10.

11.

Propositions

Breeding for partial resistance is a must for Snatale agriculture.

The much stronger clustering around the centrorarrgenetic linkage maps
of AFLP markers relative to RFLP markers is dughte higher sensitivity of
the AFLP technique in sampling DNA variation congzhrto the RFLP
technique.

The absence of race-specific interactions can beodstrated for a given set
of host genotypé pathogen race combinations, but cannot be provéolth
true generally.

A test of the minor gene-for-minor gene hypothesiuires a genetic analysis
of both the resistance in the host and the aggesssss in the pathogen.

The proportion of co-migrating but locus-non-specFLP markers is too
low to hamper the construction of AFLP linkage mapbarley.

Screening barley germplasm of common ancestry wittarge number of
mapped molecular markers may identify QTLs direftm the germplasm
without the use of segregating populations.

Genes for quantitative resistance may be allelicsivas of qualitative
resistance genes with intermediate phenotypes.iticorrect to consider such
QTLs “defeated” versions of qualitative resistamames.Young, D. N. Ann
Rev. Phytopathol. 1996.34:479-500 )

Genes for partial resistance in barley to leaf arst not allelic versions of
guantitative resistance genes.

The term “latent period” is widely used in the glaathology community, but
it is linguistically incorrect.

If “going Dutch” was common practice in China, pbss more Chinese
young scientists would like to return to China fréfolland.

Three cobblers with their wits combined exceed Zhligng—the master
mind (Chinese proverb).

Stellingen behorende bij het proefschrift “Ider#tion and mapping of genes for

partial resistance t®uccinia hordei Otth in barley” door Xiaoquan Qi, in het

openbaar te verdedigen op dinsdag 16 juni 1998/ageningen.
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| ntroduction

In modern agriculture, the use of resistant cutivia the most favourable
choice in protecting crops against diseases. Noygdmany diseases are
efficiently controlled by the use of resistant croydtivars. Two types of host
resistance are usually distinguished, i.e., qualéaand quantitative resistance.
Actually, in many plant-pathogen systems, both $ypé resistance occur.
Qualitative resistance is characterised by disgpétnotypes, i.e., resistant or
susceptible, and is conferred by a single or arfeajor gene(s). In many cases,
this type of resistance is based on a hyperseesigaction, and shows race
specificity, fitting Van der Plank’s concept of heal’ resistance (Van der
Plank’'s 1963, 1968). This race specificity has begplained by assuming a
gene-for-gene relationship between resistance gendn® host and avirulence
genes in the pathogen (Flor 1956; Flor 1971)). ysial of cloned qualitative
resistance genes and their corresponding avirulgeoes from several plant-
pathogen systems have revealed that this modely likelds true at the
molecular level (Van den Ackerveken et al. 1992psien et al. 1994;
HammondKosack and Jones 1997; Joosten et al. 1@%n, this qualitative
resistance, associated with the hypersensitiveorss) is not durable because
any mutation in the avirulence gene could lead twaae shift resulting in
virulence on a host genotype with the correspondasgstance gene (Joosten et
al. 1994, 1997).

Quantitative resistance is characterised by a goatis phenotypic variation
between resistance and susceptibility, possiblyezoed by many minor genes,
and is generally not based on hypersensitivity.hNSaiqquantitative resistance
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Chapter 1

was coined ‘partial’ resistance by Parlevliet (Baiet 1975). Partial resistance
was initially considered to be race-non-specifiod dherefore fitted Van der
Plank’s concept of ‘horizontal’ resistance, whicésames that all resistance
(minor) genes are equally effective to all isolatéa pathogen. However, small
but significant cultivar x isolate interactions lka¥equently been observed
(Caten 1974; Clifford and Clothier 1974(ParleviiEd76a; Parlevliet 1977).
Consequently, Parlevliet and Zadoks (Parlevliet atmbloks 1977) then
proposed a ‘minor gene-for-minor gene’ model, tisasimilar to the system
known in qualitative resistance, to explain thesteractions in quantitative
resistance. However, the polygenic nature of bloghrésistance in the host and
the aggressiveness in the pathogen, as well asetigtivity to environmental
variation not only make unambiguous testing of thizdel impossible, but also
hamper the application of quantitative resistandereeding programmes.

Mapping QTLs for quantitative disease resistance. The first attempts to
identify individual polygenes involved in quantite traits, via linkage
analysis, date back to the 1920s (Sax 1923). Laftermpts, using genetic
markers linked to quantitative trait loci (QTLs) toap QTLs or to assign
polygenes to chromosomes, were made by a.o. (S J@yakar 1970; Soller
et al. 1976). However, accurate and systematic mgpgf QTLs has come to
maturity only after molecular markers, in partiqutastriction fragment length
polymorphism (RFLP,(Botstein et al. 1980), becameéely available (Lander
and Botstein 1989). Today, besides RFLP, sevetsrotypes of molecular
marker, e.g., simple sequence repeats (SSR), raraoptified polymorphic
DNA (RAPD, (Welsh and Mcclelland 1990; Williams &t 1990), AFLP(Vos
et al. 1995) are widely used in almost all impottarmmp species. Quantitative
trait loci, including those involved in quantitativdisease resistance, could be
mapped on the plant genomes by using molecular DiNdker linkage maps
(Paterson et al. 1988; Tanksley 1993). The QTL nmap@pproach is now
intensively applied for analyses of quantitativesedise resistance in many
Important crops. At least 35 plant-pathogen systbage been studied in 14
agriculturally important crops species (Table 1heSe studies concerned
resistance to fungi, bacteria, viruses and nematode

Number and effects of QTLs. In most studies, only few QTLs, normally
two to six, that are involved in quantitative résige could be identified (Table

2
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1). Occasionally, more than ten QTLs were dete¢Buabeck et al. 1993a;
Leonards-Schippers et al. 1994; Lefebvre and Rall®b6; Caranta et al. 1997;
Pilet et al. 1998). These QTL mapping studies ltraonstrated that the effect
of substituting a QTL-allele with its alternativibete (usually referred to as the
‘effect’ of the QTL) varies among QTLs. Frequenthne or two major-effect
QTL(s) predominated the resistance, hampering #tection of minor-effect
QTLs (Zamir et al. 1994; Ferreira et al. 1995; Mkt al. 1996; Dirlewanger et
al. 1996; Pecchioni et al. 1996a; Steffenson etl@86a; Pilet et al. 1998).
Cases where only few QTLs were identified mightdoe to the use of small
population sizes, low-density of molecular mapscourate disease scoring
methods, or a high threshold value for declarif@Td. (Young 1996). On the
other hand, it is no doubt that a few unlinked gec&n result in a quantitative
resistance phenotype even in the absence of emvewoial variation.

Epistatic, dominant or recessive QTLs. The interactions between QTLs
for disease resistance may vary greatly. Very oftey additive effects were
detected. This is not surprising because the methddch have been widely
used in QTL mapping, such as interval mapping (learehd Botstein 1989)
and multiple QTL mapping (Jansen 1993), assumeQfias have only additive
effects. Therefore, they can detect QTLs with adelitand/or dominance
effects, and do not allow the identification of $e0QTLs that do epistatically
interact with other QTLs whilst their additive afte are negligible. However,
the interactions among QTLs with additive effecs be tested. Several studies
have provided evidence of epistatic QTLs (Webb [etl895; Thomas et al.
1995a; Lefebvre and Palloix 1996; Caranta et a@7)9Epistatic effects of
QTLs both with and without additive effects werdetdted in pepper-root rot
pathosystem (Lefebvre and Palloix 1996). In addjtidominant or recessive
QTLs were reported irBrassica oleracea-black rot (Landry et al. 1992;
Grandclément and Thomas 1996), in maize-grey leetf Saghai Maroof et al.
1996a) and in soybean-peanut root-knot nematodenyltmis et al. 1997a)
pathosystems. Dominance or recessiveness of QThs afacourse, not be
assessed in the type of mapping population thabist frequently used for QTL
identification, i.e., doubled haploid lines or redainant inbred lines.

QTL by environment interactions. Studies of the interaction between
QTLs and environments require large populations arahy replications in

3
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different environments. Most studies (Table 1) wearenducted in one
environment, i.e., in one season and at one latato QTL by environment
interaction could not be analysed. Studies on samybsudden death
demonstrated that the four QTLs for resistance vasreronmentally stable
(Hnetkovsky et al. 1996; Chang et al. 1996). Howewerapeseed resistance to
blackleg, one major-effect QTL was effective in aflvironments tested, the
remaining moderate- and minor-effect QTLs were ysgmacific (Dion et al.
1995; Pilet et al. 1998). Interactions were als@epbed in common bean
resistance to bacterial blight (Miklas et al. 1926) in peach resistance to
powdery mildew (Dirlewanger et al. 1996). Among tmere than ten QTLS
detected in three maize populations for resistancgrey leaf spot, only one
QTL was effective in all populations and environtserthe remaining ones
showed significant QTL by environment interactidBsibeck et al. 1993a). In
contrast, (Saghai Maroof et al. 1996a) demonstrétat three QTLs (out of
four) for resistance to maize grey leaf spot wevascstently effective across
three disease evaluations over two years and twerggons.

Plant developmental stage dependent expression of QTLs. Plant
developmental stage dependent expression of QTilLesistance has received
little attention (Table 1). A few studies (Youngakt 1993; Camargo et al. 1995;
Ferreira et al. 1995; Steffenson et al. 1996a) eskiing this aspect have
revealed that QTLs for resistance in the seedliagesneed not necessarily be
effective in the adult plant stage, and vice velsat. unexpectedly, some QTLs
were consistently effective in all stages. Moregwegan-specific expression of
QTLs for resistance to bacterial blight was det@abtecommon bean (Jung et al.
1996; Miklas et al. 1996). Such organ-specific geneay be the same as
resistance genes of which the effect is plant-adgrakntal stage specific.

QTLs effective to disease resistance components. Quantitative resistance
can directly be assayed by the amount of diseassdakrea. The reduction in
diseased leaf area on a quantitatively resistaaritps the combined effect of
several components, e. g., latency period, infactade, lesion size, infectious
period, spore production, etc. Classical genetidiss have revealed that these
components are associated, indicating that mostaese genes effect several
components (Parlevliet, 1979, 1986, 1992; Young6)9However, only a few
studies have addressed this aspect, mainly duehdodifficulties in the
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evaluation of some components. In a study of mé&zerohilum turcicum,
lesion number, lesion size and diseased leaf &¢avere examined (Freymark
et al. 1994). In addition to the four QTLs effeetito all three measures, one
QTL was identified that was effective to lesionesianly. Furthermore, in
mapping QTLs for partial resistance to rice bleat, of the QTLs were effective
to one of the three parameters measured (lesionb@yniesion size and
diseased leaf area), seven were effective to twbeparameters, and only two
QTLs were effective to all three parameters (Wara).€1993).

Isolate-specific QTLs for quantitative resistance. For a long time
guantitative disease was considered to be racespecific. However, small but
significant cultivar by isolate interactions haveeh identified in many plant-
pathosystems (Parlevliet 1976a; Parlevliet 197}l prompted Parlevliet and
Zadoks (Parlevliet and Zadoks 1977) to proposeiadngene-for-minor gene’
model, explaining these interactions in quantimatresistance. With the QTL
mapping approach, this hypothesis can be testethrass it concerns the
resistance genes in the host that have been idehtbeveral papers cited in
Table 1 clearly demonstrate that QTLs for resisgtasicow distinctly different
effects against different pathogen races (isolatesjhe study of quantitative
resistance to potato late blight, six of the elewdstected QTLs showed
specificity to twoP. infestans races (Leonards-Schippers et al. 1994). One QTL
for resistance to bacterial wilt in tomato was lygtace-specific (Danesh and
Young 1994). Three out of four QTLs detected fais@nce to the soybean
cyst nematode were race-specific (Concibido €1@94; Concibido et al. 1997),
while none of the four QTLs for resistance to dowmjdew in pearl millet was
effective against all four pathogen populationsfaar locations (Jones et al.
1995a). In addition, irCapsicum annuum-Potyvirus, isolate-specific effects of
QTLs for resistance to PVY were clearly demonsttg@aranta et al. 1997).
All these results indicate that it is very likelyat minor gene-for-minor gene
interactions occur in quantitative resistance. Hmvein the studies referred to
above, race-non-specific QTLs were also detectedmé&lly, the question of
whether these QTLs may also be race-specific cén lmn answered when an
infinite number of races is tested, but this iscpcally impossible. In other
words, the absence of race-specific interactionbEshown for a given set of
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host genotype/pathogen race combinations, but eaerrbe proven to hold true
absolutely.

L ocations of QTLs on the plant genomes. Comparison of the locations of
genes involved in qualitative and quantitative s&sice (Table 1) reveals that
resistance genes tend to form clusters on the gesoffhese are either
composed of genes of different specificity (hetpeasfic) or of genes that
condition resistance against a single pathogeniepemnly (homospecific)
(Graner 1996). In soybean heterospecific gene alsistvere observed
comprising QTLs for resistance to cyst nematodea(@het al. 1997), to
Javanese root-knot nematode (Tamulonis et al. 1987t to peanut root-knot
nematode (Tamulonis et al. 1997a). In tomato, aomeffect QTL for
resistance to yellow leaf curl virus was mappedr ke Mi gene, a root-knot
nematode resistance gene (Zamir et al. 1994). TWosQor resistance to late
blight in potato coincided with two major resistargenes for potato viruRx1
andRx2, respectively (Leonards-Schippers et al. 1994).

The Mla locus in barley (Mahadevappa et al. 1994),@hgene clusters in
tomato (Lindhout 1995) an®m genes in lettuce (Paran et al. 1991) are the
typical examples of homospecific gene clustergyfmalitative resistance. In the
analysis of partial resistance to rice blast, tlpde.s were mapped to the same
chromosome regions as previously mapped qualitaésestance genes (Wang
et al. 1993). In potato late blight, one QTL codex with a geneRl, for race-
specific resistance againBhytophthora infestans (Leonards-Schippers et al.
1994). Two QTLs for potyvirus resistance were ia thcinity of thepvr2 and
pvr6 loci, underlying hypersensitive resistance (Caagttal. 1997). The fact
that quantitative and qualitative resistance geapd to map to the same map
positions might support the hypothesis that QTLsgigantitative resistance are
allelic versions of qualitative resistance genethwitermediate phenotypes. In
this view a qualitative resistance gene can berdeghas an extreme allele of a
QTL. However, most studies are not accurate enadioglsubstantiate this
hypothesis (Table 1). In contrast, studies on aldaf rust (Thomas et al.
1995a) and on barley powdery mildew (Heun 1992ajv&ld no clear evidence
that QTLs coincide with the corresponding hypergmsresistance loci.

Barley-barley leaf rust. In the barley lordeum vulgare L.)-leaf rust
(Puccinia hordei Otth) plant-pathosystem, both qualitative andarditative
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Table 1. A list of literatures on mapping of QTlos fuantitative resistance in crop species

No. of Var. exp. Var.exp. Major

QTLs (%, locus§ (%, totalf Observations Reference

Plant-pathosystem

Barley-bacterial leaf streak 2 13-20 30 One QTL with a major effect (El Attariad. 1998)
(Xanthomonas campestris)
Barley-leaf rustPuccinia 2 - - No clear evidence of coincidence wWRph12 (Thomas et al. 1995b)
hordei)
Barley-leaf stripe 4 3-59 77 One major-effect QTL dominates the raaist  (Pecchioni et al. 1996b)
(Pyrenophora graminea)
Barley-net blotch 10 10-31 68 One QTL was effective in the seedling and adu(Steffenson et al. 1996b)
(Pyrenophora teres f. teres) plant stage; the others were stage-specific
Barley-powdery mildew 2 11- 12 20 Not coincide withlal2 (Heun 1992b)
(Erysiphe graminis)

2 9-18 - One QTL in the same regiomas (Backes et al. 1995;

Backes et al. 1996)

8 - - One QTL probably at thdla locus (Thomas et al. 1995a)
Barley-Rhynchosporium 5 - 52 Resistant allele from susceptible parent assoc (Backes et al. 1995)
secalis with transgressive segregation

5-6 - - One QTL exerted a large effect (Thomaal .€1995a)

Barley-spot blotch 3 9-71 70-71  QTLs effective in the two stages waepped to (Steffenson et al. 1996b)
(Cochliobolus sativus) the different positions
Barley-stripe rustRuccinia 2 10-57 61 Natural disease epidemics of race Xkiple (Chen et al. 1994)
striiformis) different formae

3 - - Interaction between QTLs (Thomas et al. H)95




Table 1.Continued 8

No. of Var. exp. Var.exp. Major

Plant-pathosystem QTLs (%, locus§ (%, totalf Observations Reference

Brassica oleracea-black rot 4 18-35 46-73  Two QTLs for field resistance and adaditional (Camargo et al. 1995)
(Xanthomonas campestris) QTLs for seedling resistance
2 15-58 61 Two dominant QTLs; no interactions ar(tlry et al. 1992)
3 8-13 30 One dominant QTL; one QTL is due to a (Grandclément and
heterozygous genotype Thomas 1996)
2 18-50 68 No evidence of interactions (Voorripale1997)
Common bearbpacterial bligh 4 13-35 75 One QTL mapped to the same region as (Nodari et al. 1993)
(Xanthomonas campestris) Rhizobium nodule number locus
6 14-34 14-29  One organ-specific QTL (Jung e1996)
2-3 9-60 46-65 Interaction of QTLs with environrteeand (Miklas et al. 1996)
organs
4 5-40 18-53 All QTLs for leaf resistance equaffective to  (Jung et al. 1997)
two strains
Common bean-golden mosaic 4 18-53 >60  Two major-effect QTLs (Miklas et al 989
virus
Common bean-web blight 5 2-10 34 One QTL also effective to bacterial bfigine  (Jung et al. 1996)
(Thanatephorus cucumeris) resistance allele from susceptible parent
Maize-Exserohilum turcicum 3-5 7-18 29-45 Some QTLs control lesion size only (Freymark et al. 1994)
Maize-grey leaf spot >10 4-26 Up to 58 One QTL effective in all populations and (Bubeck et al. 1993b)

(Cercospora zeae-maydis)

enviroments




Table 1.Continued

No. of Var. exp. Var.exp. Major

Plant-pathosystem QTLs (%, locus§ (%, totalf Observations Reference

Maize-grey leaf spot 4 5-56 68 One dominant and one recessive QTL; (Saghai Maroof et al.

(Cercospora zeae-maydis) consistently effective across evaluations 1996b)

Maize-northern leaf blight 4 10-38 41-48 One QTL mapped to the same regiditas (Dingerdissen et al.

(Setosphaeria turcica) 1996)

Maize-stalk rot Gibberella 5 - 20 Minor or moderate effects (Pé et al. 1993)

Zeae)

Mungbean-powdery mildew 3 17-28 58 Two QTLs at 65 days after planting; itoldll  (Young et al. 1993)

(Erysiphe polygoni) one at 85 days after planting

Pea-ascochyta blight 3 38- 58 71 One resistance allele from susceppidtent (Dirlewanger et al. 1994)

(Ascochyta pisi)

Peach-powdery mildew 6 14-78 39-78 One major-effect QTL and five minffeet (Dirlewanger et al. 1996)

(Sphaerotheca pannosa) QTLs; some QTLs were environment-dependent

Pearl millet-downy mildew 4 - 37-65 No QTLs effective against all four pateng (Jones et al. 1995hb)

(Scelerospora graminicola) populations (locations)

Pepper-potyviruses 11 10-67 66-76  Two significatdractions between QTLS; (Caranta and Palloix 19¢
isolate-specific effects; two QTL coincided withCaranta et al. 1997;
qualitative resistance loci Caranta et al. 1997)

Pepper-root rotRhytophthora 13 17-28 Up to 90 Epistatic effects of QTLs (Lefebvre and Palloix

capsici) 1996)

Potato-cyst nematode 2 7 14 Two QTLs have additive effects (Kreike et18l93)

(Globodera rostochiensis)




Table 1.Continued 10

No. of Var. exp. Var.exp. Major

Plant-pathosystem QTLs (%, locus§ (%, totalf Observations Reference
Potato-late blight 11 - - At least one QTL was race-specific; two QTLs (Leonards-Schippers et al.
(Phytophthora infestans) coincided with hypersensitive resistance loci 1994)
Rapeseed-blackleg 2 8-72 80 One major QTL effective in all environrteen  (Dion et al. 1995)
(Leptosphaeria maculans) minor QTLs were detected in one yesite assay
7 10-90 - One major locus for cotyledon resistance (Ferreira et al. 1995)
different effects of QTLs for seedling and for &
resistance
13 - 23-57 A major-effect QTL masking more QTL (Pilet et al. 1998)

detection; QTLs dependent on disease measures;
year-specific QTLs

Rice-blast Pyricularia 10 16-60 76 Three QTLs coincide with hypersensitive (Yu et al. 1991; Wang et
oryzae) resistance loci; different QTLs for lesion size al. 1993)
Rice-sheath blight 6 6-27 a7 No clear interactions between QTLs (Lalefl995)
(Rhizoctonia solani)
Soybean-cyst nematode 4 10-51 - One QTL detected in all populations and effec (Concibido et al. 1994;
(Heterodera glycines) to all races tested; others were race-specific Concibido et al. 1997)

3 - - Interaction between two QTLsS (Webb et ab3p

2 14-24 47 One QTL in the same region as the suddath (Chang et al. 1997)

syndrome QTL

Soybean-Javanese root-knot 2 13-46 54  One QTL in a cluster of distinct disease resisti (Tamulonis et al. 1997b)
nematodelNlel oidogyne loci

javanica)




Table 1.Continued

Plant-pathosystem

No. of

Var. exp. Var. exp. Major
QTLs (%, locus§ (%, totalf Observations

Reference

Soybean-peanut root-knot
nematodeNlel oidogyne
arenaria)

Soybean-sudden death
syndrome [Fusarium solani)

Tomato-bacterial canker
(Clavibacter michiganensis)

Tomato-bacterial wilt
(Pseudomonas solanacerum)

Tomato-yellow leaf curl virus

2

16-32

7-24

24-77

6-20

5-20

51

50-65

82

30-56

60

One dominant QTL; one major-effect Qilai
cluster of eight other resistance loci

QTLs were environmentally stable

One QTL from susceptible parent

Two QTLs nearly explained the difference
between the parents

Effects of QTLs vary according to in@tign
methods; and show race-specificity

Dominance at one QTL

Four major-effect QTLs; two minor-eff€ZtLs

One major-effect QTL mapped nddir

(Tamulonis et al. 1997a)

(Hoesky et al. 1996;
Chang et al. 1996)

(Sandbrin&l £1995)

(Van Heusden et al. 1995)

(Danesh and Young 1994)

(Thoquet et296a)

(Thoquet et al. 1996b)

(Zamir et al. 1994)

@variance explained per locus

® total variance explained by all detected QTLs
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resistance occur. To date, 14 genes underlyingtgtiaé resistanceRph genes,
formerly Pa) have been identified in barley and its wild pnoiger, H. vulgare
ssp. spontaneum (C. Koch) Thell (Roane and Starling 1967; Feuanset al.
1990; Jin et al. 1993, 1996; Franckowiak et al.7299ome of these genes have
been introduced into barley cultivars in order tmtcol leaf rust. However,
rapid adaptation of thd®. hordei populations has rendered most of the
hypersensitive resistance genes ineffective. Hathcg qualitative resistance of
barley to leaf rust is not durable.

In 1973, the barley-barley leaf rust was chosem asodel system for the
study of guantitative resistance to plant diseas¢h@ Department of Plant
Breeding of Wageningen Agricultural University. Theantitative resistance in
this plant-pathosystem was coined ‘partial’ resiseaby (Parlevliet 1975), and
has been defined as resistance that results irceddepidemic development
despite a compatible (susceptible) infection typarlevliet and Van Ommeren
1975; Parlevliet 1978b). Partial resistance inftekel is due to the reduction of
rust growth and development, and strongly correlatgh several components,
e.g., latency period, infection frequency, pustsiee, infectious period and
spore production. Of these components, latencyogeon adult plants is the
best predictor for the level of partial resistancéhe field, and can be evaluated
with great accuracy (Neervoort and Parlevliet 1978levliet 1979; Parlevliet
1986; Parlevliet 1992). The latency periods evadah the seedling stage and
the adult plant stage were only moderately comdlasuggesting that different
genes are involved in resistance in the two plavetbpment stages (Parlevliet
1975; Parlevliet and Van Ommeren 1975; Parlevhek lduiper 1977).

Continuous variation of partial resistance is dué@g polygenic nature, i.e.,
many minor genes conferring the resistance, and $easitivity to
environmental differences. Assuming equal and addieffects of the minor
genes, six loci were estimated to control partedistance in an old Dutch
barley cultivar, ‘Vada’, and also six loci in ‘Cete Capa’, by traditional
guantitative genetic analysis (Parlevliet and Kuid®85a; Parlevliet et al.
1985b). As mentioned above, small but significantenactions between
cultivars and isolates (Parlevliet 1976a; Parleévii®77; Parlevliet 1978b))
prompted Parlevliet and Zadoks (1977) to hypotleeaisninor gene-for-minor
gene model.

12
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Objectives and outline of present study. However, the individual genes
for partial resistance can not be identified anchrabterised by classic
guantitative genetic analysis. This makes testegminor gene-for-minor gene
hypothesis almost impossible. Further, this ungblpeoblem has to certain
extent obstructed the utilisation of partial remiste in breeding programmes,
although Parlevliet and his colleagues (Parlevdieal. 1980; Parlevliet 1981;
Parlevliet and Kuiper 1985a; Parlevliet et al. 198Hhave demonstrated that
selection for a high level of partial resistancefagly easy. Therefore, the
objectives of the present study were (i) to idgnéhd characterise individual
guantitative loci (QTLs) for partial resistance time partially resistant barley
cultivars by using molecular markers, (ii) to vgnfhether the minor gene-for-
minor gene hypothesis holds for this plant-pathogestem, and (iii) to provide
useful information for breeding durably resistaarigties by accumulation of
QTLs for partial resistance.

In chapter 2, four existing barley RFLP marker igk maps are compared
and integrated, providing a better understandinghef barley genome, and
facilitating further mapping studies in barley. Theplication of the AFLP
technique ((Vos et al. 1995) in barley was the afrohapter 3. The variation in
AFLP patterns in the barley species was investijatgh a large number of
primer combinations. Forty-eight AFLP profiles wegenerated from 16
representative barley lines, that will facilitatewade and systematic use of
AFLP markers for genetic studies in barley. In dba@, a high-density AFLP
marker linkage map was successfully constructeddryg a recombinant inbred
population (103 RILs, § derived from a cross between a line susceptible t
leaf rust, L94, and the partially resistant cultiv&/ada’. The same set of RILs
was tested for resistance to the barley leaf sdaie 1.2.1. in the seedling and
in the adult plant stage. Subsequently, in chapt€TLs for partial resistance
to barley leaf rust were mapped to the barley gendm chapter 6, QTLs for
resistance to the leaf rust isolate 24 were mappetthe same linkage map.
Isolate-specific QTLs were reported in this chapseipporting the minor gene-
for-minor gene hypothesis. In chapter 7, anoteeombinant inbred population
(117 RILs k), derived from a cross between L94 and 116-5 raglig resistant
line derived from ‘Cebada Capa’, was evaluatedrésistance to the leaf rust
isolate 1.2.1. and scored for the segregation dffAfarkers. Additional QTLs

13
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for partial resistance in this population were tifeed, indicating that there are
abundant loci for partial resistance are scattexat the barley genome. In the
last chapter, several important aspects relevanth&o present study are
discussed.
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Comparison and integration of
four barley genetic maps-

Xiaoquan Qi, Piet Stam and Pim Lindhout

Abstract: Barley Hordeum wulgare L.) is one of the most extensively studied food
crops in recent molecular researches. More tha® I80lecular markers have been
located on the barley genome by using five indepengopulations. For the present
study, four segregation data sets, ‘Proctor’ x ‘Mkd’, ‘Igri’ x ‘Franka’, ‘Steptoe’ x
‘Morex’ and ‘Harrington’ x TR306, were downloadedoiin the publicly available
GrainGenes databank. Since 22% of the markersaregnon to at least two of the
independent data sets, we were able to establightegrated map, using the computer
package JoinMap V2.0. The integrated map contaOsn&arkers, covers 1060 cM, and
removes many large gaps present in the individeganComparison of the integrated
map with the individual maps revealed that the al/énear order of markers is in good
agreement and that the integrated map is consistghtthe component maps. No
significant reordering of markers was found. Thamservative property of the barley
genome makes the integrated map reliable and sfoteSxcept for chromosome 7
(5H), marker clustering was observed in the cengrimregions, probably owing to the
centromeric suppression of recombination. Basetthisnintegrated map, geneticists and
breeders can choose their favourite markers inragjon of interest of the barley
genome.

Key words. Hordeumvulgare, RFLP, integrated map
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Chapter 2

I ntroduction

Barley Hordeum wvulgare L.) is extensively studied as a favourite genetic
experimental plant species, mainly owing to itdaigpnature (2n= 2x =14), self-
fertility, large chromosomes (G4&), high degree of natural and easily inducible
variation, ease of hybridization, wide adaptahiliéyd relatively limited space
requirements, as well as agricultural importanckei(ifofs and Kilian 1994). Its
large genome size, (1C=5.3 x*H&se pair (bp)) (Bennett and Smith 1976) has
slowed down the development of molecular maps. Hewetechniques for
developing doubled haploid lines and the availgbiif cytogenetic stocks, such
as the barley-wheat addition lines, have facilttagenetic mapping.

The first incomplete barley RFLP map for chromosd@neas published in
1988 (Kleinhofs et al. 1988). Recently, five mordeasive molecular maps
covering the entire genome have been generatedsing dive independent
doubled haploid populations. These are ‘ProctoNudinka’ (Heun et al1991),
‘Igri’ x ‘Franka’ (Graner et al1991), ‘Vada’' xH. spontaneum line 1b-87 (Graner
et al. 1991), ‘Steptoe’ x ‘Morex’ (Kleinhofs et.al993b) and ‘Harrington' x
TR306 (Kasha et all993). Many other segregating populations have la¢sen
used to construct partial maps and to determindottegion of interesting genes
on the genome: for example, the ‘Aramir’tk spontaneum derived population
was used to generate a map of chromosome 4 (Hirale ¥991); 120 Fplants
obtained from ‘Betzes’ x ‘Golden Promise’ and 12(@kants from ‘Captain’ »H.
spontaneum were used to map 5S rDNA genes on chromosome Z2cflLand
Heslop-Harrison 1993); Laurie et al. (1993) locatieeldenso dwarfing gene to
the long arm of chromosome 3 by using 113 doubladldid lines from
‘Magnum’ x ‘Goldmarker’; and a photoperiod resporngene Ppd-H1) was
mapped by using 94 doubled haploid lines from *IgriTriumph’ (Laurie et al.
1994). Today, more than 1000 markers have beetelb@n the barley genome
by using different populations and more markers lvéldeveloped and mapped in
the near future. The rapid accumulation of markexs$ mapping populations is a
challenge to the merging of separate lines of médion to accumulate more
valuable information for further research and adpetinderstanding of barley
genetics and genome organization.
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Comparison and integration of four genetic maps

Recent good communication between North Americah Eamwropean barley
mapping efforts has resulted in a frequent exchahgeobes. As a consequence,
many common markers have been utilized in indepgna@pping populations.
The availability of the mapping software programd@nMap (Stam 1993),
which enables the integration of individual mags ibne compaosite map by using
common markers, makes the construction of an iatedrbarley map possible.
The present study aims at the integrating fourviddal maps into a single map.
The combined map provides an easy and convenignbfwveomparison between
the component maps and offers important informatbout the reliability of
marker order and distances between markers.

Materials and methods

Four barley segregation data sets (Table 1) wemenldaded from the
publicly available GrainGenes databank (Graner 18%9dinhofs 1994a, 1994b;
Sorrells 1992). The mapping populations of ‘PrdctdNudinka’ (P/N) (Heun et
al. 1991; Sorrells 1992) and ‘Igri’ x ‘Franka’ (I/F¥s¢aner etal. 1991; Graner
1994) consisted of 113 and 73 doubled haploid Jlinespectively, derived by
anther culture. In P/N, 154 markers and in I/F, B&9e been located on seven
chromosomes. ‘Steptoe’ x ‘Morex’ (S/M) (Kleinho&t al. 1993, 1994a) and
‘Harrington’ x TR306 (H/T) (Kasha and Kleinhof 19%leinhofs 1994b), used
in the North American Barley Genome Mapping Proj@dABGMP), both
contain 150 doubled haploid lines which were detikg theHordeum bulbosum
method. Data for 423 and 190 markers respectivehs available for the two
populations.

The new version of JoinMap (Stam 1993), which camdie a wide variety of
mapping population types including the doubled obidpltype, was used to
regenerate linkage maps and to merge these iniategrated map. From the
segregation data, the pairwise recombination fregjee were estimated and the
corresponding LOD values were calculated. If sdverstimates of the
recombination frequency between a certain pair @irkers were available
(markers shared by at least two populations), Wene replaced by a single value
after appropriate weighting (Stam 1993). Basedherrécombination frequencies
and LOD values, the individual or integrated magseaconstructed by running
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the JoinMap programme. Kosambi's mapping functias vadopted for map
distance calculation (Kosambi 1944). Since the gerdering algorithm of
JoinMap does not guarantee the best solution fitked“order” option was used in
a number of cases where the goodness-of-fit @itecast doubt on the ordering.
(The “fixed order” option allows the user to defifieed orders of (sub)sets of
markers; by using various fixed orders a betteutswi is occasionally obtained,
especially with data sets of moderate quality.)

Table 1. Four doubled haploid mapping populatiorstaeir characteristics

Number Length

Population of of map

Parents Size arkers (cM) Reference

Harrington x TR306 150 190 1278 Kasha and Kleinhofs 1994
Kleinksdf994a

Steptoe x Morex 150 423 1227 Kleinhofs et al. 1993a
Kleinksdf994b

Proctor x Nudinka 113 154 1192 Heun et al. 1991
Sorrelg92

Igri x Franka 73 68 1387 Graner et al. 1994
Granépi

Results and discussion

Sour ce and nomenclature of markersand chromosomes

Probes from several different sources have beeath aseenetic markers for
the barley genome (Kleinhofs and Kilian 1994). he tpresent study, much
attention was paid to ascertaining whether marketh different names in
different populations represented the same loclisrrfatively, markers with the
same name might represent different loci. MultiM®vG markers in the I/F
population were designated with lower case letfersexample, MWG555a and
MWG555b (Graner efal. 1991); these were converted into capital letters
(MWG555A and MWG555B) for consistency with the athieree populations
(Table 2; Heun eal. 1991; Kleinhofs etl. 1993b; Kasha and Kleinhofs 1994).
Similarly, meaningless zeros in marker namegshefS/M and H/T populations
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Comparison and integration of four genetic maps

Table 2. Nomenclature of markers

Present Original Chromosome Mapping
Name name number population
ABAl ABAOO1 7(5H) SIM
ABA2 ABAO002 5(1H) NG
ABA3 ABAOO03 4(4H) i\
ABA4 ABAQO04 5(1H) NG
ABA5 ABAO005 2(2H) NG
ABAG6 ABAO06 6(6H) NG
ABC151A ABC151a 1(7H) I/F
ABC151A ABC151 1(7H) SIM
ABC156D ABC156 1(7H) I/F
ABC167A ABC167a 1(7H) I/F
ABC310B ABC310 1(7H) I/F
ABG10 ABGO010 3(3H) MB/
ABG11 ABGO011 1(7H) VB/
ABG14 ABGO014 2(2H) NVB/
ABG19 ABGO019 2(2H) TH/
ABG19 ABGO019 2(2H) M/
ABG1A ABGOO1A  6(6H) HIT
ABG1A ABG1 6(6H) FI/
ABG1A ABGO001 6(6H) SIM
ABG1B ABG001B 1(7H) H/T
ABG1C ABGO001C 6(6H) H/T
ABG2 ABG002 2(2H) ING
ABG22A ABGO022A 1(7H) SIM
ABG3 ABGO003 4(4H) ING
ABG387A ABG387a 5(1H) I/F
ABG387B ABG387b 6(6H) I/F
ABG4 ABGO004 3(3H) ING
ABG5 ABGO005 2(2H) MB/
ABG500B ABG500 4(4H) I/F
ABG53 ABGO053 5(1H) MB/
ABG54 ABGO054 4(4H) VB/
ABG55 ABGO055 5(1H) NVB/
ABG57 ABGO057 3(3H) MB/
ABG57B ABGO057B 7(5H) HIT
ABG58 ABGO058 2(2H) TH/
ABG58 ABGO058 2(2H) MB/
ABG59 ABGO059 5(1H) MB/
ABG65B ABGO065B 1(7H) H/T
ABG69 ABGO069 7(5H) NVB/
ABG703B ABG703b 2(2H) I/F
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Table 2. Nomenclature of marké@ontinued)

Present Original Chromosome Mapping
Name name number population
ABG705A ABG705 7(5H) SIM
ABG72 ABGO072 2(2H) SIM
ABG74 ABGO074 5(1H) SIM
ABG75 ABGO075 1(7H) SIM
ABG77 ABGO77 1(7H) H/T
ABG8 ABGO008 2(2H) MB/
Act8A Act8 5(1H) SIM
BCD351E BCD351e  7(5H) I/F
BCD453B BCD453 2(2H) P/N
BG123A BG123a 2(2H) I/F
BG123A BG123 2(2H) P/N
BG123B BG123b 7(5H) I/F
CDO348B CDO348 7(5H) H/T
CDO474C CDO474 2(2H) I/F
Chsl1B Chslb 2(2H) IIF
Dhn3 XDhn3,4 6(6H) INP
GIx(Wx) Glx 1(7H) HIT
GIxX(WXx) Wx 1(7H) I/F
GIX(Wx) Glx 1(7H) SIM
His3A aHis3a 1(7H) HIT
Hor2 aHor2 5(1H) H/T
MWG10 MWGO010  3(3H) I/F
MWG10B MWGO010B 1(7H) SIM
MWG3 MWG003  1(7H) HIT
MWG3 MWGO003  1(7H) SIM
MWG36A MWGO036A 5(1H) SIM
MWG36B MWGO036B 1(7H) HIT
MWG36B MWGO036B 1(7H) SIM
MWG41 MWG041  3(3H) HIT
MWG41 MWG041  3(3H) SIM
MWG520A MWG520 2(2H) HIT
MWG520A MWG520 2(2H) I/F
MWG555A MWG555a  1(7H) I/F
MWG555B MWG555b  3(3H) I/F
MWG57 MWGO057  4(4H) I/F
MWG571A MWG571a 3(3H) I/F
MWG58 MWGO058  4(4H) I/F
MWG58 MWGO058  4(4H) SIM
MWGGE35A MWG635a 4(4H) I/F
MWG636(HT) MWG636  2(2H) HIT
MWGG6E36(IF)  MWG636  2(2H) I/E
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Table 2. Nomenclature of markeé@ontinued)

Present Original Chromosome Mapping
Name name number population
MWG64 MWG064  2(2H) I/F
MWG65 MWG065 2(2H) I/F
MWG663-2A MWG663  6(6H) HIT
MWG77 MWGO077  4(4H) SIM
MWG798A MWG798  6(6H) HIT
MWG798A MWG798a 6(6H) I/F
MWG813A MWG813 7(5H) H/IT
MWGS813A MWG813a 7(5H) I/F
MWG844A MWG844 2(2H) H/T
MWG844A MWG844a 2(2H) I/F
MWG85 MWGO085  3(3H) I/F
MWGS851A MWG851la 1(7H) I/F
MWG851B MWG851b  7(5H) I/F
MWG89 MWG089  1(7H) I/F
MWG89 MWG089  1(7H) SIM
MWG90 MWG090  2(2H) I/F
RisBPP161A RisBPP161 1(7H) H/T
RisBPP161A RisBPP16la 1(7H) I/F
WG789A WG789 1(7H) P/N
cMWG652A  cMWG652a  6(6H) I/F
cMWG706A cMWG706a 5(1H) I/F
IEstl Estl 3(3H) I/F
IEst5 Est5 1(7H) I/F

were omitted (e.g., ABAOO1 becomes ABAl). The ipef, “I”, “m”, and “d”
were added to marker names to indicate the isoayar&ers, and morphology
markers, and disease resistance genes, respeciitelyest of the marker names
remained unchanged and the original datasets vgexkto generate maps of each
population separately and one integrated map. ikena with the same core name
were mapped within a 5-cM distance they were cansitlto represent only one
locus and the name was adjusted accordingly. Faampbe, the markers ABC151
and ABC151a from datasets of S/M and I/F, respelgtiwwere mapped on 23.9
and 18.3 cM on chromosome 1 of the “pre-integrategp” (not shown).
Subsequently, the names ABC151 and ABC151a wereedaa into ABC151A
and a new map was generated with only one locuiqgrofor ABC151A at 24.1
cM (Fig. 1A). All changed gene symbols and theigioal symbols are listed in
Table 2. As in Kleinhofs and Kilian (1994), the almosome designations 1, 2, 3,
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4,5, 6 and 7 are used in this paper and corresjponid, 2H, 3H, 4H, 1H, 6H and
5H, respectively.

Table 3. The number of common markers betweemong populations

Mapping Chromosomes

Populations 1 2 3 4 5 6 7 total
H/T and I/F 4 3 2 0 1 2 1 13
H/T and P/N 1 3 1 10 2 2 10
H/T and S/M 15 5 7 2 6 7 11 53
I/F and P/N 0 0 0 00 0 0 0
I/F and S/M 7 10 14 4 9 4 9 57
P/N and S/M 6 1 2 2 0 7 24
Subtotal 33 27 25 9 18 15 30 157
H/T and I/F and P/N 0 0 0 00 0 0 0
H/T and I/F and S/IM 9 5 2 1 2 8 4 31
H/T and P/N and S/M 2 2 0 10 0 1 6
I/F and P/N and S/M 0 1 1 00 0 0 2
Subtotal 11 8 3 2 2 8 5 39
H/T and I/F and

P/N and S/M 0 0 0 1 0 00 1
Total 44 35 28 12 20 23 35 197

4H/T, I/F, PIN and S/M represent ‘Harrington’ x T8 ‘Igri’ x ‘Franka’,
‘Proctor’ x ‘Nudinka’ and ‘Steptoe’ x ‘Morex’, regatively.

Individual maps

Four individual maps were generated by running Mem V2.0. The same
gene order was obtained for most linkage groupesacpopulations. In some
cases the fixed order option had to be used tarothtea most likely gene order for
the four individual maps. In population P/N, fixgeine orders were used in gener-
ating maps of chromosomes 1, 2, 4 and 5. Fixedrordere also used for
mapping of chromosome 3 in the H/T and I/F crosées.the S/M map, no
improvement was obtained by predefining gene oydehsch is not surprising
since this is the largest data set.

The individual maps generated by JoinMap were wjigthorter compared
with the original published maps (Tables 1 andl'Bg original maps were estab-
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lished by using MapMaker (Lander &t 1987). The discrepancy between map
lengths obtained with JoinMap and MapMaker reduits) the different methods
of calculating map lengths. MapMaker calculates riap length as the sum of
adjacent distances, i. e. using adjacent markes paly. JoinMap on the other
hand uses all pairwise estimates (above a preetefilOD threshold) for
calculating the total map length. Whenever therassllevel of interference does
not exactly reflecting the true interference, twe methods will produce slightly
different total map lengths. The likelihood metragplied in MapMaker assumes
an absence of interference and recombination freme® are simply translated
into centimorgans, according to the chosen mapgpumgtion. The JoinMap
package, however, does take interference into atc®herefore, where there is
interference JoinMap will produce shorter maps thiapMaker, even when both
programmes use the same Kosambi mapping functtam($993).

Integrated map

In total, 190, 369, 154 and 423 markers were asdiga the seven barley
chromosomes by using the mapping populations H/F, P/N and S/M,
respectively. Having standardized the differentegeymbols (Table 2), 157
markers were found to be common to two populatiB8snarkers were shared by
three populations, and only one marker, WG622 sorobhsome 4, was present in
four populations. Populations H/T and S/M, and #fd S/M had 53 and 57
markers in common, respectively, and 31 markersevgbiared by these three
populations. Only three markers were common taaliet P/N. The backbone of
the integrated map consists, of course, of the commarkers. Together with the
markers that are unigue to one of the four popnatithe combined map contains
880 markers, including four morphological markersl &ix disease resistance
genes. For the construction of the integrated magdixed orders were required.
Gene orders on the integrated map are identicahdoorders on the four
component maps.

The number of common markers is listed in Tablen@ the map data, i.e.,
length of chromosomes, number of markers and nurobgaps >10 cM, are
summarized in Table 4. The integrated maps of sbéaley chromosomes is
presented by Figure 1A-G.
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Table 4. Summary of individual and integrated magulata

HIT I/F P/N SIM Integrated
Length No. No. Length No. No. Length No. No. Length No. No. Length No. No.
Chromo- of map of of of map of of of map of of of map of of of map of of
some (cM)  marker gap$ (cM)  marker gap$ (cM)  marker gap$ (cM) marker gapd (cM)  marker gap$
1(7H) 180 49 8 156 76 3 167 32 6 138 74 4 152 176 2
2(2H) 160 31 6 167 63 3 176 38 6 151 74 2 157 163 1
3(3H) 131 18 3 128 70 5 187 14 6 162 2 6 3 131 133 1
4(4H) 142 14 6 136 24 5 140 16 4 139 43 5 134 81 0
5(1H) 131 16 5 120 38 5 153 20 4 715 56 2 150 90 2
6(6H) 160 30 4 128 43 6 36 9 1 140 47 5 141 98 3
7(5H) 214 32 9 199 55 8 158 25 3 841 67 7 195 139 1
Total 1118 190 41 1034 369 35 1017 154 27 971 423 28 1060 880 10

Note: H/T, I/F, PIN and S/M represent ‘Harrington’ x T#& ‘Igri’ x ‘Franka’, ‘Proctor’ x ‘Nudinka’ and Steptoe’ x ‘Morex’,
respectively; Integrated indicates the integratag@.m
4 A gap indicates a distance between two adjacerkarsof more than 10 cM.
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Fig. 1. (Continued)
(B) Chromosome 2
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Fig. 1. (Continued)

(C) chromosome 3
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Fig. 1. (Continued)
(D) Chromosome 4
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Fig. 1. (Continued)

(E) Chromosome 5
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Fig. 1. (continued)

(F) chromosome 6

Fig. 1. (continued)

(G) Chromosome 7
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Comparison and integration of four genetic maps

Chromosome 1. Chromosome 1 contains the largest number of makeys
1A). One morphological marker, naked caryopsis, and two disease resistance
genesdRpgl anddSol, were mapped on this chromosome. The integratgd ma
shows a fairly uniform distribution of markers. Hewer, clustering of markers
occurs in the 70 — 80-cM region, and there is ageaf 15 cM in the 130 — 140-
cM region and one of 10 cM in 60 — 70-cM regionevdas the individual maps
contained 3 — 8 gaps.

Chromosome 2. With 27 markers shared by two populations and Semar
common to three populations, the integrated magnedmosome 2 comprises 163
markers with a total map length of 157 cM (Fig. 18he morphological marker,
mhex-v, confering six- or two-rowed spike, mapped to tlisromosome.
MWG636 was present in both the H/T and I/F popofetj but in H/T it was
located on the “long” arm near the centromere whilF it mapped at the distal
end of the “short” arm. Therefore, with the prob&Ka636, two different loci
may be identified in these populations. To distisquthem, the names
MWG636(HT) and MWG636(IF) were used to designate different loci. The
integrated map has only one gap larger than 10ichhe 95 — 107-cM region,
while the most saturated individual map (S/M) shdweo gaps (Table 4).
Clustering of markers was observed in the 60 —MG@egion.

Chromosome 3. For this chromosome 25 and 3 markers were commtwo
and three populations, respectively. The integrata@, comprising 133 markers
and spanning 131 cM, represents the shortest eshedimosomes (Fig. 1C). The
“pubescent leaf" genaPub resides on chromosome 3. The recessive gene €onfer
ring resistance to barley yellow mosaic and banhg mosaic virusgdymd, also
mapped on this chromosome (Graner and Bauer 19%3dy. one 10-cM gap
remains in the integrated map and one cluster dkemaoccurs in the 40 — 50-cM
region; in other regions the distribution is faidgiform.

Chromosome 4. A total of 81 markers assigned to chromosometfarfour
populations, were remapped on the integrated map ). The powdery
mildew resistance gendMlg, is in the centromeric region of the composite map.
The only marker shared by all four populations, \#&%6is on chromosome 4.
The markers are quite evenly scattered over thenobsome except for one
clustering region around 50 — 55-cM. No gap latpan 10 cM remains on the
map, while the individual maps have 4 — 6 such gaps
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Chromosome 5. For this chromosome, a total of 20 markers that raim-
unigue to any of the four populations are availablee P/N population has only
two non-uniqgue markers, CDO99 and BCD98 (shared %iM). Since these are
tightly linked, both in P/N and S/M, there is etigely only a single “anchor
point” to which to tie the P/N-specific markers.n& their orientation with
respect to the “anchor” cannot be established uitamabsly, the markers unique
to P/N are not included in the composite map. Titegrated map based on the
data of the other three populations is shown in. BHi§. The genesiMla6
(resistance to powdery mildew) amifRun (resistance tdJstilago nuda) were
located on chromosome 5. Markers were quite unifodistributed over the inte-
grated map; a small cluster of markers appearsdréd-cM region.

Chromosome 6. The individual map of chromosome 6 from the P/N
population was very short, with only 36 map unitd & markers. Maps from the
other three populations contained more markersward longer. The composite
map still had three large gaps, one of 14 cM at 26 cM, one of 16 cM at 110 —
126 cM, and one of 10 cM in the 128 — 138 cM rediBig. 1F). Clustering of
markers was found in the 68 — 75 cM region.

Chromosome 7. Thirty markers were shared by two populations &wel
were common to three populations. The integrateol oh@hromosome 7 has 139
markers covering 195 map units, and is the longesgt (Fig. 1G). The gene for
short rachilla hairanSh, resides on this chromosome. A single 10-cM gagga
— 87 cM) remains on the composite map. There ishwious clustering for this
linkage group.

Comparison of maps

Comparison of the integrated map with the individeaps gives insight
into the reliability of the integrated map. Foustrative convenience, only the
common markers are shown on the maps of Figs. 2AMa@Gonstructing an
integrated map, invariably some regions of the comept maps will shrink,
while other regions will stretch. This is becauseveighted average (over
component maps) of recombination frequencies id Use calculating the
integrated map. This applies to the non-unique erarkhat represent the
reference positions of an integrated map. Markeas dre unique to a particular
population can, of course, only be positioned anliasis of the information for
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Comparison and integration of four genetic maps

that single population. Therefore, the ordering wfique markers on a
composite map is less reliable than the orderingpaimon markers, especially
in regions where the component maps differ in lengtomparison of the
integrated map with the individual maps reveald tha overall linear order of
markers is in good agreement and that the intedjratgp is consistent with the
component maps. No obvious reordering of markers feand. This is due to

the relatively large number of non-unique markers.

Fig. 2. (A-G) Individual maps and their integratedp of seven barley chromosomes.
Chromosomes are oriented with the short arm attdipe Only the common
markers are presented in the figures. The recombma&alues were converted
into map distance (cM) according to Kosambi (Kosarh®44). The small box on
the right represents 10 cM distance. Lines betwswps connect identical
markers. "Gap" in some individual maps indicatesy/\eose linkage. H/T, I/F,
S/M, P/N and Integrated refer to populations ofrtigton’ x TR306, 'Igri' x
'Franka', 'Steptoe' x 'Morex’, 'Proctor' x 'Nudinkad to the integrated map,

respectively.
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Fig. 2. (continued)
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Comparison and integration of four genetic maps

Fig. 2. (continued)
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Fig. 2. (continued)
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Comparison and integration of four genetic maps

Reliability-accuracy of integrated map

Theoretically, any calculated map is only as gaotha data allow. Integrated
maps strongly depend on the number of common naskared by the individual
maps. The seven integrated maps presented inIAgS. were established on the
basis of 197 common markers. With a total of 880kera on the integrated map,
22% (197 of 880) of the markers were shared byadtitwo of the individual
mapping populations. The proportions of common @& kor each of the seven
integrated maps, from chromosome 1 to 7 were 28%, 22%, 15%, 22%, 24%,
and 25%, respectively.

The integration of maps from different populatisronly feasible if common
markers are available. The backbone of the intedrabap consisted of 197
markers that were common to at least two populatibhe assumption was made
that one probe would recognize the same loci iferiht populations. So, if a
probe was used in different populations, it represg a common marker. Also
some markers were assigned to one locus if theraree was identical and the
separate map position was nearly identical. Amallkers were mapped with high
likelihood (high LOD-scores) and the®Xalue was low (not shown) these
assumptions were valid and the maps were reliable.

It is also clear that the order of unigue markergdgions of the genome
containing a low density of common markers willlegs accurate than in regions
with a high density of common markers (Haugale1993). The distribution and
density of the common markers (Figs. 2A — G) ingisahat common markers
from the four populations were relatively uniforndistributed on the maps. The
establishment of the integrated map without mudircdity may be partially due
to the large number of common markers and the ceaisen of gene order in the
germplasm represented by the four populations.

Comparative studies of RFLP maps between cerealsesphave shown an
obvious conservation of genome structure (Chad. et989; Devos eal. 1992;
Devos etal. 1993; Devos and Gale 1993; Van Deynze et &5]1%ang et al.
1992). More extensive analysis of genome orgawmzgivoore et al 1995a) has
revealed that the genomes of six major grass speaie be aligned by dissecting
the individual chromosomes into segments and negimg these linkage blocks,
suggesting there was a single ancestral cereaincds@me (Moore, et al. 1995b).
In our study, comparison of four barley individuahps and their integrated maps
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indicates that not only the gene orders are idantv¢hin the species but also that
the distances between genes are quite similar. rApfhg the recombination
frequencies in barley are not dependent upon thalations used.
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Distribution of markersand centromereregion

The study of tomato high density molecular linkagaps (Tanksley et al.
1992) showed that in some regions higher markesiyecould be identified in all
chromosomes and a comparison with the pachytengotipe of each
chromosome suggested that the regions of high maekasity corresponded to
centromeric areas and, in some instances, to telomegions. InArabidopsis
there was no indication of clustering of markerskimown centromeric regions
(Koornneef efal. 1983; Hauge eal. 1993). In maps of wheat, a high degree of
clustering of markers around the centromere wastable feature (Chao et al.
1989; Devos et al. 1992; Hart 1994). Our barleggrted map analysis indicated
a clear nonrandom distribution of markers on th@sn&leinhofs et al. (1993a)
identified centromeric regions on each chromosorhebarley. An obvious
clustering of markers coincided with these chrommsaegions (Fig. 3). This
result strongly supports the idea of centromerippsession of recombination
(Tanksleyet al., 1992).

Use of integrated map

The conservative feature of the barley genome hadded us with a fairly
reliable integrated map from individual maps thetdnbeen constructed in differ-
ent genetic backgrounds. Compared to the indivithads, the density of markers
on the integrated map is much higher and numbegapt (>10 cM) is much
lower. Our barley integrated map can serve as fa dégsity map like the tomato
high density map (Tanksley et al. 1992), which Wwased on data from only 67
plants of a single cross.

The integrated map contains about 900 markers tl@ndarious kinds and
sources of molecular markers provide a good referenap for further research.
New molecular markers and genes of economicallyonapce from different
genetic backgrounds can now easily be added tontiegrated map by the
selection of common markers from the integrated .nh@pmur barley mapping
project, the AFLP (amplified fragment length polyiplosm) markers will be
used to map genes involved in partial resistandeatorust on the barley genome.
From the integrated map, several RFLP markers, lywdistributed over the
genome have been selected as the bridge markersh whil be used for
chromosome assignment and adding AFLP markeretimtbgrated map.
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In order to have a chance of detecting all ofghantitative trait loci (QTL)
affecting a character in a particular cross, ithecessary to have molecular
markers evenly distributed throughout the genomank$ley et al1992). The
integrated map presented in this paper allows tsatecf evenly spaced
polymorphic markers for the detection and mappinQDLs.

Some agronomic markefan, mhex-v, mPub, and mS'h) and disease resis-
tance genesdMla6, dMlg, dym4, dRpgl, and dRun) have been mapped on the
integrated map. Compared with the individual mapste molecular markers are
now available around economically important genestlze integrated map,
allowing marker-assisted selection in breeding mwgnes. Also, the composite
high density molecular marker map will be useful feore precise mapping of
economically important genes in barley, as wellira®ther cereals, and thus,
possibly provide a basis for map-based cloninghoké¢ genes from rice small
genome (Bennetzen and Freeling 1993; Kilian e®ab).
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Development of AFLP markers in barley”

Xiaoquan Qi and Pim Lindhout

Abstract: To investigate the application of amplified fragment length polymorphism
(AFLP) markers in barley, 96 primer combinations were used to generate AFLP patterns
with two barley lines, L94 and “Vada’. With seven primer combinations, only a few
intense bands were obtained, probably derived from repeated sequences. With the
majority of the remaining 89 primer combinations, an average about 120 amplification
products were generated, and the polymorphism rate between the two lines was
generally over 18%. Based on the number of amplified products and the polymorphism
rate, the 48 best primer combinations were selected and tested on 16 barley lines, again
including L94 and “Vada’. Using a subset of 24 primer combinations 2188 clearly visible
bands within the range from 80 to 510 bp were generated, 55% of these showed same
degree of polymorphism among the 16 lines. L94 versus ‘Vada’ showed the highest
polymorphism rate (29%) and “Proctor” versus ‘Nudinka’ yielded the lowest (12%). The
polymorphism rates per primer combination showed littler dependence on the barley
lines used. Hence, the most efficient and informative primer combinations identified for
a given pair of lines turned out to be highly efficient when applied to others. Generally,
more than 100 common markers (possibly locus specific) among populations or crosses
were easily identified by comparing 48 AFLP profiles of the parent lines. The existence
of such a large number of markers common to populations will facilitate the merging of
molecular marker data and other genetic data into one integrated genetic map of barley.

Key words: Hordeum vulgare, AFLP markers, Genetic variation
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Chapter 3

Introduction

The use of restriction fragment length polymorphisms (RFLPs) as DNA
markers to construct genetic maps was first proposed by Botstein et al. (1980).
Since then, various DNA markers have been developed and applied in many
organisms. In plants, DNA markers have been used for genetic and genome
studies, and more recently, to facilitate gene cloning and practical breeding.
RFLP markers have been particularly suitable for genetic map construction and
synteny studies among crop species. The comparison of RFLP maps of several
cereal species has identified homologous chromosome segments in many different
species (Bennetzen and Freeling 1993). This synteny should facilitate the isolation
of genes from species with a large genome, such as wheat, by map-based cloning
of the corresponding homologous segments from species with small genomes, like
rice (Kilian et al. 1995). In barley (Hordeum vulgare), the first molecular marker
linkage map (chromosome 6) was generated based on RFLPs by Kleinhofs et al.
(1988). So far, more than 1000 molecular markers, predominantly RFLPs, have
been mapped on the barley genome. Recently, the genetic linkage maps of four
doubled haploid populations: “Proctor’ x ‘Nudinka’ (Heun et al. 1991), “Igri’ X
‘Franka’ (Graner et al. 1991), “‘Steptoe’ x ‘Morex’ (Kleinhofs et al. 1993) and
‘Harrington’ x TR306 (Kasha and Kleinhofs 1994) have been integrated into one
composite map comprising 880 marker loci (Qi et al. 1996).

The RFLP technique requires a relatively large amount of DNA for optimal
results from Southern hybridisations. Due to its large genome size (1C = 5.1 x 10°
bp; Bennett and Leitch 1995), and the relatively low variation within the barley
species, RFLP analyses are labour-intensive and time-consuming. Consequently,
other molecular markers, predominantly based on PCR methods, like RAPDs
(Welsh and McClelland, 1990; Williams et al. 1990), have also been identified in
barley (Kleinhofs et al. 1993). However, poor reproducibility and population
specificity have limited the use of RAPDs for genetic studies. In addition,
microsatellites or simple sequence repeats (SSR) have been investigated as DNA
markers. Saghai-Maroof et al. (1994) identified 71 alleles among 207 accessions
of wild and cultivated barley accessions by using only four mircosatellite primer
pairs. Becker and Heun (1995) identified 32 alleles among 11 lines by using 15
primer pairs and mapped five microsatellite markers on three barley chromosomes.
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With large numbers of alleles at one locus, microsatellite markers are very suitable
as universal, locus-specific markers over populations. However, development of a
sufficient number of microsatilite markers to cover the entire barley genome is
still in its infancy. In a collaborative effort, several European research groups aim
to develop another 200 microsatellite markers for the barley genome (Waugh
1995).

More recently, a novel DNA fingerprinting technique called AFLP has been
developed (Zabeau and Vos 1993; Vos et al. 1995). The technology is based on
the amplification of selected restriction fragments of a total genomic digest by
PCR, and separation of labelled amplified products by denaturing polyacrylamide
gel electrophoresis. A great advantage of the AFLP technique is that it allows
simultaneous identification of a large number of amplification products. One
hundred and eighteen AFLP markers have already been mapped on the barley
genome by using the ‘Proctor’ x “Nudinka’ doubled haploid population which had
previously been used for construction of an RFLP map (Heun et al. 1991; Becker
et al. 1995). In a project to map the genes for partial resistance to barley leaf rust
(Puccina hordei), we also chose AFLP markers as they allow the construction of a
high-density genetic map in the most efficient way. In the present study, the
variation in AFLP patterns within the barley species was investigated with a large
number of primer combinations. Firstly, AFLP fingerprints of two barley lines
were obtained using 96 primer combinations, and, secondly, 16 representative
barley lines were used to generate AFLP profiles by using 48 primer combinations.
These results may facilitate the wider use of AFLP for extended genetic studies in
barley.

Materials and methods

Plant materials

Sixteen barley lines, ‘Harrington’, TR306, ‘Steptoe’, “‘Morex’, ‘Igri’, ‘Franka’,
‘Proctor’, “‘Nudinka’, ‘Apex’, ‘Prisma’, C92, C118, C123, L94, ‘“Vada’ and 116-5,
which represent a wide range of the genetic variation in barley (H. vulgare), were
used in the present research. The first eight lines have been used to generate four
doubled haploid populations for the construction of four individual RFLP maps
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(Heun et al. 1991; Graner et al. 1991; Kleinhofs et al. 1993; Kasha and Kleinhofs
1994) and two integrated maps (Langridge et al. 1995, Qi et al. 1996). ‘Apex’ and
‘Prisma’ are Dutch two-rowed spring barley cultivars with medium and good
malting quality, respectively. C92, C118 and C123 are partially resistant to P.
hordei (Niks 1982) and are derived from the barley composite XXI (Suneson and
Wiebe 1962), which was based on intercrossing of 6200 cultivars and lines. L94 is
a line from an Ethiopian land race and is extremely susceptible to P. hordei.
‘Vada’ is a commercial cultivar from the Department of Plant Breeding,
Wageningen Agricultural University, and has a high level of partial resistance.
116-5 is derived from ‘Cebada Capa’ (of North-African origin) x L94 and selected
for a high level of partial resistance to P. hordei.

The AFLP protocol

DNA was extracted from leaf tissue, frozen in liquid nitrogen, of two-week-
old seedlings according to the CTAB protocol published by Van der Beek et al.
(1992).

The AFLP technique has been described by Zabeau and Vos (1993) and VVos
et al. (1995). The procedure was performed essentially as described by Van Eck et
al. (1995) for potato, with some minor modifications.

For template preparation, the selection of biotinylated DNA restriction
fragments was omitted. After the restriction-ligation reaction, the restriction
enzymes and ligase were denatured at 60 °C for 10 min. Subsequently, products
were diluted ten-fold in Ty4E buffer and stored at 4 °C for pre-amplification.

To obtain good separation of amplified DNA fragments, buffer gradient
electrophoresis was conducted with 1 X TBE (100 mM Tris, 100 mM Boric acid,
2 mM EDTA, pH 8.0) in the cathode buffer (-) and 1 X TBE plus 0.5 M sodium
acetate in the anode buffer (+).

Adapters, Msel site primers and EcoRlI site primers used are listed in Table 1.

Data evaluation and nomenclature

The AFLP amplification products were designated according to the restriction
enzymes and the primer combination used, and their size estimated with reference
to the SequaMark 10 base ladder (Research Genetics, Huntsville, ala.).
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Table 1. Lists of primers and adapters

Primers/adapters Sequences®
Msel adapter 5-GACGATGAGTCCTGAG-3’
3’- TACTCAGGACTC AT-5

MOO (universal primer) GATGAGTCCTGAG TAA
Msel +1 primer MO02 MO0+ C
Msel +3 primers M47 MO0+ CAA

M48 MO0+ CAC

M49 MO0+ CAG

M50 MO0+ CAT

M51 MO0+ CCA

M54 MO0+ CCT

M55 MO0+ CGA

M58 MO0+ CGT

M59 MO0+ CTA

M60 MO0+ CTC

M61 MO0+ CTG

M62 MO0+ CTT
EcoRI adapter 5’-CTCGTAGACTGCGTACC-3’

3’-CTGACGCATGG TTAA-5’

EO0O (universal primer) GACTGCGTACC AATTC
EcoRI +1 primer EO1 E0O+ A
EcoRI +3 primers E32 E00+ AAC

E33 E00+ AAG

E35 E00+ ACA

E38 E00+ ACT

E39 E00+ AGA

E42 E00+ AGT

E44 E00+ ATC

E45 E00+ ATG

*DNA sequences are always given in the 5’ to 3’ orientation unless indicated otherwise

Results and discussion

AFLP pattern of two barley lines with 96 primer combinations
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In the present study, eight EcoRI primers and twelve Msel primers, each with
three selective bases, were used to generate AFLP fingerprints for two barley lines,
L94 and ‘Vada’. With the majority of the 96 primer combinations, about one
hundred fragments were obtained from each barley line. However, several primer
combinations produced rather complex profiles which comprised up to 150 bands
(Table 2). With seven primer combinations, namely E32M59, E33M49, E35M51,
E38M49, E39M62, E42M49 and E44M51, the majority of the labelled primer was
incorporated into a single fragment and other fragments appeared as very faint
bands (e.g., E35M51 in Fig. 1). Therefore these seven primer combinations are
not useful for genetic studies in barley. The appearance of single intense bands is
probably due to a high copy number of one particular DNA restriction fragment in
the template (Vos et al. 1995). The large genome size of barley (1C = 5.1 x 10° bp;
Bennett and Leitch 1995) could well harbour a high proportion of repetitive
sequences. Indeed, relatively intense bands were detected by using other primer
combinations as well, but they did not obscure other fragments.

The total number of bands generated by the different primer combinations
revealed a large range of variation, from about 50 bands for E42M58 to 180 for
E33M50 (Fig. 1 and Table 2). The range in number of bands showed more
variation with the 12 Msel primers (67 to 142 bands) than with the 8 EcoRl
primers (100 to 130 bands). With M58 on average about 70 visible bands were
generated, whereas about 150 bands were produced with M47 and with M50. The
three selective nucleotides of primer M47 and M50 are CAA and CAT,
respectively (Table 1). Most plant DNAs are AT-rich and if the genome size is
large, as in barley, it is better to use AT-poor primers with which fewer bands will
be amplified. The 20 primers (12 Msel primers and 8 EcoRI primers) used in the
present research were in fact AT-poor. As more variation in AFLP patterns was
observed with Msel primers than with EcoRI primers, the selection of the most
informative Msel primers is more critical.

The polymorphism rates and total number of bands with the other 89 primer
combinations were evaluated per primer combination (Table 2). The most useful
primer combinations have a high polymorphism rate and generate a reasonable
number of total bands, that are clearly visible. Based on our results, 48 primer
combinations were used to generate AFLP profiles for 16 representative barley
lines.
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Table 2 Evaluation of 96 primer combinations based on two barley lines (L94 and ‘Vada’)

Number of bands

Polymorphism rates <90 90 -120 120 - 150 >=150
Fair Fair Fair Poor
E32M49, E32M54 E33M62, E38M50
<18% E45M58 E33M51, E35M60 E44M54, E44M60 E32M47, E44M4T
E38M62, E39M51 E44M62, EA5M48 E44M50, E45M62
E42M59, E45M60 E45M50
Good Good Fair Poor

18%-23%

23%-28%

>28%

E32M58, E38M58

Good

E32M55, E39M55
E42M60, E42M61
E44M58

Excellent

E33M58, E35M55
E35M58, E38M55
E38M61, E39M58
E42M51, E42M54
E42M55, E42M58

E32M51, E32M60
E33M59, E38M47
E38M48, E38M51
E38MG60, E39M47
E39M49, E39M59
E39MG60, E42M62
E44M61

Good

E32M62, E35M49
E38M59, E39M48
E39M54, E42M47
E42M50, E45M49
E45M61

Excellent
E32M61, E33M55
E33M61, E35M48
E35M61, E38M54
E39M61, E42M48
E45M55

E32M50, E35M62
E39M50, E44M48
E44M49, E45SM51
E45M54, EA5M59

Good

E32M48, E33M60
E35M54, E35M59
E44M55, E44MS9

Good

E33M54

E33M47, E33M48
E33M50, E35M47

Fair

E35M50,E45M47

Fair

Evaluations are based on polymorphism rates and number of bands. E32M59, E33M49, E35M51, E38M49, E39M62, E42M49, E44M51
were not included due to their excessively amplified single fragment.
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A!B CDEFG AFLP profiles of sixteen selected
1 21212121212 12M barleylines

The AFLP profiles of 16 barley
lines were analysed to estimate the
sizes of clearly visible bands. Band
names were assigned and indicated
on images, which are available in
GrainGenes on Internet (http://grain.
jouy.inra.fr/ggpages/).

The sizes of fragments generated
with 96 primer combinations ranged
from about 70 bp to 1 kb (Figs. 1, 2),
but most fragments were smaller than
500 bp. Using buffer gradient electro-
phoresis the larger fragments up to
500 bp were well separated, while
only limited information from the
smaller bands was lost. Fragments
larger than 500 bp were not well
separated and were beyond the size
marker range used. Consequently,
their size were estimated by
extrapolation and hence are not very
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Fig. 1. Variation in AFLP patterns
between two barley lines. AFLP patterns
obtained with the seven primer
combinations  E33M47,  E33M48,
E33M59, E35M61, E35M55, E35M58
and E35M51 (A - G, respectively). M is
a marker lane with 10 bp DNA size
markers, 1 and 2 represent L94 and
‘Vada’. A - F show AFLP patterns
ranging from complex to simple. G is a
primer combination showing one very
ke intense fragment (indicated by the arrow)
=10 and many faint bands.
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accurate.  In  addition, larger
fragments normally gave weaker
signals and were more dependent on
the quality of templates. So only
bands of 80 - 510 bp were taken into
account as summarised in Table 3.
Twenty-four primer combinations
were selected to study polymorphism
rates among 16 barley lines. These
primer combinations were recom-
mended by KeyGene, Wageningen or
were chosen on the basis of our initial
survey (see table 2).

Figure 2 is an example of the
AFLP profiles generated, obtained by
using the primer combination
E33M61: within the size range of 80
to 510 bp, 106 AFLP bands were
observed among the 16 barley lines;
35 were present in all 16 lines and the
presence of other 71 bands varied
over the 16 lines giving 67%
polymorphism rate (Table 3). The
large number of bands and the high
polymorphism rate among the 16

d

Fig. 2 AFLP fingerprints of 16 barley
lines generated with E33M61. 1 to 16
indicate the barley lines listed in the box
at the top. M is a marker lane with 10 bp
DNA size markers. All clearly visible
bands are connected by lines to their
corresponding designations on the right
of the panel. Band sizes over 500 bp
were estimated by extrapolation.
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barley lines indicated that AFLP is an extremely efficient technique for marker
generation in barley. A parallel study of genetic relationships in barley showed
that with a single primer combination sufficient DNA markers could be screened
to unambiguously discriminate between 29 related barley lines (not shown). In the
present study, data from 24 primer combinations were evaluated to illustrate the
usefulness of AFLP markers in barley.

Variation in polymorphism rates

Pair-wise comparisons of six parent pairs, that have been used for generating
RFLP maps, showed quite different polymorphism rates (Table 3). The average
polymorphism rate per set of two barley lines over 24 primer combinations ranged
from only 12.2% between ‘Proctor’ and ‘Nudinka’ to 29% between L94 and
‘Vada’. Obviously, the genetic distance between L94, a line from an Ethiopian
land race, and the European cultivar “Vada’ was larger. ‘Proctor’ and ‘Nudinka’
are closer related because both are two-rowed spring barley cultivars bred in
England and Germany, respectively. Consequently, these high polymorphism
rates between L94 and “Vada’ should facilitate the construction of a high-density
AFLP map. By using a large number of AFLP markers, it should be possible to
fill in some of the gaps in the integrated RFLP map (Qi et al. 1996).

The average polymorphism rate per primer combination over 6 parent pairs
was 20% with a range from 13% for E38M51 to 28% for E33M61. Between L94
and ‘Vada’, a 41% polymorphism rate was observed with primer combination
E42M48 but only 18% with E45M58. The ranking of primer combinations based
on polymorphism rates was only weakly dependent upon the barley lines used for
comparison. Thus, the most efficient and informative primer combinations
identified for a given set of barley lines are likely to be most efficient when
applied to other lines also.

A very similar AFLP polymorphism rate (11.3%) was observed between
‘Proctor’ and ‘Nudinka’ by Becker et al. (1995) based on 16 different primer
combinations. In contrast, RFLP markers, both from genomic clones and cDNA
clones showed higher polymorphism rates (27.1% and 15.3%, respectively; Heun
et al. 1991), that were also observed between ‘Igri’ and ‘Franka’ (28%; Graner et
al. 1991). In addition, 35.3% of RFLP clones showed polymorphisms between
‘Morex’ and ‘Steptoe’ when EcoRI was used as the restriction enzyme. Our
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Table 3. AFLP Polymorphism rates among 16 and between six pairs of barley lines

Primer 16 Lines®  H/T SIM I/F P/N A/P L/vV 6 Crosses
Combinations TOT °PR(%)° TOT PR(%) TOT PR(%) TOT PR(%) TOT PR(%) TOT PR(%) TOT PR(%) TOT PR(%)
E32M55 75 627 49 224 54 33.3 46 13.0 47 10.6 48 20.8 51 235 295 21.0
E32M61 79 456 58 12.1 65 20.0 65 20.0 59 51 59 85 67 32.8 373 16.9
E33M54 113 47.8 88 13.6 86 18.6 86 16.3 86 8.1 88 10.2 97 30.9 531 16.6
E33M55 89 494 63 4.8 69 174 67 14.9 63 12.7 64 17.2 71 21.1 397 149
E33M58 65 58.5 40 75 49 32.7 44 205 45 17.8 46 19.6 50 38.0 274 234
E33M61 106 67.0 72 29.2 76 38.2 67 224 68 13.2 71 225 78 38.5 432 27.8
E35M48 99 56.6 68 16.2 76 30.3 71 225 65 7.7 71 14.1 76 34.2 427 21.3
E35M54 84 429 68 8.8 68 16.2 71 14.1 66 4.5 71 169 12 22.2 416 13.9
E35M55 69 58.0 47 12.8 46 15.2 52 21.2 47 14.9 52 25.0 53 28.3 297 19.9
E35M61 92 58.7 68 17.6 73 23.3 68 20.6 70 114 74 243 72 29.2 425 21.2
E38M50 118 59.3 82 18.3 91 33.0 86 23.3 83 19.3 83 21.7 92 304 517 24.6
E38M51 95 474 72 6.9 76 18.4 70 10.0 70 8.6 71 99 75 25.3 434 134
E38M54 88 56.8 62 12.9 67 16.4 68 235 61 8.2 66 21.2 70 30.0 394 19.0
E38M55 64 56.3 48 16.7 49 245 44 18.2 47 12.8 50 20.0 49 32.7 287 20.9
E39M55 75 53.3 56 12.5 60 31.7 63 22.2 52 5.8 59 16.9 55 21.8 345 18.8
E39M61 98 59.2 61 8.2 71 239 61 16.4 64 20.3 66 22.7 70 329 393 21.1
E42M48 93 65.6 57 12.3 62 33.9 60 23.3 59 20.3 60 18.3 71 40.8 369 25.5
E42M51 91 b52.7 62 12.9 60 20.0 64 15.6 64 15.6 60 13.3 68 29.4 378 18.0
E44M49 109 51.4 75 6.7 81 22.2 81 21.0 80 125 81 12.3 89 23.6 487 16.6
E44M54 118 46.6 94 8.5 100 26.0 91 99 92 7.6 94 149 98 214 569 14.9
E44M58 70 443 56 3.6 57 19.3 53 11.3 58 6.9 58 15.5 63 28.6 345 14.5
E45M49 122 59.0 88 13.6 97 33.0 86 19.8 86 15.1 83 16.9 96 29.2 536 21.6
E45M55 101 60.4 65 18.5 76 27.6 73 19.2 69 13.0 71 211 81 34.6 435 22.8
E45M58 75 64.0 54 20.4 49 245 46 23.9 45 20.0 52 28.8 51 17.6 297 22.6
Total 2188 55.2 553 13.2 1658 25.0 1583 18.5 1546 12.2 1598 18.0 1715 29.0 9653 19.5

%16 Lines” data from 16 barley lines; HT, SM, IF, PN, AP and LV represent the parent pairs of ‘Harrington’ and TR306,
‘Steptoe’ and ‘Morex’, ‘Igri’ and ‘Franka’, ‘Proctor’ and ‘Nudinka’, ‘Apex’ and ‘Prisma’, and L94 and ‘Vada’, respectively;
“6 Crosses” lists the accumulated data from these six parent pairs.

® Total number of bands

¢ Polymorphism rates
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datasets appear to suggest that AFLP markers also show lower polymorphism
rates in barley. However, data are still too limited to allow one to generalise this
conclusion to other species or populations.

Common markers among mapping populations

Due to the frequent exchange of RFLP probes among barley researchers,
many common RFLP probes have been used as locus-specific markers and have
been mapped on independent mapping populations. These bridge markers enable
the construction of integrated maps and comparison of independent maps
(Langridge et al. 1995; Qi et al. 1996). The AFLP profiles generated with 16
barley lines in this paper could serve as standard references. Bands with only 1 bp
difference migrate differently in gels and can be distinguished (Vos et al. 1995).
Fragments with 16 (6 and 4 bases for EcoRI and Msel sites, respectively, and 6
selective bp) identical base pairs and the same mobility in gels are most probably
highly homologous and hence locus specific.

The present study indicates that common (assuming locus specificity) markers
among populations can clearly be identified and may be used as bridge markers
for the comparison of maps or assignment of linkage groups to chromosomes. By
comparing the parent pair ‘Steptoe’ and ‘Morex’ with L94 and “Vada’, about 150
shared polymorphic AFLP markers were identified based on the 24 primer
combinations listed in Table 3. Further survey indicated that 65 and 21 AFLP
markers were common to three (‘Steptoe’ x ‘Morex’, ‘Igri’ X ‘Franka’ and L94 x
‘Vada’) and four parent pairs (‘Steptoe’ x ‘Morex’, “Harrington’ x Tr306, ‘Igri’ x
‘Franka’ and L94 x “Vada’) respectively. Three clear AFLP markers, E38M55-
618, E39M55-162 and E42M51-94, were common to five parent pairs (‘Steptoe’
X ‘Morex’, “‘Harrington’ x Tr306, ‘Igri’ x ‘Franka’, ‘Proctor’ x ‘Nudinka’ and L94
X “‘Vada’). These common markers are thus extremely useful for bridging maps. If
the locus specificity of common markers is confirmed in future, AFLP markers
will greatly contribute to merging marker and other genetic data into one
integrated genetic map of barley.

Acknowledgements We would like to thank Johan Peleman, Keygene for fruitful
discussions about the nomenclature of AFLP markers and Christian Bachem for the
technical advice on AFLP analysis
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Use of locus-specific AFLP markersto construct
a high-density molecular map in barley"

Xiaoquan Qi, Piet Stam and Pim Lindhout

Abstract: By using 25 primer combinations, 563 AFLP markesggregating in a
recombinant inbred population (103 lines) Elerived from L94 x ‘Vada were
generated. The 38 AFLP markers in common to thstiegi AFLP/RFLP combined
‘Proctor’ x ‘Nudinka’ map, one STS marker, and f@inenotypic markers with known
map positions, were used to assign present AFLRad@ groups to barley
chromosomes. The constructed high-density molecolap contains 561 AFLP
markers, three morphological markers, one diseasestance gene and one STS
marker, and covers a 1062-cM genetic distancegsponding to an average of one
marker per 1.9 cM. However, extremely uneven distions of AFLP markers and
strong clustering of markers around the centronvegee identified in the present
AFLP map. Around the centromeric region, 289 maslaver a genetic distance of
155 cM, corresponding to one marker per 0.5 cMttendistal parts, 906 cM were
covered by 277 markers, corresponding to one ma&eB.3 cM. Three gaps larger
than 20 cM still exist on chromosomes 1, 3 and Ssk&letal map with a uniform
distribution of markers can be extracted from thghtdensity map, and can be
applied to detect and map loci underlying quariatraits. However, the application
of this map is restricted to barley species sinagllly any marker in common to a
closely relatedriticum species could be identified.

Key words. Hordeumwulgare, AFLP markers, Genetic linkage map, Recombinant
inbred lines, Locus specificity

Published in: Theor Appl Genet (1998) 96: 376-384
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I ntroduction

In barley Hordeum wulgare L.), restriction fragment length polymorphism
(RFLP) has been extensively used for the construati genetic linkage maps
(Kleinhofs et al. 1988; Shin et al. 1990; Granerkt1991; Heun et al. 1991;
Kleinhofs et al. 1993b; Kasha and Kleinhofs 199Mhese have enabled the
mapping of important agronomic qualitative and quative traits, like theym4
virus resistance gene (Graner and Bauer 1993dtme dwarfing genes (Laurie
et al. 1993), the liguleless gene (Pratchett andri€al994), a photoperiod-
response gene (Laurie et al. 1994), and the qatwditloci for yield, malting
guality and disease resistance (Hayes and lyam®é; Xean et al. 1995; Kjeer et
al. 1995; Thomas et al. 1995, 1996). A limitatidihe application of RFLPs is the
labour- and time-consuming technology of Southegnribisation that has to be
repeated for each RFLP marker. Moreover, due &oge lgenome size (1C = 5.1 x
10° bp) (Bennett and Leitch 1995) and relatively lowariation within the barley
species, the progress in map construction by RF.Blow and expensive.
Recently, AFLP markers have been developed andpgbeier as genetic markers
has been demonstrated (Zabeau and Vos 1993; Vad. €995). A great
advantage of the AFLP technigue is the simultanadestification of a large
number of marker loci. Moreover, fragments amglifieith the same primer
combinations and with the same mobility in gelsraast likely homologous and
hence locus specific (Qi and Lindhout 1997). Beakeal (1995) has added 116
AFLP markers to the already existing ‘Proctor’ xutinka’ RFLP map (Heun et
al. 1991). Recently, Waugh et al. (1997) increasedmarker density in three
barley genetic maps by adding 234, 194 and 376 ARbaFkers, respectively.

In a project for mapping QTLs for partial resistario barley leaf rust, we
applied the AFLP technique to generate molecularkens. To assign AFLP
linkage groups to barley chromosomes, AFLP markemsmon to two mapping
populations, ‘Nudinka’ x ‘Proctor and L94 x ‘Vadawere identified and
subsequently a high-density molecular map was aistl using 103 RILs §F
derived from the cross L94 x ‘Vada’'.

Materials and methods
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Plant materials

A population of 103 §Frecombinant inbred lines (RILs) was obtained fram
cross of L94 x ‘Vada’' by single-seed descent aredls a mapping population.
L94 is a line from an Ethiopian land race, withdilaand covered seeds; it is
extremely susceptible to leaf rusPufcinia hordei). ‘Vada' is an obsolete
commercial cultivar, with white and naked seedsdloy the Department of Plant
Breeding, Wageningen Agricultural University, angsha high level of partial
resistance t®. horde (Niks 1982).

The AFLP protocol

The same AFLP procedure as described by Qi anchbind1997) was used
in the present study. Restriction enzymes, adaptetgrimers were as described
in Becker et al. (1995) and Qi and Lindhout (199i)total, the following 25
primer combinations were employed: E37M32, E37MB3/M38, E40M32,
E40M38, E4A0M40, E41M32, E41M40, E42M32, E42M40, E82, E33M54,
E33M55, E33M58, E33M61, E35M48, E35M54, E35M55, E83, E38M54,
E38M55, E39M61, E42M48, E42M51, and E45M55. Thestfiten primer
combinations have been used before to generate Afidfkers for the
construction of the ‘Proctor’ x ‘Nudinka’ map (Bemket al. 1995), and the other
15 primer combinations were the most informativeesoras indicated in the
previous study of Qi and Lindhout (1997).

Data analysisand map construction

Segregating markers in the mapping population westgnated according to
the AFLP profiles of the parent lines (see GrairngseWwWW page, map data; Qi
and Lindhout 1997). Clearly visible markers werered as dominant. Three
morphological markers m(naked seeds), Bh(black seeds) and Pau (purple
auricle), and one disease resistance gemt-od (resistance toErysiphe
graminis), were also scored as qualitative traits. The eripair KV1 and KV9
derived from the sequence of tHer2 gene was used as an STS marker for the
Hor2 locus (for sequences, see Kanazin et al. 1993). arhplified products
were digested bydaelll to reveal polymorphism. Missing data for any nkex
were very limited in the present study (<2 %).
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A software package, JoinMap 2.0 (Stam 1993; Stath\éan Ooijen 1996)
was used for linkage grouping and map constructlonkage groups were
assigned to the corresponding barley chromosomessing the locus-specific
common AFLP markers, that had already been mappedhe ‘Proctor’ x
‘Nudinka’ map (Becker et al. 1995), morphologicadrkers, and thélor2 gene.
Kosambi's mapping function was applied for mapatise calculation (Kosambi
1944).

Results

Data scoring

By using 25 primer combinations, 563 easily scof#d P markers were
identified, corresponding to an average of 23 marker primer combination,
ranging from 11 (E40M40) to 33 (E33M61). The numbeusable segregating
markers was slightly less than observed in a pusvstudy (Qi and Lindhout
1997). This was due to poor separation of ampltifoce products of nearly
identical size.

Among 568 markers, 286 were L94-specific and 28fevidada’-specific;
one STS marker showed co-dominance. The majoritthefmarkers (92%)
showed a 1 : 1 segregation ratio for the two pateamteles (P< 0.05), as was
expected for the Jrecombinant inbred population. Among the 48 markeith
distorted segregation, only three were skewed tasvdr94 alleles and 45
towards ‘Vada’ alleles; the latter all mapped orochosome 6 (Fig. 1).

For mapping, groups of markers with identical sggtien were regarded as a
single marker; the marker with the fewest missimju®s was chosen as the
representative one for this group. In total, 433kea, of which 61 co-segregated
with at least one other marker and 372 of whichwatbunique segregation, were
applied for the construction of linkage groups (2

Map construction

By using ten primer combinations, 38 AFLP markeesemMdentified in our L94
X ‘Vada’ mapping population that were identicaltire ‘Proctor’ x ‘Nudinka’

population (Beckeet al. 1995). Markers in common tightly linked @ansingle
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Chromosome 6
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Fig. 1. Frequency distribution of the L94 alleles on
chromosome 6 (6H). The fithess test according fiola
ratio which was approximated in the Rl population

linkage group in our L94 x ‘Vada’ population aldwosved linkage in the ‘Proctor’

X ‘Nudinka’ population. Similar genetic distancesdaidentical orders of the

markers shared by the two mapping populations gyomdicated that these

AFLP markers are locus specific and hence their pwgitions can be used as
anchor points across populations (Table 1).

Table 1. Genetic distances (cM) of tightly linked markeirg@roups in two
mapping populatioris

Marker pairs/groups 94Ix ‘Vada’' ‘Proctor’ x ‘Nudinka’
E42M32-231/E37M32-555 12.3 16.8 (13
E41M32-156/E41M40-110 12.8 25.5 (2)
E42M32-272/E37M38-373 50. 1.0 (2)

E37M38-199/E37M33-501/E37M32-325 10.6/4.9 13.5/7.2 (2)
E41M40-155/E40M32-180/ E40M32-130 0.5/15.7 2.1/18.8 (4)
E41M40-270/E40M40-358/E40M38-338 2.5/10.0 3.5/8.2 (7)

4As an example, only six pairs and groups repredéntthis table
® Numbers in parentheses indicated the chromosomesith these markers
were assigned on the ‘Proctor’ x ‘Nudinka’ map

The 563 AFLP markers, four phenotypic markers, @amel STS marker, were
split into 21 groups at a LOD threshold groupmague of 7.0. Only two markers,
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A Distance Marker
(cM) Name
0.0 E33M55-508 E33M54-605 E40M40-344
1.8 E39M61-574
4.0 E35M48-228
14.6 E33M61-740
14.6 E35M54-93
20.7 E41M40-112
23.3 E42M51-267
26.5 E42M32-231
285 E42M40-287
29.2 — 1 E33M61-120
38.0 E37M32-99
38.6 E37M32-566
44.0 E35M61-432
E42M32-195
E38M54-618

.
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E33M55-191 with 37 missing data
and E33M54-310, were not linked to
any other marker at a LOD value of
5.0, and one group of three markers
remained separated at a LOD
threshold value lower than 3.0. The
38 AFLP markers in common, as

well as four phenotypic markers iitn
mPau, mB, & dml-0) andHor2, were
used to assign AFLP linkage groups
to seven barley chromosomes. Except
for the five isolated markers
described above, the other 18 groups
contained at least one anchor marker
and were assigned to the seven barley
chromosomes. Chromosomes 1, 2
and 4 were composed of two groups,
chromosomes 3, 5, 6 and 7 of three
groups. The wunassigned group
containing three AFLP markers was
assigned to chromosome 5 because it
showed the tightest linkage (LOD =
2.6 for B and E42M48-335) to the
other markers on this chromosome
and fitted very well on the map of
this chromosome.

<

Fig. 2 The barley L94 x ‘Vada’ AFLP
map. A — G correspond to barley
chromosomes 1 to 7, with the short
arm at the top. Markers with l@ld-
italic font were common to both the
present map and the ‘Proctor x
‘Nudinka’ map. The markers with
identical segregation are aligned to the
corresponding representative markers.
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The resulting map contains 566 markers coveriraiad tnap distance of 1062 cM
corresponding to approximately 1.9 cM per markéroGiosome 2 has the largest
number of markers (120) with the longest genetistadice (189 cM), and
chromosome 4 is the shortest one. Remarkably, meltkstering was observed on
all seven chromosomes (Fig. 2 and Table 2). Udmag‘Proctor’ x ‘Nudinka’
AFLP and RFLP combined map (Becker et al. 199%) lasdge, the present AFLP
map was compared with the integrated RFLP map {Q@il.e1996) which was
based on four independent RFLP maps (Graner €t98ll; Heun et al. 1991,
Kleinhofs et al. 1993b; Kasha and Kleinhofs 199#h\wnown centromere regions
(Kleinhofs et al. 1993a). The clusters of AFLP neaskon the present map were
very likely also located around centromeric regidnsthe putative centromeric
regions, jointly spanning 155 cM, 289 markers waspped, corresponding to 0.5
cM per marker. In contrast, the chromosome arna)rgspg 906 cM, were covered
by 277 markers, corresponding to 3.3 cM per matRegpite this small average
genetic distance between markers, chromosomesahd3 still contain a gap
larger than 20 cM. Several smaller gaps (10 — 1pare! present on the distal parts
of the chromosomes (Fig. 2).

Table 2. Summary of L94 x ‘Vada’ mapping data

Chromosome arms Cenénac clusters

No.of Length Nd. No.of Coverage No.of Cage

Chromosomes Markers (cM)  GapsMarkers (cM) Markers (cM)
1 (7H) 96 159 1 33 128 (3%) 63 31 (05)
2 (2H) 120 189 0 59 156 (2.6) 61 33(0.5)
3 (3H) 77 164 1 38 147 (3.9) 39 17(0.4)
4 (4H) 61 116 0 30 97 (3.2) 31 19(0.6)
5 (1H) 60 136 1 29 118 (4.1) 31 18(0.6)
6 (6H) 77 137 0 42 119 (2.8) 35 18(0.5)
7 (5H) 75 161 0 46 140 (3.0) 29 21(0.7)
Total 566 1062 3 277 906 (3.3) 289 156 (0.5)

& A gap is a distance between two adjacent marker®e than 20 cM
® Numbers in parentheses are the average distancemper interval
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There are no clear indications of uncovered regamthe distal parts of each
chromosome though some chromosomes were quite sholt as chromosome 7
in the present map (161 cM) compared to the intedranap (195 cM).
Conversely, there are also no clear indicationsaving covered extra distal parts
by the AFLP markers, as compared to the integidteld® map (with a 1060-cM
total length and 880 markers, Qi et al. 1996).

In conclusion, despite the non-uniform distributimf markers along
chromosomes and the presence of three gaps of tmame20 cM, the present
AFLP map most likely covers the entire barley geapor nearly so. From this
high-density map a skeletal map with a fairly umifadistribution of markers can
be extracted. Such a skeletal map may serve fatdtextion and mapping of loci
underlying qualitative and quantitative traits.

Discussion

Redliability of the map

Genetic maps are calculated from the recombinattes between loci as a
result of chromosome crossovers at meiosis. Rec@tibn rates may be
influenced by environmental factors (Allard 1968well and Nilan 1963); hence
genetic distances may vary from one mapping pdpulab another. But, in
general, recombination rates are under genetiaaioftaredes and Gepts 1995)
and heavily depend on chromosome structure. Cosqguraief four independent
barley RFLP maps indicated that barley geneticalijgk maps are quite stable;
marker orders are similar and no obvious rearraegésrare detectable (Qi et al.
1996). Comparison of the present map with the frox ‘Nudinka’ map
indicated that the orders of all anchor markerg.(2i markers withtalic bold
font) on the seven chromosomes were identical laadlistances between tightly
linked markers were very similar indeed. Moreovtre positions of four
phenotypic markers aridor2 were also mapped to their correct positions on the
barley genome (Franckowiak 1995; Forster 1996;efeth896; Qi et al. 1996).

Non-systematic changes of marker-allele frequenciketg a map are
indicative of uncertainties in the order of markevde did not observe any
irregular pattern of segregation distortion in aata (Fig. 1). Altogether, our
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results indicate that we produced a reliable highsity marker map of the barley
genome.

Clustering of markers

A high degree of clustering of markers around tbetromere is a notable
feature in wheat (Chao et al. 1989; Devos et &2]1Blart 1994). The clustering of
markers at centromeric, and possibly telomeric saress found in the tomato
high-density map by Tanksley et al. (1992). Clusteof markers at centromeric
regions was also observed on the barley integratgal (Qi et al. 1996). Extreme
non-uniform distributions of AFLP markers and stjoalustering of markers
around the putative centromere were identifiecha present AFLP map (Fig. 2
and Table 2). The centromeric suppression of regmtbn may be the main
reason for the clustering of markers (Tanksley|etl@92; Frary et al. 1996).
Surprisingly, clustering is much more pronouncethepresent AFLP map than in
the RFLP maps. This may be due to differencesarséimsitivities of RFLP versus
AFLP markers. The AFLP technique is extremely seesio polymorphism in the
genome, as 1-bp length differences in relativelyrtsBNA fragments (50 — 1000
bp) are already detectable. In species with a lgeg@me, such as barley, a great
portion of repetitive sequences occur in the cemgric regions. Small variations
such as 1-bp deletion/insertion in repetitive sagas, and/or variable numbers of
short sequence repeats (or simple-sequence leolgtingrphisms, SSPLs), can be
detected by the AFLP technique. However, they mitlbably not be revealed by
Southern hybridization with DNA probes, as the tigéipe sequences will usually
give multiple signals, and multi-copy probes areggally excluded in RFLP map
construction. As the amplification products gerentdty the AFLP technique may
contain repeated sequences, there is a highereladentify AFLP markers than
RFLPs in highly repetitive regions near the centan This may be the most
plausible explanation for the stronger clusterihgleLP markers.

L ocus specificity

If AFLP products show the same mobility in gelsde are very likely to be
homologous and locus specific (Qi and Lindhout 9%#his assumption can be
verified by comparing the sequences of co-migratiapds and by genetic
linkage analyses, respectively. Rouppe van der ebal. (1997) sequenced
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co-migrating amplification products in potato arfbwed that this assumption
is nearly always valid. Waugh et al (1997) foundttB1 co-migrating AFLP

markers, segregating in more than one populati@pp®d to similar loci on the
three barley genetic maps and only three markeppethto different positions.
In the present study, all 38 co-migrating bandgresgating in two populations,
mapped to the same loci. Altogether, these studdisate the great probability
of the locus specificity of AFLP markers.

To investigate whether less-related populationsp®cies may also show
markers in common, the AFLP patterns of barlgy ulgare) were compared
with those of thredriticum species (data not shown). The lack of co-migrating
AFLP products suggests that the genetic distant@eka these species is too
large for markers in common to be identified. Copsatly, the use of the locus-
specific AFLP markers is limited to populations hiit species or to very closely
related species.

Acknowledgements We thank Rients Niks and Fien Meijer-Dekens fordbeelopment
of the RIL population of L94 x ‘Vada’, Tom Blakerf&indly providing chromosome 5-
specific STS primers and Corine Anker for seedB afonococcum, T. boeoticum andT.
urartu.

References

Allard RW (1963) Evidence for genetic restrictioh recombination in the Lima
bean. Genetics 48389-1395

Becker J, Vos P, Kuiper M, Salamini F, Heun M (1p%ombined mapping of AFLP
and RFLP markers in barley. Mol Gen Genet: B8 73

Bennett MD, Leitch 1J (1995) Nuclear DNA amountsangiosperms. Ann Bot 76
113-176

Chao S, Sharp PJ, Worland AJ, Warham EJ, Koebndd RB&le MD (1989) RFLP-
based genetic maps of wheat homoeologous groupomcisomes. Theor Appl
Genet 78495-504

77



Chapter 4

Devos KM, Atkinson MD, Chinoy CN, Liu CJ, Gale Md992) RFLP-based genetic
map of the homoeologous group 3 chromosomes of wdredh rye. Theor Appl
Genet 83931-939

Forster BP (1996) Coordinator's report: chromosdm®&arley Genet Newslett 293-
96

FranckowiakID (1995) Coordinator's report: chromosome 2. 8atenet Newslett
24. 132-138

Frary A, Presting GG, Tanksley SD (1996) Molecurapping of the centromeres of
tomato chromosomes 7 and 9. Mol Gen Genet 288-304

Graner A, BaueE (1993) RFLP mapping of thend virus resistance gene in barley.
Theor Appl Genet 8689-693

Graner A, Jahoor A, Schondelmaier J, Siedler HePiK, Fischbeck G, Wenzel G,
Herrmann RG (1991) Construction of an RFLP mapasfey. Theor Appl Genet
83 250-256

Han F, Ullrich SE, Chirat S, Menteur S, Jestin br&fi A, Hayes PM, Jones BL,
Blake TM, Wesenberg DM, Kleinhofs A, Kilian A (1995 Mapping of 3-
glucanase activity loci in barley grain and mahe®dr Appl Genet 91921-927

Hart GE (1994) RFLP maps of bread wheat. In: Phillips,R/asil IK (eds) DNA-
based markers in plants. Kluwer Academic PublishEne Netherlands, pp. 327-
358

Hayes PM, lyambo O (1994) The North American Bax&nome Mapping Project.
Summary of QTL effects in the Steptoe x Morex papah. Barley Genet Newslett
23:98-133

Heun M, Kennedy AE, Anderson JA, Lapitan NLV, Sds®lE, Tanksley SD (1991)
Construction of a restriction fragment length pobyphism map for barley
(Hordeum vulgare). Genome 34437-447

Jenseld (1996) Coordinator's report: chromosome 5. dyad@enet Newslett 2%6-100

Kanazin V, Ananiev E, Blake T (1993) Variabilitynang members of thelor-2
multigene family. Genome 3@897-403

Kasha KJ, Kleinhofs A (1994) The North American BgrGenome Mapping Project.
Mapping of the barley cross Harrington x TR306.18aGenet Newslett 2365-
69

Kjeer B, Jensen J, Giese H (1995) Quantitative tomit for heading date and straw
characters in barley. Genome: 3898-1104

78



A high-density molecular map

Kleinhofs A, Chao S, Sharp PJ (1988) Mapping ¢fate reductase genes in barley
and wheat. In: Miller TE, Koebner RMD (eds) Prodegd of the 7th
International Wheat Genetic Symposium, Bath Pigat), USA, pp. 541-546

Kleinhofs A, llian A, Kudrna D (1993a) The NABGMi®apping progress report,
Spring 1993. Barley Genet Newslett 27-41

Kleinhofs A, Kilian A, Saghai Maroof MA, BiyashevNR Hayes PM, Chen FQ,
Lapitan NLV, Fenwick A, Blake TK, Kanazin V, Anan#, Dahleen L, Kudrna
D, Bollingerd, Knapp SJ, Liu B, Sorrells ME, Heun Ftanckowiak JD, Hoffman
D, Skadsen R, Steffens BJ (1993b) A moleculagyise and morphological map
of the barley KHordeum vulgare) genome. Theor Appl Genet:8B05-712

Kosambi DD (1944) The estimation of map distarroenfrecombination values. Ann
Eugen 12172-175

Laurie DA, Pratchett N, Romero C, Simpson E, SnAfe(1993) Assignment of the
denso dwarfing gene to the long arm of chromosome 3 (8Hdarley by use of
RFLP markers. Plant Breed 111198-203

Laurie DA, Pratchett N, Bezant JH, Snape JW (199&enetic analysis of a
photoperiod response gene on the short arm of dsome 2 (2H) oHordeum
vulgare (barley). Heredity 72619-627

Niks RE (1982) Early abortion of colonies of leaf ru3ticcinia hordel, in partially
resistant barley seedlings. Can J Ba78@-723

Paredes OM, Gepts P (1995) Segregation and recatdn in inter-gene pool
crosses oPhaseolus vulgaris L. J Hered 8698-106

Powell JB, Nilan RA (1963) Influence of temperatorecrossing over in an inversion
heterozygote in barley. Crop Scifi-13

Pratchett N, Laurie DA (1994) Genetic map locatainthe barley developmental
mutant liguleless in relation to RFLP markers. Héees 12035-39

Qi X, Lindhout P(1997) Development of AFLP markers in barley. \@@n Genet 254:
330-336

Qi X, Stam P, Lindhout P (1996) Comparison andgraition of four barley genetic
maps. Genome 3379-394

Rouppe van der Voort INAM, Van Zandvoort P, Van Bdk Folkertsma RT, Hutten
RCB, Draaistra J, Gommers FJ, Jacobsen E, HeldBakker J (1997) Use of
allele specificity of co-migrating AFLP markers @dign genetic maps from
different potato genotypes. Mol Gen Genet 255:488-4

79



Chapter 4

Shin JS, Chao S, Corpuz L, Blake TK (1990) A panmap of the barley genome
incorporating restriction fragment length polymagwsh, polymerase chain
reaction, isozyme, and morphological marker lo@n@Gme 33803-810

StamP (1993) Construction of integrated genetic lirkagaps by means of a new
computer package: JoinMap. Plant J 3: 739-744

Stam P, Van Ooijen J\{1996) JoinMafi” version 2.0: Software for the calculation of
genetic linkage maps. CPRO-DLO, Wageningen

Tanksley SD, Ganal MW, Prince JP, De Vicente MCniBbale MW, Broun P,
Fulton TM, Giovannoni JJ, Grandillo S, Martin GB,eSseguer R, Miller JC,
Miller L, Paterson AH, Pineda O, Roéder MS, Wing RWu W, Young ND
(1992) High-density molecular linkage maps of thmato and potato genomes.
Genetics 1321141-1160

Thomas WTB, Powell W, Waugh R, Chalmers KJ, Bariv, Jack P, Lea V, Forster
BP, Swanston JS, Ellis RP, Hanson PR, Lance RCMH)19 Detection of
guantitative trait loci for agronomic, yield, graamd disease characters in spring
barley Hordeumwvulgare L.). Theor Appl Genet 911037-1047

Thomas WTB, Powell W, Swanston JS, Ellis RP, Chank&), Barua UM, Jack P,
Lea V, Forster BP, Waugh R, Smith DB (1996) Quattie trait loci for
germination and malting-quality characters in argpbarley cross. Crop Sci 36
265-273

Vos P, Hogers R, Bleeker R, Reijans M, Van de Teklornes M, Frijters A, Pot J,
Peleman J, Kuiper M, Zabeau M (1995) AFLP: a neshnique for DNA
fingerprinting. Nucleic Acids Res 23407-4414

Waugh R, Bonar N, Baird E, Thomas B, Graner A, Haje Powell W (1997)
Homology of AFLP products in three mapping popuwiasi of barley. Mol Gen
Genet 255: 311-321

Zabeau M, Vos P (1993) Selective restriction fraghamplification: a general method
for DNA fingerprinting. European Patent Applicationumber: 92402629.7,
Publication number 0 534 858 Al

80



| dentification of QTLsfor partial resistanceto
leaf rust (Puccinia hordel) in barley"

Xiaoquan Qi, Rients E. Niks, Piet Stam and Pim Lindhout

Abstract: The partial resistance to leaf rust in barley quantitative resistance that is
not based on hypersensitivity. To map the quanéatrait loci (QTLs) for partial
resistance to leaf rust, 103 recombinant inbredsli(RILs) were obtained by single
seed descent from a cross between the suscepéidatd 94 and partially resistant
parent ‘Vada'. These RILs were evaluated in thellseg and the adult plant stages in
the greenhouse for the latency period (LP) of tis fungus, and in the field for the
level of infection, measured as area under theadesgrogress curve (AUDPC). A
dense genetic map based on 561 AFLP markers hadjeeerated previously for this
set of RILs. QTLs for partial resistance to leaktravere mapped by using the
‘Multiple Interval Mapping’ with the putative QTL arkers as cofactors. Six QTLs for
partial resistance were identified in this popolati Three QTLsRphqgl, Rphg2 and
Rphg3, were effective in the seedling stage and cor&ib@pproximately 55% to the
phenotypic variance. Five QTLRph2, Rphg3, Rphg4, Rphg5, and/orRphg6 contributed
approximately 60% of the phenotypic variance andewedfective in the adult plant
stage. Therefore, only the QTEphg2 andRhpg3 were not plant stage dependent. The
identified QTLs showed mainly additive effects amdy one significant interaction was
detected, i.e., betwedRphgl and Rphg2. The map positions of these QTLs did not

“Published in: Theor Appl Genet (1998) 96: in press
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coincide with those of the race-specific resistayaees, suggesting that genes for partial
resistance and genes for hypersensitive resistegmmesent entirely different gene
families. Also, three QTLs for days to headingwbiich two were also involved in plant
height, were identified in the present recombinahted population. These QTLs had
been mapped previously to the same positions ferdiit populations. The perspectives
of these results for breeding for durable resigtdadeaf rust are discussed.

Key words. Partial resistance, Leaf rust, Barley, QTL mappihgcinia hordei,
Hordeum wulgare, Latency period

I ntroduction

Leaf rust caused by the pathodgeuccinia hordei Otth is one of the most
important diseases in barlelddrdeum vulgare L.). Though in most areas the
reduction of yield caused by leaf rust is relagview, in some areas, it may be
close to 30% (Arnst et al. 1979; Feuerstein etl@P0). Barley leaf rust has
been controlled primarily by the use of resistanmiticars carrying genes for
hypersensitivity resistance, designatedRpk (Pa) genes. Rapid adaptation of
the P. hordei populations, however, has rendered most of theteegie genes
ineffective. The recently identified resistance ggfRphl13 andRphl4 (Jin et al.
1996), are also unlikely to be durable. Furthermmeurces of leaf rust
resistance in cultivated barley are limited (Jinakt1995; Jin and Steffenson
1994). In contrast, partial resistance to leaf,rcisaracterised by a reduced rate
of epidemic development despite a susceptible ftiieaype (Parlevliet and
Van Ommeren 1975), occurs very frequently in Wastelgean spring cultivars
(Parlevliet et al. 1980) and Ethiopian barley lawds (Alemayehu and
Parlevliet 1996), and is presumably more durablerf@ayehu and Parlevliet
1996; Parlevliet 1983a, 1983b). Partial resistancthe field appears strongly
correlated with the latency period (LP) and alsthwither components, such as
infection frequency, pustule size, infectious perend spore production. LP
can be evaluated with much greater accuracy thanother components
(Parlevliet 1975, 1977, 1979, 1986, 1992; Parléwieal. 1985; Neervoort and
Parlevliet 1978; Parlevliet and Van Ommeren 19%@gnetic studies indicated
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that the longer LP in several partially resistauiticars was governed by 6 to 7
minor genes with additive effects (Parlevliet 19¥877, 1978).

By using a dense molecular linkage map, polygen@ntjtative traits can
be resolved into discrete Mendelian factors (ePgterson et al. 1988). With
QTL mapping, the individual resistance loci canidentified and located on the
chromosomes. This is a highly effective tool fardsting genetically complex
disease resistance such as partial resistance ¢YoQa6). It will allow the
assessment of race-specificity of partial resistagenes, the interactions
between resistance genes, and their expressioiffanedt growth stages and
environments. Many genes conferring hypersensit@sistance to pathogenic
fungi and several QTLs for partial resistance twgery mildew have already
been mapped on the barley genome (Graner 1996).(JQTAs for resistance to
P. striiformis were detected on chromosomes 7L and 4L (Chen. €1984)
respectively. In the present research, we studiede@mbinant inbred
population (103 RILs) derived from a cross of LRlugqceptible) x ‘Vada’
(partially resistant) and mapped QTLs for partiekistance on the barley
genome based on a high-density AFLP map (Qi €i9£18).

Materials and methods

Development of recombinant inbred lines

A population of 103 §Frecombinant inbred lines (RILs) was obtained fram
cross of L94 x ‘Vada’ by single-seed descent. .94 iline from an Ethiopian
landrace, with black and naked seeds, and is eglyesusceptible to leaf rust
(Puccinia hordel) (Parlevliet 1975). ‘Vada' is a commercial Westrgjpean
cultivar, with white and covered seeds, previouslgased by the Department of
Plant Breeding, Wageningen Agricultural Universignd has a high level of
partial resistance t®. hordei. Both parents have been included in numerous
experiments to characterise aspects of partiabteesie of barley to leaf rust
(Parlevliet 1975, 1976, 1978, 1979, 1983b; Paséwt al 1985; Niks 1986). The
103 RILs (k) and the two parents were used for AFLP markelyaisa(Qi et al.
1998) and for disease tests in the greenhousendhd field.
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Disease evaluations

Seedlings in the greenhouse. Seedlings of 103 RILs, L94 and ‘Vada' were
inoculated with the leaf rust isolate 1.2.1. Fresbdiospores were diluted 10
times with lycopodium spores and dusted over trexiatisides of the seedling
leaves fixed in a horizontal position. After inctiba at a relative humidity of
100% over night, the seedlings were transferredh tgreenhouse where the
temperature was set at about°C8 The latency period (LP) of each plant was
evaluated by estimating the period (hours) at whi@%o of the ultimate number
of pustules became visible. The relative latencyopeof seedlings (RLP50S) was
calculated relative to the LP of L94 in seedlingbere L94 = 100, as described
by Parlevliet (1975). Four experiments were conelligh the course of three
years. Each experiment consisted of two replicatieach with 5 to 6 plants per
line. Because separate analysis of these dateotlicveal significant genotype x
environment effects and all of the QTLs involvedRhP50S were found in all
experiments, the RLP50S values were averaged losse four experiments.

Adult plants in the greenhouse. The rust isolate 1.2.1 was also used for
evaluation of the RILs in the adult plant stagéh@ greenhouse. One experiment
was carried out with 5 plants per line. The relathP of young flag leaves
(RLP50A) was measured similar to the RLP50S.

Adult plants in the field. A randomised complete block design with three
replications was applied in a field experiment 89a. Plot size was 0.75 x 1.25
m’. Plots of barley lines alternated with plots ofso@ limit inter-plot interference
(Parlevliet and Van Ommeren 1984). One month aftering, more than 250 L94
plants were inoculated in the greenhouse and after weeks the pots with
sporulating L94 plants were transferred to the erpnt field and placed in the
alley ways between the plots. When L94 plants enplots started to sporulate,
the spreader-plants were removed. Three sampliriipsanseven days interval
were carried out from the early heading stage ¢oldite grain filling stage. At
sampling time, three tillers were sampled from eplcht and evaluated for the
number of spores according to the scale of Pagkeahd Van Ommeren (1984).
The area under the disease progress curve (AUDRBExalculated by use of the
mean values from these three observations. Iniadditlays to heading was
evaluated as the number of days from sowing tioStf plants in the plot had
headed. Plant height was also measured in thestiagé of plant development.
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Genotyping and map construction

From the high-density AFLP map (Qi et al. 1998)skeletal map with
uniformly distributed markers (approximately 5 cMrpmarker interval) was
extracted (Fig. 3) and used for QTL identification.

Statistical analysis

In both the RLP50S and the field experiment a fdvgeovations were
missing. Therefore, the least square estimate melaR&P50S, AUDPC, days
to heading and plant height, and ANOVAs were cali®d by using PROC
GLM in SAS programme (SAS Institute 1988). Subsetye wide sense
heritability () for the four traits were estimated. A computedtware package,
MapQTL version 3.0 (Van Ooijen and Maliepaard 199%s used for interval
mapping (Lander and Botstein 1989). In the regibthe putative QTLs (LOD
> 2.5), the markers with the highest LOD valuegdlp markers’) were taken as
co-factors for running a multiple-QTL mapping pragr, the MQM method
(Jansen 1993; Jansen and Stam 1994). When LODsvafusome markers on
other regions reached a significant level, the M@Msls repeated by adding
those new ‘peak markers’ as cofactors until a 1stdbiOD profile was reached.
A LOD value of 2.5 was chosen as significant thoéstvalue for declaring a
QTL.

Results

Assessment of resistance and plant development traits

The analysis of variance indicated highly significdifferences among the
103 RILs for all four evaluated traits (data nobwh). Due to the use of one
replication, no analysis of variance could be aplior latency period in adult
plants in the greenhouse (RLP50A). The frequermiesd| three parameters for
partial resistance and for days to heading andt laight were approximately
normally distributed (Fig. 1). The values of the31RILs in three measures for
partial resistance were between the parental valpdiating absence of
transgressive segregation in this population (FigsA, B, and C). In contrast,
transgressive segregation was observed for daysading and plant height (Figs.
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A strong negative correlation was found between RA° and AUDPC
(Table 1). Moderate correlations were observed éetwesistance in the seedling
stage (RLP50S) and in the adult plant stage (RLP&RAAUDPC). Plant height
was strongly correlated with days to heading. Noeatation between the three
measures of partial resistance and plant heightolvesrved nor between days to
heading and resistance in the seedling stage (RbP3fowever, a moderate
correlation between days to heading and partisdtegse in the adult plant stage
(RLP50A and AUDPC) was observed.

Table 1 Correlation coefficients among traits in 103 RILs gf-derived from
the cross L94 x ‘Vada’

Traits RLP50S  RLP50A AUDPC Days to heading
RLP50S

RLP50A 0.43**

AUDPC -0.43** -0.78**

Days to heading  -0.07 0.40** -0.34**

Plant height -0.15 0.24* -0.19 0.68**

*P<=0.5"P<=0.01

QTLsfor partial resistance

To map QTLs for partial resistance and plant dgualent traits, interval
mapping and MQM methods were applied (Fig. 2). Aanemprovement in the
accuracy of QTL mapping was achieved by using MQMerg the ‘peak’
markers were taken as cofactors. Therefore, QTestified by using MQM
methods were considered as most reliable (Jan€8) 18nsen and Stam 1994).
In total, six QTLs for partial resistance to leafst were identified in this
population (Fig. 3). Some QTLs were identified tixsire common to each of
the parameters of partial resistance, often shouleghighest LOD score at
exactly the same marker loci. Most likely, the sa@€L was involved in
different parameters of partial resistance. ThreELQfor RLP50S were
identified, designatedphqgl, Rphg2 and Rphg3. Two major QTLs,Rphg2 and
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Rphg3, located on chromosomes 2 and 6, respectivelaiegal a large part of
the phenotypic variance (Table Bphgl, a minor-effect QTL (explaining 3.4%
phenotypic variance) on chromosome 1, was detegida LOD score of 2.5
that was just above the threshold value. The t€ks together explained 56%
of the phenotypic variance. Four QTIRphg2, Rphg3, Rphg4 and Rphg5, were
identified at the adult plant stage, both in theegthouse and in the fielBphg4
and Rphg3 on chromosomes 7 and 6 respectively explained mobsthe
phenotypic variancelRphg2 and Rphg5, on chromosomes 2 and 4 respectively,
contributed moderately to the partial resistancadatlt plant stage. In the field
experiment the four QTLs explained 63% of total rn@tgpic variance. In
addition, another QTLRphg6 (R* = 0.07) was found to affect the latency period
only at the adult plant stage (RLP50A). It was n&po the same position of a
major QTL for days to heading (see next paragrapi)total, 59% of the
phenotypic variance for prolonged latency periodhat adult plant stage in the
greenhouse was accounted for by the five QTLs.
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Disease evaluations for LP in seedlings (RLP50eveenducted in four
experiments by different persons and in differezdrg. When the four data sets
were used separately for QTL mapping, the three QRphgl, Rphg2 and
Rphg3) were always identified with an identical rankingrder of the
guantitative effects (data not shown). Moreovee tQTLs found to affect
RLP50A were also found to affect AUDPC, and hadgame ranking order for
size of effect for both parameters. These resuliécate that these QTLs for
partial resistance to barley leaf rust were redyivnsensitive to environmental
conditions. However, also clear plant stage-spedffifects of QTLs were
identified. Rphg4 and Rphg5 were greatly effective at the adult plant stage
(RLP50A and AUDPC), but not in the seedling staBeR50S). In contrast,
Rphg2 was largely effective in the seedling stage (RLP50®ut only weakly in
adult plant stage (RLP50A and AUDPC). One minor QWRphgl, was only
effective in the seedling stagephg3 on chromosome 6 is the only QTL with a
substantial effect in the seedling as well as thétglant stage.

Table2 Summary of QTLs for partial resistance to bakaf rust

RLP50S RLP50A AUDPC
QTLs LOD Exp% Add® LOD Exp% Add LOD Exp% Add
Rohgl 25 34 15 0.3 04  -1.8 1.2 0.9 2.6
Rohg2 181 355 49 30 41 56 41 38  -49
Rohg3 103 167 35 107 174 120 103 111 -90

Rpho4 1.0 1.3 0.9 143 254 143 254 447 -174
Rphg5 o 0 0 31 43 57 3.6 33 -4.6
Rphgé 0 0 0.1 5.3 77 719 15 14 -3.0
Total 55.6 9.9 58.9 455 629 -359

%the proportion of the explained phenotypic varéanc
b effects of the alleles from ‘Vada’
¢ sum of the values of the significant QTIBo[d font)

QTLsfor daysto heading and plant height

In a previous study a moderate correlation betwizgs to heading and partial
resistance was found (unpublished data). Thesetrtas might be related to
partial resistance. In present study, four QTLsendstected for days to heading
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Fig. 3. Locations of QTLs for partial resistance to barlegf rust and race-specific
resistance gene®ygh), days to heading and plant height on the sketetgd, based
on 103 RILs (k) from a cross L94 x ‘Vada’. Chromosomes were dadrwith the
short arms at the top. Kosambi's mapping functias wsed. Names of QTLs are
designated on the left side of each QTL. Boxeslsghe chromosome bars are the
QTLs for partial resistance (all resistance allees from ‘Vada’). Boxes outside
the chromosome bars are QTLs for days to headinlgpéant height, and with
negative effects of the alleles from ‘Vada’ on b side and positive effects of the
alleles from ‘Vada’ on right side. Length of bammresponds to two LOD support
intervals (from peak) based on the results of MQMe approximate locations of
race specific resistance genBpl{ genes) are estimated from literatures.
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and plant height, two of which were involved in libdtaits and the other two in
only one of these traits (Fig. 3). One major-eff@di_, designated ash2, on the
short arm of chromosome 2 explained 58% of thd fwtanotypic variance for
days to heading (Table 3). A QTL with a moderateafDh3, was identified at
the putative centromeric region of chromosome 2 Tiiree QTLs for days to
heading explained together 70% of the total phgnotyariance. The three QTLs
detected for plant height explained 65% of the phgnc variance. Two main
plant height QTLsPhl andPh2, were mapped to the same position®h% and
Dh2 respectively. Another ond?h3, on chromosome 3, affected only days to
heading but not plant height.

Table3 Summary of QTLs for days to heading and plargiftei

Days to heading (Dh) Plant height (Ph)
QTLs LOD Exp% Add’ LOD Exp% Add
Dhi, Phl 36 4.2 -1.0 11.2 237 -55
Dh2, Ph2 275 57.8 3.7 12.7 279 6.0
Dh3 7.0 8.5 15 1.4 2.2 1.7
Ph3 0.2 0.3 -0.2 7.0 135 41
Totaf 70.5 65.1

4the proportion of the explained phenotypic varg&anc
b effects of the alleles from ‘Vada’
¢ sum of the values of the significant QTIBx[d font)

Moddl fitting of QTLsfor partial resistance

Model fitting was applied to check to what extem detected QTLs could
account for the observed values (RLP50S and AUDMG). each QTL, the
nearest ‘peak’ marker (normally a ‘cofactor’ majkesas used to determine the
QTL genotypes of each line (Table 4 and 5). Theeolesl mean values per
genotype class fitted well with the predicted valiricating that all major QTLs
for partial resistance were correctly identifieégspite possible errors of miss-
classification of lines by using a single ‘peak’rkex to define the genotype.
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Table 4 Fitted values of three QTLs for partial resistaotseedlings
in the greenhouse tests (RLP50S)

Genotypée® No.of Observed Fitted
Rphgl Rphg2 Rphg3 RILs mean” value®

B B B 23 122.2d 121.4
A B B 9 116.3cd 118.4
B B A 5 112.0bc 1144
B A B 14 107.5ab 111.6
A B A 9 108.2ab 111.4
A A B 20 108.7abc 108.6
B A A 5 106.5ab 104.6
A A A 13 101.9a 101.6
Mean 111.5

L94 100.0

‘Vada’ 125.0

& genotype classes of QTLs are based on the genotyjpdise
corresponding ‘peak’ markers, ‘A’ indicates L94 ggme and ‘B’ is
‘Vada’' genotype

average value of each genotype class, valuesvedl by the same
letter do not differ significantly according to ViatDuncan'’s test (P
<=0.05)
¢ the theoretical values calculated based on tpelation mean()
and the allelic effect of each QTL, i.e., a genetgtass ‘A A B’ =
111.5-15-49+3.5=108.6

Additive effectsof QTL for partial resistance

Three factor (three QTLs for RLP50S) and four factfour QTLs for
AUDPC) analyses of variance (data not shown) basethe values in Tables 4
and 5 gave only one highly significant interactigp <= 0.001) betweeRphqgl
and Rphg2, the QTLs for partial resistance at the seedlirgest(Fig. 4) and no
significant interaction among QTLs for resistanteadult plant stage. Previous
genetic studies (Parlevliet 1976, 1978) indicateat six unlinked loci could be
involved in RLP50A in ‘Vada’ relative to L94. Fughmore, one of the genes
from ‘Vada was supposed to have a larger effeantthe others, and with a
recessive inheritance. The other genes acted eddiive way. In the present
study we detected five QTLs for partial resisg@arwith different quantitative
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Table 5 Fitted values of four QTLs for partial resistaméeadult plants in
the field test (AUDPC)

Genotypée® No.of Observed Fitted
Rpha?2 Rphg3 Rphg4 Rpha5 RILs mean® value’

B B B B 10  74.2a 72.9
B B B A 4 82.8ab 82.1
A B B B 4 71.4a 82.7
B A B B 2 92.0ab 90.9
B B A B 6 107.8bc 107.7
A B B A 6 90.2ab 91.9
B A B A 4 98.6abc 100.1
A A B B 1 100.5 100.7
B B A A 10 117.1cd 116.9
A B A B 5 113.3c 117.5
B A A B 3 125.8cde 125.7
A A B A 8 108.8bcd 109.9
A B A A 15 130.1de 126.7
B A A A 5 129.4de 134.9
A A A B 6 141.3e 135.5
A A A A 2 142.2de 144.7
Mean 108.8

L94 153.3

‘Vada’ 54.4

& genotype classes of QTLs are based on the genotgpethe
corresponding ‘peak’ markers, ‘A’ indicates L94 gimpe, and ‘B’ is
‘Vada’' genotype

P average value of each genotype class, valuesvieldoy the same letter
do not differ significantly according to Waller-Dean's test (P <= 0.05)

“ the theoretical values calculated based on thelatipn meany{) and the
allelic effect of each QTL, i.e., a genotype cl&ss B A'=108.8-4.9 +
9.0-174+4.6=100.1

effects (RLP50A; Table 2). However, only 55-65% mpbtgpic variances were
explained by the identified QTLs. With respectlte teritabilities of 0.6 to 0.9,
most of the genetic variation were explained bys¢h@®TLs. Still it is possible
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that some QTLs with smaller effects were not idedti due to the small
population size (103 RILS), and large genetic amdrenmental noises, or that
epistatic loci contributing to partial resistan@ aot be detected with interval
mapping where an additive model is applied.

RLP5(

125 1 Rphq2-V
120
115 | Rphg2-V

110 1

100 1

95 | |
Rphgl-L Rphgl-V

Fig. 4. Interaction of two QTLs,Rphgl and Rphg2 based on
seedlings tested in the greenhouse (RLP50S). kétteand V'’
following the QTL indicate the alleles of the capending QTL
from L94 and ‘Vada’, respectively.

Discussion

Resolution of QTL mapping
In the present study, QTLs were identified by usangiultiple QTL model

which combines the interval mapping method with @tiple linear regression
method (Jansen 1993). It is now widely recognised simultaneous mapping
of multiple QTLs is more efficient and more acceréhan interval mapping
which fits single QTL (Knapp 1991; Jansen and Sf#194). Indeed, in most
cases the QTLs identified by MQM in this researigady showed higher LOD
scores and lower background (sharper peaks) thtarval mapping (Fig. 2).
Moreover, by using the MQM method, the probabibfydetecting a QTL may
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increase. For instancBphg5 could not be detected by interval mapping, while
by MQM, with taking the peak marker for QRphg4 as a cofactor, it could be
identified as significant (LOD 3.6).

Though markers giving ‘peak’ LOD values inteirval mapping are usually
taken as cofactors in MQM, there are no good reasohto take the imminent
markers (within 5 cM) as cofactors. A sharp peakhm LOD profile may shift
when imminent markers are applied as a cofactoa fQiTL. This illustrates that
also the sharp LOD peaks obtained with MQM showdtdéken with some
caution when locating QTLs. To maximise the chawfcassigning a QTL to the
correct interval, one should apply large LOD difieces for selection of a
support interval or flanking markers when the LOMfpes generated by MQM
are used. Therefore, we took two LOD support irgksv

Comparison to known major genesand/or mapped QTLsin barley

By using the ‘Proctor’ x ‘Nudinka’ AFLP and RFLP mbined map (Becker
et al. 1995) as a ‘bridge’, the present AFLP mah%f x ‘Vada’ can be aligned
with the integrated RFLP map which contains 880 RFharkers (Qi et al.
1996). Consequently, previously mapped genes ands@an be compared
with the presently identified QTLs. The two earBseQTLs,Dh2 andDh3 on
chromosome 2 (2H), may correspond to the two QTdisated in the V. Gold x
T. Prentice cross (Kjeer et al. 1995). The chromasoagion ofDh2/Ph2 with
the largest effects for both traits is likely thee of one of the early maturity
(Ea) loci (Nilan 1964) and/or a photoperiod responsaegPpd-H1 (Laurie et
al. 1994; Laurie et al. 19950h3 mapped in the same regiongws2S a QTL
for earliness per se, on chromosome 2 based ogethetic map of the Igri X
Triumph cross.Dhl and Phl on the short arm of chromosome 1 (7H) may
correspond to the two very closely linked QTLs éarliness and plant height
identified in the Steptoe x Morex cross (Hayes|etl893). These two QTLs
were also detected in a two-row barley cross, Hgton x TR306 (Tinker et al.
1996). Another QTL Rh3) for plant height on the short arm of chromosome 3
likely mapped to the same region of the plant hei@QifL detected in the
Steptoe x Morex cross (Hayes et al. 1993). In amich: the QTLs for plant
height and days to heading identified in present k9Vada’' cross were in
agreement with the previously mapped QTLs in varioarley populations.
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In barley, about fourteen race specific resistagemes to leaf rust
(designated aBRph loci) have been reported (Jin et al. 1996). Rdgeséveral
resistance genes have been mapped on barley nai@ecaps (Fig 3). By using
seguence tagged site (STS) and microsatellite marRph9 and Rphl12 were
mapped at the same region of the long arm of chsome 7 (5H) and later
were found to be allelic (Borovkova et al. 1997)r&over, on chromosome 7
(5H), RphQ, a presumed allele at tiRph2 locus, was mapped on the short arm,
near the centromere (B. Steffenson, pers. commi$. [®cation is quite far from
the major QTL,Rphg4, mapped at the distal part of the short arm o$ thi
chromosome. Another leaf rust resistance locusgdased asRphX was
mapped to the long arm of chromosome 1 (7H) byquBIRLP markers (Hayes
et al. 1996). It may be allelic tBph3 that was also mapped to the similar
position on this chromosome by using a morpholdgicarker (Jin et al. 1993).
Rph4 was mapped on the short arm of chromosome 5 (§kHpuheMl-a locus
as a genetic marker (McDaniel and Hathcock 196@hl and Rph7 were
assigned to chromosome 2 (2H) (Tuleen and McDd®éll) and chromosome
3 (BH) (Tan 1978; Tuleen and McDaniel 1971) redpelt by trisomic
analysis, and was localized on the short arm amdra®eric region of the
corresponding chromosomes by using morphologicatkena (Roane and
Starling 1989). Rph10 and Rphll were assigned to the long arms of
chromosome 3 (3H) and chromosome 6 (6H) respegtibgl using isozyme
markers (Feuerstein et al. 1990). Interestinglgrehis no indication that map
positions are shared between race specific resistganesRph loci) and the
QTLs for partial resistance identified in the L94"W%ada’ population. This
implies different sets of genes and/or differertlettonary origin of these two
types of resistance to barley leaf rust. Histolagstudies showed that tiiph
resistance acts post-haustorially with hypersessifiwhereas partial resistance
Is based on pre-haustorial mechanisms associatedivel formation of papillae
(Niks 1986).

L atency period isamajor factor (or component) for partial resistance

The severity of rust epidemics in the field meadurg AUDPC reflects the
joint effects of all components for partial resm&ta such as infection frequency,
latency period, spore production, infectious peraodl pustule size (Parlevliet
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1979; Neervoort and Parlevliet 1978). In the phytigesistant parent ‘Vada’' the
barley leaf rust fungus has a lower infection fenuxy, longer LP and lower spore
production than on the susceptible line L94. Likegarded the most effective of
these components of resistance (Zadoks and Sct¥if; Parlevliet 1979).
Indeed, all the QTLs that we detected for affectimgAUDPC were also found to
influence the LP of adult plants in the greenholBexause of the moderate to
high correlation between LP and the other compeneftpartial resistance
(Parlevliet 1986, 1992), we presume that somel af #hese genes pleiotropically
also govern the other components of partial resstaWe did not find QTLs that
affect the AUDPC, but not the LP in adult plantisTsuggests that in this
population there are no genes segregating thatasuiadly affect the epidemic
progress without prolonging the LP in adult plaftserefore, LP of the rust in
adult barley plants is indeed a good predictorpfantial resistance to leaf rust in
the field.

Development dependent expression of genesfor partial resistance

The often reported moderate correlation coefficiaities between seedling
data and adult plant data for partial resistancee hsuggested that during
development of the plant, different genes are wvewlin the latency period and
infection frequency of leaf rust in barley (Parleviand Kuiper 1977; Parlevliet
and Van Ommeren 1975; Parlevliet 1975). By usind-@Tapping, we have
now resolved the partial resistance (latency péiiai six QTLs with different
guantitative effects and their dependence on pdawvelopment. Three QTLs
(Rphg4, Rphg5 and Rphg6) contributed to a longer latency period in theladu
plant stage only. In contras®phql contributed to longer latency period in the
seedling stage, but not in the adult plant stagesé& results are in accordance
with the previously reported relatively weak coatgn between seedling and
adult plant data.

Pleiotropic effectsof QTLSs

As has been reported for yield and its componenteaize (Veldboom et al.
1994) and rice (Xiao et al. 1996), correlated $raften are associated with the
same QTLs. Also in the present study of barley, faiend that the highly
correlated earliness and plant height (r = 0.67)evgoverned by the same two
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QTLs. Moreover, the allelic effects were in the sadirections for the QTLs of
both traits (Table 3). Trait correlation may redwdim either pleiotropic effects of
single genes or from tight linkage of several gasmegrolling the traits.

The same map position on the short arm of chromesdiwas shared by a
major-effect QTL,Dh2/Ph2 for earlier heading and shorter plant heigird a
moderate-effect QTLRphg6, for longer latency period in adult plants in the
greenhouse (RLP50A). Minor effects (LOD ca. 1.5)evdetected at this position
using AUDPC data. However, based on the presenitsest is difficult to
conclude whether the same gene regulating plarglol@wment also affects partial
resistance or tightly linked genes are mapped erséime region that can not be
resolved by current QTL mapping.

Utilisation of the mapped QTLsfor partial resistancein plant breeding

The present study has clearly demonstrated thatspfdlonging LP in the
adult plants are a major factor for partial resisea Therefore, evaluation of LP
in the flag leaf in the greenhouse is an efficiardty to select for partial
resistance in the progenies (of individual plan®y. using marker assisted
selection (MAS), molecular markers associated wWithfavourable QTL alleles
for partial resistance can be applied in the estdge of plant development and
consequently, improving the efficiency in the satatfor partial resistance to
leaf rust in the breeding programme. In view of tlage number of
polymorphisms that can be detected with AFLP, algbin the European and
North American barley germplasm (Qi and Lindhou®79Schut et al. 1997),
the transfer of AFLP-tagged QTL-alleles from ‘Vadato other cultivars is
now a feasible approach. In addition, more QTLIladefor partial resistance
from other sources can be easily combined togdthersing MAS, resulting in
a higher level of resistance. Furthermore, in a enodreeding programme,
many favourable traits have to be integrated intwulivar. By use of MAS,
QTLs for partial resistance can be more efficiemiyorporated in the cultivars
to be released, thus offering better prospectddioable resistance as a breeding
goal.
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| solate-specific QTLsfor partial resistance
to Puccinia hordei in barley”
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Abstract: By using a high-density AFLP marker linkage map, ®TLs for
partial resistance to barley leaf ruBu¢cinia hordei) isolate 1.2.1. have been
identified in the RIL offspring of a cross betwettie partially resistant cultivar
‘Vada’' and the susceptible line L94. Three QTLseaveffective in the seedling
stage, and five QTLs were effective in the adudinplstage. To study possible
isolate specificity of the resistance, seedlingsl adult plants of the 103
recombinant inbred lines from the cross, L94 x ‘&advere also inoculated
with another leaf rust isolate, isolate 24. In &ddito the three QTLs that were
also effective against isolate 1.2.1., an addilioQdL for resistance of
seedlings to isolate 24 was identified on the lang of chromosome 7. Of the
eight detected QTLs effective in the adult plamigst three were effective to
both isolates and five were effective to only omdhe two isolates. Only one
QTL had a substantial effect in both the seedling the adult plant stage. The
expression of the other QTLs was developmentalessecific. The isolate
specificity of the QTLs supports the hypothesifaflevliet and Zadoks (1977)
that partial resistance may be based on a mina-f@rminor gene interaction.

Key words. Partial resistance, Barleljuccinia hordel, QTL mapping, isolate-
specificity, minor gene-for-minor gene
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I ntroduction

In many plant-pathogen systems two types of resistaccur side by side.
One is based on a hypersensitive reaction ane@aslglrace-specific. This race-
specificity has been explained by assuming a gengdne interaction (Flor
1956, 1971). Van der Plank (1963, 1968) called tgige of resistance a
‘vertical’ resistance. Molecular analysis of theredd vertical resistance genes
and the corresponding avirulence genes from seygaalt-pathogen systems
have revealed that this model likely holds tru¢hat molecular level (Van den
Ackerveken et al. 1992; Joosten et al. 1994, 188ig et al. 1997; cf. review of
Hammond-Kosack and Jones 1997), although the aesistgene product itself
Is probably not the receptor for the correspondawyulence gene product
(Kooman-Gersmann et al. 1998). Generally, thisis@rtesistance is associated
with the hypersensitive response and is not durable

The second type of resistance is quantitative,iarmdany cases not based
on hypersensitivity. Such a quantitative resistaricat is not based on
hypersensitivity was coined ‘partial’ resistance Bwarlevliet (1975). Partial
resistance was initially considered race-non-spe@hd more durable, and
therefore fitted Van der Plank’s concept of ‘hont’ resistance. Van der
Plank (1963, 1968) presumed that the quantitatigsistance genes for
horizontal resistance were equally effective topathogen isolates. However,
more detailed observations showed that small grtifssant cultivar x isolate
interactions may occur (Caten 1974; Clifford andtliler 1974; Parlevliet
1976a, 1977). According to Parlevliet and Zadol&/{), these interactions can
only be explained by assuming a minor-gene-for-mgene interaction, similar
to the system known in vertical resistance.

Nowadays, many quantitative traits, including quative resistance, have
been resolved into discrete genetic loci (QTLs,ngitetive trait loci). These
QTLs were mapped on plant genomes by using moleaudaker linkage maps
(Paterson et al. 1988; Tanksley 1993; Young 1986)arley, two QTLs for
guantitative resistance to powdery mildew were fified by using the ‘Proctor’
X ‘Nudinka’ RFLP map (Heun 1992) and later, by gsthe ‘Igri’ x ‘Danilo’
map, two QTLs were detected for resistance to poyvdeldew based on field
data (Backers et al. 1996). One major-effect and omnor-effect QTL for
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resistance to barley stripe rustu€cinia striiformis f.sp. hordei) were mapped
on barley chromosomes 7L and 4L (Chen et al. 199\ eral QTLs for
resistance to leaf rust, stripe rust, mildew Bhgnchosporium were mapped on
barley chromosomes by using 59 doubled haploidcs laerived from a spring
barley cross between cv Blenheim and a line, E2¢A#®mas et al. 1995). One
major, one moderate and two minor QTLs conferringrditative resistance to
barley leaf stripe Ryrenophora graminea) were identified and mapped on
barley chromosomes by Pecchioni et al. (1996). Bynai the high-density
‘Steptoe’ x ‘Morex’ RFLP map, alleles of two or && unlinked loci were found
to confer resistance to the net blotch pathogsmefiophora teresf. teres) in the
seedling stage, and seven QTLs were identifieddsistance in the adult plant
stage. A single gene was found to control resigtat@ the spot blotch
(Cochliobolus sativus) pathogen in the seedling stage and two QTLs were
detected for resistance in the adult plant statgff€®ison et al. 1996). Recently,
by using a high-density AFLP linkage map (Qi et E98b), six QTLs for
partial resistance to barley leaf ruBu¢cinia hordei) isolate 1.2.1. have been
identified in a recombinant inbred population francross between cultivar
‘Vada' and the line L94 (Qi et al. 1998a). Three LQTRphgl, Rphg2 and
Rphg3, were effective in the seedling stage, and fiveLQTRph2, Rphg3,
Rphg4, Rphg5 and Rphg6 were effective in the adult plant stage. These TL
acted predominantly in an additive way; all of tlesistance-enhancing alleles
derived from the partially resistant parent ‘Vada’'.

In the investigations cited above, the questionubace-specificity of
partial resistance has not been touched upon. INEIQTL approach however
we are in a position to investigate to what ext@®itLs that contribute to
guantitative resistance are isolate- or race-sjgeaif their action. Such an
approach may throw light upon the existences oftthveor gene-for-minor gene
interaction hypothesized by Parlevliet and Zadok877) as a basis for
guantitative resistance. The aim of the presertysisi to resolve this question
for the barley-barley leaf rust system. To this eeddlings and adult plants of
the mapping population derived from the cross ofl X9'Vada’, used in our
earlier study, have been inoculated with anothet rsolate, i.e. isolate 24.
Comparison of the QTLs for resistance to the twitedkent isolates will reveal
possible race-specificity of partial resistanceegen
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M aterials and methods

Plant material

A set of 103 Erecombinant inbred lines (RILs) derived from assrof L94
X ‘Vada’ that was used to map QTLs for resistarmcbdrley leaf rustHuccinia
hordel) isolate 1.2.1. (Qi et al. 1998a) was also usedhia study. L94 is
extremely susceptible, and ‘Vada’ has a high lesfepartial resistance t®.
hordei (Parlevliet 1975, 1976b).

L eaf rust

Barley leaf rust isolate 24 was collected aboutrbdouth-east of Aalten in
Achterhoek of the Netherlands in October, 1974atseal.2.1. which was used in
our previous research (Qi et al. 1998a) was a npammesculture derived from
isolate 1-2 which was collected in Wageningen ipt&maber 1971 (Parlevliet
1976a). A monospore subculture of both isolates stased in liquid nitrogen.
Fresh inoculum was produced on adult plants ofstiexeptible line L98. The
isolates were reproduced in isolated greenhousepaxments in order to
maintain their purity. The two isolates were testad the differential series
proposed by Clifford (1977) to which Cl 12329 (Rph9), and ‘Triumph’,Pal2
(Rph12), were added.

Map construction

Qi et al. (1998b) constructed a dense linkage n@agering the barley
genome (1062 cM), containing 566 AFLP markers (@ aindhout 1997). A
skeletal map with a uniform distribution of markeats approximately 5-cM
distance was extracted and used for mapping QTit sefistance to leaf rust
isolate 24.

Disease evaluationsin the seedling and in the adult plant stage

Leaf rust isolate 24 was used to inoculate seesllargd adult plants of the
103 RILs, and the two parents, L94 and ‘Vada'. Tiethod of evaluation for
resistance to isolate 24 was the same as for thatolate 1.2.1. (Qi et al.
1998a). Seeds from the mapping population were sowvo rows in small
flats (30 x 30 cm). In each flat both parents wiaduded. About 10 days after
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sowing, the seedling leaves were fixed horizontatlythe soil. Four to 5
seedlings per RIL were used for inoculations. Fresddiospores (about 150
spores per cfleaf area) were diluted 10 times with lycopodiupores and
dusted over the adaxial sides of the seedling e@vean inoculation tower.
After incubation at a relative humidity of 100% owight, the flats were moved
into a greenhouse where temperature was set at 4860. The latency period
(LP50) of each plant was evaluated by estimatiregpiriod (in hours) at which
50% of the ultimate number of pustules became Msibhe relative latency
period in seedlings (RLP50S) was calculated regatovthe LP50 of L94, where
L94 = 100 (Parlevliet 1975). Three replications eveonducted in the course of
two years (1996 and 1997).

Inoculation of adult plants took place when thegfleaves were just
unfolded. Fresh urediospores (about 150 sporesmeleaf area) of isolate 24
were diluted 10 times with lycopodium spores ansteld over the plants in the
incubation room. Afterwards, a relative humidity 1¥0% was set and plants
were kept in the incubation room overnight. The tnéay, the plants were
placed in a greenhouse at about 15@8The relative latency period in young
flag leaves (RLP50A) was measured in the same vgatha RLP50S. One
experiment with three pots per RIL was carriediout997. Three to six young
flag leaves per pot were observed for measuringRP&0. Because of the large
number of RILs and their differences in earlinefge inoculations were
conducted in the course of about one and a haltmsonith one-week interval.
The plants were grouped and inoculated accordinthhdostage when the flag
leaves were just unfolded. In each inoculationes&vl 94 and ‘Vada’ plants
were always included as controls.

Statistical analysis

ANOVAs were calculated by using PROC GLM progranA$SInstitute
1988). Wide sense heritabilities*(Hfor RLP50S and RLP50A were estimated
based on the results from ANOVAs. A computer progrilapQTL version
3.0, developed by Van Ooijen and Maliepaard (19@@&)s applied for interval
mapping (Lander and Botstein 1989) and multiple-Qmlapping (MQM)
(Jansen 1993). Firstly, interval mapping was useddetect the region of
putative QTLs. The marker with the highest LOD alvas taken as co-factor
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for running a multiple-QTL mapping program. Thissnapeated until a ‘stable’
LOD profile was reached. A LOD value of 3.0 was s#10 as significant
threshold value for declaring a QTL. In the papesults obtained with MQM

method are presented.

Results and discussion

Partial resistanceto two leaf rust isolates

Partial resistance to tw®. hordei isolates, isolate 1.2.1. and 24, was
investigated and compared in this study. The ifieation of QTLs for partial
resistance to isolate 1.2.1. has been describedirirprevious paper (Qi et al.
1998a). A test on a differential set of barley imalts (data not shown) indicated
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Fig. 1. Frequency distribution of phenotypes for the tweasures of leaf rust resistance
in 103 RILs derived from a cross L94 x ‘Vad&: RLP50S of isolate 1.2.1B:
RLP50A of isolate 1.2.1C: RLP50S of isolate 24): RLP50A of isolate 24. Values
of L94 and ‘Vada’, and population mean values dmews byarrow. The values
indicated on the-axis are the lower limit of each category.
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that the two isolates differed at least in theirulnce spectrum to
hypersensitivity resistance genBph5, Rph8, Rph9 and Rphl12. The relative
latency period of isolate 24 was shorter in botadd§ags and adult plants of
‘Vada’ than that of isolate 1.2.1. The averagetnatalatency period of isolate
24 on the 103 RILs was also lower than that ofaoll.2.1. (Fig. 1). This
indicates that isolate 24 is more aggressive thalate 1.2.1.

In the 103 RILs, both RLP50S and RLP50A of isol&dan the seedling and
in the adult plant stage were approximately noryndistributed (Figs. 1C and
1D). The relative latency periods of the RILs wertween the values of the
two parents, indicating absence of transgressitie. Wide sense heritabilities
for RLP50S and RLP50A were 0.61 and 0.70, respelgtiv

A high correlation was found between RLP50S ofated 1.2.1. and that of
iIsolate 24 (Table 1). A moderate correlation waseobed between RLP50A
and RLP50S of isolate 24. The correlation betwden RLP50A of the two
Isolates was weak but statistically significant.

Table 1 Correlation coefficientsr] among two measures of partial
resistance to two isolates of leaf rust in 103 Rlesived from
the cross L94 x ‘Vada’

RLP50S-1.2.2. RLP50A-1.2.1% RLP50S-24
RLP50A-1.2.1% 0.42**

RLP50S-24  0.81** 0.37**
RLP50A-24°  0.66** 0.40** 0.69**
* <= 0.01

#RLP50S-1.2.1. and RLP50A-1.2.1. are the RLP5Goihie 1.2.1.
measured on the 103 RILs in the seedling stageiraride adult
plant stage respectively.

® RLP50S-24 and RLP50A-24 are the RLP50 of isolate 24
measured on the 103 RILs in the seedling stageirartde adult
plant stage respectively.

QTLsfor partial resistanceto isolate 24

A multiple-QTL mapping method (Jansen 1993) wasliagpto identify
QTLs for partial resistance to leaf rust isolate 24.OD value of 3.0 was set as
threshold value for declaring a Q TL. SevemlL®(Table 2 and Fig. 2) were
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Fig. 2. QTLs for partial resistance to barley leaf rustlom skeletal map, based on 103
RILs from a cross L94 x ‘Vada'. Chromosomes wererded with the short arms
at the top. Kosambi's mapping function was usednéaof QTLs are designated
on the left side of each QTL. Boxes inside the olosome bars are the QTLs for
partial resistance to leaf rust isolate 1.2.1. Boxmn the right side of the
chromosome bars are QTLs for partial resistancesdtate 24. Length of bars
corresponds to two LOD support intervals (from peb&sed on the results of
MQM.
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detected by using a skeleton map extracted frongladensity AFLP map (Qi
et al. 1998b). Three QTLs for RLP50S were iderdifiehat collectively
explained 45% of the phenotypic variance. Six QTWsere detected for
RLP50A (Table 2), together explaining 59% of theempdtypic variance.
Comparison with the wide sense heritabilities 10afd 0.70 for RLP50S and
RLP50A respectively) suggested that the most of ghretic variance was
explained by these QTLs. The resistance allelesthef seven QTLs all
originated from the partially resistant parent, d&da No resistance allele was
identified originating from L94. This result is accordance with the absence of
clear transgression in the RILs.

Table2 Summary of QTLs for partial resistance to leaf reslate 24

RLP50S RLP50A

QTLs LOD Exp% Add’ LOD Exp% Add
Rohg7 47 63 1.4 - - -

Rphg2 163 292 29 53 109 63
Rohg3 6.6 94 18 65 137 75
Rphgd  -° - - 45 9.1 6.0
Rphg8 - - - 47 94 64
Rphg9® - - - 42 71 52
Rphql0 - - - 31 61 A7
Totaf 449 61 589  36.1

4the proportion of the explained phenotypic var&anc
® effects of the alleles from ‘Vada’

 sum of the values of the significant QTIBold font)

9 only data with a LOD >= 3.0 are presented

Development stage dependent expression of QTLs

One QTL,Rphqg7, was only effective in the seedling stage whilerf@TLs,
Rphg4, Rphg8, Rphg9 and Rphgl0 were only effective in the adult plant stage
(Table 2). Such a development-dependent expressfogenes for partial
resistance was also observed in our previous reis€@i et al. 1998a). It also
agrees with the moderate correlation between RLRBQARLP50A. As was the
case with isolate 1.2.1., also nd¥phg2 and Rphg3 were the only two QTLsS
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effective in both plant development stages. Howe®phg2 was strongly
effective in the seedling stage (RLP50S) but onbdarately in the adult plant
stage (RLP50A)Rphg3 is the only one with a consistent effect in botanp
stages.

| solate-specific QTLsfor partial resistance

By applying the QTL mapping approach, the partedistance to isolates
1.2.1. and 24 has been resolved into ten QTLs.erdd.s were mapped on the
barley genome (Fig. 2). Four QTLs were effectivehr seedling stage (Fig.
3A). Two of them,Rphg2 and Rphg3, were consistently effective to both
isolates, but had smaller effects to isolate 24 tioasolate 1.2.1Rphgl with a
weak effect to isolate 1.2.1 (found in the previaigdy, Qi et al. 1998a)
showed no significant effect to isolate 24. In cast,Rphg7 on the long arm of
chromosome 7, was only effective to isolate 24lakesspecificity of QTLs for
partial resistance was evident in the adult plaages Among the eight QTLs
identified for resistance to the two isolates, @®Ls, Rphg5 andRphg6, were
only effective to isolate 1.2.1. and thré®ghg8, Rphq9 and RphqlO, only to
isolate 24 (Fig. 3B). Three QTL&phg2, Rphg3 and Rphg4 were effective to
both isolates. The effects Bphg3 andRphg4 to isolate 24 were smaller than to
isolate 1.2.1. whil&kphg2 had a similar effect to both isolates.

The relative latency period of isolate 1.2.1. irml&’ in both plant stages is
much longer than that of isolate 24. Indeed, thlaats-non-specific QTLS,
Rphg2 (except for RLP50A)Rphg3 and Rphg4, contributed smaller effects to
Isolate 24. However, more QTLs were detected fsistance to isolate 24 than
to isolate 1.2.1. It seems that more genes (QTiwg)each with smaller effects
were involved in resistance to isolate 24.

The map position on chromosome 1Rphq8, an isolate-specific QTL with
a moderate effect to isolate 24 in the adult ptaage, coincided with a minor
QTL for days to headingdhl) as shown in the previous study (Qi et al. 1998a).
So far, it is still obscure whether this reflectgotclosely linked QTLs or a
pleiotropic effect of one QTL.

The present study demonstrates that most QTLs ddiiap resistance are
isolate-specific and show plant stage dependentesgmns. Two major-effect
QTLs, Rphg2 andRphqg3, are expressed in both development stages andenay
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isolate-non-specific. OnlfRphg4 shows development stage specific expression
but is isolate-non-specific.
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[lisolate 1.2.1.
isolate 24
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Fig. 3. Histogram of additive effects of each QTL for tleaf rust isolates
in the seedling stagé\J and in the adult plant stagB)( *: indicates
that the effect of the QTL is not significant.

Minor gene-for-minor geneinteraction
Isolate-specific QTLs for quantitative resistanoePhytophthora infestans

were also identified in potato (Leonards-Schipperal. 1994). Six of the 11
detected QTLs showed specificity to tWoinfestans races. In mapping QTLS
for resistance to bacterial wiltP¢eudomonas solanacearum) on the tomato
genome, one of two major resistance loci was higate-specific (Danesh and
Young 1994). In addition, in th€apsicum annuum-Potyvirus host-pathogen
system, isolate-specific effects of QTLs for remise were clearly
demonstrated (Caranta et al. 1997). In the preszsgarch, we studied the
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barley-barley leaf rust pathosystem and detectear ¢solate-specific effects of
QTLs for partial resistance. More than 20 years, &golevliet (1976a) reported
small but significant cultivar x isolate interact®in partially resistant barley
lines. This induced him to propose the ‘minor gésreminor gene’ hypothesis
to explain quantitative (horizontal) resistance ri@diet and Zadoks 1977).
Indeed, the examples mentioned above and the préatnindicate that minor-
gene-for-minor gene interactions do occur in plaattiogen systems.

It is still questionable whether all resistance egefmajor or minor) in the
host population interact in a gene-for-gene manvitdr genes for virulence or
avirulence in the pathogen population. Our studysd that the three major-
effect QTLs were effective to both rust isolated aid not show clear isolate-
specific effects. Similarly, five of 11 QTLs in @ab showed no specificity to
two P. infestans races (Leonards-Schippers et al. 1994). In pepyer,major-
effect QTL was effective to all three potyvirus lses tested (Caranta et al.
1997). However, it is easy to hypothesize, but hargrove that all resistance
genes are race- or isolate-specific and operategene-for-gene manner. In our
on-going studies of the barlé3uccinia hordel system, we are developing a
series of near-isogenic lines (NILs) for each of @QTLs by using marker
assisted selection. Each set of NIL-QTLs with id=itgenetic background will
allow numerous QTL x rust isolate combinations ¢otésted. In addition, these
NILs will serve as starting material for map-baséshing of QTLs for partial
resistance.

Durability of partial resistance

The gene-for-gene theory was proposed in studiesthen interaction
between flax cultivars and flax rust (Flor 1956,71R There are numerous
examples that testify that hypersensitivity resiseaoperating on a gene-for-
gene basis is not durable. This does not imply,dvaw, that resistance based on
the gene-for-gene principle never can be durablerd are at least three
considerations to explain durability in a polygergsistance based on a minor
gene-for-minor gene interaction.

Firstly, as Parlevliet and Zadoks (1977) arguethegeoperating on a minor
gene-for-minor gene basis would result in higheradility of resistance than
genes with additive effects that are effectivelt@ganotypes of the pathogen. In
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the latter case, a mutant pathogen genotype witme@eased aggressiveness
would have a selection advantage on all host phaatts any QTL for partial
resistance, and as consequence, very soon repkadests aggressive pathogen
strain in the population. Hence, such a resistavandd not be very durable. In
case the interaction acts according to the minoeger-minor gene principle, a
mutation for increased aggressiveness in the pathaguld only increase the
fitness of the pathogen on those host genotypdshténge the minor gene for
guantitative resistance that corresponds with thiatad aggressiveness gene.
In genetically diverse host populations, this wolelad to a rather mild increase
of the pathogen with the mutant minor gene foreased aggressiveness, and
hence, the resistance would be quite durable.

Secondly, it is generally accepted that breakingrd@f hypersensitivity
resistance is the consequence of the deletion @éanAckerveken et al. 1992)
or a mutation (Joosten et al. 1994, 1997) of theukence gene in the pathogen.
This is a rather unspecific event, e.g. any mutaiio the avirulence gene
leading to a frame shift should result in virulerme a host genotype with the
corresponding resistance gene. In partial resistawe are concerned with a
completely different plant defense system. Rpbg do not tend to coincide in
the linkage map with th&ph genes for hypersensitivity (Qi et al. 1998a) and
the resistance mechanism is entirely differentpsuing the idea that thph
and Rphg genes represent distinct classes of genes or fgembes. TheRph
gene resistance acts post-haustorially with hypsigeity, whereas partial
resistance is based on a pre-haustorial mecharssatiated with the formation
of papillae (Niks 1986). Therefore, it is very wetinceivable that the gene-for-
gene specificity in partial resistance is of aalént nature. Breaking down this
resistance may require very specific, and theref@® mutations in the
pathogen. This scenario would result in higher klitg of resistance.

Thirdly, a polygenic resistanger se has a higher probability to be durably
effective. In case the minor genes each have ardiit function in the defense,
the pathogen can only negate this multiple barbgr step-wise genetic
adaptation.
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Occurrenceof QTLsfor partial resistance
to Puccinia hordei on the barley genome”

Xiaoquan Qi, Fekadu Fufa, Dick Sijtsma,
Rients E. Niks, Pim Lindhout and Piet Stam

Abstract: Partial resistance is a quantitative trait thatharacterized by a reduced
rate of epidemic development despite a suscepitiiidztion type. By using AFLP
markers, a linkage map was constructed based @tanbinant inbred population
(117 RILs, k) derived from a cross between a susceptible 1i8d, and a partially
resistant line, 116-5. The constructed map showeslmalar marker distribution
pattern as the L94 x ‘Vada’ map. However, it comeai more large gaps, and for some
chromosome regions no markers were identified. s&heegions are most likely
derived from L94 because 116-5 was selected frepthgeny of a cross of L94 x cv
Cebada Capa. Partial resistance to leaf rust esdl& 1 was evaluated in the seedling
stage in the greenhouse and in the adult plantestagthe field for the same
population. Five QTLs for partial resistance tolase 1.2.1. were mapped. Three
QTLs were effective in the seedling stage, jointiyntributing 42% to the total
phenotypic variance. Three QTLs were effectivehia adult plant stage, collectively
explaining 35% of the phenotypic variance. Detectaf two linked minor-effect
QTLs effective in the adult plant stage was diseds3he major-effect QTLRphg3,
was the only one that was effective in both devwaleptal stages. MoreoveRphgs3,
was also identified in the L94 x ‘Vada’ populatidiging effective to two rust isolates.
The other QTLs were detected in either of the twpyations, providing evidence of
the existence of many loci for partial resistarmdetif rust on the barley genome. As

*Qubmitted for publication
123



Chapter 7

already 13 QTLs for partial resistance were mappestrategy of accumulating many
resistance genes in a single cultivar, resulting imgh level of partial resistance, is
feasible.

Key words. Barley, Genetic linkage map, Partial resistancB,. @apping,Puccinia
hordei

Introduction

In the barley-barley leaf rusP(ccinia hordei Otth) plant-pathosystem, two
distinct types of resistance occur. Hypersensitesgstance based on tRph
genes, formerlyPa genes, (Feuerstein et al. 1990; Jin et al. 199386;1Roane
and Starling 1967) has been extensively used iteyodireeding programs.
However, the great disadvantage of this resistascés lack of durable
effectiveness. As an alternative, partial resistanc leaf rust, defined as
resistance that results in reduced epidemic dewsdop despite a compatible
infection type (Parlevliet 1975; Parlevliet and V@mmeren 1975), is widely
present in barley (Parlevliet et al. 1980; Alemayahd Parlevliet 1996). Such a
partial resistance occurs in numerous biotroph@nippathosystems and is
presumed to have durable effectiveness. Partigtagse is associated with
various components (Parlevliet 1979), such as loinéction rate, longer
latency period, smaller pustule size and reducedesproduction, that can be
measured in monocyclic disease tests in the gremehdf these components
the latency period (LP) on mature plants is thet lpesdictor of the level of
partial resistance in the field (Parlevliet 198892).

By use of a high-density AFLP marker linkage map €Qal. 1998c), ten
QTLs for partial resistance to barley leaf rusaimapping population from a
cross of L94 x ‘Vada’' have been identified (Qi €tE098a, 1998b). They are
designated aRphq loci. These QTLs act predominantly in an additiaehfion.
The estimated sizes of the effectsRphqg genes differ and the expression of
several of these genes are plant stage specifaddition, most of these QTLs
show a differential expression against two rushaiss, supporting the idea that
partial resistance operates according to a ‘miraregfor-minor gene’ model
(Parlevliet and Zadoks 1977). The positions of itentified QTLs on the
linkage map do not coincide with those of hypergemesresistance geneRgh
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genes). This supports the hypothesis that paesiktance and hypersensitive
resistance are two fundamentally distinct typeslefense, as was indicated in
histological studies (Niks, 1986).

Genetic mapping of quantitative resistance genssals been conducted
in many other plant-pathosystems (see review of Ngoul996). In an
experiment to detect QTLs for resistance to graf koot in maize, three
populations were used (Bubeck et al. 1993). Amormyenthan ten QTLs
detected, only one was expressed in all three ptipuk and environments. It
indicated that many more QTLs for resistance te thhgus could exist in the
maize germplasm. In studies on partial resistanodeatley leaf rust (Parlevliet
and Kuiper 1985; and Parlevliet et al. 1985), tgaession for partial resistance
was observed in the offsprings of a cross betwgeviacla and cv Cebada Capa.
This implies that at least some of the genes fotiglaesistance in ‘Cebada
Capa’ are at different chromosome positions. ‘Cab@dpa’ also possesses a
gene Rph7) for hypersensitive resistance. One line, 116-&s werived from a
cross between L94 and ‘Cebada Capa’ by selectiamsigRph7 and for a high
level of the partial resistance. Using a recomhbinabred (RI) population
derived from a cross between this line and theeqigde line L94, an AFLP
molecular map was constructed, and more QTLs fdigbaesistance to barley
leaf rust were identified.

M aterials and methods

Plant materials

A barley line, L94, which is extremely susceptilbée leaf rust Puccinia
hordel Otth), was crossed to a partially resistant baliley;, 116-5. By applying
the single-seed descent (SSD) method, a recombinbred (RI) population
(Fg) containing 117 lines was derived from this crdsee 116-5 was derived
from a cross between L94 and cv Cebada Capa (Jighg latter not only has a
high level of partial resistance but also has decéfie gene for hypersensitive
resistanceRph7 (Niks and Kuiper, 1983). To eliminaiph7, selection against
hypersensitive resistance (for high infection typeds carried out in the,F
generation. By line selection for a high level airfal resistance, the partially
resistant line 116-5 was developed.
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L94 x CebadaCapa
(susceptible) l (possessingph7 and genes

£ for partial resistance)
1

|

F, selection for high IT,
l againstRph7

l repeated selfing, selection
for higher level of partial
l resistance

L94 x 116-5 ' _
(susceptible) (high level of partial resistance)

Fi

|

F2

l single seed descent

|
|

117 RILs(Fg), used in the present study

Fig. 1. The ancestry of the partially resistant line 116-5
and the L94 x 116-5 recombinant inbred population.

Disease evaluation in the seedling stage

The procedure for the evaluation of latency pe(lde) in the seedling stage
was as described in Qi et al. (1998a, 1998b). I®eetbaves of both parental
lines, L94 and 116-5, and their progeny, 117 REg$, (Wwere inoculated with the
leaf rust isolate 1.2.1 in the greenhouse in thegdications. The relative
latency period in the seedling stage (RLP50S) vedsutated relative to the LP
of L94, where L94 = 100, as described by Parleylié5).

Disease evaluation in thefield

Two field experiments were carried out, in 1995 4887, respectively. The
experiment of 1995 had no replications, while i®4% randomized complete
block design with three replications was appliedt @as grown between the
barley plots to limit inter-plot interference (Rarliet and Van Ommeren 1984).
The inoculation procedure in the field with the raspore culture derived
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isolate 1.2.1. was as described by Qi et al. (1p98ahe experiment of 1995,
10 tillers per plot were sampled on July 10, 13 d®j respectively, for

evaluation of the infection frequency accordingtite scale of Parlevliet and
Van Ommeren (1984). In 1997, three tillers per plere sampled, and five
observations were conducted on June 5, 13, 24,n80Jaly 6 for all three

replications. However, due to dry weather at inatah time, the epidemics of
leaf rust did not develop in some blocks or pafta block. For the calculation
of area under disease progress curve (AUDPC) antufther analyses, these
plots/blocks were not taken into account.

Marker generation and map construction

The AFLP protocol was applied as described before (@ &indhout
1997). Genomic DNA was isolated and digested whh riestriction enzymes,
EcoRI and Msel. The corresponding adapters and primers wereséme as
described in Qi and Lindhout (1997) and are alsailable via Internet at
“GrainGenes WWW Page, map data”. Twenty-seven procoabinations were
used (Table 1). AFLP marker names were accordingeAFLP profiles of 16
reference barley lines (GrainGenes WWW Page, maa).dawo qualitative
traits, i.e., black/white seeds and two-row/six-repike (for L94 and 116-5
respectively) were scored as morphological markeasped 8 and niex-v,
respectively. JoinMap 2.0 (Stam 1993; Stam and ®aijen 1996) was used to
group the linked markers and to construct the gematp. AFLP markers
common to the L94 x ‘Vada’ population were use@ssign linkage groups to
the corresponding barley chromosomes. Kosambi's pmgp function was
applied for map distance calculation (Kosambi 1944)

Statistical analysis

Because of some missing values, the least squiameaes means of RLP50S
and AUDPC of the 1995 and 1997 experiments, and AN®OVAs were
calculated by using PROC GLM of the SAS packageS $#stitute 1988). The
wide sense heritabilities {h of two measures of partial resistance were
estimated based on the corresponding mean squarastifie ANOVA. Both
interval mapping (Lander and Botstein 1989) and tipletQTL mapping
(MQM) (Jansen and Stam 1994; Jansen 1996), availald computer software
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package, MapQTL version 3.0 (Van Ooijen and Maleegal996), were used
for mapping QTLs. A LOD score of 3.0 was chosersigsificance threshold
value for declaring a QTL.

Results
. Table 1. Number of AFLP markers
Map construction generated in the L94 x 116-5 population
By using 27 Primer  "primer No.of  No. of marker
combinations. 281 AFLP markers <£ombinations Markerg in common
’ _ E32M55 12 -
were generated in the present E38Mm50 13 -

; : Al E38M51 10 -
mapping population, yielding .an E38M50 12 )
average of 10 markers per primer E38M60 11 -

T E38M62 5 -
cqmblnatlon .(Tak.JIe 1). Of these 27 —oovce - ]
primer combinations, 17 had been E40M32 4 -

: - E45M49 22 -
used previously for the constructlgn E4A5MS8 . ]
of the L94 x ‘Vada’ AFLP map (Qi E32Mm61 12 8
et al. 1998c) resulting in 105 markers E33MS4 8 3

: 9 E33M55 11 7

in common between the two E33M61 10 6
populations. One marker, E39M61- Eggmgi %3 S
360 (Fig. 2 indicated by *), was E35M55 9 7
; | q h E35M61 5 4
ormerly mapped to chromosome 7 g37m33 12 6
of the L94 x ‘Vada’ map (Qi et al. E37/M38 11 3
) E38M54 9 7

1998c), was assigned to chromosome g3gng1 11 7
2. The remaining 104 marker were E41M32 9 7

B ) _ E41M40 11 9
used as “anchors” to assign marker gsoMm32 18 9
linkage groups to barley chromo- E42MA40 15 7

E45M55 7 5
somes. The 283 markers (281 AFLP Total 281 105

and two morphological) were split ®number of AFLP markers in the L94x116-
: : 5 population.

nto 16 linkage _grouPS at a LOD ® number of markers in common with the
threshold grouping value of 4.0. L94x'vada’ population.

Except one unlinked marker (E38M51-371) and oneugrof two markers
(E32M55-613 and E42M32-490), the remaining 14 lgkaroups, containing

280 markers, with at least one anchor marker peumgrwere assigned to the
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barley chromosomes. By using JoinMap 2.0 (Stam & Ooijen 1996), a
linkage map was successfully constructed (Fig. 2).

Table 2 Summary of L94 x 116-5 mapping data

Chromosome No. of markers Length (cM)
1 (7H), shortarm 15 77
1 (7H),longarm 14 50
2 (2H) 93 172
3 (3H) 23 100
4 (4H), shortarm 6 37
4 (4H), long arm 13 67
5 (1H) 53 137
6 (6H) 46 84
7 (5H) 17 133
Total 280 857

The linkage map covers a total map distance ofd®b,7corresponding to an
average density of 3 cM per marker (Table 2). Mewkassigned to
chromosomes 1 and 4 were grouped into two linkageps and two separate
linkage maps were constructed for each of the chsmmes. Alignment of the
present maps with the L94 x ‘Vada’ chromosome meyealed large gaps
around the putative centromeric regions on chrommesol and 4. (Fig. 2, the
dotted lines). In the distal regions of chromosor@es3, 6 and 7, also no
dimorphic AFLP markers were found. About one-thaflthe markers were
mapped on chromosome 2. Chromosome 5 was the bndynosome that was
equally well-covered in the L94 x ‘Vada’ map andthe current map. The
positions of two morphological markenshex-v andmB, on chromosomes 2
and 5, respectively, were in agreement with earbports (Franckowiak 1995,
Jensen 1996, Qi et al. 1996, 1998c).

QTLsfor partial resistance
Analysis of variance revealed highly significantfeliences among the 117
RILs for both AUDPC and RLP50S. Since analysidlod AUDPC data did not
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Fig. 2. The barley L94 x 11-5 AFLP marker linkage map wi E42M40-378
the positions of the QTLs for partial resistancar@nosomes
are oriented with the short arm at the top. Kosamhapping EsMes-eTe
function was used. Markers witlhold-italic font are in
common with L94 x ‘Vada’ map. Groups of markers hwit
identical segregation were aligned to the corredpan
representative markers. Lengths of the dotted cbsome e

E41M40-700

bars, indicating absence of markers, were estimbagéseéd on Fsuel-272
the alignment with the L94 x ‘Vada’ map. Names aflQ are

designated on the left side of each QTL. Lengthbafs E43Mss- 136
corresponds to two LOD support intervals (from pelaksed E32Ms5-395
on the results of MQM. E35Mg1-144
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show significant ‘Year x RIL’ interaction, the 19@%xperiment was treated as
another replication. Due to some missing obsermafithe least square estimate
means of AUDPC and RLP50S of the 117 RILs wereutaied from the four
and three replications, respectively. The frequediisyribution of AUDPC and
RLP50S were approximately normal (Fig. 3). The Reand AUDPC values
of the most extreme RILs were similar to those tle parents, indicating
absence of transgression for partial resistance.\litle sense heritabilities?jh

in the seedlings stage (RLP50S) and in the adalttpttage (AUDPC) were
0.72 and 0.51, respectively. A moderate correlatias observed between
RLP50S and AUDPCr (= -0.52).

Five QTLs for partial resistance to
ean=108.4 isolate 1.2.1. were identified (Fig. 2
l and Table 3). Three QTLs were
effective in the seedling stage, jointly
116-5=116  contributing 42% of the total
l phenotypic variance. Two of those
QTLs, Rphg3 and Rphgll, had
relatively large effects, and were
99 101 103 105 107 109 111 113 115 117 119 mapped on chromosomes 6 and 2,
RLP50S respectively. Three QTLs were
effective in the adult plant stage,
B ean=122.2 together _expla_unlng 35% _ of the
phenotypic variance. A major-effect
l QTL, Rphg3, explaining 20% of the
phenotypic variance, was mapped to
20 the centromeric region of
o] L94=187.5 chromosome 6. AlsdRphg3 was the
5 only QTL that was effective in both
0 plant development stagedphgll
75 85 95 105 115 125 135 145 155 165 175 185 . .
AUDPC and Rphgl2 were only effective in
_ S the seedling stage, arfgphqlO and
F|g 3. Frequency distribution of Rphq13 Only |n the adult plant Stage
phenotypes for the two componets of leaf o) of the resistance-enhancing
rust resistance in 117 RILs derived from alleles of the five QTLs originated
the cross L94 x 116-5A: RLP50S,B: . .
AUDPC. Values of L94 and 1165, and oM _the partially resistant parent
116-5. This is in accordance with the

population mean values are shown by b fi ion. Th fact
arrow. The values indicated on thexis absence ot transgression. 1hree factor

are the lower limit of each category. analysis of variance based on

>

(4]
)
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the genotype classes of three QTLs showed thag tere no significant two-
way and three-way interactions among the identif)dd_s for partial resistance
in both development stages (not shown). Thereftite, genes have mainly
additive effects on the level of partial resistance

Table3 Summary of QTLs for partial resistance to bakbayf rust

RLP50S AUDPC
QTLs LOD Exp%8 Add® LOD Exp% Add
Rphqll 142 200 23 - - -
Rphql2 35 45 10 - - -
Rphg3 128 169 22 101 202 -86

Rphgld - - - 37 92 57
Rphql0 - - - 31 55 -45
Totaf - 41.9 55 - 349 -188

the proportion of the phenotypic variance expldine
® effects of the alleles from 116-5
¢ sum of the values of the significant QTLs

Minor-effect QTLsfor partial resistance

The three QTLs (LOD >= 3.0) for partial resistancehe seedlings stage
explained 42% of the total genetic variance, whetba three QTLs expressed
in the adult plant stage explained 35% of geneaitawce. Comparison with the
heritabilities (0.72 for RLP50S and 0.51 for AUDPEowed that 60 — 70% of
the genetic variance was explained by the decl@®ds. Actually, in addition
to the five declared QTLs, several other chromoseegons showed LOD
scores between 2.0 and 3.0, that may corresporelén more minor-effect
QTLs.

There is strong evidence for two linked QTLs for BRC on chromosome
2 near the map position of 100 cM, within a dist&awné about 20 cM. One of
these QTLs coincides witRphgll, which is also affecting RLP50S. Fig. 4
shows LOD profiles for chromosome 2 obtained witketival mapping and
MQM mapping, the latter by using cofactors at viagypositions in the region
of interest. Interval mapping gives a profile wito, not clearly separated,
peaks, both above the threshold value 3.0. In dodeerify whether these peaks
corresponded to two QTLs, we introduced cofactdreidner of these peak
positions and also at both peak positions simutiasky. With all these cofactor
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configurations, the LOD profile clearly showed tweparate peaks. Although
the two peaks are not simultaneously above theshiotd value (3.0), this
pattern was taken as a strong evidence for thdeexis of two QTLs. Since
there is no clear guideline for the significancesimold for such a configuration
of QTLs, we have further investigated this by meahsimulation. Analysis of
the simulated data (using a population of the saime and QTL effects of
similar size as the estimated effects) showedithaase of a single QTL, the
LOD profiles, obtained by changing the choice ofrkeas as cofactors, do not
show two clearly separated peaks. Thus we hypadhdbiat there is another
QTL affecting AUDPC on chromosome 2, at a map pmsiof about 95 cM.
Therefore, the QTL at position of approximately M6 (Rphgll) not only has
an effect in the seedling stage (Table 3, Figha),also in the adult plant stage.
In addition, at a map position of 95 cM there may @& minor-effect QTL
contributing to the partial resistance of adulinpda However, to designate these

minor-effect QTLs further experiments are required.
Fig. 4. LOD profiles of two linked QTLs on chromosomes The arrows

9-

Chromosome 2
AUDPC

0 20 40 60 80 100 120 140 160 180
genetic distance (cM)

indicate the positions of the markers taken as atofa for the MQM

analysis. The thick dotted line is based on intemapping and the thick
solid line is based on MQM with seven cofactorgjuding the two at both
peak positions (at 95 and 115 cM) simultaneoushe thin dotted and the
thin solid lines were from MQM with taking six cafars, including the one
either at the peak position of about 95 cM or at peak position of about
115 cM. The chromosome is oriented with the shom & the left and

corresponds to the map shown in Figure 2.
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Discussion

Alignment and comparison of two AFL P linkage maps

Since L94 was a parent for two mapping populaticfd, x ‘Vada’ and L94
x 116-5, the two corresponding linkage maps halaege number of markers in
common. These common markers enabled the alignofetite present map
with the L94 x ‘Vada’ AFLP linkage map (Qi et aB98c). However, the L94 x
116-5 map contained large gaps and even some giskimmosome regions
(Fig. 2, dotted lines). The line 116-5 was derifterin a cross of L94 x ‘Cebada
Capa’ (Fig. 1, M&M for details), and any L94 derdvéocus or chromosome
segment in 116-5 will not segregate in progeny te tross L94 x 116-5.
Consequently, these regions cannot be identifiechégkers. In this way, seven
large segments from the line 116-5 remained unifiett These seven
segments covered approximately 210 cM, compare85i cM of identified
regions.

‘Cebada Capa’ possesses a gene for hypersenssidanceRph7 (Niks
and Kuiper 1983; Parlevliet and Kuiper 1985; Pdiddwet al. 1985), on the
short arm of chromosome 3 (Tan 1978; Tuleen an®aneel 1971). 116-5
does not hav&®ph7, and indeed, a segment of about 35 cM on the sinortof
chromosome 3 of 116-5 is derived from L94. In thsemce of any selection,
one would expect an equal proportion of the twoeparL94 and ‘Cebada
Capa’) genomes in 116-5. The larger proportion (B@¥ithe ‘Cebada Capa’
genome in 116-5 is most likely due to the preseofcat least five genes for
partial resistance in 116-5 and the associateddaldrags.

Markers were not evenly distributed over the genetap. Similar to the
L94 x ‘Vada’ map, some gaps and a strong clusteoingnarkers were found.
The marker distribution along the seven chromosooreshe two maps was
very similar (Fig. 5). Clear clustering of markemr®und the centromeres and a
low-density in certain distal regions were obsergadoth the integrated RFLP
linkage map (Qi et al. 1996) and the L94 x ‘Vad&L& linkage map (Qi et al.
1998c). These results indicate that the distrilbupattern of molecular markers
IS not specific for a certain type of markers (RRIPAFLP) nor depending on
the mapping population, but rather reflects thdrithigtion of recombination
over the barley chromosome. The clustering of nrarke possibly due to the
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centromeric suppression of recombination (Tankgewl. 1992; Frary et al.
1996), whereas the gaps in certain chromosome regiould correspond to

recombination ‘hotspots’ (Lichten and Goldman 19@5he barley genome.
Fig. 5. Regression of the number of markers in the coarding
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segments (bins) of the L94 x ‘Vada’ and the L9416-b maps.
Number of markers were based on 21 correspondigmesats
according to the AFLP markers in common between tihe
mapping populations.

Comparison of QTLsfor partial resistance in two populations

Comparison of QTLs for partial resistance showéedt ta QTL on
chromosome 6 which was identified in the L94 x Bl@apping population
coincided withRphg3 which was previously detected on the L94 x ‘Vanhip
(Qi et al. 1998a, 1998b). The exactly same posiioitne QTL on the two maps
and the similar sizes in effect to the same ruslais in both the seedling and
the adult plant stages provided strong evidencéh®isame QTL on both maps.
Consequently, we named the gene on this I&plg3, as we did on our earlier
paper (Qi et al. 1998b). However, the other fourL®Tapped to different
regions, and hence were assigned with differentesarnterestingly, a QTL,
Rphqgl0, on the distal part of the short arm of chromosdnoé the L94 x 116-5
map, which was effective to isolate 1.2.1., has &lsen mapped on the same
chromosome region of the L94 x ‘Vada’ map, but wé#ective to isolate 24,
but not to isolate 1.2.1. (Qi et al. 1998a, 199&h)oth populations, this QTL
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was effective only in the adult plant stage. Wedtlipsize that this is one locus
with different alleles, i.e., an allele from ‘Vadaéing effective to isolate 24, but
not to isolate 1.2.1., whereas another allele fidkB-5 is effective to isolate

1.2.1.

Parlevliet and his colleagues (Parlevliet et al8Q9Alemayehu and
Parlevliet 1996) have shown that partial resistatocdeaf rust occurs very
frequently in West-European spring barley cultivansd Ethiopian barley
landraces. The present research clearly demorstthte several genes are
involved in partial resistance in each barley limed between lines different loci
are involved. Although our results are based ory @awb resistant lines, we
assume that these results can be extrapolatedthahdnany loci for partial
resistance are present on the barley genome.

Development of durableresistant cultivarsby MAS

Partial resistance in barley to barley leaf rustikely based on a minor
gene-for-minor gene interaction as proposed byekket and Zadoks (1977).
Such a gene-for-gene interaction for partial rasiseé not necessary results in
low durability, but even may enhance durability @ial. 1998a; Parlevliet and
Zadoks 1977). Accumulation of genes for partialistasice in breeding
programs is probably the most durable way to ptot@ops in modern
agriculture. Most genes for partial resistancevito fpartially resistant lines,
‘Vada’ and 116-5, mapped to different chromosomegiam@s, supporting a
strategy for accumulating many resistance genessimgle cultivar (Parlevliet
and Kuiper 1985; Parlevliet et al. 1985). In a pitgpic selection experiment,
Parlevliet et al. (1980) demonstrated that selactar high level of partial
resistance could be effectively carried out in $kedling stage and in the adult
plant stage. Still, the polygenic nature of thestasice and the relative small
effects of individual genes have hampered an e¥fectccumulation of genes in
commercial breeding programs. Our results obtain@eh the current and the
previous (Qi et al. 1998a, 1998b) studies have dstnated that some genes for
partial resistance were expressed in different tpldavelopment stages.
Therefore, in the breeding program, phenotypiccele for resistance should
take place in the adult plant stage. However, actatmon of genes for partial
resistance that are effective in the adult plaajestcan be achieved by marker

137



Chapter 7

assisted selection in the seedling stage. By csmerof the AFLP markers
flanking the mapped QTL region in to simple PCR kees, the resistance-
enhancing QTL alleles can easily be introgresstmathite breeding lines.
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Barley has been extensively studied as a favourite genetic experimental
plant species. Although its large genome size (1C = 5.1 pg, Bennett and Leitch
1995) has slowed down the development of RFLP molecular marker maps, its
diploid nature, self-fertility, the techniques for developing doubled haploid lines,
and the availability of cytogenetic stocks have facilitated genetic mapping. In
the beginning of the present research, at least five extensive RFLP marker
linkage maps, covering the entire genome, were available (see chapter 2).
Moreover, several recombinant inbred (RI) populations had been derived from
crosses between line L94, susceptible to barley leaf rust, and partially resistant
cultivars or lines (*Vada’ and 116-5), providing excellent genetic material for
the research presented in this thesis. The previous chapters describe results that
shed new light upon the organisation of plant genomes and upon quantitative
resistance of plants to pathogens.

Locus specificity of AFLP markers. The AFLP technigue (Vos et al. 1995)
is now well-known and widely used in plant and animal genome studies (PAG-
VI, 1998). By the use of AFLP markers, two molecular marker linkage maps,
L94/Vada and L94/116-5, were constructed (chapters 4 and 7, respectively). A
great advantage of the AFLP technique is the simultaneous generation of a large
number of markers. Locus specificity of AFLP markers was assumed in chapter
3 and confirmed in chapters 4 and 7. An EcoRI/Msel AFLP fragment is
specified by 16 selective nucleotides (six nucleotides of the EcoRI restriction
site, four for the Msel site, plus six for the selective bases). Due to this high
selectivity, co-migrating AFLP bands are likely to be very homologous and

141



Chapter 8

locus-specific. When the DNA fragment sizes are identical or nearly so,
probably the same locus is involved (Table 1, possibilities 1, 2 and 3). AFLP
products with a larger deletion or insertion will have different sizes and,
consequently, will not be detected as allelic, but may be at the same locus
(possibility 4 and 5). Of course, non-homologous AFLP products of different
sizes will not be considered as allelic (possibilities 7 and 8). However, identical
sized AFLP fragments, that are not homologous may by chance have identical
size (possibility 6), and therefore cannot be distinguished from possibilities 1 —
3. Considering the latter case, caution should be taken when AFLP markers are
applied in genetic and evolution studies.

Table 1. Correspondence of possible AFLP products, generated by using the same
restriction enzyme and primer combination.

Homology Size . Locus
Real® Interp”

1 Identical Identical I same same

2 High identical same same
(point mutation)

3 High identical same same
(inversion)

4 High shorter same different
(deletion)

5 High longer same different
(insertion)

6 Low identical different  same

7 Low shorter different  different

8 Low longer different  different

?Real situation.  ° The interpretation based on the migration of AFLP products.

Note: The black bars on the two distal parts of fragments indicate identical sequences on the
restriction sites and the selective bases. The different possibilities of number 1 to 8 are
compared to the control at the top of this diagram.
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The locus-specificity of AFLP markers was proven to be nearly always
valid by comparing the sequences of co-migrating bands in potato (Rouppe van
der Voort et al. 1997) and by genetic linkage analysis in barley (chapters 4 and
7, Waugh et al. 1997). Thirty-eight co-migrating bands, segregating in ‘Proctor’
X ‘Nudinka’ (Becker et al. 1995) and L94 x ‘Vada’ (chapter 4) populations,
were mapped to similar positions on the barley genome. Of the 105 co-
migrating AFLP bands (markers) in the two mapping populations, L94 x ‘Vada’
and L94 x 116-5, 104 markers were mapped to the same loci (this thesis,
chapters 4 and 7). Only one marker, E39M61-360, formerly assigned to
chromosome 7 of the L94 x ‘Vada’ map (chapter 4), but mapped to the
centromeric region of chromosome 2 on the L94 x 116-5 map (chapter 7). This
kind of exception was also found by Waugh et al. (1997) and Rouppe van der
Voort et al. (1997), and it is most likely due to chance (possibility 6, Table 1).
The proportion of co-migrating but locus-non-specific AFLP markers was too
low to hamper construction of linkage maps by using locus-specific AFLP
markers.

Comparing the AFLP patterns of barley with those of three Triticum species
demonstrated that the genetic distance between these species is too large to
identify common markers (chapter 4). Consequently, the use of the locus-
specificity of AFLP markers is limited to populations within a species or to very
closely related species.

Distribution of molecular markers on the barley genome. In chapter 2,
more than 1000 RFLP markers which had been mapped to four individual maps
(Heun et al. 1991; Graner et al. 1991; Kleinhofs et al. 1993; Kasha et al. 1994)
were integrated into one composite map. A striking clustering of markers at
centromeric regions was observed on this integrated RFLP map. This was even
much more pronounced on both the L94 x “Vada’ (chapter 4) and L94 x 116-5
map (chapter 7). The much stronger clustering of AFLP markers relative to
RFLP markers is probably due to the higher sensitivity of the AFLP technique
in sampling DNA variation than of the RFLP technique (chapter 4). This
clustering of markers reduces the efficiency of the AFLP markers in mapping
the distal parts of the genome (s).

Comparison of the integrated RFLP map with the L94 x ‘Vada’ AFLP map
and the L94 x 116-5 AFLP map not only revealed that clustering of markers
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occurs at centromeric regions in all three maps, but also demonstrates that the
overall distribution pattern of markers on the three maps is very similar. A low
density of markers in certain distal regions was observed on the integrated map
as well as on the two AFLP maps. These results indicate that the density of
molecular markers on the genetic map is more likely related to the frequency of
recombinations than to the types of markers (RFLP vs AFLP). The clustering of
markers is probably due to the centromeric suppression of recombination
(Tanksley et al. 1992; Frary et al. 1996) and the gaps at certain chromosome
regions may correspond to recombination ‘hotspots’ in the barley genome.

Development stage specific expression of partial resistance genes. In
total, 13 QTLs for partial resistance to barley leaf rust were identified and were
mapped to the barley genome. The resistance alleles of the QTLs detected in the
present study are not sensitive to environmental variation, e.g., different
experiments in different years, either in the greenhouse or in the field. However,
the development stage specific expression of resistance genes is clearly
demonstrated in chapters 5, 6 and 7. Just a few QTLsS, e.g., Rphg3, were
effective in both the seedling and the adult plant stage, explaining why only
moderate correlations have been observed between the resistance in the two
development stages. The development stage specific effects of QTLs were also
observed in the studies on quantitative resistance in barley to net blotch and spot
blotch (Steffenson et al. 1996) and others (see Table 1 in chapter 1).

Parlevliet et al. (1980) demonstrated that selection for partial resistance was
effective in the adult plant stage, i.e., single adult plant and adult plants in small
plots, but less effective in the seedling stage. Studies in this thesis clearly
revealed that different genes were effective in the different development stages.
This explains why phenotypic selection for partial resistance in the seedling
stage does not result in a high level of partial resistance in the adult plant stage.
Therefore, selection indeed should be carried out in the adult plant stage, either
in the greenhouse or in the field.

Isolate-specific QTLs for partial resistance. Isolate-specificity of QTLs
for partial resistance to barley leaf rust was clearly demonstrated in chapter 6.
Besides the three QTLs effective to both isolates (1.2.1 and 24), an additional
QTL for partial resistance of seedlings to isolate 24 was detected. Of the eight
QTLs effective in the adult plant stage, five were effective to only one of the
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two isolates. Isolate-specific QTLs were also identified in plant-bacterial
systems (potato late blight, Leonards-Schippers et al. 1994; tomato bacterial
wilt, Danesh and Young 1994), a plant-nematode system (soybean cyst
nematode, Concibido et al. 1997) and a plant-virus system (pepper potyviruses,
Caranta et al. 1997). The isolate or race specificity of QTLs for quantitative
resistance implies that minor gene-for-minor gene interactions (Parlevliet and
Zadoks 1977) do occur in plant-pathogen systems.

However, in all examples cited above, some QTLs were effective to all
isolates (races) tested, not showing isolate or race specificity. As described in
chapter 6, three major-effect QTLs were effective to two rust isolates tested.
The question whether these QTLs are isolate-specific as well can only be
answered when a large number of isolates are tested. Furthermore, full proof of
the minor gene-for-minor gene hypothesis requires a genetic analysis of
avirulence genes in the pathogen (Flor 1956, 1971). To this end, identification
of the corresponding genes (QTLs) for aggressiveness in the pathogen should be
conducted.

Map locations of resistance genes. Many examples (chapter 1) are known
of resistance genes that occur in clusters on plant genomes. These are either
heterospecific gene clusters, i.e., genes controlling resistance against different
pathogens, or homospecific gene clusters, i.e., genes controlling resistance to a
single pathogen. Also, some QTLs for quantitative resistance were mapped to
the same chromosome regions as qualitative resistance genes, supporting the
hypothesis that QTLs are actually allelic versions of qualitative resistance genes
with intermediate phenotypes.

In the barley-barley leaf rust system, 14 genes (Rph genes) conferring
hypersensitive resistance have been identified. Comparison of the map positions
of the Rph genes with those of the mapped QTLs did not indicate that QTLs are
located on the same region where the genes for qualitative resistance are located
(chapters 5, 6 and 7). This was also confirmed by Thomas et al. (1995). These
results suggest that different genes are controlling these resistance. Also,
histological studies showed that the qualitative resistance conferred by Rph
genes acts post-haustorially with hypersensitivity, whereas partial resistance is
based on pre-haustorial mechanisms associated with the formation of papillae
(Niks 1986). However, to verify whether QTLs for partial resistance represent
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functionally different genes or are allelic versions of qualitative resistance genes,
more precise mapping, cloning and sequencing of genes for both qualitative and
partial resistance are required.

Durability of partial resistance. It is widely accepted that polygenic
resistance is more durable than monogenic resistance. The latter operates on a
gene-for-gene basis and is based on hypersensitivity; any mutation in the
avirulence gene could lead to a virulence on a host genotype with the
corresponding resistance gene (Joosten et al. 1994, 1997). Consequently, this
resistance is not durable (chapter 6). The map positions and mode of action of
genes for partial resistance suggest that they differ from the Rph genes (see
above). Breaking down the effectiveness of these resistance genes may require
major gain mutations in the pathogen.

Furthermore, the isolate-specificity of QTLs for partial resistance implies
that partial resistance can operate according to a minor gene-for-minor gene
model. Genes operating on a minor gene-for-minor gene basis may also result in
higher durability of resistance than genes with additive effects that are effective
to all genotypes (races or isolates) of the pathogen (Parlevliet and Zadoks 1977,
and chapter 6).

Utilisation of mapped QTLs. The research of this thesis has not only
increased our understanding of partial resistance but also provides valuable
information for practical plant breeding. The better understanding of the
genetics of partial resistance and the host-pathogen interactions are helpful for
breeders to apply partial resistance in the development of durably resistant
cultivars. Most QTLs identified in two different populations were mapped to
different locations on the barley genome (chapters 5, 6 and 7), and,
predominantly, are effective in an additive fashion. This indicates that loci for
partial resistance to barley leaf rust are probably scattered all over the barley
genome, which makes accumulation of many minor genes for partial resistance
in a single cultivar feasible.

As mentioned in the previous paragraph, the development stage-specific
expression of QTLs for partial resistance requires that the phenotypic selection
for partial resistance is carried out in adult plants rather than in seedlings.
However, since several QTLs diagnostic molecular markers are now available,
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accumulation of genes for partial resistance that are effective in the adult plant
stage can be achieved by marker assisted selection in the seedling stage.

Prospects for future research. The present study has provided a solid basis
for further research towards a better understanding of the mechanisms and
genetics of partial resistance of barley to barley leaf rust. The constructed L94 x
‘Vada’ and L94 x 116-5 maps contain a large number of AFLP markers
(chapters 4 and 7). The constructed integrated RFLP map (chapter 2) has
facilitated the merging of molecular marker data and other genetic data into one
composite genetic map of barley. Screening representative barley germplasm of
common ancestry with a large number of mapped molecular markers may
identify QTLs directly from the germplasm without the use of segregating
populations.

Thirteen QTLs for partial resistance have been identified and mapped to the
seven barley chromosomes based on two crosses, L94 x ‘Vada’ and L94 x 116-
5. Using marker assisted selection with these mapped AFLP markers, sets of
backcross inbred lines (BILS) can be developed by repeated backcrossing to the
susceptible parent, L94. Each BIL will harbour one chromosome segment of the
resistant parent in an otherwise uniform L94 genetic background, while in the
complete set of BILs the entire genome of the resistant parent is present. This
set of BILs can be used to confirm the identified QTLs, to discover possible
unmapped minor-effect QTLs and possible epistatic QTLs that have remained
unnoticed in this study. In addition to the BILs, a set of near-isogenic line (NILs)
can be developed by marker assisted selection with the markers flanking the
mapped QTL regions. The generated NIL-QTLs can be used to more accurately
study the effects of each QTL on the histology of the development of the rust
fungus and on the epidemic components of resistance, and to more accurately
study the expression of resistance alleles in different plant development stages.
Further, NIL-QTLs can be applied to evaluate the isolate specificity of each
QTL with a large number of isolates. Moreover, NIL-QTLs are very helpful to
map QTLs for aggressiveness in the rust pathogen, creating the opportunity of
more fully testing the minor gene-for-minor gene hypothesis.

The identified major-effect QTLs, e.g., Rphg3 and Rphg4, explained a large
part of the total variance. Sets of NIL-QTL of these major-effect QTLs will
provide excellent starting materials for cloning genes for partial resistance. To
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this end, the strategies that have been successfully used for cloning of many
qualitative resistance genes, e.g., map-based cloning (Buschge et al. 1997), can
be applied to isolate genes for partial resistance.

The prospects of gain more detailed knowledge about the functioning of
genes for partial resistance are flourishing. We expect that this will eventually
lead to a better acceptance that breeding for partial resistance is a must for
sustainable agriculture.
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In plant-pathogen systems, qualitative resistanite ypersensitivity has been
extensively studied. This resistance can be exgpdainith the gene-for-gene model
which has been confirmed at the molecular levels Typersensitive resistance is
widely used in plant breeding programmes. Howetldg resistance is often not
durable because the resistance genes can easiyebeome by new variants of the
pathogen. Alternatively, quantitative resistancewislely considered to be more
durable. However, the polygenic nature of the taste in the host and the large
experimental error in disease tests hamper its icgtn in plant breeding
programmes. These same drawbacks also hamperatutheof the genetics and of
the mechanism of quantitative resistance.

Recently, various types of DNA markers have bdeweloped that open a new
gateway towards further study of quantitative graibcluding quantitative resistance.
In this thesis, barleyHordeum vulgate L.)-barley leaf rustRuccinia hordei Otth) is
chosen as a model system to study the quantitegsistance. This plant-pathosystem
has been extensively studied by Parlevliet andcbieagues at the Department of
Plant Breeding of the Wageningen Agricultural Umsiy. Several recombinant
inbred populations had been developed from cro$sdween partially resistant
cultivars or lines, e.g., ‘Vada’ and 116-5, andeatremely susceptible line, viz., L94.
Two populations, L94x ‘Vada' and L94I16-5, were used to generate molecular
linkage maps and, consecutively, genes for pagigbstance in these populations were
identified and mapped to the barley genome.

In chapter 2, a compilation of publicly availad®-LP marker linkage maps of
barley is presented. The data from four maps weeel to produce an integrated map
The overall order of markers on the individual mapas similar, enabling the
construction of this integrated map. The integratealp contained 880 markers,
covering 1060 cM. Marker clustering was observeth& centromeric regions of the
seven chromosomes.

The AFLP fingerprint technique was used to generatéecular markers in barley
as described in chapter 3. With 24 primer combamatia total of 2188 different

amplification products were generated from 16 getbbarley lines. The size of these
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amplification products ranged from 80 to 510 bp.tl¥se barley lines, L94 versus
‘Vada’' showed the highest polymorphism rate %29 and ‘Proctor’ versus ‘Nudinka’
showed the lowest (22). The efficiency of primer combinations for iddping
genetic markers was similar for any set of bariegd. By using 24 AFLP primer
combinations more than 100 markers could be gesebrhiat segregated in at least
two of six crossing combinations, and thereforelddne used as common markers to
compare linkage maps.

A high-density AFLP marker linkage map which wa®nstructed using
recombinant inbred population (103 RILs) Berived from a cross between L94 and
‘Vada'’ is presented in chapter 4. The constructeg montained 561 AFLP markers,
three morphological markers, one disease resistgere and one STS marker
covering a genetic distance of 1062 cM. Uneverritigions of AFLP markers over
the chromosomes and strong clustering of markensnarthe centromeres were found.
A skeletal map with a uniform distribution of markewas extracted from the
high-density map, and was applied to detect andlp@pnderlying partial resistance.
The same set of 103 RILs was evaluated in the isgedhd in the adult plant stages
in the greenhouse and in the field for resistanckeiaf rust isolates1.2.1 and 24, and
quantitative trait loci (QTLs) for partial resistanto these two isolates were identified
and mapped on the L84/ada’ map (chapters 5 and 6, respectively). SiX.QWere
identified for partial resistance to isolate 1.2Three QTLs were effective in the
seedling stage and contributed approximatelys5& the phenotypic variance. Five
QTLs were effective in the adult plant stage andtdouted approximately 64 to
the phenotypic variance. In addition to the thrdd Qthat were also effective against
isolate 1.2.1. in the seedling stage and additiQEL for resistance of seedlings to
isolate 24 was identified. These four QTLs for stmice to isolate 24 jointly
explained more than 45 of total phenotypic variance. Also, six QTLs cotigely
explained approximately 39 of the phenotypic variance of resistance to igolt
in the adult plant stage. Of the eight QTLs dettdtebe effective in the adult plant
stage, three were effective to both isolates avel \fiere effective to only one of the
two isolates. The isolate specificity of the QTlgpports the hypothesis of Parlevliet

and Zadoks that a minor gene-for-minor gene intemaccan occur in partial
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resistance. Of the ten identified QTLs for resistario the two isolates in this
population, QTLsRphg2 andRphg3 were the only two effective in both the seedling
and the adult plant stages. The remaining QTLs weéfextive in either of the two
developmental stages.

Chapter 7 present results of mapping QTLs for phntisistance to leaf rust isolate
[.2.1 on another AFLP linkage map which was coms$éd by using 117 RILs {F
derived from a cross between L94 and 116-5. Thré&&sQwere effective in the
seedling stage, jointly contributing %42 to the total phenotypic variance. Also, three
QTLs were effective in the adult plant stage, atilely explaining 35¢ of the
phenotypic varianceRphg3, with a major-effect, was the only QTL being effee in
both developmental stages. This QTL was also fawnte effective in the L94
‘Vada’'population. The remaining QTLs in the L94 116-5 population were mapped
to different positions on the linkage map than ¢éhdeund in the L94x‘'Vada’
population. This suggests that loci for partialisesce to leaf rust are scattered all
over the barley genome. Consequently, a strateggctmmulate many resistance
genes in a single cultivar is feasible, which woddult in a very high level of partial
resistance.

Studies in chapters 5, 6 and 7 showed that magiqgusiof QTLs for partial
resistance do not coincide with those of the raeeific resistance geneRph genes),
supporting the theory that genes for partial rasis¢ and genes for hypersensitive

resistance are entirely different gene families.
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In plant-pathosystemen is kwalitatieve resistergiehaseerd op overgevoeligheid,
uitgebreid bestudeerd. Deze resistentie kan wovdddaard met het gen-om-gen model,
dat op moleculair niveau bevestigd is. Deze overgkgheidsresistentie wordt op grote
schaal toegepast in plantenveredelingsprogranmniéze vorm van resistentie is
echter vaak niet duurzaam effectief, doordat deistergiegenen gemakkelijk
doorbroken kunnen worden door nieuwe varianten hetnpathogeen. Als alternatief
bestaat er ook een kwantitatieve resistentie, dgenseen als duurzamer wordt
beschouwd. Het polygene karakter van deze resistentde waardsoort en de grote
proeffout in ziektetoetsen belemmeren de toepassimg deze resistentie in de
veredelingsprogramma’s. Dezelfde nadelen belemmerde bestudering van de
overerving van de mechanismen van kwantitatievistegie.

Recent zijn verscheidene typen DNA merkers ontwikkdie nieuwe uitzichten
bieden op verdere studie van kwantitatieve eigeaygodn, waaronder kwantitatieve
resistentie. In dit proefschrift werd de getdofdeum vulgare L.)-dwergroest Ruccinia
hordel Otth) relatie gekozen als modelsysteem om kwaigitat resistentie te
bestuderen. Dit plant-pathosysteem is uitgebreistuokeerd door Parlevliet en zijn
collega’s aan de vakgroep Plantenveredeling vamadebouwuniversiteit Wageningen.
Verscheidene recombinante inteeltpopulaties zijwidkeld uit kruisingen tussen
partieel resistente cultivars of lijnen, zoals “sadn 116-5, en een extreem vatbare lijn,
L94. Twee populaties, L94 x ‘Vada’' en L94126-5, werden gebruikt om moleculaire
koppelingskaarten te vervaardigen. Vervolgens welidedeze populaties genen voor
partiéle resistentie geidentificeerd en gekarteprtiet genoom van gerst.

In hoofdstuk 2 wordt een samenvoeging van publigschikbare RFLP
koppelingskaarten van gerst gepresenteerd. De gegevan vier kaarten werden
gebruikt om een geintegreerde kaart te maken. @stalgemeen was de volgorde
van de merkers op de individuele kaart dezelfdet eea vervaardiging van de
geintegreerde kaart mogelijk maakte. De geintedeckaart bevatte 880 merkers,
welke in totaal 1060 cM dekten. Rond de centromdrad een clustering van

merkers op.
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Met de AFLP techniek werden in gerst moleculairekees gegenereerd (hoofdstuk
3). Met 24 primercombinaties werden in 16 gesetzdi gerstlijnen in totaal 2188
verschillende amplificatieproducten verkregen dieggiootte varieerden van 80 tot 510
bp. Van deze gerstlijinen vertoonden L94 versus &/aldet hoogste percentage
polymorfisme (29¢) en ‘Proctor’ versus ‘Nudinka’ het laagste pereget (12¢). De
efficiéntie waarmee primercombinaties genetischekers opleverden was voor alle
gerstlijn-combinaties ongeveer hetzelfde. Met 24 RIprimercombinaties konden meer
dan 100 merkers worden geidentificeerd die in ramst twee van de zes
kruisingscombinaties uitsplitsten en dus als gema®appelike merkers voor het
vergelijken van kaarten bruikbaar waren.

Een zeer dichte AFLP-merker koppelingskaart kondeorgeconstrueerd op basis
van een recombinante inteeltpopulatie (103 RILg, Hie was verkregen uit een
kruising tussen L94 en ‘Vada’ (hoofdstuk 4). De rkdmevatte 561 AFLP-merkers, drie
morfologische merkers, één ziekteresistentie-gerééan STS merker, met een totale
lengte van 1062 cM. De verdeling van de AFLP-mesl@mrer de chromosomen bleek
onregelmatig te zijn door een sterke clustering wearkers rond de centromeren. Een
basiskaart met een zo gelijkmatig mogelijke verdglivan merkers werd uit de
oorspronkelijke dichte kaart afgeleid, en gebrait de loci die de partiéle resistentie
bepalen te identificeren en op de chromosomercaditeren.

Dezelfde 103 RILs werden in het zaailingstadiuninelnet volwassen plant- stadium
in de kas en op het veld getoetst op resistengientelwergroestisolaten 1.2 .1. en 24.
QTLs voor partile resistentie tegen deze twee isolaten werdenmgkroen gekarteerd
op de L94 x‘Vada’ kaart (respectievelijk hoofdstakk5 en 6). Zes QTLs voor pété
resistentie werden gevonden die effectief wareertagolaat 1.2.1. Drie QTLs waren
effectief in het zaailingstadium, en verklaardergereer 53¢ van de fenotypische
variatie. Vijf QTLs waren effectief in het volwasselant stadium, en verklaarden
ongeveer 6& van de fenotypische variatie. Behalve de drie Qiilss ook effectief
waren tegen isolaat 1.2.1. in het zaailingstadiwerd nog een extra QTL ontdekt voor
resistentie in het zaailingstadium tegen isolaati®¥e vier QTLs voor resistentie tegen

isolaat 24 verklaarden samen meer da¥r¥&n de totale fenotypische variantie. Verder
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werden zes QTLs gevonden die samen ongeve&ivaa de fenotypische variantie van
de resistentie tegen isolaat 24 in het volwassent @tadium verklaarden. Van de acht
QTLs die effectief waren in het volwassen plantigtm waren er drie effectief tegen
beide isolaten en Vvijf effectief tegen slechts eean beide isolaten. Deze
isolaat-specificiteit van de QTLs ondersteunt dpdtlgese van Parlevliet en Zadoks, dat
partiéle resistentie mogelijk berust op een minor-genfoimer-gen interactie. Van de
tien QTLs voor resistentie tegen de twee isolaterimddeze populatie werden gevonden,
waren alleen de QTLRphg2 en Rphg3 zowel in het zaailingstadium als in het
volwassen plant stadium effectief. De overige QWaren effectief in een van beide
ontwikkelingsstadia.

In hoofdstuk 7 worden de resultaten beschrevendekartering van QTLs voor
partiéle resistentie tegen dwergroestisolaat 1.2.1 opaeelere AFLP-koppelingskaart,
die was gebaseerd op 117 RILs)(Bie voortkwamen uit een kruising tussen L94 en
116-5. Drie QTLs waren effectief in het zaailingstem en verklaarden gezamenlijk
42 % van de totale fenotypische variantie. Verdekdn drie QTLs effectief in het
volwassen plant stadium. Deze verklaarden saménvah de fenotypische variantie.
Rphg3, met een relatief groot effect, was het enige @atin beide ontwikkelingsstadia
effectief was. Deze QTL werd ook in de L94 x ‘Vagapulatie gevonden. De overige
QTLs in de L94 x116-5 populatie bleken op andere kaartpositiegteh dan die in de
L94 x ‘Vada’ populatie. Dit suggereert dat loci voor pélé resistentie tegen dwergroest
wijd verspreid op het gerstgenoom aanwezig zijnarBaor is het goed mogelijk om
vele van deze resistentiegenen te accumulerennireééele cultivar, die daarmee een
erg hoog niveau van paifé resistentie krijgt.

De resultaten die beschreven worden in hoofdstukke@ en 7 toonden aan dat
QTLs voor pargle resistentie niet samenvallen met de loci vanofgpecifieke
resistentiegener{Rph genen). Dit ondersteunt de theorie dat genen \matiele
resistentie en genen voor overgevoeligheidsresisteehoren tot geheel verschillende

genfamilies.
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	Table 3. AFLP Polymorphism rates among 16 and between six pairs of barley lines 

	Chapter8.pdf
	 
	General discussion 
	Locus specificity of AFLP markers. The AFLP technique (Vos et al. 1995) is now well-known and widely used in plant and animal genome studies (PAG-VI, 1998). By the use of AFLP markers, two molecular marker linkage maps, L94/Vada and L94/116-5, were constructed (chapters 4 and 7, respectively). A great advantage of the AFLP technique is the simultaneous generation of a large number of markers. Locus specificity of AFLP markers was assumed in chapter 3 and confirmed in chapters 4 and 7. An EcoRI/MseI AFLP fragment is specified by 16 selective nucleotides (six nucleotides of the EcoRI restriction site, four for the MseI site, plus six for the selective bases). Due to this high selectivity, co-migrating AFLP bands are likely to be very homologous and locus-specific. When the DNA fragment sizes are identical or nearly so, probably the same locus is involved (Table 1, possibilities 1, 2 and 3). AFLP products with a larger deletion or insertion will have different sizes and, consequently, will not be detected as allelic, but may be at the same locus (possibility 4 and 5). Of course, non-homologous AFLP products of different sizes will not be considered as allelic (possibilities 7 and 8). However, identical sized AFLP fragments, that are not homologous may by chance have identical size (possibility 6), and therefore cannot be distinguished from possibilities 1 – 3. Considering the latter case, caution should be taken when AFLP markers are applied in genetic and evolution studies. 
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	The locus-specificity of AFLP markers was proven to be nearly always valid by comparing the sequences of co-migrating bands in potato (Rouppe van der Voort et al. 1997) and by genetic linkage analysis in barley (chapters 4 and 7, Waugh et al. 1997). Thirty-eight co-migrating bands, segregating in ‘Proctor’ x ‘Nudinka’ (Becker et al. 1995) and L94 x ‘Vada’ (chapter 4) populations, were mapped to similar positions on the barley genome. Of the 105 co-migrating AFLP bands (markers) in the two mapping populations, L94 x ‘Vada’ and L94 x 116-5, 104 markers were mapped to the same loci (this thesis, chapters 4 and 7). Only one marker, E39M61-360, formerly assigned to chromosome 7 of the L94 x ‘Vada’ map (chapter 4), but mapped to the centromeric region of chromosome 2 on the L94 x 116-5 map (chapter 7). This kind of exception was also found by Waugh et al. (1997) and Rouppe van der Voort et al. (1997), and it is most likely due to chance (possibility 6, Table 1). The proportion of co-migrating but locus-non-specific AFLP markers was too low to hamper construction of linkage maps by using locus-specific AFLP markers. 
	Comparing the AFLP patterns of barley with those of three Triticum species demonstrated that the genetic distance between these species is too large to identify common markers (chapter 4). Consequently, the use of the locus-specificity of AFLP markers is limited to populations within a species or to very closely related species.  
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