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Abstract Two wheat consensus primer sets, directed Key words Early-methionine-labelled protein multigene
“early-methionine-labelled” (Em) gene sequences, wesmily - Heterologous PCR primers - Grasses -

tested for their ability to amplify beyond their originaBequence-tagged-sites - Wheat-rye recombinants
source. A range of widely diverse templates, including

other Triticeae species and sample monocot and dicot

species, was assayed. Primer set EMC5/EMC3, ampligtroduction

ing the entire coding region with its intron and part of

the 3’ untranslated region, targets Triticeae and sorghSequence-tagged-sites (STSs) represent polymerase
Em sequences. The other set, EMC5/EMCO31, directddhin reaction (PCR) tags for unique sequences from
to the coding region and its intron, amplifies templatésown chromosomal locations (Olson et al. 1989). In
from all the grass species. Both primer sets fail to ampliheat {Triticum aestivurjy STS markers have been de-
fy Em sequences from more distant monocots and thewtiloped by converting mapped restriction fragment
cots. Using set EMC5/EMC3, we isolated and sequendedgth polymorphism (RFLP) clones (Talbert et al.
ten members of the rye Em gene family from five diffed-994). Demonstrated applications of these assays have
ent rye sources. Significant DNA sequence variation beeluded their use as tools for intergeneric gene transfer
tween wheat and rye sequences in the non-coding (Blake et al. 1996) and for the prediction of progeny
gions was found, and this was used to develop sevenwegiance (Burkhamer et al. 1998). The transferability of
guence-specific primers. Twelve primer combinatior&TSs between closely related species is variable (Erpeld-
were analysed, 7 of which weEm-RZspecific, ampli- ing et al. 1996), particularly with respect to sequence-
fying a product in at least one of the tested rye or rytagged-microsatellite-sites (Whitton et al. 1997; Peakall
carrying genotypes but not in wheat. Four sets exhibiteidal. 1998). We have described elsewhere how PCR
clear amplification length polymorphisms which allowedrimers can be designed from wheat consensus sequenc-
discrimination between and within the rye sources. The in order to specifically amplify each of the relevant
primers also discriminated between wheat-rye recombrthologous loci of hexaploid wheat (Van Campenhout
nants with proximal 1RL rye chromatin and those carrgnd Volckaert 1997; Van Campenhout et al. 1998). These
ing distal 1RL rye chromatin. These results show thainsensus primers are directed to ‘conserved’ genic re-
wheat consensus primer sets can be used to isolate omianis, and since it is clear that, at the level of hybridisa-
logous sequences, especially from species that are uged cDNA sequences are generally conserved across a
for alien gene transfer in wheat. Subsequently, speciegde species range, we sought to test the generality of
specific assays can be designed that are useful toolstfierconsensus primer concept across the plant kingdom.

this application. Of particular interest in wheat improvement are the
many related species which can be sexually hybridised
Communicated by G.E. Hart with wheat and which are therefore regarded as resourc-
es for alleles absent in the cultivated wheat gene pool.
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induced, the screening of large populations is necess&ﬂgof the inbred rye variety ‘Imperial’; (2) the ‘Chinese Spring’

fo ideniify rare recombinants. As a resul, rye loculeD)mpen e aedien ine IR (rscol and Seers o7l o
specific PCR markers, targeted at proximal and distal g'ximal (RL-2, RL-3 and RL-6) and distal (R1, R2, R3, R4, R5,

gions of the relevant target chromosome, are a desirgdfeand R8) 1RL chromatin (Koebner and Shepherd 1985), and the
tool to enable the efficient selection of rare recomlsubstitution line 1R(1B), in which 1R replaces wheat chromosome
nants. 1B (Shepherd 1973); (3) individuals of cross-pollinated rye culti-

; i svars ‘Petkus’ and ‘King II'; (4) wheat cultivars ‘Neuzucht’ and
The Em genes, which encode hydrophilic proteir zminder Bartweizen’ (SB), in which chromosome 1B is re-

. . a
that may play a role in water-stress tolerance during S%ﬁéed by 1R originating from a ‘Petkus’ population (Zeller 1973);
desiccation and early germination (McCubbin et gb) An F; individual from a cross between the two experimental

1985; Morris et al. 1990), are a good model to test cdiplish inbred rye lines DS2 and RXL. Non-rye carrying wheat

; il ; i A was obtained from cvs ‘Cadenza’, ‘Cappelle-Desprez’,
sensus primer transferability since (1) the gene famllyﬁ obbit’, CS and its group-1 nulli-tetrasomic stocks. Genomic

present in a wide range of plant species, inplu@ir@— DNA was isolated from fresh leaves of single plants according to
idopsis thaliana(Gaubier et al. 1993) and rice (Litts ebharp et al. (1988) or Van Campenhout et al. (1995).

al. 1992), the models for, respectively, dicotyledonous
and monocotyledonous plants; (2) it is a small gene f

ily offering several targets, thereby improving the proba-
bility O_f detecting an Em gene sequence; (3) size potygo consensus primer combinations for the wheat Em gene fami-
morphisms are known to occur among Em genes, bothyasEMC5/EMC3 and EMC5/EMCO31 (Van Campenhout and
a result of the presence of an intron of variable len ckaert 1997), were used to test for transferability across the

: . ge of templates. Sequence-specific primers were designed from
(Gaubier et al. 1993; Van Campenhout and Volcka Hltiple alignment comparisons (Genmon v4.3, GBF, Braun-

1997; Calvo et al. 1997) and due to polymorphism wifdnweig, Germany). PCR reactions were conducted as described
respect to the number of hydrophilic repeats (Espelund\ein Campenhout and Volckaert 1997; Van Campenhout et al.

al. 1992; Gaubier et al. 1993; Calvo et al. 1997); (4) $298) and were electrophoretically analysed on 1% agarose gels

the Em family members are clustered at one loEns-{) ~ (Biozym. Landgraaf, The Netherlands). .
. onsensus PCR products from rye templates were reamplified
mapped adjacent to the centromere on the long arms,

°R, cloning and sequencing

enerate blunt-end PCR products ingb@eactions consisting
the homoeologous group-1 chromosomes (DubcovskyoeEommercially supplied buffer, 208M of each dNTP, UM of

al. 1995; Van Deynze et al. 1995), the reliability and vadach primer, 2 LPfu DNA polymerase polymerase (Stratagene,
ue of theEm-R1specific assays can be tested on eSt%g%%olla, Calif.) and one-tenth of the original PCR product as tem-

. : . After 30 cycles of 94°C for 1 min, 53°C for 1 min and 72°C
lished recombinants between wheat chromosomes 0 s, PCR products were purified with the Qiaquick PCR puri-

rye chromosome 1RL (Koebner and Shepherd 1985). fication kit (Qiagen, Hilden, Germany), phosphorylated by T4
In the work described here, we tested two wheat caatynucleotide kinase (Eurogentec, Seraing, Belgium) in the pres-

sensus primer sets, directed to the Em gene family, opnge of 1 vl rATP and repurified. For plasmid ligation, 100 ng

: ; roduct, 100 ng ddma-cut and dephosphorylated pUC18
range of diverse monocotyledonous and dlcotyledon@&fofwharmacia Bi%tech, Uppsala, SV\?ederﬁ)),M%;ﬁTP oS

plant species. Detailed analysis by cloning and sequeGs T4 DNA ligase in the appropriate buffer (Promega, Madison,
ing was carried out in rye, given our interest in the d@#s.) were incubated in a volume of filDovernight at 22°C and

velopment of PCR assays for the identification and chégnsformed intd=. colistrain DH® by a modified calcium chlo-
acterisation of wheat-rye recombinants. Seven rye_sﬁe procedure (Volckaert 1987). Putative positive clones

ifi - t d | d d thei ifici ue/white selection) were screened for the presence of inserted
cmc primer sets were developed, and their speciiCIBiA of the expected length by colony PCR following the proto-

and polymorphicity were assayed on templates repgerof Verhasselt et al. (1993). Plasmid DNA from positive clones
senting several rye sources, including varieties and aduis prepared using the QlAprep Spin Plasmid kit (Qiagen), and
tion, substitution, translocation and introgression lines.inserts were sequenced with the ABI PRISM Big Dye Terminator

Cycle Sequencing kit (Applied Biosystems, Foster City, Calif.) us-
ing vector-specific primers. Direct sequencing of PCR products
was performed with the BigDye Terminator Cycle Sequencing
Materials and methods Ready Reaction kit (Applied Biosystems) using Qiaquick purified
amplification products as the template. Sequence analysis was
done on a 377 DNA sequencer (Applied Biosystems).

Plant material

The test array for the consensus primers included DNA extracted

from 12 Triticeae grass species, three grasses belonging to OE%eg It

tribes, two more distantly related monocot species and seven d uits

species. These were, respectively: wha@atiCum aestivun) rye

(Secale cerea)e barley Hordeum vulgarg oats Avena sativp  Transferability of consensus primers
Aegilops umbellulata Agropyron repens Dasypyrum villosum

Elymus giganteysHordeum chilensePseudoroegneria strigosa e : :
Psathyrostachis stoloniformidhinopyrum bessarabicunmaize PCR amplifications using primer set EMC5/EMC3 [de-

(Zea mayB Sorghum $0rghum bico|o)*’ rice (Oryza sati\/a; ba- S'gned to amp“fy the entil’e C0d|ng I’egion W|th |tS in'[l’on
nana Musa- AAB group), leek Allium porrum; carrot Paucus and part of the 3’ untranslated region (3’ UTR)] resulted
carotg), chicory Cichorium intybuy Arabidopsis thalianabeet in clear, specific products from all the Triticeae tem-

(Beta vulgari3, cucumber Cucumis sativys pea Pisum sativumn :
and tomatolfycopersicon esculentym plates (wheat, rye, barley, oahegilops umbellulata

For the detailed analysis &m-R1 five distinct sources of rye AGropyron repensDasypyrum villosumElymus gigan-
chromosome 1R were assayed. These consisted of: (1) an inditéts Hordeum chilense Pseudoroegneria strigosa
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Psathyrostachis stoloniformisThinopyrum bessarabi-
cum), and from sorghum (Fig. 1). A weak, lower mole-
cular-weight product was formed from banana, while
there was no amplification from templates of maize, rice,

* leek or any of the dicot species. The other primer set,

EMC5/EMCO31 (directed to the coding region and its

intron only), amplified successfully from all the grass
—s00 Species but formed no visible product from any of the
other templates.

All the PCR products were directly sequenced and
this confirmed that Em gene sequences had been ampli-
fied in the grass species. The EMC5/EMC3-directed
product from banana proved to be not a member of the
Em gene family, as its sequence (outside of the primers)
did not show any similarity with any one of the known

Fig. 1 Amplification with consensus primer combinationgEm gene sequences. Direct sequencing of the
EMC5/EMCO31 {op) and EMC5/EMC3 lfottor) of sample grass EMC5/EMC3 amplification products gave a complete,
species. The first amplifies the coding region and the intron of Eean read for barley (completely homologous to that of
gene sequences, giving products in the range of 350-550 bp. fhfley cDNA sequence B19.1, Espelund et al. 1992),
latter amplifies the coding region, the intron and part of theég”enSe (93% similarity to the wheat EM1B01 gene,

UTR of Em gene sequences, resulting in amplicons of s .
490-750 bp. The 500-bp band of the size marker (Biozym Lo{@nN Campenhout and Volckaert 199'Fse. strigosa

sorghum

Th. bessarabicum
E. giganteus

Pse. strigosa

Psa. stoloniformis
A. repens

§F, 8 _ 8
§ 2 § F§ B8

rice

EMCS/EMCO31

EMCS/EMC3

Ladder) is indicated

(87% similarity to EM1B01),Psa. stoloniformig(86%

Table 1 DNA sequences iso-

lated by consensus primer set Sequence Source Total size Size of exons Size of intron  Size of

EMC from different rye sourc- PCR product 3UTR

es and their structural features.

posited under EMBL accession 5 clones Salzmunder

numbers AJ011945-AJ011954 1 clone Kingll
EMRECO04 1 clone RL3 591 bp 282 (118+164) bp 167 bp 138 bp
EMDSR51 13 clones DXRXL 540 bp 282 (118+164) bp 117 bp 137 bp
EMPET77 1 clone Petkus 540 bp 282 (118+164) bp 117 bp 137 bp
EMRYE92 6 clones Petkus 540 bp 282 (118+164) bp 117 bp 137 bp

1 clone DSXRXL

EMKII78 1 clone Kingll 538 bp 282 (118+164)bp  85bp 167 bp
EMKII77 1 clone Kingll 538 bp 282 (118+164) bp 85 bp 167 bp
EMDSR24 1 clone DSZRXL 509 bp 273 (109+164) bp 93 bp 139 bp
EMREC19 1 clone RL3 525 bp 282 (118+164) bp 101 bp 138 bp
EMKII91 1 clone Kingll 509 bp 282 (118+164) bp 86 bp 137 bp

Fig. 2 Dendrogram showing
inter-sequence relationships
among the ten isolatdem-R1
sequences and their relation-
ship to the seven known wheat
Em-1sequences as derived
from the multiple DNA se-
quence alignment by the Gen-
mon computer package. The
wheat sequences GEMH2 and
GEMHS5 were previously pub-
lished by Futers et al. (1993), a
TAEMG by Litts et al. (1991)
and EM1B01, EM1D57,
EM1A55 and EM1D53 by Van ol ™
Campenhout and Volckaert e |
(1997)
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Fig. 3 A, B Multiple alignment A
of parts of the ten ryem-R1 GEMH?2 113: CTCGCCGARGETACGT . « e et v eeeeanenneenennenesnoneneneneenens
DNA sequences and the related EM1BO1 113: CTCGCCGRAAGGTGCGTACG . « o cGGCA. e neeeeenaeeeeeeeaeen
wheatEm-1sequences EMRYE30 113: CTICGCCGAAGGTACGTACGTAaCGGGCATGATgcatGCgtgagRaatGeegttatAc
GEMH2. EM1B01 and EMRECO04 113: CTCGCCGAAGGTACGTACGTaCGGGCATGATgcat
EM1D57 Fig. 1). Identical EMDSR51 113: CTCGCCGAAGGTACGTACGTaCGGGCATG. . .
1l (see Fig. 1). Identica EMPET77 113: CTCGCCGAAGGTACGTACGTGCGGGCATG. . .
positions are indicated kas- EMRYE92 113: CTCGCCGAAGGTACGTACGTGCGGGCATG - « v v v v v eevneennannnnnneenns
terisks positions marked by PMKIT77  113: CTCOGGGRAGOEAGOTA o == GonAcgon ceroan
H : CICGCCGAAGGIACGTA. o o ¢ o e e o 006 006 oo (oo [oF - ]
are medium-conserved addts EMDSR24 104: CTCGCCGAAGGTACGTA.....c.ccoceeeoe.. aCAAcgcA ....... CGTCgA
represent aligning gapé. In- EMREC19 113: CTCGCCGARGGTACGTA. .+ ... .usssssoeesns GCAAgcacgtcGagtCGTCgA
tron region of the Em genes. EMKII91 113: CTCGCCGAAGGTACGTA.....occcceveeecns GCARCGCA....... CGTCAA
Primers EMROG52, EM- EM1D57 113: CTCGCCGAAGGTgCGTAacgcaacCgAgaATCGT....cvven. ceseveseanan
ROG51, EMRYE52 and EM- B N *
’ —>intron
RYE31 (Table 2) arender- GEMH2 128:
lined, intron borders are indi- EM1BO1 136:
cated and tandem repeats are EMRYE30 169:
; EMRECO04 169:
underscoredy dotted lines EMDSR51 142:
B 3’ UTR region. The termina- EMPET77 142:
tion triplet is indicated by, gﬁ§¥?3§ 1223 GtGTtgGtgATGG. . TGGTGCGCGGCTTCAGCTACTCA
the conserved polyadenylation EMKII77 144: GtGTtgGtgATGE. . TGGTGGCGGCTTCAGCTACTCA
signal is denoted blyAand EMDSR24 135: ccTtatcaGTTATGtQT...... tgGtgATGG. . TGGTGGLGGCTTCAGCTACTCA
primer annealing sites for EM- EMKIIO1  144s eniiillGTonre s TatOrOTLOGtaRTON,  TOOTGOCGOOTTCROGTACTON
- P CeveeesoGT...... a gGtag: .- c TACTCA
5853321 ‘(TEa'\é'EOz)GgFé nEd'\éIr- EM1D57 igg D oeeeeeneananaan tgTgCGtGTEGG. « v v .« TGaTGGtGGCTTCAGCTACTCA
Consensus H + +++ + ++ *
lined. The position of consen-
sus primer EMC3 is indicated ggll'lggl ig?
by anarrow EMRYE30 189:
EMREC04 189:
EMDSR51 157:
EMPET77 157:
EMRYE92 157:
EMKII78 185:
EMKII77 185:
EMDSR24 183: TGTCAR...vcueeeonnnnn TGTCtACGG
EMREC19 200t TGTCAR.«vverovnennnnn TGTCtACGG
EMKII91 185: TGTCAA..vvvroeeonnnnn TGTCtACGG
EM1D57 181: TtTCgtcatgtatatgtgttgTGTacAcGG
Consensus 225: * k4
GEMH2 162: CGAGCGATCTGTGGCTT . CcaatACtGAtTGCTAGEATT . .. ... .
EM1BO1 174: TGAGCGATCTGTGACTT . CcgatgCtGAt TGCTAGtATTGCTGTT
EMRYE30 219: C
EMRECO4 219: ¢
EMDSR51 179: . .. . TGAGCGATCTGTGGCTTcCgaTAACAaGACTGCTACCATTGCCGTAT
EMPET77 179: eiiienn.. TGAGCGATCTGTGGCTTgCagTAACAGACTGCTACCATTGCTGTAT
EMRYE92 1798 veveenannn TGAGCGATCTGTGGCTTgCagTAACAGACTGCTACCATTGCTGTAT
EMKII78 199:
EMKII77 199:
EMDSR24 198:
EMREC19 215:
EMKII91 200:
EM1D57 211:
Consensus 281:
GEMH2 200: GCTGtATtTgtGCAGGGCGCAGCCGtGGCGGGCAGACECGCAGGGAGCAGATGGGY
EM1BO1 219: GCTGtATtTgtGCAGGGCGCAGCCGLGGCGGGCAGACEtCGCAGGGAGCAGATGGGY
EMRYE30 275: GCTGCATtTgtGCAGGGCGCAGCCGCGGLGGGCAGACaCGCAGGGAGCAGATGGGE
EMRECO4 275: GCTGCATtTgtGCAGGGCGCAGCCGCGGtGGGCAGACaCGCAGGGAGCAGATGGGE
EMDSR51 225: GCTGCATtTgtGCAGGGCGCAGCCGCGGCGGGCAGACaCGCAGGGAGCAGATGGGE
EMPET77 225: GCTGCATtTgtGCAGGGCGGAGCCGCGGCGGGCAGACACGCAGGGAGCAGATGGGE
EMRYE92 225: GCTGCATtTgtGCAGGGCGgAGCCGCGGCCGGCAGACaCGCAGGGAGCAGATGGGE
EMKII7S8 199: . ..... TgTtgGCAGGGCECAGCCECGGCGGGCAGACGCGCAAGGAGCAGATGGGY
EMKII77 199: ...... TgTtgGCAGGGCECAGCCECGECEGGCAGACGCGCAAGGAGCAGATGGGY
EMDSR24 198: ...... TgTtgGCAGGGCGCAGCCGCGGCGGGCAGACGCGCAaGGAGCAGATGGGY
EMREC19 215: ...... TgTtgGCAGGGCGCAGCCGCGGCCGGCAGACGCGCAaGGAGCAGATGGGY
EMKII91 200: ...... TgTtgGCAGGGCGCAGCCGCCGCGGGCAGACGCGCAaGGAGCAGATGGGY
EM1D57 211: ...... TgTtgGCAGGGCGCAGCCGCGGCGGGCAGACGCGCAAGGAGCAGATGGGY
Consensus 337: * * Thkhkhkhkkghhhhhfhhphhhhhhhkdh dhkkhdk khkkkkkdkkkkk
intron «

similarity to the barley product) anth. bessarabicum plified product of about 750 bp in wheat and rye (Fig. 1)
(89% similarity to the wheat GEMH2 gene, Futers et alas shown to be amplified by primer EMC3 alone and
1993). The size polymorphism displayed by thHead sequence homology with retrotransposon-like ele-
EMC5/EMC3 amplification product in oats and the mostents (Van Campenhout and Volckaert 1999). The
prominent band in sorghum (Fig. 1) was due both to taBIC5/EMCO31 amplification products consisted of a
presence of an intron of, respectively, about130 bp amdkture of Em gene sequences, except for sorghum, rice
150 bp, and to variation (four and three repeats) in tfedrresponding perfectly to the rieemplgene, Litts et
length of the central hydrophilic motif. The weakly amal. 1992) andasypyrum villosun{©6% similarity to the
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Fig. 3 B Legend see page 331 B
GEMH2 368: CCAAGTCCTAGA..... TGATCcGT. .. v veeennn TAGC. ...CTAGCAAGCAAG
EM1BO1 387: CCAAGTCCTAGA..... TGATCEGT. . s v vueeenn TAcC....CTAGCAAGCAAG
EMRYE30 443: CCAAGTCCTAGA..... TGATCCGT . v v e vvanenn TAGC....tTAGC.AGCAAG
EMREC04 443: CCAAGTCCTAGA..... TGATCtGT...cvveeenn TAcC. ...CTAGCAAGCAAG
EMDSRS51 393: CCAAGTCCTAGA..... TGATCCGT. v cvveeennn TAGC. ...tTAGC.AGCAAG
EMPET77 393: CCAAGTCCTAGA..... TGATCCGT.-ccvneenns TAGC....tTAGC.AGCAAG
EMRYE92 393: CCAAGTCCTAGA..... TGATCCGT. . cvvveennn TAGC....tTAGC.AGCAAG
EMKII78 361: CCARaTCCTAGATGATCTGATCaGTCAGCACGTACGTAGCcTAGCaAGCAAGCAAG
EMKII77 361: CCAgGTCCTAGATGATCTGATCaGTCAGCACGTACGTAGCcTAGCaAGCAAGCAAG
EMDSR24 360: CCAAGTCCTAGA..... TGATC.ceeaenen CGT...TAGCtTAGCaA. .AAGCAAG
EMREC19 377: CCAAGTCCTAGA..... TGATC..veeown CGT...TAGCtTAGC....AAGCAAG
EMKII®S1 362: CCAAGTCCTAGA..... TGATC........ CGT...TAGCtLTAGC..... AGCAAG
EM1D57 373: CCAAGTCCTAGA..... TGATC...cvvvaw CGT...TAGCgT. .. .AGCAAGCAAG
Consensus 505z *kkpphkkkkkk *hkkk 44 * %k +++ KhKxkkk

*

GEMH2 404: AtGACT....CTGCTTAGGTCGGCTG..... TTggtTTGCCctAgcGTCCACGTAC
EM1BO1 423: ACGAaT....CTcCTTAGGTCGGCTG..... TTggtTTGCCctAgtGTCLACGTAC
EMRYE30 478: ACGACT....CTGCTTAGGTCGGCTG..... TTggtTTGCCctAgcGTCCACGTAC
EMRECO04 479: ACGAaT....CTcCTTAGGTCGGCTG. ....TTggtTTGCCctAgtGTCLACGTAC
EMDSR51 428: ACGACT....CTGCTTAGGTCGGCTG. . TTggt TTGCCctAgcGTCCACATAC
EMPET77 428: ACGACT....CTGCTTAGGTCGGCTG.....TTggtTTGCCctAgcGTCCACGTAC
EMRYE92 428: ACGACT....CTGCTTAGGTCGGCTG..... TTggtTTGCCctAgcGTCCACGTAC
EMKII78 417: ACGACTgct.tTGCTTA........ GTTGGTTTaccTTGCaggAtga.........
EMKII77 417: ACGACTgct.tTGCTTA........ GTTGGTTTaccTTGCaggAtga.........
EMDSR24 398: ACGAC......TGCTTA........ GTTGGTTTaccaTGCCgggtge e e v v e e v
EMREC19 413: ACGAC......TGCTTA........GTTGGTTTaccaTGCCggAtg...... .
EMKIIO91 397: ACGACTcCtg.CTtaggt........ cggctgTngtTTGCCctAchTCCACGTAC
EM1D57 409: ACGACTctcctTagTTg..eeee.. GTTGGTTTaccTTGCngAt..... ..... .
Consensus 561: *+**++ +% +++4 * % +hkk+ 4+ 4+
GEMH2 451: CGAATAATGTAGLTCAGG....eeeeeneoeenn CGCACGTA.GgcGATCgTAC. .
EM1BO1 470: CGAATAATGTAGETCAGG.....coceeeeennn CGCAcGTA.GgcGATCgTAC. .
EMRYE30 525: CGAATAATGTAGELTCAGG...c.veeaeeannnn CGCACGTA.GgCcGATCgTAC. .
EMRECO04 526: CGAATAATGTAGETCAGG....veeeeevennns CGCACGTA.GgcGATCgTAC. .
EMDSR51 475: CGAATAATGTAGETCAGG. .+ ceveeeoeeeens CGCACGTA.GgcGATCgTAC. .
EMPET77 475: CGAATAATGTAGELTCAGG. .+ eeeeveoeonenn CGCACGTA.GgCcGATCgTAC. .
EMRYE92 475: CGAATAATGTAGETCAGG. .. eeeeeeoeenenn CGCACGTA.GgcGATCgTAC. .
EMKII78 455: ..AATAATGTAGgTCAGGAACCCTGACGTGTGCACGCAtGTAGGagGATCaTA. ..
EMKII77 455: ..AATAATGTAGgTCAGGAACCCTGACGTGTGCACGCAtGTAGGagGATCAaTA. ..
EMDSR24 430: ..AATAATGTAGYTCAGGAACCCTGACGTGTGCACGCAtGTA.GgaGATCaTA...
EMREC19 445: ..AATAATGTAGgTCAGGAACCCTGACGTGTGCACGCAtGTAGGagGATCaTA. ..
EMKIIO1 444: CGAATAATGTAGETCAGG....ceeeeenennnn CGCAcGTAGGc.GATCgTAC. .
EM1D57 446: .GAATAATGTAGgTCAGGAAtCCTGAC..GTGCACGCAtGTAGGa.GATCaTACgt
Consensus 617 +T*~k*****~k** * ok k ok ok Xkhkkk kkk * kkkk kk4
GEMH2 488: ....GtAGTATCcATCATGTGTGCTTCGTAaCcG
EM1BO1 507: ....GtAGTATGATCATGTGTGCTTCGTAGCTG
EMRYE30 5623 «« +GCAGTATGATCATGTGTGCTTCGTAGCTG
EMRECO04 563: .« .GCAGTATGATCATGTGTGCTTCGTAGCTG
EMDSR51 512: ....GCcAGTATGATCATGTGTGCTTCGTAGCTG
EMPET77 512: ....GCAGTATGATCATGTGTGCTTCGTAGCTG
EMRYES2 512: ....GCAGTATGATCATGTGTGCTTCGTAGCTG
EMKII78 506: tGTAGtAGTATGATCATGTGTGCTTCGTAGCTG
EMKII?77 506: tGTAGtAGTATGATCATGTGTGCTTCGTAGCTG
EMDSR24 480: ...tGtAGTATGATCATGTGTGCTTCGTAGCTG
EMREC19 496: ...tGtAGTATGATCATGTGTGCTTCGTAGCTG
EMKII91 481: ....GCAGTATGATCATGTGTGCTTCGTAGCTG
EM1D57 498: aGTAGtAGTATGATCATGTGTGCTTCGTAGCTG
Consensus 673: LR R RS R PR E SRR R R R R R R

<—— primer EMC3

wheat TAEMG gene, Litts et al. 1991). As for the othgart of the 3 UTR (ranging from 137 bp to 167 bp). A
set, the size polymorphism by EMC5/EMCO31-directedultiple alignment of the ten sequences with seven
amplification (Fig. 1) was the result of variation in thknown wheaEm-1sequences (Litts et al. 1991; Futers et
number of hydrophilic repeats (two in maize, three al. 1993; Van Campenhout and Volckaert 1997) revealed
sorghum andE. giganteuy and differences in introninter-sequence relationships, which are presented in a
sizes. dendrogram form (Fig. 2). This analysis demonstrates
that EMRYE30, EMRECO04, EMDSR51, EMPET77 and
EMRYE92 belong to one group (group 1) that is related
Isolation and characterisation Bm-R1DNA sequences to a wheat Em subfamily composed of sequences
GEMH2 and EM1BO01, whereas EMKII78, EMKII77,
Em-R1sequences were generated from EMC5/EMC3-&iMDSR24, EMREC19 and EMKII91 are grouped
rected amplicons of template from five different ry@group II) together with EM1D57 from wheat. The
sources. The sequencing of 34 Em gene-containmrgup-l1 sequences can be split into subgroups la (EM-
clones revealed a total of t&fm-R1variants (Table 1). RYE30 and EMRECO04) and Ib (EMDSR51, EMPET77,
Each includes the whole coding sequence of 282 bpEWMRYE92), primarily on the basis of a 50-bp difference
273 bp (there is a 9 bp deletion in the first exon in ENft intron length (Table 1), the intron being composed of
DSR24), interrupted at a conserved position by an intrwo tandem repeats (one of 32 bp and one of 18 bp) in
of variable length (ranging from 85 bp to 167 bp), andoath EMRYE30 and EMRECO04 (Fig. 3A). The subdivi-
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Table 2 Primer sets developed and analysed in this study, the targeted sequence and the deduced length of the PCR product

Primer set  Primer sequence Target Length of PCR product

EMGPI EMROG52: TCGCCGAAGGTACGTACGT Group | (EMRYE30, EMRECO04, 471 bp EMRYE30
EMROG-31: CGAAGCACACATGATCATACTG EMDSR51, EMPRET77, EMRYE92) 472 bp EMRECO04
421 bp Group Ib
EMGPlla EMROG51:ACCTCGCCGAAGGTACGTAG Group lla (EMKII77, EMKII78) 415 bp
EMROG36: CACATGATCATACTACTACA
EMGPIIb  EMRYES52: CTCGCCGAAGGTACGTAACA EMDSR24 396 bp

EMRYE32: GCACACATGATCATACTACA

EMGPIlc EMROGH51: see above EMREC19 405 bp
EMRYE32: see above
EMGPIld EMROG51: see above EMKII91 393 bp
EMROG31: see above
EMINGPI EMROG52: see above Group | 178 bp Group la
EMRYE31: CCCTGCACAAATGCAGCAT 128 bp Group Ib
EMCG52 EMROG52: see above Group | 477 bp EMRYE30
EMC3: see above 478 bp EMREC04
427 bp Group Ib
EMCG51 EMROG51: see above EMKII77, EMKII78, EMREC19, 415 bp EMREC19
EMC3: see above EMKI191 428 bp EMKII77, EMKII78
399 bp EMKII91
EMCR52 EMRYES2: see above EMDSR24 406 bp
EMC3: see above
EMCG31 EMCS5: see above Group |, EMKII91 584 bp EMRYE30
EMROG31: see above 585 bp EMREC04
534 bp Group Ib
503 bp EMKII91
EMCG36 EMCS5: see above EMKII77, EMKII78 525 bp
EMROG36: see above
EMCR32 EMCS5: see above EMDSR24, EMREC19 499 bp EMDSR24

EMRYE32: see above

515 bp EMREC19

sion in group Il (types lla, llib, lic, Iid; Fig. 2) is dueble 3). Among the rye templates tested, primer set EMG-
mainly to size differences in several parts of both the Al generated an amplification length polymorphism visu-
trons and the 3" UTR (Table 1, Fig. 3A and B). Nucle@lised by agarose gel electrophoresis that discriminated
tide differences at positions scattered throughout the $&etkus’, DSXRXL and ‘Imperial’ (with a PCR product
guences are responsible for a further subdivision of swb-approx. 420 bp) from ‘King II', 1R(1B), CS+1R, SB,
groups (Fig. 3A and B). ‘Neuzucht’ and the RL recombinants (with a PCR prod-
uct of approx. 470 bp) (Table 3, illustrated in Fig. 4).
The R recombinants lack tHem-R1locus. Amplifica-

tion with primer set EMINGPI (Table 2), which targets
the introns of these sequences, confirmed these results
(Table 3). TheEm-R1target sequence of primer sets
In order to construdEm-Rtspecific primers, we exploit- EMGPI, EMGPIIb and EMGPIIc was shown to be pres-
ed sequence differences between the rye and the (knogmt)in every rye-template tested, while primer sets EMG-
wheat Em gene sequences. Since most of this variatioRlim and EMGPIId amplified less frequently occurring
present in the introns and 3' UTRs, sequence-speclim-R1alleles (Table 3).

primers were designed to target sequence-specific poly-The sequence-specific primers were also tested in
morphisms in these regions. Primer design was baseccombination with the appropriate consensus primer (sets
the criterion that the 3’-terminal positions should be diEMCG52, EMCG51, EMCR52, EMCG31, EMCG36
ferent from that present in any of the known wheat ss;ad EMCR32; Table 2). Except for EMCR32, this result-
guences (Fig. 3A and B, only related wheat sequeneesin the loss of rye-specificity (Table 3), presumably be-
are shown in this comparison). In this way, six sequencause of the presence of as yet unidentified Em gene
specific primers (EMROG52, EMROG51, EMRYES52members in wheat. Thus, when sequence-specific prim-
EMROG31, EMROG36 and EMRYE32) were construcers EMROG52 and EMROG31 were used in conjunction
ed, allowing 5 primer combinations (EMGPI, EMGPIllgset EMGPI), a polymorphiEm-R1specific product
EMGPIIb, EMGPIIc and EMGPIId) to direct the ampliwas formed (discussed above). However, in the combi-
fication of all the isolatedEm-R1sequences (Table 2).nation EMROG52/EMC3 (set EMCG52), a comparison
These primer combinations amplified products of the dxetween the amplification profiles of CS and an aneu-
pected lengths (Table 2) that were rye- (and hdtroe ploid stock in a CS background lacking chromosome 1D
R1-) specific, as no amplification product was formed i{@.g. nullisomic 1D tetrasomic1B) shows that a chromo-
any of the non-rye carrying wheat templates tested (5@me 1D-specific product of approx. 430 bp was ampli-

Development and analysis Bm-R1specific
PCR markers
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Table 3 Amplification analysis of the developed primer sets (see Table 2)

Primer set 1R(1B) CS+1R SB, Petkus Kingll D&XL Imperial R1to R8 RL2, RL6 Wheat
Neuzucht RL3
EMGPP +l +! +l +s +l +s +s — + +! —
EMGPIla - - - - + - - - - - -
EMGPIIb + + + + + + + - + + -
EMGPIIc + + + + + + + - + + -
EMGPIId + + + - + - - - + + -
EMINGPIP +! + +l +s +l +s +s — + +! —
EMCG52 +d +d +d +s + +s +s +s + +d +s (1D-specific)
EMCG51 + + + + + + + + + + + (weaker)
EMCR52 + + + + + + + + + + +
EMCG3?> +d +d +d +s +d +s +s +s +d +d +s
EMCG36 - - - - + - - + + + +
EMCR32 + + + + + + + - + + -

aTested wheat varieties were: ‘Cadenza’, ‘Cappelle-Desprez’, ‘Hobbit’, ‘Chinese Spring’ and its group-1 nulli-tetrasomic lines
b Size polymorphism on agarose gel electrophoresis: s, small; |, large; d, double amplification bands

EMGPIId, EMINGPI and EMCR32, which are rye-spe-
cific, discriminated the RL from the R recombinants by
presence (in RL)/absence (in R) polymorphism (Table 3,
illustrated for EMGPI in Fig. 4), while EMCG31 and
EMCG52 distinguished the RL from the R recombinants
——4174T8 by the difference in the amplification lengths of the
wheat and rye products (Table 3, illustrated for EMCG52
in Fig. 4). In addition, this latter set did not amplify the
1D-specific product in RL-2 and RL-3 (Fig. 4). As these
lines carry Em-R1 but lack Em-D1 the recombinant
chromosome in RL-2 and RL-3 probably represents a
homoeologous exchange between 1RL and 1DL.

Imperial
Cadenz
N1DT1B

o
o
4
=

CcSs+1R
SB
Petkus
King 1l
RL-3
RL-6

bp

R3
R4

EMCG52

EMGPI =4larz Discussion

Fig. 4 PCR with primer set EMGPI (EMROG52+EMROG31)l'he strategy: from consensus primers to
amplifies a rye-specifi€m-R1product that shows amplification species-specific PCR markers
length polymorphism. Set EMCG52 (EMROG52+consensus prim-

er EMC3) amplifies a 1D-specific product from wheat in additi . _
to the rye-specific polymorphiEm-R1product. The size of theogve have previously shown that wheair-1 consensus

amplification products is indicated, as are the genotyldeSize Primers can be used to develop a PCR assay for the rye
marker (Biozym Low Ladder) orthologue (Van Campenhout et al. 1998). The present
work demonstrates that while this approach is valid
across a wide spectrum of grass species and genera, it
fied in addition to the rye sequence (illustrated in Fig. €an not be generalised across the major monocot/dicot
Differences in the amplification pattern generated by sitide, presumably because of large-scale sequence di-
EMCG52 and EMCG31 allow differentiation betweemergence, which has been sufficient to have resulted in
the different rye and rye-carrying genotypes (Table 3). differences in codon usage between the two major plant
phyla. The use of heterologous probes in comparative
RFLP mapping of the grass species has revealed a re-
Em-R1specific PCR markers to discriminate markable level of synteny between their genomes
wheat-rye recombinants (Devos and Gale 1997). Analogously, it is likely that
consensus primers, in combination with DNA sequence
Of the 12 primer combinations (Table 3) 8 were able amalysis, can take comparative genetics to a further level,
discriminate among the wheat-rye recombinants involgiving insight into the conservation of DNA sequences
ing chromosome-arm 1RL. These lines were characteetween genes of similar function. It is significant that
ised for a number of RFLP and PCR loci by Rogowslklye cross-species transferability of the primer set directed
et al. (1993), and the analysis showed that the wheattyehe protein coding region (EMC5/EMCO31) reached
recombinants RL-2, RL-3 and RL-6 have proximal ryferther than that of the primer combination with the re-
chromatin, while R1, R2, R3, R4, R5, R7 and R8 haverse primer located in the 3' UTR (EMC5/EMC3). This
distal rye chromatin. Sets EMGPI, EMGPIIb, EMGPIIds consistent with the behaviour of cDNA-based STS
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primers across conifer genera (Perry and Bousqgenerated) and those of ‘Imperial’ rye itself. This multi-
1998). While the placement of a primer in a non-codimde allelism exhibited in rye suggests that allele-display-
region reduces the species range over which primers tan PCR assays can realistically be developed in rye
be transferred, it increases the probability of generatifand, by implication, in any species with high levels of
informative polymorphism by ensuring the inclusion giolymorphism). While this polymorphism is an advan-
more variable DNA in the PCR product. Sequence dikge for the genome analysis of rye, it also represents a
ferentiation between wheat and rye was indeed predodriawback for the development of introgression-specific
nantly present in the non-coding regions of the amptirarkers. Indeed, for the latter application, sequences
cons. Intron and 3’ UTR lengths are under less selectimest be isolated from the genetic background in which
constraint than the coding region, and 4 of the 12 rye #wey will be employed so that upon applying the consen-
says readily gave scorable length polymorphisms of tkiss primer strategy on the addition lines (from which the
type. Thus, in terms of a general strategy, attentimctombinats are generated) the rye sequence has to be
should be focussed on intron- and UTR-containing sdentified among interfering wheat sequences (unless the
guences. Although currently the extent of such sequendginal rye donor individual is known).
es for wheat in public DNA databases is rather limited,
the substantial level of DNA sequence conservation
among the grasses in the coding regions (as infer&election markers for recombinants
from the generality of the Em primers and the cross-hy-
bridisation of orthologous cDNAs), makes it feasible th@&ombinations between sequence-specific and consensus
consensus primers should be derivable from sequenmesiers often amplified an unexpected product in wheat,
of those cereal species (especially rice) that are becauggesting a close similarity in the organisation of the
ing the target of a substantial DNA sequencing effort. Em gene family in wheat and rye. Hence, besides allelic
variation, and especially for gene families, unknown
wheat gene members can complicate the development of
Heterogeneity between and within rye varieties rye-specific PCR markers that are to be used in a wheat
background. Nevertheless, 8 primer sets were appropri-
In the investigation reported here the consensus prirag for the analysis of current 1RL recombinants. These
approach was, for the first time, elaborated on a polyeuld be suitable as a tool to select further recombinants
morphic crop. Detailed analysis resulted in the characterere effectively than has previously been possible. In-
isation of ten different Em gene sequences from five difeed, theEm-RZtprimers are the most proximal STS-
ferent sources of rye, and the subsequent tests with RI@R markers available for 1RL, mapping closer to the
derived sequence-specific primer sets enabled the detesitromere than th&lu-R1 storage protein gene (Van
tion of allelic variation. In some cases, the extent of &eynze et al. 1995) that was used as proximal marker by
lelic DNA sequence variation in rye was such that ti@ebner and Shepherd (1985). Although the rye chro-
specific primer set constructed for a particular sequemnesome arm does not carry any known genes of agro-
from one variety was genotype-specific and, consequamtmic interest, the development of a fuller set of recom-
ly was not generally transportable to rye in general. Ebinants would provide an excellent mapping tool by
amples of this are sequences EMKII77 and EMKII7&hich to assign markers to specific rye and wheat chro-
whose specific primer set (EMGPIla) only amplifiedhosome regions and, by inference, to the equivalent re-
template from ‘Kingll’, while set EMGPIId, directed togions in related grass genomes. Proximal rye/distal
sequence EMKII9L, failed to amplify template from ewheat recombinants would be of particular benefit, as
ther ‘Petkus’, DSZRXL or Imperial (Table 3). More- these would complement th#e. cylindricaderived ter-
over, the amplification difference between SB and Nemninal wheat chromosome deletion lines (Endo 1988). Fi-
zucht on one hand and the ‘Petkus’ individual on timally, the strategy demonstrated in this paper can serve
other with, for example, sets EMGPI, EMGPIId ands a model of what is becoming possible in the light of
EMINGPI (Table 3, Fig. 3) reflects heterogeneity in theur present understanding of syntenic relationships
open-pollinated ‘Petkus’ population from which thesacross wide botanical frontiers. For example, a function-
1R(1B) substitutions were derived. The differences in al- rice sequence mapped in rice can be converted with
lelic constitution (as shown by sets EMGPI, EMGPIlIdome confidence to generate a PCR marker for the
EMINGPI, EMCG52 and EMCG31; Table 3, Fig. 3) besquivalent region of aAegilopschromosome that is the
tween the sample of ‘Imperial’ and the addition, substarget for introgression into wheat.
tution and recombinant lines (in which the rye chromatin
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