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Summary

Crown rust is one of the fungal diseases of snralihgcereals and grass species in the world.
Recently, an isolate of crown rugtccinia coronata agropyrina, was found in Hungary on
Agropyron repens (a grass species). In a preliminary barely segdtist, it appeared
pathogenic to barley. The objectives of this stwdgre five fold: first, to establish a
preliminary host range d?fuccinia coronata agropyrina; second, to determine the host status
of barley: third, to map QTLs effective tB. coronata agropyrina in barley mapping
populations Vada x SusPtrit (VXS) and Cebada CafasPtrit (CCxS); fourth, to compare
those QTLs with other QTLs mapped to other rustsham same populations; and fifth, to
determine the possible mechanism for the resistanvodved.

A host range test on 36 grass and cereal speg@essented by 77 accessions showed that 23
of the species had a susceptible Infection Typerés8 and 4) while 14 species had a resistant
Infection Type (score 0-2). At genus leveégilops, Agropyron, Bromus, andHordeum were
susceptible, whileAvena, Dactylis, Lolium, Secale, and Triticum were resistant. Among the
susceptible species, percent of susceptible acressanged from 14.3 to 100.

A test at seedling stage on 108 barley accessiotiserse geographic origin showed that 83
% of them were fully susceptible ( susceptibilitose 4 and 5) and 14 % were moderately
susceptible (score 3). Only 3% showed low susciiptiliscore 2) and none were resistant
(score lower than 2). A test on selected accessibaglult plant stage, however, showed that
accessions with full or intermediate susceptib#ityseedling stage appeared resistant.

In mapping experiments, 8 QTLs effectiveRocoronata agropyrina were detected in VXS
and CCxS mapping populations using Relative LateReyiod and Relative Infection
Frequency (four QTLs per mapping population). Inthbgopulations, transgressive
segregation was observed for Relative Latency Beaind Relative Infection Frequency
indicating that both parents contributed the rasist/susceptibility alleles. The QTLs
explained 60 % of the total phenotypic variationbioth populations. Seven of the QTLs
effective to P. cor. agropyrina co-localized with most of the QTLs effective toufo
heterologous rust®( persistency, P. triticina, P. hor. secalini and P. hor. muruni). Only a
single QTL co-localized with a QTL for partial rencgRphg4).

The histology of the resistance, studied on 6 tasisand 3 susceptible lines, revealed nine
classes of Infection Units under UV-microscopy. Tlimes varied significantly for four
infection unit classes: Early aborted - host cekmosis (P=.0.03), Early aborted + host cell
necrosis (P<0.001), Established medium sized + ¢@binecrosis (P=0.04) and Established
large sized - host cell necrosis (P<0.0001). Inaa wvise comparison of a resistant and
susceptible line, higher proportions of the Eatbpred + host cell necrosis infection units
were associated with most of the resistant linegevibwer proportions were associated with
all susceptible lines.



Chapter 1: Introduction

Types of Resistancesin general

Resistance genes (both major and minor) are usednasption to protect crops from
economically important diseases. In plant-pathogyestem, two types of resistance (host and
nonhosts) are known (Niks, 1987). Host resistarmddcbe due to reduced level of basic
compatibility between the pathogen and the plamtogge, or due to arresting further
development of the pathogen in the presence ofbiadlic compatibility (Niks, 1987). The
nonhost type of resistance on the other hand igusa to be due to the absence of basic
compatibility (Niks, 1982; 1987). With in the hosésistance category, hypersensitive
resistance and non-hypersensitive resistance #pagsistance) are recognized and known to
be controlled by different sets of genes and théerdin durability. In barley for instance,
hypersensitive resistance to leaf rust, also called-specific resistance, is governed by major
gens and is not durable (Parlevliet 1983). Parngistance (PR) on the other hand is
controlled by minor genes, has a polygenic inhecéaand is not based on hypersensitivity
(Parlevliet 1975).

Crown rust

Crown rust is one of the fungal diseases of snralihgcereals and grass species in the world.
It is caused byPuccinia coronata species complex in general. BuckthofRhamnus
cathartica) is the principal alternate host of crown rust (httpwiv.ars.usda.gov/Maindocs).
The disease is commonly called ‘Crown rust’ duéhtypical crown-like appendages on the
apex of the teliosporgszabo, 2006; Zambino and Szabo, 1993). Crownisuabst important
where dews are frequent and temperatures are f8l@% C) during the oat growing season.
(http://www.ars.usda.gov/Main/docs.htm?docid=9919Ruccinia coronata is a complex
species that has a broad telial host range inadudiore than 45 genera of grasses and a

narrow aecial host range (Szabo , 2006).

Various varieties and forms are known to occurulticated small grain cereals and their wild
types including other grass species. Some of therR.aoronata f. sp.avenae, P. coronata f.
sp. hordei, P. coronata f. sp. bromi, P. coronata f. sp.lolii and P. coronata f. sp. agropyri,

(http://www.ars.usda.gov/Maindocs.htm?docid=985%uccinia coronata f. sp. avenae



predominantly attacks o@Avena sativa) causing the commonly known oat crown rust disease.
It occurs worldwide wherever cultivated or wild aiecies occur except in very arid areas. It
is the most widespread and damaging disease oDoaihg 1977-1980, Sebesta and Harder
(1983) reported a wide spread infection of o#tgefa sativa) by P. coronata var. avenae
over Europe with the most severe infections occumethe southern part of the continent.
Puccinia coronata f. sp. hordei infects barley Klordeum vulgare) and rye $ecale cereale)
The disease is named as crown rust of barley arad viound first in a barley breeding
nursery near Clay Center, Nebraska in 1992 (Jinsitaghenson 1999). According to Jin and
Stephenson, the uredinial and telial states of th& were found on many native and
introduced gramineous species in Minnesota, Norékdia and South Dakot&uccinia
coronata f. sp. bromi is a recently described form in North America nhajorevalent on its
host of originBromus sp. as described by Delgado et al. (2001) and Aniledtal. (2003)P.
coronata f. sp. loli is a much known form d®. coronata complex and world wide problem on
perennial rye grasd.¢lium perene). P. coronata f. sp.agropri, occurs onAgropyron repense
(=Elytrigia repens) in North Dakota ( Schwinghamer, 1955; Szabo, 20@@)ack grass
(Agropyron repens) also called couch grass, or quick grassiiapadly spreading grass of the
family Poaceae. It is native to Europe and has begaduced into other north temperate

areas for forage or erosion control. (http://wwwdorica.com/eb/article-9062130).

Urban and Markova (1993) reviewed literature resavd Crown rust mostly with respect to
the geographical distribution, spore morphology aatiliral occurrence on various host plants
in Europe. Their review showed that crown rustAgmnopyron repens (L.) P. B has been
observed in Russia, Ukraine, Finland, Sweden, Ngrw@enmark, Lithuania, Poland,
Czechoslovakia, E Germany, Rumania, Hungary, Sviéimd, British Isles, Italy, and
Madeira. They also indicated that there exist phiggic races alternating witRkrangula
alnus in some ecotypes like Sweden. In some other ciegntke Moravia Bohemia, however,
Rhamnus catharticus is the alternate host.

Background of the study

In general, formae speciales Bf coronata rarely infect barley. Atienza et al. (2004)
inoculated 109 barley accessions wtltoronata f. sp. festucae, P. coronata f. sp. avenae. P.
coronata f. sp.lolii and P. coronata f. sp.holci and reported a susceptibility score of 2 on 1%,

4%, 0% and 2% of the tested accessions respectively



In Hungary, Niks has found an isolate of crown r’stcoronata agropyrina) on Agropyron
repens. A preliminary infection test at seedling stage vs&d that some barley lines like
research line SusPtrit (Atienza et al. 2004) waseexely susceptible, while cultivars Cebada
Capa and Vada were quantitatively resistant shoW@mger pustules of susceptible infection
type (Niks personal communication). Although thielpninary seedling test has shown that
susceptibility in barley tdP. coronata agropyrina may be common, it does not lead to
comprehensive conclusion about the host statusadéy to this rust. Therefore, extensive
assessment for the host status quantification dépaising large number of accessions was
necessary. Apart from that, no sufficient inforroatis available about the host range of this
pathogen, the genetics of the resistance and Hoeiated possible mechanism involved (Niks

personal communication).

Conducting a pathogenicity test on a collectiowarious grass and cereal species could help
to quantify the host range Bf coronata agropyrina. On other hand, lines that are susceptible
may still differ quantitatively in level of suscdptity and their difference can be captured by
measuring the Latency period (LP) (Parlevliet, J9'Moreover, parental pairs of mapping
populations may differ in resistance/susceptibi{gither complete resistance or difference in
LP). Therefore, screening of mapping populationsved from such parental lines allows
mapping of the loci for the resistance involvedrtker more, histological investigation on

resistant and susceptible lines could unravel tssiple mechanism underlying the resistance.

Objectives of the study

» To establish a preliminary host rangdPotoronata agropyrina
» To quantify the host status of barley

* To map QTLs effective t®. coronata agropyrina in Barley mapping populations
Vada x SusPtrit (VxS) and Cebada Capa x SusPakg}

» To compare those QTLs with other QTLs mapped terathsts in the same
populations

 To determine the mechanism of resistance

In this study, four separate experiments were cotedito achieve the objectives stated above.



Chapter 2: Determination of Host range ofP. cor. agropyrina

2.1 Materials and Methods

2.1.1 Plant material

The generaAegilops, Agropyron, Bromus, Hordeum, Avena, Dactylis, Lolium, Secale, and
Triticum were used to determine the hostrangePuaécinia coronata agropyrina. They
encompassed, 36 grass and cereal species whictaindpresented by 77 accessions. Forty-
six of the accessions were obtained from the didlecof planting materials in the barley
research unit of Wageningen University DepartmenPlant Breeding. Thirty accessions
were kindly provided by USDA, ARS, WRPIS (WashingtBtate University Regional Plant
Introduction Station). More accessionsHidrdeum and Bromus were used to compare the
host range of this pathogen with hostrange of ofbens of crown rust that specialize on

Hordeum andBromus. List of the species, accessions and their oiggiven in Appendix 1.

2.1.2 Pathogen material and multiplication

Puccinia coronata agropyrina was used for the various infection experimentswé#s
collected in Hungary fronAgropyron repens (Niks, personal communication). Fresh spores
were multiplied on the host plant speci@gropyron repens by dusting the inoculum
(urediospores + Lycopodium powder) on the leavasgus brush. The inoculated plants were
kept in an incubation cell under 100% relative hditgiand 17°C for 10 hours of darkness so
that spores could germinate. After thirteen daysiofibation in a greenhouse compartment,
spores were ready and were collected using a oydpore collector. Before using them for
inoculation, the spores were stored in desiccaior2f- 7 days so that excess water could

evaporate.

2.1.3 Inoculation and Incubation

The accessions of grass species and cereals meshtadiove were subjected to an infection
experiment. About 20 seeds of each grass and & sdethe cereals were sown in 11 cm
diameter plastic pot and seedlings were raisedgreanhouse compartment. The conditions
for compartment were 2{C & 16 °C during light and dark periods respectively; 1@itsoof
artificial light under 70% Relative Humidity throbgut the experiment. After reliable
seedling germination was found, one to four segdliper accession were transplanted on
rectangular planting boxes (37 cm wide, 39 cm loAg)they took longer time to germinate,

the grasses were transplanted two weeks after gowinereas the cereals were transplanted



one week after sowing. For the grasses inoculatias done about three weeks after sowing
while for the cereals twelve days after sowingbtith cases, each seedling of the respective
accessions was laid down in a horizontal positioguch a way that the adaxial surface of the
primary leaf face upwards. The inoculum was prepdéremixing 1 part of urediospores with
10 parts of lycopodium to achieve nearly a homogsndistribution of the spores. The
inoculation was carried out in a settling tower ggkamp et al.,1998) by applying 5 mg of
urediospores per box. This is assumed to resut deposition of 300 urediospores perfcm
(Atienza et al., 2004).To trigger spore germinatithre inoculated plants were incubated in a
dew chamber under the same sets of conditions fasdtle multiplication of the pathogen.
The next morning the boxes were transferred tolemagreenhouse compartment to stimulate
development of uredia and sporulation and theyestdfgiere until evaluation. The conditions

of this compartment were the same as describetthéoseedling growing compartment.

2.1.4 Evaluation

Thirteen days after inoculation, seedlings werduatad for reaction to the pathogen based
on the 0 to 4 Infection Type (IT) scoring scale. Mi&s (1987) reviewed, the values in this
scale are given in the following description: @ symptom (immune), O;: necrotic or
chlorotic flecks (highly resistant), 1: minute pulss surrounded by necrosis or chlorosis
(resistant) 2: small pustules surrounded by nesrosichlorosis (moderately resistant), 3:
medium sized pustules surrounded by some chlor@saderately susceptible), 4: large
pustules, no chlorosis (susceptible). IT's of Q, );or 2 are considered as indicative of a
resistant host response, whereas IT's of 3 and 4£ansidered as a susceptible host response.
An accession was considered susceptible when sttdea plant showed susceptible IT (3 or
4). A species was considered susceptible (Hosthvalhdeast one accession was susceptible;
otherwise Non-host. A genus was considered susteptihen at least one of its species is

susceptible.

2. 2 Results

2.2.1 Pathogenicity oP. cor. agropyrinato the grass and cereal species

Of the grasses and cereal species, the géwgdops, Agropyron, Bromus, Hordeum
contained susceptible species, while tested acressf species in the genékeena, Dactylis,
Lolium, Secale, and Triticum were resistant (Table 1). Almost all thkerdeum and most of

the Bromus species contained susceptible accessions.



Table 1.Host range oPuccinia coronata agropyrina: an isolate from quack grasagfopyron repens)

_ Number Number % of . Status of
Species of plants of _ Suscep_tlble IT plan_t
accessions accessions. species

Aegilops columnaris Zhuk. 4 1 0 0; Non-Host
A. comosa Sibth. et Sm. 9 3 67.7 4,0; Host
A. peregrine 11 3 33.3 0;,3 Host
A. speltoides 14 7 14.3 0,1,0;,2,4 Non-Host
Agropyron repens 26 1 100 4,3 Host
Avena sativa 7 2 0 0 Non-Host
Bromus carinatus 7 2 0 1,2,0; Non-Host
B. catharticus var. catharticus 4 1 0 0; Non-Host
B. danthoiae 4 1 100 1.4 Host
B. erectus 8 2 100 0,3 Host
B. inermis subsp. Inermis 15 4 0 0,0;,2 Non-Host
B. japonicus 12 3 67.7 2,4,0; Host
B. mango 4 1 0 2,1 Non-Host
B. scoparius 8 2 100 4 Host
B. species 8 2 100 4 Host
B. tectorum 10 3 100 4 Host
Dactylis glomerata 5 1 0 0 Non-Host
Hordeum bogdanii 1 1 100 4 Host
H. brevisubulatum subsp. Violaceum 2 1 100 4 Host
H. bulbosum 31 12 75 4,1,0;,2,3 Host
H. chilense 4 1 100 4 Host
H. comosum 1 1 100 4 Host
H. jubatum 8 2 100 4 Host
H. lechleri 4 1 100 4 Host
H. marinum 4 1 100 4 Host
H. murinum 4 1 100 4 Host
H. parodii 4 1 100 4 Host
H. procerum 4 1 100 4 Host
H. pusillum 4 1 100 4 Host
H. secalinum 8 2 0 0 Non-Host
H. stenostachys 6 2 100 4 Host
H. wlgare? 300 108 95 431,22 Host
Lolium perenne 4 1 0 0 Non-Host
Lolium westerwolds 4 1 0 0 Non-Host
Secale cereale 4 1 0 0; Non-Host
Triticum aestivum 15 6 0 0; Non-Host
T. boeoticum 2 1 0 0; Non-Host

!Infection type score: 0: no symptoms (immune),r@&crotic or chlorotic flecks (highly resistant), rinute
pustules surrounded by necrosis or chlorosis (esd)s 2: small pustules surrounded by necrosishtorosis
(moderately resistant), 3: medium sized pustulesnded by some chlorosis (moderately susceptibldarge
pustules, no chlorosis (susceptible); IT of 0-2 emasidered resistant host reactions, while 3-4oissiclered
susceptible host reaction. Many infection type ssaiogether indicate segregation occurred withiraong
accessions; values are given in decreasing ordkrtiné most frequent IT score put first.

2 the data foHordeum vulgare was included from the result of the host statyseerent just to be complete



2.3 Discussion

Among the susceptible genera, the gehigsdeum was found to be the most susceptible
genus where 14 out of the 15 species (93.3%) awmdasusceptible accessions. Only one
species Kl. secalini) showed a resistant infection type. Almost withlh species of this the
Hordeum, 100% of the accessions were susceptible with thet frequent infection type
being 4. Only within two of the species segregatarsusceptibility/resistance was observed.
This shows that the genus could potentially be ed@minant host oP. cor. agropyrina
nearly as important as the host spegigopyron repens. Likewise, a great percentage (60%)
of the species of th®&romus was found to be susceptible. However, only halfttod
susceptible species attained 4 as the most freqldemscore. Besides, more segregation
occurred withinfamong susceptible accessions cosdpsrHordeum. This suggests tha.
cor. agropyrina probably be more close to a form of crown rust #peecializes otlordeum
than onBromus. TheAegilops on the other hand was the least susceptible gghase both
susceptible species involved segregation for irdadype. Only one of the species attained 4
as the most frequent IT score while the other atddl0;. Among the resistant genefaegna
sativa and theLolium sp. were characterized by immunity (IT=0) whiecale cereale and
Triticum were found to be highly resistafiT=0;) with no segregation for resistance with in
/among their accessians general, of the 36 species tested in this sG#% were described
as hosts while the remaining 36% were non-hosk obr. agropyrina.

Comparison of the present result with host rangdies of some crown rust forms/isolates
gives information about the identity & cor. agropyrina (Table 2). Anikster et al. (2003)
tested pathogenicity ¢f. coronata f. sp.bromi, P. coronata var. hordei, andP. coronata var.
avenae on cereals and grass species of which 12 are includie present study. The isolates
in their study were mainly from USA and some frarakl. They reported that the host range
of P. coronata f. sp.bromi was restricted t@®romus inermis, B. japonicus, B. tectorum, and

B. scoparius. All the Hordeum spp. were resistant besides/ena, Secale cereale, Triticum
and Agropyron repens (=Elytrigia repens). In the present study, three of th&®mus spp.
and all theHordeum spp. appeared to be susceptiblePtacor. agropyrina.

Compared to the data (Anikster et al., 2003)Rocor. var. hordel, Almost all (seven out of
eight) the susceptible speciesRocor .var. hordel were also appeared susceptibldtaor.

agropyrina. Another report by Jin and Steffenson (1992) iatie some host range difference



Table 2. Host range ofPuccinia coronata agropyrina compared tdP .cor. f. sp.bromi, P. cor. var.
hordei andP. cor. var. avenae.

Infection Type (IT)*

Species P. cor. P. cor.
P. cor. f. sp. var. P. cor. var. P.c. var.

agropyrina bromi? hordei? avenae’ hordei®
Aegilops columnaris Zhuk. 0;
A. comosa Sibth. et Sm. 4.0;
A. peregrina 0,;3
A. speltoides 0,1,0;,2,4
Agropyron repens’ 43 0 3 0; 43
Avena sativa 0 0 0; 3+ 00;/3
Bromus carinatus 1,2,0;
B. catharticus var. catharticus 0;
B. danthoiae 14
B. erectus 0,3
B. inermis subsp. Inermis 0,0;,2 3 0 0
B. japonicus 2,4,0; 3 3 0 34/23
B. mango 2,1
B. scoparius 4 3 3 0
B. species 4
B. tectorum 4 3,3+ 1,2 N 34/21
Dactylis glomerata 0
Hordeum bogdanii 4 4
H. brevisubulatum subsp. violaceum 4
H. bulbosum 4,1,0;,2,3 N 3 0;.,1 43/0;
H. chilense 4 43
H. comosum 4 4
H. jubatum 4 34
H. lechleri 4 43
H. marinum 4 iN- 3 0; 43
H. murinum 4 43
H. parodii 4 43
H. procerum 4 43
H. pusillum 4 0 3 0;
H. secalinum 0
H. stenostachys 4
H. wulgare 4,3,1,2 N, O;,;N 3 ;N,0C,;N 34/0;
Lolium perenne 0 0/12
Lolium westerwolds 0
Secale cereale 0; 0; 3 0; 23/0;
Triticum aestivum 0; 0; 0; 0; 0;/32
T. boeoticum 0;

! Infection Type is as described for Table 1. But veliight difference in description among the Authofghe
results presented for the other rustsC = large chlorotic flecks, N=necrotic flecks;;" = necrotic flecking without
sporulation.. “/” segregation occurred within ora@rg accessions with the most prevalent IT presdird

23Data extracted from; Anikster, et al. (2003) ami&iSteffenson (1992) respectively.

* Agropyron repens is synonymous tcElytrigia repens, hence, data corresponding tBlytrigia repens was
adopted from the respective sources.



between our isolate arfél cor. var. hordei. Jin and Steffenson (1992) evaluated the disease
reactions of 87 gramineous spede®. cor. var. hordei of which 18 (Table 3) were included

in the present study. Similar to their report foege 18 species (Table 3), all Hhardeum and
someBromus spp. which were susceptible #. cor. var. hordei were also susceptible

cor. agropyrina in the present studyHowever, Secale cereale, Avena sativa and Triticum
aestivum were resistanb P. cor. agropyrina despite their susceptibility #. cor. var. hordei.
Unlike the report of Anikster et al. (2003), théelatwo genera were susceptiblé?acor. var.

hordei indicating that it has relatively wider host rariganP. cor. agropyrina.

The fact thatSecale cereale and someTriticum spp. are susceptible to a form/an isolate of
crown rust is also supported by reports of othediss in USA/Canada. Schwinghamer (1955)
described a crown rust pathogen observedgnmopyron spp. in eastern North Dakota and in
western Minnesota. He reported tlatale cereale was also susceptibl8imilarly, Sampson
and Watson (1985) determined the host rang@&gobpyron (Quack grass) isolates &
coronata, and reported tha$ecale cereale and Triticale were susceptibleThis implies that
forms of crown rust in USA and Canada could haveéewhost range compared to European
crown rust that occur oAgropyron. On the other hand, the data presented (Anikstat.e
2003) for P. cor. var. avenae clearly shows that all the species susceptibleP.taor.
agropyrina are hardly infected by. cor. var. avenae. Rather,Secale cereale and Triticum
aestivum occur as resistant species for both of them. ToexeP. cor. agropyrina is

undoubtedly different fror®. cor. var. avenae at least in host range.

2.4 Conclusion

Based on the comparison on the limited host rarade, Buccinia coronata agropyrina has
narrow host range comparedRocor. var. hordei, but wider host range comparedRccor. f.

sp.bromi andP. cor. var. avenae.

Due to the limited literature based comparison wade) the conclusion on the degree of
similarity between the European and the Americafates would be rather weak. Therefore,
it is difficult to conclude thaP. cor. agropyrina is more similar in host range to eithrcor.

f. sp.bromi or P. cor. var. hordei. So, we would rather say that, it could be a d#ifé form of

P. coronata species complexwhich combines some featureshofcor. f. sp.bromi andP. cor.
var. hordei.



Chapter 3: Determination of Host status of barley acessions to
P cor. agropyrina

3.1 Materials and Methods

3.1.1 Seedling stage testing

Plant material

A collection of 108 barley accessions of differgebgraphical origin and type were used for
guantification of the host status of barl@ye accessions were almost the same set of Ignes a
used by Atienza et al., (2004) to determine the Btsus of barley to several heterologous

rusts. A list of the accessions including theiraliggion is given in Appendix 2.

Inoculation and I ncubation

Seedlings of 10 accessions were directly grown laof 37x39 cmin each box, the grass
Agropyron repens (the host of the pathogen) and the experimemtal3usPtrit (Atienza et al.,
2004) were grown as a reference. Per accessi@ediisgs were grown and later were cut in

to 3 seedlings. Inoculation and incubation wereedas described before.

Evaluation and data analysis

Thirteen days after inoculation, number of pustuied flecks without pustules per infected
leaf were estimated instead of direct counting Whi@s quite laborious and time consuming.
In some cases, where the number of pustules wasafdual count was taken. The count data
obtained was converted to the 0 to 5 scale of &teat al. (2004). The number of pustules per
leaf together with the extent of flecks, average@rathree seedlings per accessions, was
considered to reflect the level of susceptibilifyeach accession. The 0 - 5 susceptibility
score was used as in the following descriptionin@nune or near immune (less than 3
pustules and no or few flecks); 1: less than 3ylestand medium or many flecks, 2: 3-10
pustules; 3:10-100 pustules; 4: 100 -500 pustblesore than 500 pustules. Score values of 2
or higher were considered a (somewhat) susceptialetion (Atienza et al., 2004). Where
accessions showed a hypersensitive reaction, #ppmee was evaluated according to the 0 to

4 Infection Type (IT) score as described in chapter
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The level of susceptibility of the tested barlegxessions was presented by calculating the
proportion of accessions per each susceptibiliprescFor better understanding of the result,
data of the susceptible reference lines were alssepted together. The level of susceptibility
reported in the present study was also compared suisceptibility to heterologous rusts

reported in other studies.

3.1.2 Adult plant testing

Plant material

Based on the result obtained at seedling stagecdsaions were selected and tested to see the
level of susceptibility at adult plant stage. Thoé¢he selected accessions (SusPtrit, SusPmur,
and Trigo Biasa) were from the highly susceptildeofe 4 & 5) and the other three (Vada,

C118 and Bavaria) were from the moderately (scb)asusceptible classes.

Inoculation and I ncubation

Per accession, 5 plants were grown in pots of 1tliameter which later were reduced in to 2
plants. Each accession was replicated 10 timesutAbne and half month after sowing,
inoculation was done by spraying the inoculum anaaiked spot of the first leaf from the top

of the plant. Incubation was carried out as desdribefore.

Evaluation and data analysis

Also for adult plants, thirteen days after inocuat the accessions were evaluated for their
reaction using the 0-4 Infection Type scoring s@edescribed in chapter 1. Proportions of
plants showing susceptible/resistant reaction émding stage were compared with that of
the adult stage to find out the changes occurrékdrievel of susceptibility.

3.2 Results

3.2.1 Susceptibility across accessions

All the tested accessions were susceptiblB.tcor. agropyrina as per the 0-5 susceptibility
score. From the total accession, 83 % showed stilsitip score of 4 and 5 (full

susceptibility) while 14 % and 3% showed 2 and @v(land intermediate susceptibility)
respectively. None of the accessions showed subiiyptscore of 0 and 1 (Table 3). The
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value 1% for the accessions is attributed to SusPmmich showed extreme susceptibility
(Score of 5 i.e. >500 pustules per leaf) in all phents tested.

Table 3. Percentage of barley accessions and susceptifdeemees per susceptibility scorfor
Puccinia coronata agropyrina.

Tested lines Percentage of accessions/plants

0 1 2 3 4 5
Barley accessions 0 0 3 14 82 1
SusPtrit 0 0 0 0 69 31
Agropyron repens® 0 0 0 10 87 3

Susceptibility score per leaf:

0: Immune or near immune (less than 3 pustulefemdlecks), 1: less than 3 pustules and mediumamny
flecks, 2: 3-10 pustules, 3: 10-100 pustules,00-300 pustules, 5: More than 500 pustules. Secaltees of 2
or higher were considered a susceptible reactidieria et al., 2004). Susceptibility score values a
highlighted in bold

%a susceptible experimental line (SusPtrit) usefasence for susceptibility of barley fo cor. agropyrina.
%susceptible host specieigfopyron repens)

Three accessions, Albert, Archer and Decorticaturawed exceptionally low level of
susceptibility (susceptibility score of 2) whichveoed the 3% of the total (Table 3). The

research line SusPtrit, showed a higher suscaptilfihore plants with score of 5) than the

host speciesgropyron repens (mainly score of 4 but a single plant had scorg)of

Figure 1. Barley lines of exceptional susceptibility Roccinia coronata agropyrina: cultivars Albert
(a), Archer (b); research lines Decorticatum (o) &usPmur (d) as compared to a susceptible line
SusPtrit (e) and a host species opyron repens (f).
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3.2.2 Susceptibility by different categories of a@ssions: level of agronomic
application, origin and morphological traits

Accessions from land races and research lines shavest of the susceptibility scores (2, 3,
4 & 5) while cultivars released before and in/ldtean 1945 showed susceptibility score of 2,
3 & 4.The wild speciesH. spontaneum) exclusively showed a susceptibility score of 4.
Accessions of African, Asian and South Americamgiorshowed nearly similar susceptibility

score except that a single accession of Africagimattained a score of 2.

Table 4. Level of susceptibility (%) of barley accessions of various categoriesspsceptibility*
score forPuccinia coronata agropyrina.

. Number Percentage of accessions

Categories of
accessions 1 > 3 4 5

Level of agronomic application
Wild species {. spontaneum) 5 0 0 0 0 100 0
Line from landrace and research lines 31 0 0 3 23 71 3
Cultivars 59 0 0 3 9 88 0
Unknown 13 0 0 0 23 77 0
Origin 2
Africa 10 0 0 10 30 60 0
Asia 12 0 0 0 8 92 0
Europe 56 0 0 4 12 82 1
North America 6 0 0 0 0 100 0
South America 13 0 0 0 23 77 0
Unknown 7 0 0 0 14 86 0
Morphological traits
Awned 99 0 0 3 11 86 0
Awnless 3 0 0 0 100 0 0
Unknown 6 0 0 0 17 67 17
Six rowed 32 0 0 3 13 84 0
Two rowed 70 0 0 3 14 83 0
Unknown 6 0 0 0 17 67 17
Naked 10 0 0 10 10 80 0
Non naked 96 0 0 2 15 83 0
Unknown 2 0 0 0 0 50 50
Black? 7 0 0 29 0 71 0
White? 95 0 0 1 16 83 0
Unknowrf 2 0 0 0 0 50 50
All accessions 108 0 0 3 14 82 1

!Susceptibility refers to at least 3 pustules paf; IBusceptibility score values are highlightetartd
2 Accessions oHordeum spontaneum are not included for the corresponding trait doesapply to them
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Modern cultivars of North American origin showededp higher level of susceptibility (score
of 4). On the other hand, The European origin cai8 and research lines covered
susceptibility score of 2-5. From morphologicalttpgerspective, susceptibility appeared to be
common among the accessions of different subcatsgdexcept for number of spike rows,
for each pair of the other traits the accessiomsiderably differed in susceptibility and were
described by score of 3 and 4.

3.2.3 Hypersensitivity

A large proportion of the tested accessions shosusdeptible infection type despite limited
hypersensitivity exhibited by very few of them. @b % of the total showed resistant
infection type; while the remaining 95% were susitd@. None of them appeared to be
Immune. Depending on the degree of chlorotic aratatie flecks combined with the size of
the pustules, cultivars Albert, Archer, L92, L98dahe research line Decorticatum showed a

resistant infection type.

Table 5. Percentage of barley accessions and susceptifdeemees per classes of infection type for
Puccinia coronata agropyrina.

Infection Type scoré

Tested lines

0 0; 1 2 3 4
Barley accessions 0 0 4 1 11 84
SusPtrit 0 0 0 0 0 100
Agropyron repens’® 0 0 0 0 0 100

!Infection type score per leaf:

0: no symptoms (Immune), O; : necrotic or chlordiécks (highly resistant), 1: minute pustules sunded by
necrosis or chlorosis (resistant), 2: small pustsierrounded by necrosis or chlorosis (moderatdistant),3:
medium sized pustules surrounded by some chlofosislerately susceptible), 4: large pustules, norokis
(susceptible). Score values of 0, 0;, 1, and 2carsidered as indicative of a resistant host responwhereas
IT's of 3 and 4 are considered as a susceptibleréggonse. IT score values are highlighted in.bold
2&3Reference lines as described in Table 3

3.2.4 Susceptibility at Seedling stage compared £&dult plant stage

All the tested accessions were susceptible duhegstedling stage showing Infection Type
score of 3 and 4 while attaining considerable |lefelesistance in the adult stage (Table 6;
Figure 2). Percentage of susceptible plants dectsel accession at adult stage ranged from
0% (Bavaria) to 65 % (SusPtrit). In other words flercentage of plants showing resistant
infection type (IT scores 0-2) rose from 35% (Sugrb 100% (Bavaria).
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Table 6. Percentage of plants showed susceptible andasesistfection type* foPuccinia coronata
agropyrina per selected accessions tested at seedling antpdahtl stages.

Accessions Susceptible(IT= 3-4) Resistant (IT= Q-2
seedling adult seedling adult

SusPtrit 100 65 0 35
SusPmur 100 40 0 60
Trigo Biasa 100 25 0 75
Vada 100 5 0 95
Cc 118 100 5 0 95
Bavaria 100 0 0 100

" Infection Type score: as described in Table 5

Seedling stage Adult stage

SusPtrit

i =L
o _
Trigo biasa

Figure 2 Uredia ofP. cor. agropyrina on selected barley accessions at seedling and aduit glage:
the pictures with visible urediospores for the adsthge represent the few plants showing the
susceptible IT out of 20 plants tested per accassio

15



Table 7. Susceptibility of barley accessionsRocoronata agropyrina compared with susceptibility
to other' heterologous rust species @dordei at seedling stage.

Susceptibility score?

Rust species 0 1 2 3 4 5
P. agropyrina 39 7 9 37 8 0
P. triticina Flamingo 55 10 19 13 3 0
P. triticina French 54 10 17 19 0 0
P. hordei .-secalini 30 37 9 16 7 1
P. graminisf. sp. lolii 72 0 14 11 3 0
P. hordei.-murini Rhenen 59 27 3 3 8 0
P. hordei.-murini Cordoba 31 11 44 8 6 0
P. coronata f.sp festucae 67 32 1 0 0 0
P. coronata f. sp Avenae 67 29 4 0 0 0
P. coronata f. sp lolii 67 33 0 0 0 0
P. coronata f.sp.holci 67 31 2 0 0 0
P. holcina 97 3 0 0 0 0
P. bromina 98 2 0 0 0 0
P. recondita f.sp.recondita 100 0 0 0 0 0
P. hordei (1.2.1) 3 0 0 5 66 26
P. coronata agropyrina 0 0 3 14 82 1

! Data for susceptibility to other rusts were addgtem Atienza et al., (2004)
2 Susceptibility score per leaf: as described in &bl

3.3 Discussion

The full susceptibility exhibited by a great perzaye of the accessions leads us to consider
barley as a host d&?. cor. agropyrina. Nearly, a susceptibility level (83%) as high las host
speciesAgropyron repens (90%) was observed among the accessions. Compai@dsPtrit
(the susceptible barley line used as referencdl)|asger percentage of the accessions were
fully susceptible. Nevertheless, there were moté wsiisceptibility score 5 in SusPtrit than in
the accessions. In any case, the lower percentfgvd intermediate susceptible classes
(17%) and the higher percentage of the fully susiciepclasses (83%) clearly suggest that

barley could be regarded as a true ho$. abronata agropyrina.

Exceptionally, SusPtrit and SusPmur have displayedxtreme susceptibility higher than any
of the accessions including the host spechggdpyron repens). This may be attributed to
difference in the pattern of uredia (forms some hgividual uredia on barley but rows on
Agropyron) on the leaves which may lead to underestimatfamumber of pustules. Besides,
the narrow leaf area @&gropyron might have contributed to the lower number of plest per
leaf and hence to the observed difference. On tther diand, it may be true that SusPtrit and
SusPmure are more susceptible than the host spé&biese lines were developed to study the

mechanism and inheritance of nonhost instancerieypto heterologous rusts (Atienza et al.,
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2004). They were meant for accumulation of susbéiy for target pathogen®. triticina
and P. hordei-muruni respectively However, in the end, the authors reported thatities
were also susceptible to other non-target heteoniegust pathogens. So, this accumulated
gene dose for susceptibility may also be the cdasdheir extreme susceptibility te.
coronata agropyrina as well. On the other extreme, cultivars Albertct#ar and the research
line Decorticatum appeared as the lines with tiveeki level of susceptibility compared to
any of the accessions tested (figure 1). Albert Archer reacted in such a ways that there
would be very little number of small sized sporiigtpustules accompanied by many flecks.
Decorticatum however, restricted the pustule dgweknt to a very minute size and was
accompanied by many chlorotic and necrotic fle&sorulation in this case was relatively

rare.

Evaluation on the level of hypersensitivity amohg tested accessions had distinguished as
to which type of the host resistance was prevalehtiously, hypersensitivity was limited to
two modern cultivars (Albert and Archer respectyeind two landraces and a research line
(L92, L98, and Decorticatum). This hints that inrleg, complete resistance te. cor.
agropyrina is less likely than Partial resistance. The vasmtaamong the accessions seems to
be mainly due to quantitative difference rather nthqualitative. The fact that the
hypersensitivity is limited to modern cultivars alachdraces also suggests that may be they

are related in pedigree.

The level of agronomic application of the accessiseemed to be associated with level of
genetic diversity for resistance/susceptibilitytite pathogen under study. Accordingly, with
in the category of lines from land races and reseénes, susceptibility score of 2-5 were
represented although the accessions cover only 8fl%he total. However, with in the
cultivars, covering 59% of the total accessionsysof 2-3 were represented of which 80 %
is score value of 4. This indicates that there iswaler genetic diversity in
resistance/susceptibility #®. cor. agropyrina among landraces and research lines compared
to among modern cultivars. This is expected becausdern cultivars are improved lines in
which the resistant aspect is largely exploitedmfrany possible source through
recombination and put together in to one line. T¢raites a narrow variation among them

compared to among the land races.
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To some extent, susceptibility seemed to be mdredalo accessions of Asian, European,
North and South American origins than to accessajmafrican origin. This difference may

not sound that significant. However, it may suggdleat an isolate similar to the European one
may also present in the other regions for whichatbeessions of the respective regions differ
in adaptation. In relation to morphological tragssceptibility appeared to be associated with
awned and white seed accessions. For both traiteast 80% of the accessions were fully
susceptible (Table 4). This could be an indicafmmlinkage between gene for susceptibility

and the genes for awned seed or white seed traits.

Adult plant testing showed that susceptibility iarley tends to be growth stage dependent
(Table 6; figure 2). Even the highly susceptiblee SusPtrit and SusPmur have shown a
limited level of susceptibility and they seemedfagaining a considerable level of resistance
at the adult stage. Like wise, accessions of indeiate susceptibility (Vada C118, and

Bavaria) also turned to nearly completely resistdihe same phenomenon was reported by
Atienza et al., (2004) for the interaction betwdxamley and heterologous rust species. This
may indicate that genes involved in resistancesatling stage may be different from those
involved at the adult stage. May be, difference¢him leaf morphology between the seedling
and adult plant stage could be another reasorh®iobserved difference in resistance. For
instance, leaves may turn to harder and hairy duadult stage than they were at seedling
stage (physiological maturity). This may hampercggs of intimate contact between the
pathogen and the plant leading to considerationhef plants as resistant while they are

susceptible.

Compared to previous results reported by Atienza.e(2004) on the non-host status of 109
barley accessions (similar sets like we used),result confirms that barley is a host rather
than nonhost oP. coronata agropyrina. Atienza et al., (2004) quantified the nonhostustaf
barley to heterologous rust species and a heteotogowdery mildew in reference B
hordei. They reported that less than 10% of the accessiobowed full susceptibility for any
of the heterologous rusts. Specifically, for a migt of four forma speciales & coronata
Corda, they reported a marginal infection just éa 8f the accessions. On the other hand,
they reported 92 % of the accessions were fullgatédd byP. hordei. And they concluded
that barley could be considered a true nonhostnfmy of the heterologous rusts and a near-
nonhost to some of them. In the present study, auad full susceptibility tdP. coronata

agropyrina on 83 % of the accessions. This is more similah&pathogenicity oP. hordei
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than the pathogenicity of any of the heterologausts on the tested accessions. Therefore,
our result confirms that barley can be consider®@ @rue host oP. coronata agropyrina.
Moreover, the higher pathogenicity Bf coronata agropyrina hints that it could be a different
form of P. coronata species different from the marginally infective forms usky Atienza et

al., (2004).

3.4 Conclusion

In general, in seedling stage, barley has shownesbow full susceptibility toP. cor.
agropyrina as high as the host speciggopyron repens and hence can be regarded as a true
host ofP. cor. agropyrina.

Association of susceptibility with awned and whg#eeded accessions entails presence of

linkage between the traits and genes for suscéftitm P. coronata agropyrina.

Though seedling test showed full susceptibilityilbwp of resistance at adult plant stage
suggest that susceptibility in barleyRocoronata agropyrina may be growth stage dependent.
However, difference in leaf morphology between $#imgdand adult plant stage due to

physiological maturity may also lead to resistabased on avoidance.
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Chapter 4: Mapping QTLs Effective to P. cor. agropyrina and
comparing them with other QTLs mapped to other russ

4.1 Materials and Methods

4.1.1 Testing Parental lines

Plant material, Inoculation and Incubation

In this small experiment the six Barley parentaéd were subjected to infection experiment
to confirm the level of contrast in resistance/sypsibility observed between the parental lines
in a preliminary seedling test (Niks personal comroation). The parental lines were Vada,
Cebada Capa, SusPtrit, L94, Steptoe and Morex.f@uws was on the lines Cebada Capa,
Vada and SusPtrit as they were the parents of Hypimg populations selected for mapping
QTLs. The experiment was conducted in three refohica. All the lines were grown in a box
(as described above) and represented by eightisgeaVhich later were cut in to five plants.

Eleven days after sowing, Inoculation and inculmati@re carried out as mentioned before.

Evaluation and calculations

Latency period (LP) and Infection Frequency (IF)yevevaluated per each line to elucidate
the existing difference among the lines. About sedays after inoculation, a small region of
infected leaves was marked for subsequent mongarfrthe pustule development. From the
eighth day on wards, the number of mature pustodesmarked region of the infected leaf
was counted each day approximately 24 hours dfterptevious counting. This way, the
counting was continued until the time when no fertimcrease in the number of pustules was
observed. During each counting, the starting amihgrntime required to accomplish counting
per box were recorded. When no significant incraaspustule numbers was observed the
counting was stopped for two days and the finaihtiog was done. Half of this final count
(the value 50% of final matured pustules) was theed as a basis for the calculation of the
LP for each RIL. At the day of the final countiri§,was determined by counting the number

of the urediospores (pustules) per@hinfected leaf.

The LP, in terms of hours after inoculation (habyresponding to the 50% final matured
pustules was computed by applying linear interpateat i.e. LP = Time left + [(50% of Final
count — Count Left) / (Count right - Count left)[Time right — Time left). Where: Time left

and Time right are the corresponding hours recofdethe counts bordering the 50% value
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of the final pustule count; in this case Count Laftd Count right respectively. Relative
Latency Period (RLP) and Relative Infection Freque(RLP) were calculated by setting the
LP and IF of SusPtrit to 100. Analysis of variarfoe both RLP and RIF was carried out
using Genstat statistical software (10th editiorsiam 10.2. 0.175) to test differences among

the parental lines and to analyze the correlatetwéen the RLP and RIF

4.1.2 Phenotyping mapping populations

Two mapping populations of barley were used in #gxperiment. They were F8-derived
recombinant inbred lines (RILs) each of which was\wkd after seven generations of single-
seed decent from 200 F2 plants of the crosses Y&lasPtrit and Cebada Capa x SusPtrit.
They were developed in the barley research uniVafyeningen University department of

Plant Breeding.

The experiment was conducted in three replicatipes mapping population. In Vada x
SusPtrit, 140 RILs and in Cebada Capa x SusPtfitRILs were used. In both populations a
RIL was represented by a single plant and per Baxlines were grown together with the
respective parental lines. Raising of seedlingscutation and incubation procedures were
done as described for the parental line testingvéder, in the third replication of Vada x
SusPtrit and all replication of Cebada Capa x SitsBimg of urediospores were used per
box. This was done because, higher density of asstuere observed when 5mg of spores
was used making counting of individual pustuledidaift. Besides, it was believed that

differences between lines may be obscured duggttehidensity of pustules.

Evaluation, calculations and analysis of phenotypic data

The same methodology as used in the parentaldsteng was followed for evaluation of LP
and IF. However, RLP and RIF were calculated byrggthe average of the RILs in a box to
100 to achieve some how a random distribution efetror among the lines within a box. The
reason for this was the assumption that calculaifdhe RLP and RIF on LP and IF values of
a single susceptible plant (in this case SusPirdy cause underestimation /overestimation of
actual values that may lead to higher experimesttar. For both RLP and RIF, the average
of the three replications was considered to remitetbe level of resistance of each RIL and
parental lines. The segregation pattern of the mgppopulations for both RLP and RIF was
inferred from their Frequency distributions. Aldbe correlation between the RLP and RIF

was analyzed using Genstat, 10th edition versioR. I0175.
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4.1.3 QTL mapping and analysis

The software Map QTL version 5.0; (Ooijen, 2004)swesed to map QTLs effective B
cor. agropyrina, using the quantitative data RLP and RIF. For loépping populations, the
guantitative data were the averages of the threlcations and they were converted in to a
text file according to the format of the softwafde respective locus file(marker data) and
map files were obtained from the Barely researdhafiVageningen University Department
of Plant Breeding. In the marker data of both papahs, Alleles from SusPtrit were
designated as “a” where as alleles from Vada arzh@z Capa were designated as “b”.

Interval Mapping (IM) was carried out by setting tthreshold LOD value at 3. Automatic
cofactor selection (ACS) was also done to find gstjgn on most likely marker in the region
of a peak that could be used as a cofactor in plal@QTL Mapping (MQM). A trial and error
procedure was followed with the suggested cofactarkers in MQM to see the consistency
of peaks. Finally, Restricted Multiple QTL Mappingas carried out using the cofactor
markers that gave consistent peak above and imgutie threshold in MQM. The Detected
QTLs were incorporated in the genetic maps of thgufations using MapChart 2.2 (Voorrips,
2002) to show their positions.

Apart from that, comparison was made between thesQletected in the present study and
those mapped for other rusts in the same popukatiéor easy understanding of the
comparisons, the QTLs were incorporated in the lighsity consensus barley linkage map
(Marcel et al., 2007) where QTLs for partial resiste to leaf rustR. hordei) and nonhost
resistance (Jafary et al., 2008) are shown. The {1GInd LOD-2 values of the QTLs were
converted according to the position of the Peakkerarin the same consensus map (Marcel et
al., 2007).

4.2 Results

4.2.1 Variation in RLP and RIF among parental line
The parental lines were significantly varied foldee latency period (P< 0.001). According
to Duncan multiple range tests, they fall in torfguoups. The list significant difference was

found to be 7.2 relative latency period at 5% philiig. Cebada Capa had the longest latency
period while SusPtrit had the shortest. Relativieation frequency was also significant

22



among the parental lines (P=0.03). Three groupse wescerned with Duncan multiple range
tests at 5% probability. The least significant eliéince was 49.42 relative infection
frequencies. Cebada Capa had the lowest Infectequéncy while SusPtrit had the highest

infection frequency.

Table 8. Summary of Relative Latency period and Relativedtibn Frequency of six barley parental lines
as resulted from one way analysis of variance:eshre means of three replications

Cultivar Relativg . Relative
Latency Period * Infection Frequency*
Cebada Capa 122%5 15.78
Morex 116.7° 44.5%
Steptoe 109.6° 36.0%"
Vada 108.7 44.5%
L94 104.9% 79.9
Susptrit 100.0 100.0°
Grand mean 110.4 53.4
CV% 3.7 52.0

* Means with the same letter are not significauifferent while means with different letter arersfgcantly
different at 5% probability according to Duncan tiplé range test.

4.2.2 Correlation between RLP and RIF for parentalines

Values for correlation coefficients between and agatency period and infection frequency
are presented below (Table 9). Slightly higher elatiron was observed between Latency
period and Infection Frequency £ -0.91) than between the relative values (0.89). Both
correlation coefficients were significant at 5% Ipability with non-directional t-test §0.01
and0.02 respectively).

Table 9. Correlation coefficients) * of Latency period and infection frequency (alos® and relative
values).

Compared
Traits LP IF RLP RIF
LP 1.00
IF -0.91 1.00
RLP 1.00 -0.91 1.00
RIF -0.89 1.00 -0.89 1.00

* r values are on the basis of 6 observations (padmtal line was represented by the averageparis)
LP= Latency periodtF= Infection FrequencyRLP= Relative latency period amRlIF = Relative infection frequency
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4.2.3. Transgressive segregation of the mapping palations

In Vada x SusPtrit population, the RILs showed anggressive segregation for
resistance/susceptibility tB. coronata agropyrina (Figure 3). For RLP, 45% of the RILs
showed shorter latency period than Vada, and 12%elolatency period than SusPtrit. The
remaining 43% showed a value between and inclutieagparents. For RIF, 36% of the RILs
attained higher than Vada; 41% showed lower thaP8it and the rest 23% showed a value
between and including the parents.

Also in Cebada Capa x SusPtrit population, the Rikgregated transgressively for resistance
/susceptibility toP. coronata agropyrina (Figure 3). Here, for RLP, 13 % of the RILs atta@ine

a longer latency period than Cebada Capa while $hétved a shorter latency period than
SusPtrit. The remaining 80% showed a value betwedrincluding the parents. For RIF, 1 %
of the RILs showed a lower infection frequency thHaebada Capa, 8% showed higher
infection frequency than SusPtrit while 91 % showeedalue between and including the
parents.
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Figure 3. Frequency distribution of phenotypes (RLP & RIR) fesistance t&uccinia coronata agropyrina in

barley mapping populations Vada x SusPtrit and Gal@apa x SusPtrit. Arrows indicate values of e t
parental lines.
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4.2.4 Correlation between RLP and RIF within mappirg populations

A very highly significant (P= 0.0000) correlatiorags observed between RLP and RIF for
both populations based on the non-directional tdedst-test at 5% probability. However, the

correlation coefficient is relatively low (Table)10

Table 10 Correlation coefficients I( )* between average values of relative and absdlatency period
and infection frequency for mapping populationsl&a SusPtrit (A) and Cebada Capa x SusPtrit.

A. Vada x SusPtrit

variables LP IF RLP RIF
LP

IF -0.55

RLP 0.90 -0.52

RIF -0.47 0.91 -0.55

B. Cebada Capa x SusPtrit

LP

IF -0.50

RLP 0.98 -0.54

RIF -0.53 0.98 -0.55

*Correlations coefficient values are based on ld&ovations including parental lines
LP= Latency periodtF= Infection FrequencyRLP= Relative latency period amRIF = Relative infection frequency

4.2.5 QTLs detected

In total, 8 QTLs conferring resistance Ro coronata agropyrina were identified (Table 11;
Figure 4; Figure 5). In each population, 3 QTLseverapped with RLP and 2 QTLs with RIF.
Except in chromosomes 4(4H) and 5(1H), at least @fé& was mapped in all the other
chromosomes. In Vada x SusPtRpcg3 (on chromosome 1(7H)) was the most effective
QTL while the rest were nearly equally effective.Gebada Capa x SusPtRpcg5 was the
one with the greatest effect whikRpcq7 (for RLP) was with the lowest effect. The other

QTLs had some how an intermediate effect

For three of the QTLs identified in Vada x SusPthe resistance allele came from Vada and
for the two QTLs it came from SusPtrit. For Ceb&#gpa x SusPtrit however, the situation
was a bit different. For all the QTLs mapped withFRand a QTL mapped with RIF, alleles
for resistance came from Cebada Capa. SusPtritilcotgtd for the resistance allele of just
one QTL. In both populations, a QTL mapped with Rivierlapped with a QTL mapped with
RIF.
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Table 11.Summary of QTLs conferring resistance to crowrn isatePuccinia coronata agropyrina
at seedling stage in two barley mapping populatiéada x SusPtrit and Cebada Capa x SusPtrit.

Population  Trait QTL Chr. cM LOD"” LOD-2° % Expl. Additve Donor®
Rpcgl ~ 2(2H) 1033  5.38  101-110 10.9 -1.75  Vada
Rpcg2  7(5H) 6.8  4.78 0-20 9.9 1.70  SusPtrit
Vada RLP  Rocg3  1(7H) 109.9  5.31 87-113 10.5 -1.74 Vada
X Total 31.3 -1.79
SusPtrit Rpcgd3  1(7H) 955  7.28  82-117 18.1 11.16  Vada
RIF Rpcgd 7(5H) 548 4.44 12-78 10.6 -8.97  SusPtirt
Total 28.7 2.19
Rpcgs  2(2H) 137.3  7.21  132-153 20.7 -3.37 C.Capa
RLp RPCO6  3(3H) 1323 355  127-145 8.6 -2.25 C.Capa
Rpcq7  6(6H)  147.2 3.1 131-156 8.2 -2.19 C.Capa
C. Capa Total 37.5 -7.82
Sus)lgtrit Rpcq7  6(6H) 153.8  3.03  115-156 9.5 10.25 C.Capa
- Rpcg8  1(7H) 0 3.96 0-16 12.8 -15.36  SusPtrit
Total 22.3 -5.11

& Position of the peak marker on the individual éigk maps

LOD values 3.00 and above were considered QTL

“ Two LOD support interval of the QTLs from peak markased on the result of Restricted MQM.

4 C. Capa is an abbreviation for Cebada Capa

QTLs with identical designation are considered thees®TL due to their overlapping in the same chromaom
region.

4.2.6 Comparison of QTLs with QTLs mapped to otherusts in the same
mapping populations

Of the five QTLs mapped in Vada x SusRtRpcgland Rpcg3 overlapped with at least one
QTL effective to any of the three heterologous suBt persistency, P. tritcina andP. hor .-
secalini). No overlapping was found foRpcg4 with any of the QTLs effective to the
heterologous rusts (Table 12 and FigureRpeg2 on the other hanaverlapped with a QTL
(Rphg4) for partial resistance. Marcel et al (2007) gouotQi et al (1998b, 1999) described
that this QTL was mapped in Vada x L94 populatibrierestingly, it has identical peak
marker with our QTLRpcq2 indicating that most likely they are the same QThis identity
of the QTLs suggests a possible resemblance betweertype of resistance tB. cor.

agropyrina and toP. hordei; presumably, partial resistance.
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Table 12. Summary of QTLs conferring resistance to crownt fgccinia coronata agropyrina
compared with QTLs for nonhost and host resistanapped to heterologous rusts dhchordei in
the same barley mapping populations Vada x SusittitCebada Capa x SusPtrit at seedling stage.

Crown rust (P. cor. agropyrina) Other rusts®
Populations
QTL? Chr. LOD LOD - 2° LOD LOD -2 rust species
Rpcgl 2(2H) 5.38 121-131 4.7 1232-1454 P. persistency
Rpcg2’ 7(5H) 4.78 6-26 - 9.1-153  P.hordei
Rpcg3 1(7H) 531 78-105 5.3 831944 P. persistency
2.8 299-101.9 P.persistency
7.8 99.7-1042  P.persistency
11.3 86.3-91.4 P.triticina
Vada 8.6 101.7-120.6 P.triticina
X 3.1 512914  P.hor.secalini
SusPtrit Rpcg3 1(7H) 7.28 75-111 5.3 83.1-944 P.persistency
2.8 299-101.9 P.persistency
7.8 99.7-1042  P.persistency
11.3 86.3-91.4 P.triticina
8.6 101.7-120.6 P.riticina
3.1 51.2-91.4 P.hor .secalini
Rpcg4 7(5H) 4.44 24-89 - - -
Rpcg5 2(2H) 7.21 101-123 - - -
Rpcg6 3(3H) 3.55 99-117 7.3 100.4-124.2  P. persistency
8.3 98.4-133.3  P.triticina
6.1 92.8-125.4  P.hor.muruni
c. )E:apa 6.5 945-125.8  P.hor.secalini
SusPtrit Rpcg7 6(6H) 31 106-130 5.7 38.1-127.7  P.hor.muruni
Rpcq7 6(6H) 3.03 79-120 5.7 38.1-127.7  P.hor.muruni
3.8 53.5-82.7 P.triticina
Rpcg8 1(7H) 3.96 3854 28 29.9-101.9 P. persistency
2.9 25.3-66.,5 P.hor.secalini

!Data for QTLs of other rusts is extracted from &dgfet al., 2008) and partial resistance (Marcel.e2007)
2Designation for the name of the QTLs applies onlyFfazor. agropyrina in the present study

®Two LOD support interval of the QTLs (from peak majkieased on the result of rMQM; the values were
calculated from the corresponding positions offgtak markers on the consensus map of Marcel €07).

* Peak marker of this QTL is a bin marker located liN BH_02.2 on the consensus map as described bgeWar
et al. (2007)

QTLs with identical designation are considered thees®TL due to their overlapping in the same chrom@om
region.

Similarly, in Cebada Capa x SusPtRpcg6, Rpcg7, and Rpcg8 overlapped with at least one
QTL effective to the heterologous rusts. No oveslag QTL was found foRpcg5. Typical

in this population is thaRpcg6 overlapped with four QTLs each of them are effectiv one

of the four heterologous rust®.(persistency, P. triticina, P. hor.-muruni and P. hor.-
secalini). This may indicate that QTLs in Cebada Capa »P8usare some how more diverse
in their effectiveness to heterologous rust thaih Vada x SusPtrit. As described above,
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Rpcg4 and Rpcg5 did not co-localized with any of the QTLs usedtlie comparison. This
indicates that probably they can be specifi®taor. agropyrina. However, in the present
study, only a single isolate was used. Therefdne, scope of this study limits further

discussion on the specificity of these QTLs.
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4.3 Discussion

Parental lines

There was a significant difference among the sieipi@l lines both in Relative latency period
and Relative infection frequency. Cebada Capadsbst resistant parental line and SusPtrit
is the most susceptible line. The other lines letiveen these two extremes. Statistically
speaking, it appears that Relative latency perasidxplained the associated genetic variation
in resistance tdP. coronata agropyrina better than Relative Infection Frequency. This is
evident from the observed level of significanceO®Q1 for RLP and P=0.03 for RIF. Apart
form that very low coefficient of variation (3.7%ps been observed in the case of Latency
period as opposed to Infection frequency (52%).sT$hiows that there was a negligible
experimental error in evaluation of Latency pera&l compared to the huge experimental
error associated with Infection frequency. Therefathe observed difference among the
parental lines is more reliable in the case of Rh&n the one resulted from RIF. Of the
components of partial resistance of barley to tasf for instance, Parlevliet (1979) stated that

LP is the reproducible and easy to measure.

The correlation between RLP and RIF has appearbd sdightly lower than in the case of LP
and IF. Perhaps, this is attributed to conversibthe data in to relative values. May be,
relative values lead to a certain level of precidiy correcting for unwanted variation among
data points. However, it is possible that the mieai is achieved at the expense of losing a

certain level of the real relationship betweeroélie values in this case LP and IF.

The negative correlation between Latency period lafection frequency (for both relative
and absolute values) is expected. By logical reagoronger latency period would mean
lower infection frequency and vice versa. In ousute however, this relation seems to be
violated by Morex and Steptoe. For Relative Latepeyiod, Morex had a higher value than
Steptoe; accordingly it should have shown a lowelatve Infection frequency than Steptoe.
Difficulty in distinguishing between primary pustsl and secondary pustules is believed to be
a reason for the observed discrepancy. During ghsen, evaluation for Infection frequency
was complicated to some extent by secondary pusstliteese pustules were believed to have
developed from the early sporulating uredia esthblil by inoculation in the settling tower.

At the time of counting, some of them have alreatigined a size big enough to confuse
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identification of the real primary pustules. Consewtly, it was likely that they led to

overestimation of infection frequency on the spegfant under evaluation.

Phenotyping mapping populations

As opposed to what we found in the parental lirsting, Vada appeared as more susceptible
than SusPtrit. This inconsistency partly could hes do the inaccuracy associated with
evaluation of infection frequency as explained befdn addition to that; difference in the
patterns of uredia on the various RILs could hawatrtbuted as well. From our observation
for instance, on SusPtrit, uredia were larger ansoime extent fused together. Where as, on
Vada and some other RILs, they were more like sgadtand individual uredia. There fore,
during making the last few and the final countseesglly on SusPtrit, it was very tempting to
judge such a pustule was just a single pustule aenfSo, this might have caused under-
estimation of infection frequency (over-estimatairiatency period) on SusPtrit. On the other
hand, it could be true that in nature, just Vaden@e susceptible than SusPtrit. In Cebada
Capa x SusPtrit however, the situation seems tadmsistent. Evidently, Cebada Capa
appeared as the resistant parent while SusPtreaapg as the susceptible parent as it was
quite clear from the histograms of RLP and RIF.

In both populations, the frequency distributionyénahown a transgressive segregation for
resistance/susceptibility tB. coronata agropyrina. Obviously, in Vada x SusPtrit, a large

percentage of the RILs had the higher values of Rh& RIF than the parents. In Cebada
Capa x SusPtrit however, quite a smaller percentégfee RILs attained extreme phenotypic

values. This indicates that Vada and SusPtrit arg gloser in phenotypic value than Cebada
Capa and SusPtrit are. In general, as the pardined become closer in terms of the

phenotype of the trait, there would be a greatanch for larger proportion of the population

to be extremely resistant or susceptible segregants

Highly significant correlation has been found betweRLP and RIF for both populations.
However, the correlation coefficients £ -0.55 for both populations) are much lower than
what we found for the parental lines testing witilyd6 observations (Table 9). It is important
to notice that when larger number of observatiosedu correlation coefficients of weak
relationships could yield significant p values. Tdfere, the observed level of significance
could be mainly because of the larger number oéMadion (142 and 112 respectively) used

in the populations rather than the magnitudthefcorrelation coefficient (r) alone
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Mapping QTLsS

The fact that one QTL for RLP overlapped with a Qmlpped with RIF in both mapping
populations reduces the total number of the idiedtiQTLs to eight. Obviously, the extent of
overlap was stronger i@ebada Capa x SusPtrit than it is in Vada x SusP#rhe former
involves an overlap at one and tow LOD supportriratks while the later displayed an overlap
only at two LOD support interval. Besides, the aliste between the peak markers for the
overlapped QTLs is 6.6 and 14.4 centiMorgans rdasmdyg (Table 11). Despite these
differences, the resistance alleles of these QBwv& ltome only from one of the parent, and
the susceptibility allele from the other parent.rBtaver they are located on nearly similar and
closer regions of the genome. Therefore, they tilifbe considered as the same QTL instead

of two.

As expected from transgressive segregation, batbnpmhave contributed for the resistance
and susceptibility alleles. In Cebada Capa x SiisRiebada Capa has contributed the
resistance allele’s for75% of the QTLs, while Suskbntribute just only one QTL (25%). In

Vada and SusPtrit however, each of the parentsdrasibuted equally for the resistance and
susceptible allele. The comparison is based ordhsideration that the overlapped QTLs are
counted as a single QTL. It seems that the widedifference in the phenotypic value of the

parents, the more likely that the resistance alabeve come mainly from one of the parents.

There was a situation where it was difficult to idecwhether a LOD profile of two peaks
represent two QTLs or just a QTL (Figure 7). Thias true for QTLSRpcg3, Rpcgd and
Rpcg5. The situation was that one marker appears asak parker with the highest LOD
score while another one appears with smaller LQiesbut still above the threshold value (3
in this case). Hence we preferred to consider tasrane QTL by assuming the lower peaks
as a decreasing effect of the QTL with the higlpestk. In that case, the LOD-1 interval of
the QTL was calculated on the bases of the peakenarith the highest LOD score and the
LOD- 2 interval on the basis of the peak with theér LOD score. This was done because if
further investigation like map-based cloning isdesk we think that it is more likely to find a

gene in aregion of QTL defined by wider interdzmn the narrow one.
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Figure 7. LOD profiles of QTLsRpcg3 (on Group 7H) andrpcg5 (on Group 2H representing examples of the
situation where the two peaks are considered staiiiding for one QTL. A: is for RIF in Vada x Sus?®: is
for RLP in Cebada Capa x SusPtrit

4.4 Conclusion

There was sufficient variation among the parerad which allowed further investigation by

mapping QTLs effective tB. cor. agropyrina.

Considering the overlapping QTL pairs as ,oeight QTLs effective td®. cor. agropyrina
were identified. In both populations, one QTL foLMR overlapped with a QTL for RIF
indicating that a gene involved in controlling Rt&n also be involved in controlling RIF.

Compared to QTLs mapped to other rust, 63% of thedeffective toP. cor. agropyrina
have shown co-location with the QTLs of the hetagolus rusts and can be considered QTLs
of multiple effects. This suggests that either Emor the same set of genes are involved in
resistance t®. cor. agropyrina and to heterologous rusts.

The limited collocation with a QTL of partial re&sace indicates that to some extent, genes

involved in partial resistance can also take paresistance t&. cor. agropyrina.

However, the absence of co-location between twih@iewly mapped QTLs and any of the
other QTLs indicates that resistancePtacoronata agropyrina may be dictated by different
sets of genes as well.
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Chapter 5: Histology of resistance td°. cor. agropyrina
5.1 Material and Methods

5.1.1 Raising planting material

Nine barley lines of which 6 are most resistant Htimde are most susceptible were selected
from the accessions and the mapping populationsmdia the lines were Albert
Decorticatum, Vada, Cebada Capa, SusPtrit, VXSV&E 85, CCxS 46 and CCxS108.
Except for VxS 70 and Decorticatum, Each line wagresented by 6 seedlings. Three of
these were used for microscopic investigation amel temaining three were used for
evaluation of LP, IF and IT. Raising of seedlinggculation and evaluation of LP and IF

were done as described before.

5.1.2 Staining leaf samples for Fluorescence Microspy

Six days after inoculation, i.e. when the fleclkartstd to be visible, three leaf segments about
2 to 3 cnf were collected from the middle part of the leaf @ach line and put in six separate
test tubes. Labels for each line were written aip if paper by pencil to avoid possible
washing away by water and alcohol. The leaf seggngare immediately fixed and bleached
by boiling for 1.5 minutes in a water bath in |lggtenol-ethanol (1:2 v/v). To prevent sudden
eruptions of the contents of the tubes, some lgpstones were added to the water bath and
one stone to each of the test tubes. After theeleavere bleached, the lactophenol-ethanol
was poured off and they were washed 1x 30 minutexthanol (50%) and in 0.05N NaOH
(29/l) respectively one after the other. The wadkaflsegments were rinsed 3 x in water and
soaked for 30 minutes in 0.1 M Tris/HCI buffer (@B). After 5 minutes of staining in a
solution of 0.1% Uvitex in the same buffer, theyreveinsed thoroughly 4 x in water and then
washed for 30 minutes in a solution of 25% glycefahally, the leaves samples were

embedded in glycerol on an object slide with thexsal side facing up.

5.1.3 Examination of Infection units under UV-Micrascope

For ease of investigation, different classes oédtibn Units (IU) (Table 13) were set based
on status of infection unit where an infection uisitdescribed as Non-penetrating, Early
Aborted and Established. The Early Aborted andlifistaed classes were further classified in
to two based on association with host cell necro&isghird level classification was done

within the Established colonies based on colong sizwhich case small, medium and large

colonies were recognized depending on the numbexxt#nsive hyphae branches per IU.

36



Direct measurement of colony diameter was not pésslue to the extensive nature of the
hyphae branches over a longer distance

The preparations were then observed under UV-Moops with a 10x10x1.6 magnification.
The infected leaf preparations were screened ilgzag manner starting from one of the
corners and moving horizontally along longitudiaals of the leaves. The outmost stomatal
rows were excluded from observation to avoid pdeshiorder effects. In this way, 50
infection units were examined per a single leafhsagt of a line (150 IU per line except for
two lines). Each of IU was categorized in the ptedrined classes depending on the feature

by which they were distinguished.

Table 13Classess of Infection Units on the basis of whiglsroscopic investigation was done on
infected leaf segments stained with UVITEX.

Designation of type of infection unit Descriptions

Non-Penetrating (NP} Germ tubes present; only appresorium on the stédmata
openings & no penetration peg.

Early Aborted (EA) Hyphae tips (contact points)6
e Early Aborted without Necrosi&A-N) « appresorium , penetration peg , and $8%¥
host cell necrosis

« Early Aborted & associated with Necrosis ¢ appresorium , penetration peg , SSV and

(EA+ N) host cell necrosis present

Established (Es) Hyphae tips (contact points) > 6,

e Established , Small & associated with e extended hyphae branches = 0 ; presence of hést cel
Necrosis (EsS+N) necrosis

¢ Established , medium & associated with e extended hyphae branche$; presence of host cell
Necrosis (EsM+N) necrosis

e Established , Large & associated with « extended hyphae branches > 5; presence of host cell
necrosis (EsL+N) necrosis

« Established , small & without necrosis « extended hyphae branches = 0; absence of host cell
(EsS —N) necrosis

e Established ,medium & without necrosis ¢ extended hyphae branchess; absence of host cell
(EsM-N) necrosis

« Established , large & without necrosis « extended hyphae branches > 5; absence of host cell
(EsL-N) necrosis

! classification by size and associated host cellasis were not relevant for the Non-Penetratingdtibn units.
Also size was not relevant for the Early Abortedsone
23SV : Sub-Stomatal Vessicle
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5.1.4 Analysis

Proportions of the infection units in the variodasses were subjected to statistical analysis
(One way ANOVA) to see differences among the likesther analysis within a resistant and
susceptible line pairs was done based on the lofedinit classes which gave significant

difference among the lines.

5.2 Results

5.2.1 Variation among lines for the different classs of Infection Units

The lines differed significantly for some of thefdation unit classes with in three of the

classification categories (Table 14). Within thate$ of infection units category, proportion

of EA and Es infection units were highly signifitaaaimong the lines. With in colony size

classification category, EsL colonies displayedghly significant difference among the lines.
no significant variation was found for the categdwyst cell necrosis association. Further
division of the EA, Es and EsL classes in combaratiith host cell necrosis gave a better
picture on the relation between the resistancethadhese infection unit classes (Table 15;
Table 16).

Table 14.IT, RLP, RIF and Mean proportions of infection tsnof tested lines per classes of infection

units: Probability of significance for differenc&-{est) among the means of Infection units within
each class is presented as resulted from one-wadysaof variance.

Status of Infection Unit Size of colony Host cell ecrosis

Line IT RLP RIF
Not-

NP EA Es EsS Es M EsL associated associated
Vada 4 101.6 67.9 0.09 0.11 0.80 0.07 0.23 0.51 0.41 105
VxS 85 3 134.7 38.6 0.16 0.33 0.51 0.05 0.24 0.21 0.37 704
VxS 70 4 95.9 81.7 0.06 0.06 0.88 0.06 0.24 0.58 0.24 0.70
Cebada Capa 2 120.9 9.8 0.11 0.61 0.28 0.04 0.10 0.14 0.20 0.69
CCxS 46 2 120.3 16.7 0.14 0.47 0.39 0.07 0.13 0.19 0.43 304
CCxS 108 4 98.2 86.6 0.07 0.11 0.81 0.09 0.29 0.43 0.31 0.62
SusPtrit 4 100.0 100.0 0.09 0.15 0.75 0.03 0.27 0.45 0.22 69 0.
Albert 2 126.1 49.6 0.16 0.34 0.50 0.06 0.26 0.18 0.40 404
Decorticatum 1 135.7 1.6 0.17 0.15 0.68 0.13 0.35 0.20 0.59 0.24
F-test* 0.119 <.001 <001 0.274 0.114 0.001 0.084 0.024

* Probabilities showing significance difference argdhe lines are highlighted in bold.
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Figure 8. Some representative Infection Units f coronata agropyrina on barley.A: Non-penetratingB:
Early abortedC: Early aborted associated with host cell necrd3i€stablished smalE: Established medium;
F: Established large associated with host cell resrdlagnification =x160 for all pictures. Direceasurement
of colony diameter was not possible due to theresite nature of the hyphae branches over a longante
almost in all directions like in F.

Further dissection of the EA class in to EA+N arAl classes and analysis revealed that
the difference is largely attributed to EA companeith out host cell necrosis. Although not
so big, the EA+N infection unit also showed sigrafit difference and seemed to play a role
in the observed variation (Table 15). Similarlpedter explanation of the variation among the
lines was achieved by EsSL—N compared to the otlaesses of the established infection unit.
To some extent, the lines also appeared to vanjfeigntly for the EsM+N infection units
(Table 15).

Nearly a similar result was found by pair-wise camgon of the relatively resistant and
susceptible lines (Table 16). In four of the sixiryeise comparisons, the lines varied
significantly either for EA £ N or EsL-N and EsM-Nfection unit classes. Exceptionally, the
comparisons CCxS 46 vs. CCxS 108 and DecorticatsinBusPtrit varied significantly for
EsM-S and EsM+N infection unit classes respectivlly significant variation was observed

between Vada and SusPtrit.
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Table 15. Mean proportions of infection units of tested #inger classes of infection units and their
probabilities of significance for difference (F{eas resulted from one-way analysis of variance.

Lines NP EA+N EA-N EsS+N EsSS-N  EsM+N EsM-N  EsL+N  EsL-N
Vada 0.09 0.05 0.06 0.05 0.01 0.09 0.13 0.21 0.30
VxS 85 0.16 0.12 0.21 0.01 0.05 0.11 0.13 0.13 0.09
VxS 70 0.06 0.02 0.04 0.04 0.02 0.06 0.18 0.12 0.46
Cebada Capa 0.11 0.10 0.51 0.01 0.03 0.03 0.07 0.08.08
CCxS 46 0.14 0.14 0.33 0.04 0.03 0.08 0.05 0.17 20.0
CCxS 108 0.07 0.06 0.05 0.03 0.05 0.09 0.20 0.12 310.
SusPtrit 0.09 0.03 0.12 0.01 0.03 0.05 0.23 0.13 310.
Albert 0.16 0.14 0.20 0.04 0.02 0.10 0.16 0.12 0.06
Decorticatum 0.17 0.04 0.11 0.04 0.09 0.31 0.04 00.2 0.00
F-test* 0.12 0.03 <.001 0.41 0.11 0.04 0.11 0.13 0.00

* Probabilities showing significance difference argdhe lines are highlighted in bold.

Table 16. Pair wise comparison of mean proportion of infection tsinbetween resistant and
susceptible lines per classes of infection units.

Compared

line pairs NP EA+N EA-N EsSS+tN EsS-N EsM+N EsM-N EsL+N EsL-N
Vada 0.09 0.05 0.06 0.05 0.01 0.09 0.13 0.21 0.30
SusPtrit 0.09 0.03 0.12 0.01 0.03 0.05 0.23 0.13 310.
F-test* 0.88 0.25 0.22 0.24 0.23 0.28 0.41 0.12 910
VxS 85 0.16 0.12 0.21 0.01 0.05 0.11 0.13 0.13 0.09
VXS 70 0.06 0.02 0.04 0.04 0.02 0.06 0.18 0.12 0.46
F-test* 0.13 0.16 0.21 0.13 0.18 0.38 0.27 0.93 0.02
Cebada Capa 0.11 0.10 0.51 0.01 0.03 0.03 0.07 0.06.08
SusPtrit 0.09 0.03 0.12 0.01 0.03 0.05 0.23 0.13 310.
F-test* 0.75 <.001 0.02 1.00 0.52 0.52 0.17 0.11 0.08
CCxS 46 0.14 0.14 0.33 0.04 0.03 0.08 0.05 0.17 20.0
CCxS 108 0.07 0.06 0.05 0.03 0.05 0.09 0.20 0.12 310.
F-test* 0.24 0.20 0.04 0.80 0.35 0.88 0.01 0.36 0.02
Albert 0.16 0.14 0.20 0.04 0.02 0.10 0.16 0.12 0.06
SusPtrit 0.09 0.03 0.12 0.01 0.03 0.05 0.23 0.13 310.
F-test* 0.16 0.03 0.27 0.07 0.64 0.07 0.56 0.69 0.05
Decorticatum 0.17 0.04 0.11 0.04 0.09 0.31 0.04 00.2 0.00
SusPtrit 0.09 0.03 0.12 0.01 0.03 0.05 0.23 0.13 310.
F-test* 0.24 0.72 0.87 0.15 0.20 0.05 0.22 0.41 0.07

* Probabilities showing significance differenceween the lines in a pair are highlighted in bold.
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5.3 Discussion

Of the nine infection unit classes, it seems thataad EsL infection units appeared as the
best parameters to elucidate the existing variadimong the resistant and susceptible lines.
Interestingly, higher proportions of the EA £ N aBgM+N were associated with most of the
resistant lines while lower proportions were assted with all susceptible lines. Conversely,
lower proportions of the EsL-N and EsM-N infectionits were associated with resistant
lines while higher proportions were associated wiiBceptible lines (Table 16). In all cases
of the analysis, Non-penetration was not importanowing that the pathogen was so
successful at least in finding its way towards gst@mata. Apparently, in none of the lines the
proportion of NP infection units exceeded 0.17 ()7tdicating that the mechanism
underlying the resistance is most likely of postgteation type.

Considerable occurrence of early abortion, combivihl limited level of host cell necrosis

has been described as a typical feature of nomeastion (Heath 1977 in Niks 1982). On
non-host plant, infection units are arrested betwemation of haustorial mother cell and
first haustoria often accompanied by negligiblethemdl collapse (Niks 1982 quoted Heath
1977). Studding Early abortion of colonies of leadt (°. hordei) in partially resistant barley

seedlings, Niks (1982) stated that the early atwortn partially resistant barely seedlings
resembles the non-host reaction. The present rasufte how agrees with these facts.
However, as the UVITEX staining technique did ntbbva to see the haustorium and post-
haustorial events, it is not clear whether the @dnoroccurred before or after the formation of
the first haustorium. Significantly, lager sizedaves with no associated host cell necrosis
have appeared nearly as peculiarity of susceplitds (Table 14; 15; 16 and Figure 8). It
seems that the infection units looked as if doingcsssive host cell invasion and hardly
arrested by the susceptible lines. In the prestmdys the biological reason behind this

phenomenon is not clear.

On the other hand, some what a different way ofctrea is exhibited by the line
Decorticatum. For this line, no EsL-N infection tsnand low proportion of EA + N infection
units were observed. In contrast, a large proportibthe infection units were of the type
EsM+N for which it differed significantly from theusceptible line. Apparently, the line was
the most resistant one among the tested lines atained the Lowest IT score (1), longest
RLP and the lowest RIF (Table 14). This may sugtfest the colonies were arrested in the

41



post-establishment phase of infection units. Mosbably, late abortion could be the possible
cause for the observed reaction of this line. Besithe considerable level of associated host
cell necrosis might have played a major role inrgmstance involved. Possibly, this type of
resistance could be due to a reduced expressiangaine for hypersensitivity as stated by
Niks (1982).

5.4 Conclusion

In general, the observed results suggest thatrilerlying mechanism of resistance could be
mainly based on early abortion of colonies andotmes extent combined with a reduced level

of host cell necrosis.
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6. Future direction

For the host range study, more comprehensive csioclsi could be reached if further
investigations are made on uredial and or teliarphology combined with host range.
Besides, many European isolates should be useditest ahe possible existence of host-
pathogen specificities fd?. cor. agropyrina. Comparison at molecular level based on nuclear
ribosomal ITS (Internal Transcribed Spacer) seqeeraf the pathogens could be a better
dissection tool to investigate the identity of theropean crown rusts with those that occur in
USA/Canada.

In the present study, it has been shown that eesistin barley t®. cor. agropyrina seems to
depend on plant growth stage. However, lack omiate contact between the pathogen and
the host plant cell due to physiological maturifyleaves my confuse whether the resistance
is based on post-penetration host response or awed Comparative histology of the
infection process at seedling and adult stage refytb confirm whether the resistance (lose

in susceptibility) is based on avoidance or not .

The limited histological investigation has indichigossible resemblance or overlap between
the mechanisms underlying host/nonhost resistanceresistance td. cor. agropyrina.
Investigation on post-haustorial events with a foon Early aborted and Large Established

colonies with other staining techniques may helpriavel the actual mechanism.
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Appendices

Appendix 1. List of species and accessions tested for hagerdetermination experiment.

Species tested Originiseed source Accession No.f No. of IT score™
English namelvariety” plants tested
Asgilops columnaris Zhuk. Wageningen University AE 111/78 (96443) 4 0,
A comosa Sibth. et Sm. YWageningen University AE T15/78 (96446) 4 0;
A comosa Sibth. et Sm. Wageningen University AE 11B/78 [96447) 1 4
A comosa Sibth. et Sm. Wageningen University AE 87385 (96450) 4 4
A peregring YWageningen University AE 547173 (96403) 4 3
4. peregrina (Hacksl) Maire et Weiller Wageningen University AE 381/83 (96401) 3 0,
A peregrina (Hackel) Maire et Weiller  “Wageningen University AE 548/78 (96402) 4 a0,
4 epelfoides YWageningen University 842105 (96458) 1 0
4 spelffoides YWageningen University 842110 (96465) 1 0
A spelfoides Wageningen University 842112 (96464) 1 4
4 epelfoides YWageningen University 842106 (96459) 3 01,2
4 spelffoides YWageningen University 842107 (96460) 4 00,11
A spelfoides Wageningen University 842104 (96461) 3 00,0,
4 epelfoides YWageningen University 842108 (96462) 1 1
Agropyron repens YWageningen University 26 3, 4(29)
Avena sativa Wageningen University Cebeco (2001012} 3 0
A zafiva YWageningen University Alfred (200518) 4 0
Bromus carinalus United States, lowa Pl 275697 3 0,11
B. carlnafus YWageningen University 2007333 4 11,22
B catharticus var. catharficus Australia, Austr. Capital Pl 168556 4 0
B dantholae Turkey Pl 206416 4 1144
B. eracius Romania, Cluyj PI111279 4 0oons3
B erecius Turkey PI172397 4 0
B inenmis subsp. Inenmis Turkey PI172395 4 0
B. inermis subsp. Inenmis Paland, Poznan Pl 255870 3 0
B inermis subsp. Inehmis Former Soviet Union Pl 262456 4 00onz2
B inenmis subsp. Inenmis Former Soviet Union Pl 370660 4 0000
B. japonicus Turkey Pl 204399 4 4
B japonicus Pakistan Pl1 219726 4 4
B japonicus Iran Pl 239720 4 0,222
8. mango Argentina PI 598721 4 12272
B. scoparius Afghanistan Pl 220514 4 4
B scopatiug Former Soviet Union Pl 314229 4 4
B species Barcelona 20031752 4 4
8 species Spain 2004101 4 4
B. tectorum Afghanistan Pl 219992 4 4
B tectorum Afghanistan PI220575 4 4
B tectorum Iran Pl 2258397 2 4
Dactylis glomearata YWagneiningen University Cock's-foot (2003099) 5 0
Hordeum bogdanii Afghanistan, Parwan Pl 269406 1 4
H. brevisubwiatum subsp. Yiclaceum Iran Pl1243220 2 4
H. bulhosum YWagieningen University 82 (2005655) 1 0
H. buthosum YWagieningen University Gra 24/61 (2005657 1 1
H. bulbosum Wagieningen University CPI1 23529 (2005660) 1 4
H. bulbosum Wagieningen University CPI15012 (2005661) 1 4
H._ bulhosum Wagieningen University Gra B0/61 (2005662) 3 4
H. bulhosum YWagieningen University CPI18973 (2005663) 4 2111
H. bulhosum YWagieningen University CGM 13032 ( 200611%5) 4 4
H. bulhosum Wagieningen University CGM 13033 (2006116) 4 3210
H. bulhosum YWagieningen University CGM 13035 (2006117) 2 4
H. buthosum YWagieningen University CGM 13043 (2006119) 3 044
H. bulbosum Wagieningen University CGM 13063 {2006120) 3 4
H. bulhosum Wagieningen University _ 4 0233
H. chilahse Agentina, Rio Megro PI531781 4 4
H. cmosum Agentina PI1269648 1 4
H. jubatum Canada, British Columbia Pl 234683 4 4
H. jubatum United States, Colorado VWE 27314 4 4
H lachign Argentian, Chubut PlI 531784 4 4
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Appendix 1. Continued

H. marinurm 952194 PI204582 4 4
H._murinum YWageningen University _ 4 4
H. Parodli Argentian, Buenos Aires PlI 531786 4 4
H. procarum Agrentina, La Pampa PI531787 4 4
H._ pusiiium United States, Kentuchy Ciho 15663 4 4
H. secalinum YWagneiningen University _ 4 0
H. sacalinum YWagieningen University 2000617 4 0
H. slenostachys Agrentina, La Pampa Pl 266195 4 4
H. slenostachys Agrentina, Cordoba PI531791 2 4
Lolium perenne YWageningen University 2007402 4 0
I westerwolds YWageningen University 2007401 4 0
Secale careals YWageningen University Rye (200517 4 0
Triticurm agstivum YWageningen University Morocco (96306) 1 0
T. aestivum Wageningen University BH1146 (99046) 4 0;
T aestivum YWageningen University Chinese Spring (96531) 2 0
T asstivum YWageningen University Vivant (20030043 1 0
T. aestivum WWageningen University horocco (2003010} 3 0;
T aestivum YWageningen University Thatcher (200504) 4 0
T hosalicum YWageningen University 1-10827(96514) 2 [0}

*the numbers in bracket “()” indicate the greemmtner code according to the list of plant matengith in the
research group Breeding for Resistance to Biotiesst barley research unit of Wageningen Univerasitgt
Research Center.

** Presence of only one score value means alléhgetl plants had the same IT score. For Agropyi(@a) 4
means , 25 plants had IT score of 4
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Appendix 2. List of Barley accessions used for the host stdéisrmination experiment

Mo  Accession Name Seed type Origin Type Year of Spike Row Awn Type Colorof NPPL* 05 score™
Release seed
1 T16-5 Maked Res line white 180 4
2 Al T4 Kdln Man naked Ethiopia Landrace =18945 Six Rowed Awned white 102 4
3 Akka MNon naked Sweden Cultivar 1969 Two Rowed Awined white 26 3
4 Albert Mon naked France Cultivar =19449 Six Rowed Awmed Black 3 2
5 Alfa Man naked Denmark Cultivar =18947 Twio Rowed Awned white 223 4
G Allegro Maon naked Metherlands Cultivar 1975 Two Rowed Awned white 185 4
T Aramir Man naked Metherlands Cultivar 1872 Twio Rowed Awnned white 278 4
g Archer Man naked United Kingdonr Cultivar <1931 Twio Rowed Awned white =3 2
9 Ark Royal Maon naked United Kingdomr Cultivar 1976 Two Rowed Awned white a0s 4
10 Armela Maon naked France Cultivar <1974 Twio Rowed Awnned white 115 4
11 Aura MNon naked Germany Cultivar <1975 Two Rowed  Awned white 257 4
12 Berg Mon nakedVWestern Eur. Cultivar <1935 Six Rowed Awned white 110 4
13 Baolivia Man naked BEolivia Landrace <1913 Six Rowed Awned white 153 4
14 Brage MNon naked Sweden Cultivar 1925 Two Rowed  Awned white 150 4
15 Burton Malt Man naked United King Cultivar =1920 Two Rowed Awned white 333 4
16 C118 Man naked Fes. line white 295 4
17 Cebada Capa MNon naked Argentina Cultivar <1936 Six Rowed Awmined white 28 3
18 Dabat Man naked Ethiopia Landrace Six Rowed Awinless white a0 3
19 Decorticatum Maked Ethiopia Fes. line 1920 Twio Rowed Aunned Elack 9 2
20 Drossel MNon naked Germany Cultivar 1971 Two Rowed  Awned white 113 4
21 Effendi MNon naked MNetherlands Cultivar <1972 Two Rowed Awined white 400 4
22 Eayptlv Man naked Germany Cultivar <1933 Six Rowed Aunned white 1490 4
23 Emir MNon naked MNetherlands Cultivar 1962 Two Rowed Awined white 110 4
24 Firlbach Mon naked Germany Cultivar 1945 Twio Rowed Awmed white 295 4
25 Frankengold Man naked Germany? (Brel Cultivar 1975 Twio rowed Awned white  Missing  Missing
26 Freegold MNon naked United King Cultivar 1971 Two Rowed  Awned white 90 3
27 Freyay Mon naked Sweden? Cultivar 19427 Twio Rowed Awmed white 00 4
28 Georgie Man naked United King Cultivar 1975 Twio Rowed Awned white 4472 4
29 Gold MNon naked Sweden Cultivar <1913 Two Rowed Awined white 90 3
30 Gospick Mon naked Yugoslavia landrace =19449 Twio Rowed Awmed white [sls} 3
31 Hassan Man naked Metherlands Cultivar 1971 Twio Rowed Awned white 243 4
32 Japan Maon naked Japan Landrace <1963 Six Rowed Awned white 290 4
33 Japan 15 Mon naked Japan landrace Six Rowed Awmed white 156 4
34 Japan 18 Man naked Japan landrace Six rowed Awned white 283 4
35 Japan 20 MNon naked Japan Landrace Six Rowed Awined white &0 3
36 Japan6 Maked Japan Landrace Six Rowed Awned white ar3 4
37 Japan@g Maked Japan Landrace Siv Rowed Awned white 260 4
38 Jeruzalem I MNon naked Israel Cultivar =19390 T white 278 4
39 Kobakintagi Maked Japan Landrace =1930 Six Rowed Awned white 162 4
40 Kuckuck Man naked Western Eu Landrace 1961 Twio Rowed Awnned white 44 3
47 Fanean Man naked United States Cultivar <1968 Six Rowed Awned white 1249 4
42 Goudgerst Maon naked Sweden Cultivar <1913 Two Rowed Awned white 278 4
43 L49zZ Maked Ethiopia Landrace <1963 Two Rowed  Awnless white 3 3
44 L98 Man naked Ethiopia Landrace <1963 Six Rowed Aunned white 123 4
45 LaEstanzusla MNon naked white 53 3
46 Lago Maon nakedVWestern Eur. Cultivar Two Rowed Awned white 408 4
47 Lechtaler Man naked Faortugal Landrace <1938 Twio Rowed Awned white 197 4
48 Lofa Abed MNon naked Denmark Cultivar 1970 Two Rowed Awined white 185 4
49 Magnif 102 Maon naked Argentina Cultivar <1968 Two Rowed Awned white 287 4
50 Magnif 104 Mon naked Argentina Cultivar <1965 Twio Rowed Awmed white 220 4
51 Eavaria Man naked Germany Cultivar <1903 Twio Rowed Awned white 365 4
52 Meta MNon naked MNetherlands Cultivar 1981 Two Rowed Awined white 103 4
53 Midas Man naked United King Cultivar 1870 Two Rowed Awned white 104 4
54 Morgenrot Man naked Germany Cultivar =944 Six Rowed Awned white 200 4
55 Mosane MNon naked Belgium Cultivar 1961 Two Rowed  Awned white 272 4
56 Multan MNon naked Pakistan Landrace <1923 Six Rowed Awined white 292 4
57 Madrine Maked Twio Rowed Awnned Black 270 4
58 Harrington Maon naked Canada Cultivar 1981 Twio Rowed Awned white  Missing  Missing
59 lsaria MNon naked Germany Cultivar 1924 Two Rowed  Awned white 447 4
60 Opal Mon naked Denmark Cultivar =1924 Twio Rowed Awmed white 210 4
51 Ferwian Man naked Feru Landrace <1917 Six Rowed Aunned white 223 4
62 Porthos MNon naked France Cultivar 1975 Two Rowed Awmined white 130 4
63 Printa MNon naked MNetherlands Cultivar = 1942 Two Rowed Awined white 408 4
G4 Probst Man naked Austria Cultivar <1949 Twio Rowed Awned white 3549 4
65 Ramona MNon naked MNetherlands Cultivar <1974 Two Rowed Awined white 126 4
66  Ribar Maon naked Egypt Cultivar <1960 Six Rowed Awned white 272 4
67  Ruby Mon naked U K Cultivar 1966 Twio Rowed Awmed white a9 4
68 Speciale Man naked LSA Landrace <1947 Six Howed Awned white 172 4
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Appendix 2. Continued

112

Spiti

Spratt Archer
Sudan

Sultan

Topper

Tresor de V
Lacey

Union

Yaleta

Fong Tien
Wada

Gel

Gunhild
Menelik

L100

123
Migrimiden
nhiaTL-L94
Trigo Biasa
hlorex

L 94

PI391136
SUspmur
Robust
Stander

H. spon. Ashkelon
H. spon. Mehola
H. spon. Maalot

Man naked China

MNon naked United King
MNon naked Sudan

Man naked Metherlands
MNon naked Germany
MNon naked France

Man naked US4

MNon naked Germany
MNon naked MNetherlands
Man naked China

Man naked Metherlands
MNon naked MNetherlands
Mon naked Denmark
Man naked Ukraing
MNaked Ethiopia

MNon naked

Maked Ethiopia
Unknonwn

MNaked Indonesia
Man naked United States
MNon naked Ethiopia

Non naked

Inknonsin

MNon naked United States
MNon naked United States
Man naked

MNon naked

MNon naked

H spon Mount ker Mon naked

AMA
FMNC 1
FMC 6-1
CLE 182
CLE 187
CLE 194
CLE 152
CLE 157
Yarunda
Walla
Apex
Haisa
Frisma
Susptrit
Adgropyron

Man naked Argentina
Mon naked Uruguay
Mon naked Uniguay
Man naked Uruguay
MNon naked Uruguay
MNon naked CIMWYT
Man naked Uruguay
MNon naked Uruguay
MNon naked MNetherlands
Man naked Germany
MNon naked MNetherlands
Man naked Germany
Man naked Metherlands
MNacked  Metherlands

Landrace
Cultivar
Landrace
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Landrace
Cultivar
Cultivar
Cultivar
Landrace
Landrace
Res. line
Landrace

Landrace
Cultivar
Landrace
Wiild barley

Cultivar
Cultivar
Wiild barley
wild barley
Wild barley
Wiild barley
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
Cultivar
research line

<1926
<1929
<1938
1966
<1958
1940
2000
1955
<1972
1926
<1956

<1980
<1930

<1976
<1962

<1993
1978

1983
1993

1969
1957
<1982
1939
<1980

Six Rowed
Two Rowed
Six Rowed
Twio Rowed
Six Rowed
Two Rowed
Six Rowed
Two Rowed
Two Rowed
Six Rowed
Twio Rowed
Two Rowed
Twio Rowed
Twio Rowed
Six Rowed
Six Rowed
Twio Rowed

Six Rowed
Six Rowed
Two Rowed
Two Rowed

Six Rowed

Six Rowed

Twio Rowed
Two Rowed
Two Rowed
Twio Rowed
Twio Rowed
Two Rowed
Twio Rowed
Twio Rowed
Two Rowed
Two Rowed
Twio Rowed
Two Rowed
Two Rowed
Twio Rowed
Two rowed

Two Rowed
Twio Rowed

Awned
Awmined
Awinless
Awned
Awmined
Awined
Awned
Awined
Awined
Awnned
Awned
Awined
Awmed
Awned
Awined
Awined
Awned

Awined
Awned
Awmined
Awined

Awmined
Awined
Awned
Awined
Awined
Awnned
Awned
Awined
Awmed
Awned
Awined
Awined
Awned
Awined
Awined
Awned
Awmined
Awined
Awned

white
white
white
white
white
white
white
white
white
white
white
white
white
white
Black
Black
Elack

white
white
Black
white

white
white
white
white
white
white
white
white
white
white
white
white
white
white
white
white
white
white
white

261

B I O I e o O S N A L A N

* NPPL : Number of Pustules Per Leaf representsaaevalue of three plants per accession.
**the 0-5 score was given based on the average ruoftpustules per leaf as indicated in " * "
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Appendix 3. Scatter plots of correlations between Average tield.atency Period and Average Relative Infecoaquency in Vada x

SusPtrit and Cebada Capa x SusPtrit mapping Paognsat

(a) Vada x SusPtrit
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Appendix 4. LOD Profiles from Interval Mapping and rMQM mapgifor RLP and RIF in Vada x SusPtrit mapping Pofioie

(a) Interval Mapping: RLP (b) Restrictd®M Mapping: RLP
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Appendix 4. Continued

(c) Interval Mapping: RIF
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(d) RestrictetQM Mapping: RIF
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Appendix 5. LOD Profiles from Interval Mapping and rMQM mapgifor RLP and RIF in Cebada Capa x SusPtrit mappimgulation

(a) Interval Mapping: RLP
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(b) Restied MQM Mapping: RLP
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Appendix 5. Continued

(c) Interval Mapping: RIF
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(d) Rested MQM Mapping: RIF
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