP 1l

pScl19.2 site that is h@resent in all ling,
while 1RS is slightly longer andhas two

A
- pSc119.2sites distal and proximal of the
NOR region The BPI and BPII recombinant
3 Thin (red) chromosomes characterised by molecular
x gg'? (r':frz) x 55 455 119.2 x markers cannot be distinguished
S green) cytologically. Note that the subtelomeric

heterochromatin hybridizes strongly with both
rye andTh. intermediungenomic DNA.

Thin (red)
119.2 (green)

45S (red)
- pSc119.2 (green

PCR marker screening

Detection ofTh. intermediunchromatin

PCR markers ST-315 and WSRI produced characteristic ampliconsagproximately420 bp and
200 bp respectively(Talbertet al, 1996 Fahimet al, 2012). Both markers detected polymorphism
among the resistant and susceptible liard the presenceof a markerband related tdhe Wsm1
resistancegene(Supplementaryrigure S1). Neither marker couldidentify the resisancemapped to
chromosomesxther thanT4DL*4Ai#2S, as detected inline NO2Y5003 (Tablel). Interestingly
WSR11 amplied a DNA bandof the samesize from two WSMV-susceptible linefN02Y5019 and
NO2Y5156carryingthe 1B recombinant chromosonf€&able 1)

Detection of rye chromatin

1B recombinant lines (Table 1) alomgth positive and negative contsolvere analysedvith nine

1RS PCR markers(Table 2; for references and conditions sBapplementarylable S1) The rye

telomeric repetitive DNA marker pAW16amplified indiscriminatelya monomorphic band obaut

350 bp in all samplesMarkers AW2-5, SCM9, pAWS5/S6 Xiag95 1B-267, O5, Pr20H and
Xrems1303roduced diagnostic bands from rye DNA and confirmed the presenceSafht&matin
in lines NO2Y5003, N025149, N02Y5156, NO2Y5162andthe controlT1BL*1RS Beaverwheat,
but not fromlines NO2Y5018, NO2Y5019 and N0O2Y20184ble 2). The O5 markealsoamplified

DNA fragmens of the same size from all lines with 4Ai#2S
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Breakpoint mappinof the1B alienchronbsome fragment

A total of 36 PCR markerdrom wheat 1Bwereapplied formapping thesize ofthe alien chromatin
seenon 1Bin population | and IV andll markers successtylamplified DNA fromwheat andir rye
chromatin(SupplementariyrableS2). Only 18 markers (8%) producedpolymorphicbandsthatcould
beassigned tohe 1BS chromosomef wheatand were applieth breakpoint mappingTable2). Few

of these polymorphic markers amplified multipleci but only, bands for the expected product size
were scoed (SupplementaryTable S2) The breakpoint between wheat ang chromatin was
identified by the appearance of wheat markers on the recombinant 1BS arm of wheakiafiento
account its presencar absencen the controlChinese Springvheatnullisonic-1B-tetrasomielA
(CS N1BT1A) line, Beaverandrye. The order of markers arateakpoint localizatiomlong the 1BS
recombinantss based on published genetic and physioabs (Table 2). Overall the molecular
markersresults revealed good agreement witfe original sources for marker size and relative
positionsalong thelBS (Table S1)

Basedon in situ hybridization data (Table 1) and wheatlBS specific markersthe seven1BS
recombinantsdentifiedwere divided intahreegroupsby their breakpoin(BP; Table2) that identify
three types of 1B recombinanteine N02Y5018, N02Y501%nd NO2Y201l6incorporatedthe
smallest Type I; N02Y5163with intermediate Type Il; and NO2Y5003, N02Y5149 and N02Y5156
have the complete 1RS chromatin Type Ill (Table 1, Figure 4). Lines N02Y5018 (Figure 2b),
N02Y2016 and N02Y5019 have loshly two distal wheat markersXfc618, XgwmQ091hand are
groupedin BPI. Thesize of the lost 1BS arm in NO2Y5163 is larger than B&¥inglost five distal
wheat markers<fc618, XgwmO09al, Xbarc194, Xgpw7058nd XBF474204ut retainsXpsp3000a
marker linkedto Gli-1 geneand is placed iBPIl (Table 2). GISH with rye genomic DNArevealed
the centromeric breakpoint in line NO2Y500Bigure2c), NO2Y5149 and NO2Y515@-igure2g) and

all tested1BS specific wheat markergere absent placing the linas BPIIl (Table 3. Physical and
genetic map based positiofi the 1BS and1RS polymorphic markers is based on comparative map
position frompublishedsourcesandthe most likely ordetof thesemarkershere is giver{Figure4).

Origin of rye fragments in wheat-Th. intermediumhybrid lines

Theorigin of the 1Balien chromatirvasinvestigatedoy analysingavailable linesin the pedigre®f
populatiors | and IV with specific markersfor 1BS and 1RS. Parental WSMVresistance lines
KS91H174 and KS91H184 e an intact 1BS of wheat origin while RioBlanco and M0&ested
positive forlB alienchromatin Further,wheat1BS specific markerXfc618and Xpsp300Qevealed

the size of the 1B alien chromatio besmaller inRioBlancocompared tahe M08 (Supplementary
TableS3). Marker profile and negative PCR with rye marker of RioBlawes similar to NO2Y5018,
NO02Y5019 and NO2Y201thatmay be the donor parent of 1BS alien chrometinthese lines (Table

1). Both RioBlancoand M08 are among theparens of populationlV (Table 1) but marker profile

and FISH resultsmake MO8 the potentialdonor ofthe 1RS chromatin seen in lindN02Y5149 and
NO2Y5156(Figure2g). Theorigin of thewhole arm1RS chromatinn R-line NO2Y5003(Figure 2c)

and medium size in Sline NO2Y5163 (Figure 2d) could not beassigned to M08 or RioBlanco
(compare Table 1 andable 2). Seed ofthree parents opopulation | (CO850034, 157 and
KS91HW29 was not available and thus origin amdrogression ofthe whole1lRS in NO2Y5003
(Figure2c) from these linesould na be testedTAM107 with aT1AL*1RS translocation (Villareal

et al, 1996) is also in the pedigree of Population I, but no alien chromatin was found on the 1A
chromosomesni the lines investigated herbut it cannot be excluded that the 1RS has transferred to
1B.
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Table 2 Resuts of 1BS and 1RS polymorphic markegsplied in breakpoint mapping of lines of Population | (bold) and Population IV (italic) carrying 1B alien
chromatin. Markers are arranged in their most probable order from telomere torerbased on published physical and genetic m@psese Springr
Antonwheat andhe Chinese Springullisomic1B-tetrasomic1A line, rye and the knowhlBL*1RS variety Beaver were used as contréisr PCR
conditions, full list of mekersand sourcesee Tables S1 and S2.

Wheat 1BS marker$’

Rye 1RS marker®

Telomere ------------------- A Centromere Telomere ------------------- A Centromere
BPI BPII BPIII
Xfc Xgwm | Xbarc | Xgpw | XBF4 | Xgwm | Xgwm UL- Xgwm | Xpsp Xwme | Xgpw | Xwmc | Xwmc | Xucr_ | Xgwm | Xgwm | Xucr_ | 1B- 05 Xiag Xrems | Pr AW SCM PAW
618 0911 194 7059 74204 | 1100 4435 Thins” 1130 3000 230 363 406 49 6 4144 1078 | 3 267 95 1303 20H 2-5 9 S5/S6
Experimental lines and controls
Chinese
. A A A A +? A A + + + + + + + + + + + - - - - - - -? -
Spring
NO02Y5018 - - + + + + + + + + + + + + + + + + - +9 - - - - - -
NO2Y5019 - - 4 + + 4 4 + + +- +- + + + + + - - - - - - - - - -
N02Y2016 - - 3 3 3 3 3 + + + + + + + + + + + - +9 - - - - - -?
N02Y5163 - - - - - +? -? ¢ + + + + + + + + + + + + + + + + + +?
NO02Y5003 - - - - - - - - - - - - - - - - - - + + + + + + + +
NO02Y5149 - - - - - - - - - - - + +9 + + + + + +
N02Y5156 - - - - - - - - - - - - - - - - +? - + + + + + + + +
Beaver ) ) } } ; ; } _ _ - - _ - - - - - - + + + + + + + +
(1BL*1RS)
Rye - - - + + + + + + + +
CSN1BTIA | - - - - - - - - - - - - - - - + - - - - - - - -
Markers are arranged in their most probable order from telomere tormenébased on published physical and genetic m@pgese Springr Anton
wheat andhe Chinese Springullisomic1B-tetrasomic1A line, rye and the knowh1BL*1RS variety Beaver were used as contrélst PCR conditions,
full list of markersand sourcesee Tables S1 and S2.
a) Marker allele presence is indicated with presence:: absence; +?: most probably presehtmost probably absent
¢: PCR failed to amplifyor unknown reasagrempty fields mean no data obtained
b)  UL-Thin5is a new EST marker designed during this study
c)  Ob5 also amplifies the same size DNA fragment from lines that carried the 4Ai#2S chromosome, therefore presence dosaritpinmezepresence of the

rye allde.
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DISCUSSION

Many current WSMVresistant wheatines including the hard winter wheat variety Mg€&ggure 1)
have benefited fronthe Wsmlgeneof 4Ai#2 origin. Some d the initial lines carryingWsmlwere
associated with undesirable traits suah reducedyield and poor breadmaking quality, but
subsequent crosses arselection eliminated many negative effectsfrom the introgressedTh.
intermediumchromatin (Diviset d., 2006; Graybosclet al, 2009). We coulddemonstrateéhat he
referenceKansasresistance lines KS95H10#hd KS96HW16alL have alien material in the form of
TADL*4Ai#2S translocation(Figures 2 and 3 Supplementary FigureS2 and S). Further,in four
populations of the Nebraska USDARS crossing programmedivis et al, 2006)that cave rise to
Mace, the 4Ai#2S Wsm1lorigin resistancewas identified inten (including Mace)of the adapted
winter wheat linesSensitive sistecontrollines in each populatiodid not carry thelTr4DL*4Ai#2S
translocation(Table 1).The source of resistance in alliRes is most likely either KS91H184 or
KS91H174, both being selected from populations that had been randomly mated for several
generations and derived from CI 178&WSMV-resistance line carrying th&/smlgene on a
chromosome arm translocated fr@im. intermediungWellset al, 1982.

Additionally, we detected rye chromatinansferred to chromosome 1B some of the lines and
resistanceenhancement associated with rye wdentified in the Th. intermediumalien wheat
introgressiorlinestested It is generally thought thaye itself is probablysusceptible to WSM\and
that 1RS in wheatye translocation does not confer resistance, butryleatan resistolonization of
both greenbug anaiheat curl mitgf WCM), the vector of WSMMWThomaset al, 2004;Divis et al,
2006. Ourresults revealethat theparental WSMVresistance lineKS91H174 and KS91H184ave
intact 1B chromosomes atige 1RS fragment&dentified in the lines investigated must originate from
other lines within the pedigree$he pedigree of papation IV contains the line BB a 1R(1B)
substitutionor T1BL*1RS transloation line (Zhanget al, 1998) derived from anther culture after
hybridization of hexaploid wheat and hexapl@idticale and identified as having a recombinant 1B
(Supplementarifable S3) More importantly, M8 was noted in preliminary observations matiéhe
University of Nebraska (P.S. Baenziger, personal communic2088 as potentially harbouring
genes conferring some tolerance to WSMYe 1RS arnof population IVis most likely from M8
and together with th&/smlgeneof T4DL*4Ai#2S translocatiorin line NO2Y5149 resulted ifield
resistance to WSMV superior to any other lifégQre 1, Table1). This enhanced resistance to
WSMV in the 2012 field study might very well have arisen from increased tolerance to the vector,
WCM. On its own, 1RS in lin&02Y5163 was however not able to con®¥#SMV-resistanceThe
pedigree of Population | includes TAM1@uth T1AL*1RS (Villareal et al 1996 and RioBlanco
with an incomplete 1RS ar(®Bupplementaryiable S3) and thus the origin of the whole 1RS asm
NO2Y5003 probably different to the one of NO2Y5148, not clear,howeverit seems to be
responsible for thenhancededstance of thisine that lacks th&4DL*4Ai#2S translocationTables
1 and2).

Variable behaviour of 1RS resistansapports differenborigins, but alsoemphaies the
potentialrole of epigeneticmodification and chromatin remodelling gene expressiofseeSlotkin
and Martienssen2007). Our lines (Table 1) have undergone interspecific hybridization stress that
may cause heritable chgas to epigenetic markBevelopmeniof resistance iroriginally WSMV-
susceptible lines Isashown thatWSMV-resistancegenesin wheat cultivars mighbe presenbut
unexpressefLu et al, 2011 Seiferset al, 2013. The expression of these genes could be modulated
and controlled by genes, transcription factors or chronnaguolators from the alien chromosome
segments
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Figure 4: Diagrammatic representation ofost
likely marker positions and translocation

BPI BPII BPIII breakpoints (BPsklong the recombinant 1B

Novvaons Nooverss lines NO02Y508, NO02Y5019, NO02Y2016,
e wu_eax NO2Y2016 N02YS163 NO2YS1S6  Rye I NO2Y5163, NO2Y5003, NO2Y5149 and
esls — I N02Y5156 based opublished marker order for
weiss 126 1BS and1RS @nugrahwatiet al, 2008; Reddy
. [~ Xiags et al, 2008;and references and data frohable
g::ﬁggl' By S1). White barsrepresentwheat 1BS, black
UL-Thin§ ~ ['===~+ S o— L — AW represert rye 1RS and red bas represent the
s == . Secd distal 1B alien chromatin that may be ryeTdr.
e k | sow intermedium chromosomal segments;
g = N centromeres are represented by dark circles
X;’:m " S Seel and NOR position are based on letial
Ly NOR (2012). Asterisks(*) represent repetitive DNA
Xuer 3 _] [—ieaWsINs markas (Tang et al, 2011) for which
chromosomapositiors areproposed hereUL-
Thin5 is a new marker.Line N02Y5018,
N02Y5019 and N02Y2016 has the translocation
BP betweerXgwm091landXbarc194 Physical
length ofthis alienchromatin may not be the
- @ © © a— same butthis BP is identified by the same
markers (Table2). Line NO2Y5163 has the
[ Wheat N Rye I Rye or Th. intermedium

translocation BP between Urhin5 and
Xgwm1130 while line NO2Y5003, N02Y5149
and NO2Y5156 hasa centric T1BL*1RS
translocation (Table 1).

Within the lines studied, a very small distal alien fragment was identified an 4&re lines(Table
2 and Figires 24) although it was not able to confer WSMV resistaMeatalien translocations
with minimal alien chromatiper seare of importance, as thaye predicted thave less likelihood of
linkage drag Forsstromet al, 2002;Niu et al, 2011) although inkage drag is less pronounced or
buffered in polyploid wheat compared to the diploid progenitdict all large alien fragments are
disadvantageous; they may potentially introduce more variaiwh assure a wider variety of
redstances (Friebeet al, 2009). The presence of cryptic alien chromatin, as discovered here on
chromosome 1Bandthe associatetb$s of some important wheat gemaight explain some of the
negative effectandundesirable traitg the lines studiednd we cannot exclude th#tte small alien
fragments interfered in developingvelwell adapted lines withlVsm1

Genomicin situ hybridization GISH) is a powerful technique that allows identification of
alienwheat recombinant chromosomes, particularly we@mbined with repetitive DNA probes (e.qg.
Forsstromet al, 2002; Sepset al, 2008), and thusubsequent selection of molecular markers could
concentrate on the chromosome arm (or segment) identdigebr than a genome wide marker screen
(Niu et al, 2011). The markers used here classified the seven 1BS recombinants into three breakpoint
categoriesKigure4, Table2). The order and location of these markers along the 1BS was largely as
reported, although a few exgwm2113GandXgwmQ0911(Ganal and Rder, 2007) were inverted. This
discrepancy is not a rare phenomenon when wheat cultivars from different pedigrees are compared
(Akhunovet al, 2013). The recombination breakpoints were all distahe NORon 1BS Figure4)
suggesting the presence ofgatination hospots in this region (Redat al, 2008).
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While the T1BL* 1RS whole arm translocationBPIIl) was identified clearly by GISHn
NO2Y5003, N02Y5149 and#l02Y5156,and rye specific markerslistal to the NOR were present
(Table2), bothin situ hybridization with rye genomic DNA and 1RS specBCR markers failed to
identify the small alieBPI fragments on 1BS in lieeN02Y518, N02Y5019 and NO2Y2016at lost
only the most distawheat 1BS specific markerXfc618 and Xpsp3000(Table 2 andFigure 4).
However, the alien fragment is not below the resolution of GISH, as gefidmintermediunDNA
hybridized to these fragments consistently (TabdedFigure?2). Therefore, the possibility af non
rye alien fragment possibly from Th. intermediumitself cannot be ruled outlthough Th.
intermediumgenomic DNAcancrosshybridize tothe distal tandem repeats present at the telomere of
a normal 1R§Figure2d, 2f). Detection of very small alien chromatin segments can be difficult both
cytologically and with molecular markersGISH screening using labelled rye genomic DNA probe
and wheat DNA as a block failed to visualize the presence of rye chromatin in known recombinants
that carried th&rRgene (Anugrahwatt al, 2008) and negative PCR resultvé&deen reported for
several wheatye translocation lines that contained 1RS chromatin (Magd, 2002; Anugrahwati
et al, 2008).

ThevariablePCRresultswith somelRS markers (Tablg) could bedue to DNA changes as
a consequence dhtensive crosing and backrossing involved in modern wheat linesince
rearangementsshuffling or even loss aharker positionss not a rare phenomen@amd previously
undetected interstitial deletiosn occur mutation in the priming sites may also resulnmPCR
amplification.Alternatively, the small alien fragment is not of rye origin as is indicated by the GISH
or the markers ampliffrom Th. intermediunchromatinnot on1B (Table 1).

The presence of rye material and thalue of RS in combinationwith Th. intermedium
WSMV-resistancas new (Table 1 and2). The short arm of rye chromosome Higure 2c) is the
most widespread alien chromatin in wheat breeding prograrame:das been used to incorporate
new genes for stress tolerance and yield potentialvitneatincluding ®veral important genes, such
asLr26, Sr31, Yr9, Pma&ndPm17(HeslopHarrisonet al, 1990;Forsstromet al, 2002 Magoet al,
2002;Reddyet al, 2008. Th. intermediunis a member of the tertiary gene pool of wheat and since
the 1960s at least 1genes for fungal or viralesistance have originated frofin. intermediunmas
chromosomal segments (Li and Wang, 2009k 4Ai#2S alien arms, which carlySMV-resistance
also harbows resistance for the fungal pathog@&apesia yallundag¢Chen et al, 2003). In wheat
backgrounds, the 4Ai#2S does not cause meiotic instability, and there is considerably more potential
for exploitation ofTh. intermediunintrogression in wheat breeding.

Significant yield losses are associated with WSMV intewi(Grayboschket al, 2009) and at
least three additional viruses have been reported as being transmittesV#¢M vector (Navia et
al., 2013).There is huge interest in deployinwultiple effective genes in combinatias a measof
disease controhnd improving the durability of resistancéliu et al, 2011; HeslopHarrison and
Schwarzacher, 2012A goodmeans to improve resistana®uld be to stack the nov&RSenhancer
in germplasm carryingther known WSM\Aresistances to achieve the desired goals of deploying
combinations of effective genes. Line N02Y5149 is potentially theRHgte with multipleWSMV-
resistancaffectinggenesand thedirect utilizationof this selectionshould improve the durability of
WSMV-resistance Therefore, therye chromatin and increasaSMV-resistance are important,
especially for genepyramidng approaches integratig genomic and molecular cytogetic
approaches with traditional breedingreéter and Langridge 201Q HeslopHarrison and
Schwarzache012.
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WSR11

Figure S1. PCR amplification pattern of STS-J15 and WSR11 markersfrom wheat-Th.
intermediumhybrid lines. Arrows indicate to thé20bpand200bpamplicons produced bih.
intermediumand the WSMVresistant lines with 4Ai#2S chromosomal translocafiteble 1)
WSR11 also produced ith 200bp band from WSMV-susceptible lies N02Y5019 and
NO2Y5163 (asterisks)On either side of the agarose gel (2%) isN@Oength marker G5tep
2.
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Figure S2 Root-tip metaphase chromosomes of the WSM¥esistant line N02Y5109
(2n=42) after fluorescentin situ hybridization (FISH). (A) Chromosomes fluoresces blue

with DAPI. (B) In situ hybridization of the total genomic DNA froifh. intermediunabelled

with digoxygenin 11dUTP (detected in green) that allows the detectioitofintermedium

origin chromosome segments (@) situ hybridization of the total genomic DNA frore.
tauschii labelled with biotin 16dUTP (detected in red) allows the detection efjEhome
chromosome of wheat. (D) Overlay of A, B and C images, alien chromosomal segments are
indicated byarrows Bar represents 10¢&m.
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Figure S3:In situ hybridization to rootip metaphase chromosomes from WS@gistant wheat
lines. Hybridization signal of total genomic DNA is shown in green (a,c), red (b,e,f,g) or white
(h), and of repetitive DNA probes in complementary col@d or green. Wheat chromosomes
fluoresces blue with DAPMWhole alien chromosome arms are indicated with arrows and small
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segmentsith arrow headsD genome chromosomes of wheat also show hybridization with the
genomicTh. intermediunDNA (b, e,g). Ba 1 0 &€ m.

a) KS95H102d) N02Y5075 : genomidh. intermediunDNA (digoxigenin, FITC, green) and
45S rDNA (biotin, Alex594, red)

b) NO2Y5019,e) NO2Y5078: genomid h. intermediunDNA (biotin, Alexa594, red) and 120bp
repeat pSc119.2 (digoxigenin, FITC, grgen

¢) NO2Y5025: genomidh. intermediunDNA (digoxigenin, FITC, green) and 340bp repeat
dpTal/Afa (biotin, Alexa594, red)

) NO2Y5117 6 Ma dheibtermedigm®NAo(lnidtirg Alexa594, red) and 340bp repeat
dpTal/Afa (digoxigenin, FITC, green)

g) NO2Y5154: genomidh. intermediunDNA (biotin, Alexa594, red) and 5S rDNA
(digoxigenin, FITC, green)

h) NO2Y2016; genomid h. intermediunDNA (digoxigenin, FITC, white) and 120bp repeat
pScl119.2 (biotin, Alexa594, red); two signals from an interphase hottam of the panel are
marked by crosses.
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Table S1 PCR markersised tadetect alien chromatin and breakpoint mapping of the 1BS recombinant chromossitimg temperature (J), product sizes and source

of marker shown.

Sr# Marker name Type Primer sequences Tm (°C) Expectecgb[?)r)oduct size Source
1 STSJ15 sTS A ST SAACA 60 420 Talbertet al.1996.
2 WSR1L EST e oA 60 200 Fahimet al.2012
3 AW2-5 RFLP e e 56 ~500 Langridgeet al. 1998.
4 SCcM9 SSR i v 60 220 Saal and Wricka 999.
T e | T e o | o [ eumenn
6 PAWSS/S6 |  R173family repeats |  Aacono ooy [COASTEE 60 220 and 320 Rogowskyet al.1992.
AR 0 [ ™|
8 Xiag95 STS ;:: %E%LGJ EA‘BC';TT%%T/ITAS; g?éﬁf& 60 1000 Mago et al. 2002.
9 05 Repetitive DNA E:: %%gﬁg;igig%%ﬁé%?é%ﬁgT 60 393 Tang et al. 2011.
10 Pr20H SCAR P osca S 60 750 Tang et al. 201.
11 Xrems1303 EST-SSR 60 309 Khl est ki na et al
12 Glu-1Dy10 STS e o © 60 750 Smith et al. 1994.
13 Xpsp3000 SSR s e 55 252286 Bryatn 18197 .
14 Xwmc49 SSR SN o gval 60 206 Somert 2810 4
15 Xwmc500 SSR Al Il e asipaas 60 185 Somerts al . 2004
o | wen | e e T | reamaewe
17 | XBF293222 RFLP IR USRI 50 ~400° Reddyet al.2008.
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Table S1continued

. o Expected
Sr# Marker name Type Primer sequences Tm (°C) product size (bp) Source
F: AATCACACGACCCAGTAAGTTCTC an3
18 XBF474204 EST R CTCAAGTACCTCTGOTTCAACTTC 52 480 Reddy et al. 2008.
F: CCTAAACCCTAAACCCTAGAC ond3
19 Xpsp2530.1 EST R TTCTCAGCCCAACCACCAGCAGCT 55 200 Maoet al.1997.
F: CCAAAGAGCATCCATGGTGT R
20 XksuD14a RFLP R: CGCTTTTACCGAGATTGGTC 50 550 Talbertet al.1994.
F: GGAGTAAGAGAAACATGCCGAA 228
21 Xwmc85 SSR R: GTGCATGCATGAGAATAGGAAC 61 Somerts al 2004
22 Xgwm0550 SSR See %2 55 ol Ganal and Réder 2007.
23 Xgwm0911 SSR See *2 55 272 Ganal and Réder 2007.
24 Xgwm1028 SSR See *2 50 116 Ganal and Réder 2007.
25 Xgwm1078 SSR See *2 55 144 Ganal and Roder 2007.
26 Xgwm1130 SSR See *2 60 116 Ganal and Roder 2007.
27 Xgwm1100 SSR See *2 50 227 Ganal and Réder 2007.
28 Xgwm3035 SSR See *2 60 225 Ganal and Rdder 2007.
29 Xgwm4144 SSR See *2 60 191 Ganal and Rdder 2007.
30 Xgwm4435 SSR See *2 60 214 Ganal and Rdder 2007.
F: AGAAGCGAGCAGGTGTGTTTGA 213
31 Xwmc230 SSR R CTGCTTCCTCCCACAACAGATG 60 ~23G* Somernts28€I104 .
F: CACCCGATGATGAAAAT Developed by P. Cregan and Q. Song
32 Xbarc119 SSR R: GATGGCACAAGAAATGAT 55 208 (available ahttp://wheat.pw.usda.gov)
F: AGATCGTTCATCCGATCTGC
33 Xgpw1170 SSR R: CAATCTCAGTTTGATGTCCTTCAG 60 166 Sourdil ale. 2004.
F: GTGTGTGGTTGGASGGAACT
34 Xgpw363 SSR R ATAAGAACATCGAGCGACCG 60 242 Sourdi Rl 4.
35 Xbarc194 SSR F:CGCAATCATGTTCCTAAGAATATTTGTCCA 50 166 Developed by P. Cregan and Q. Song
R: CGCATGTCCCGCTAACCAATAGTCT (available ahttp://wheat.pw.usa.gov)
36 F: GAGAAACATGCCGAACAACA .
Xgwm264 SSR R: GCATGCATGAGAATAGGAACTG 60 160 Roéderet al.1998
F: TCGAAGGAGAATACGCTGGT Sharmeet al.2009.
37 Xucr_6 EST R: GCCCATAAGATTTTGCAACG 60 1100
F: CCTGCTCTGCCATTACTTGG Sharmeet al.2009.
38 Xuer_8 SSR R: TGCACCTCCATCTCCTTCTT 60 165
39 Xucr_3 EST F: TGCCTCTCTTGCACTTAGCA 60 500 Sharmeet al.2009.
R: TGGGCTGCTAAAAGGATCAC
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Table S1continued

Sr# Marker name Type Primer sequences Tm (°C) proixce?sci:;zd(bp) Source
20 Xucr 4 EST F:CAAGGAGGTTGGTTTCCTA 60 575 Sharma et al. 2009
R: CGAATACAAGCCGTTCATCA
41 Xgpw1143 SSR e o T 60 206 Sourdilhke. 2004.
42 Xwmc329 SSR e ’X%’Xé%%;?gﬁgg%ﬁgﬁ 54 118 Somerst al 2004.
43 Xwmc406 SSR e v A 60 217 Somers et al. 2004.
44 Xgpw7059 SSR oA [oATCeC 60 ~220? Sourdille 20009.
45 Xgwm374 SSR il iGN 60 180 Roder et al. 198,
T ean | e |Eoeneeiere: R,
47 UL-Thin5 EST (EFSTOIZLT) | F: ACGACATGGTCGICTACGG 60 552 Developed in this study

Serial 2: for detection ofh. intermediunDNA; 3-11: for detection of 1RS; 127: for detection of BPs along 1BS of wheat

*1: synthesized oligos were used from Viktor Korzun (KWS, Germany)

*2: SSR markerdr 1BS, mentioned in Ganal and Réder 2000 nucleotide sequence of thasarkers was provided by Marion Soder (IPK, Gatersleben Germany)
*3:sizewae st i mated from the result here and size was not found in authordés paper
*4: obtained product sizeftired from the published size.
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Table S2 PCR markers used faletection of 1BS otRS chromatinUnderlined markerare the polymorplei markers informative in detectirid3Sor 1RS chromatin
For primers and references for the markersigmlementaryableS1.

Line GISH analysig Xpsp3 | Xwmce | Xwmc | Xfc61 | XBF29 | XBF4 | Xpsp2 | XksuD | Xwmc | Xgwm | Xgwm | Xgwm | Xgwm | Xgwm | Xgwm | Xgwm
Rec. | Rec. | Rec. | 000 49 500 8 3222 74204 | 530.1 | l4a 85 0550 | 0911 | 1028 | 1078 | 1130 | 1100 | 3035
4D 1B D
KS96HW1061 ++ -I- -/- 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Millennium -I- -I- -/- 1 1? 1 1 1 1 1 1 1 1 1 1 1 1 0 1
N02Y5018 +H+ | +H+ -/- 1 1 1 0 1 1 1 0 1 1 0 1 1 1 1 1
N02Y5019 -/- +/+ -/- 1 1 1 0 1 1 1 1 1 1 0 1 0 1 1 1
N02Y5025 ++ -I- -/- 1 0 1 1 1 1 1 1 1 1 1 1 1 1 0 1
N02Y5003 -/- ++ -/- 0 0 1 0 1 0 1 0 1 1 0 1 0 0 0 1
N02Y5096 -/- -/- -/- 1 0 1 1 1 1 1 0 1 1 1 1 1 1 1 1
N02Y5109 -I- -I- ++ 1 0 1 1 1 0 1 0 1 1 1 1 1 1 1 1
NO02Y5117 +/+ -/- -/- 1 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1
N02Y5149 +H+ | H+ -I- 0 0 1 0 1 0 1 1 1 1 0 1 0 0 0 1
N02Y5156 -I- ++ -/- 0 0 1 0 1 0 1 1 1 1 0 1 1? 0 0 1
N02Y5163 -/- +/+ -/- 1 1 1 0 1 0 1 1 1 1 0 1 1 1 1? 1
N02Y2016 +H+ | H+ -I- 1 1 1 0 1 1 1 1 1 1 0 1 1 1 1 1
Beaver -/~ -/- 0 0 1 0 1 0 1 1 1 1 0 1 0 0 0 1
Manaska H+ | A+ | A 0 0 0 1 1 1 0 0 0 0 0 0 0 0 0 0
CS NAATAD -/- -/- -/- 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 1
CS N4DT4B -I- -I- -/- 1 1 1 1 1 0 1 0 1 1 1 1 1 1 1 1
Chinese 8ring -/- -/- -/- 1 1 1 1 1 ? 1 0 1 1 1 1 1 1 1 1
CS N1BT1A -/- -/- -/- 0 # # 0 # 0 # # 1 # 0 # 0 0 0 1
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Table S2 continued

GISH analysis
Chr. Chr. Chr. | Xgwm | Xgwm | Xwmc | Xbarc | Xgpw | Xgpw | Xbarc | Xgwm | Xucr_ | Xucr_ | Xgpw | Xwmc | Xwmc | Xgpw | Xgwm | Xbrac
Line (4D) (1B) (?D) 4144 | 4435 230 119 1170 363 194 264 6 8 1143 329 406 709 374 128

KS96HW1061 +/+ -/- -/- 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Millennium -/- -/- -/- 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
N02Y5018 +/+ +/+ -/- 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
N02Y5019 -/- +/+ -/- 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
NO02Y5025 +/+ -/- -/- 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
NO02Y5003 -/- +/+ -/- 0 0 0 1? 1 0 0 1 0 1 0 1 0 0 1 1
NO02Y5096 -/- -/- -/- 1? 1 1 1 1 0 1 1 1 1 1 ¢ 1 1 1 1
NO02Y5109 -/- -/- +/+ 0 1 1 1 1 0 1 1 1 1 1 1 1 1 1 1
NO2Y5117 +/+ -/- -/- 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
N02Y5149 ++ ++ -/- 0 0 0 1 1 0 0 1 0 1 0 1 0 0 1 1
N02Y5156 -I- ++ -/- 0 0 0 1 1 0 0 1 0 1 0? 1 0 0 1 1
NO02Y5163 -/- +/+ -/- 1 07 1 1 1 1 0 1 1 1 1 1 1 0 1 1
N02Y2016 +/+ +/+ -/- 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Beaver -/- -/- 0 0 0 1 1 0 0 1 0 1 1 1 0 0 1 1
Manaska +/+ +/+ +/+ 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 1
CS N4AT4D -/- -/- -/- 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
CS N4DT4B -/- -/- -/- 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Chinese $ring -/- -/- -/- 1 1 1 1? 1 1 1 1 1 1 1 1 1 1 1 1
CS N1BT1A -/- -/- -/- 0 0 0 1 1 0 0 1 0 1 07? 1 0 0 1 1
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Table S2 continued

GISH analysi§ UL- 1B-267 | SCM9 | Xucr Xucr_ | Xiag- PAW | AW2- | PAW1 05 Pr20H | Xrems
Chr. Chr. Chr. Thin5 3 4 95 S5/S6 5 61 1303
Line (4D) (1B) (?D)

KS96HW1G61 +/+ -- -/- 1 0 0 1 1 0 0 0 0 1 0 0
Millennium -/- -/- -/- 1 0 1 1 1 0 0 0 0 0 0 0
N02Y5018 +/+ +/+ -/- 1 0 0 1 1 0 0 0 1 1 0 0
NO2Y5019 -/- +/+ -/- 1 0 0 0 1 0 0 0 1 0 0 0
NO02Y5025 +/+ -/- -/- 1 0 0 1 1 0 0 0 1 1 0 0
NO02Y5003 -/- +/+ -/- 0 1 1 0 1 1 1 1 1 1 1 1
NO02Y5096 -/- -/- -/- 1 0 0 1 1 0 0 0 1 0 0 0
NO2Y5109 -/- -/- +/+ 1 0 0 1 1 0 0 0 1 0 0 0
NO2Y5117 +/+ -/- -/- 1 0 0? 1 1 0 0 0 1 1 0 0
NO02Y5149 +/+ +/+ -/- 0 1 1 0 1 1 1 1 1 1 1 1
NO2Y5156 -/- +/+ -/- 0 1 1 0 1 1 1 1 1 1 1 1
NO2Y5163 -/- +/+ -/- ¢ 1 1 1 1 1 1? 1 1 1 1 1
NO02Y2016 +/+ +/+ -/- 1 0 0 1 1 0 0? 0 1 1 0 0

Beaver -/- -/- 0 1 1 0 1 1 1 1 1 1 1 1
Manaska +/+ +/+ +/+ 0 0 0 0 1 0 0 0 1 1 0 1

CS N4ATA4D -/- -/- -/- 1 0 0 1 1 0 0 0 0 0 0 0

CS N4DT4B -I- -I- -I- 1 0 0? 1 1 0 0 0 0 0 0 0

Chinese $ring -/- -/- -/- 1 0 0? 1 1 0 0 0 1 0 0 0

CS N1BT1A -/- -/- -/- 0 0 0? 1 0 0 0 0 0 0 0 0
Rye DNA # 0? 1 0 0 1 1 1 1 1 1 1

*1: presence or absencedi. intermediunor rye DNA fragments revead by GISH

4D: indicates 4Ai#2$8hromatinof Th. intermediumlB indicates to alien fragments seen on wheat chromosome1B; ?D indicates to an unideggéfiedn®

recombinant chromosomhbybridizing toTh. intermediungenomic DNA.

+/+: alien fragments ofimilar size seen (homozygous);,when no alien fragments seen.

1: presence of the marker allele; 0 absence of the marker allele; 1? most probably @Pasest; probably absent; # when DNA was not available for PCR; ¢ PCR not
successful for techrét reasons.

Lines in bold indicatearriers ofLB recombinant chromosome.
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Table S3 Pedigree lines usdd identify potential 1B carriers usidd3S or1RS specific markers

Pedigree line | Population Wheat marker™ Rye marker> Remarks
Xfc618 | Xpsp3000| Xiag95 | 1B267| SCM9 pAWS5/S6

KS91H174 [ 1 1 0 0 0 0 Normal wheat 1BS

KS91H184 1, 1, IV 1 1 0 0 0 0 Normal wheat 1BS

Rio Blanco [, IV 0 1 0 0 0 0 Lost distal wheat marker, and potential
1BS is recombinant

MO8 [\ 0 0 1 1 1 1 1RS present

Vista | 1 1 0 0 0 0 Normal wheat 1BS

Redland [\ 1 1 0 0 0 0 Normal wheat 1BS

TAM107 I 1 1 0 0 0 0 Normal wheat 1BS

Anton Control 1 1 0 0 0 0 Normal wheat 1BS

Beaver Control 0 0 1 1 1 1 1RS present

(1BL*1RS)

Rye Control 0 0 1 1 1 1

*1: are parental WSMVesigance lines carrying 4Ai#2S chromosomal arnTbf intermediunandWsm1resistance gene

*2: Xfc618is one of the most distal 1BS markBeddy et al. 2008Xpsp300@ closely linked marker tGli-1 locus Bryanet al.1997)
*3: amplifies diagnostic 1IRBNA
1: presence of the marker allele; 0 absence of the marker allele

N Ali et al. 2016Multiple alien introgression in wla breeding linesPage30



