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Abstract The root-lesion nematode Pratylenchus neg-

lectus can cause severe losses in barley cultivation. Mul-

tiplication rates had been found to vary greatly between

different barley accessions. Two winter barley cultivars,

Igri and Franka, had been found to differ in their ability to

resist this parasite. An existing Igri 9 Franka doubled

haploid population was chosen to genetically map resis-

tance genes after artificial inoculation with P. neglectus in

the greenhouse and climate chamber. A continuous phe-

notypic variation was found indicating a quantitative

inheritance of P. neglectus resistance. An existing map was

enriched by 527 newly developed Diversity Array Tech-

nology markers (DArTs). The new genetic linkage map

was comprised of 857 molecular markers that cover

1,157 cM on seven linkage groups. Using phenotypic data

collected from four different experiments in 3 years, five

quantitative trait loci were mapped by composite interval

mapping on four (3H, 5H, 6H and 7H) linkage groups. A

quantitative trait locus with a large phenotypic effect of

16% and likelihood of odds (LOD) score of 6.35 was

mapped on linkage group 3H. The remaining four QTLs

were classified as minor or moderate with LOD scores

ranging from 2.71 to 3.55 and R2 values ranging from 8 to

10%. The DNA markers linked to the resistance QTLs

should be quite useful for marker-assisted selection in

barley breeding because phenotypic selection is limited due

to time constraints and labor costs.

Introduction

Plant parasitic nematodes are major pests in agriculture

causing significant crop losses ranging from 8 to 20% in a

wide variety of crops around the world. The overall dam-

age due to plant parasitic nematodes was estimated at $125

billion per annum (Fuller et al. 2008). Plant parasitic

nematodes which feed and reproduce on living plants can

migrate in the rhizosphere, on aerial plant parts and inside

the plant (Dong and Zhang 2006). Upon infection, seden-

tary nematodes complete their life-cycle within the plant,

whereas free-living nematodes can leave the plant to

invade another host plant.

Root-lesion nematodes (RLN) of the genus Pratylen-

chus are migratory endoparasites, causing severe root

damage mainly to the cortical parenchyma which hinders

the absorption of soil moisture and nutrients and results in

reduced plant growth. While destroying the tissues of the

root system, parasitized tissues get exposed to secondary

infections by fungi or other pathogens (Williams 2003).

Root-lesion nematodes are polyphagous in nature and feed

on a wide range of crops of primary importance including

cereals, legumes, vegetables, fruit trees, peanut, coffee,

and roses. The genus Pratylenchus comprises about 68

species distributed throughout the world. After root-knot
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nematodes, these nematodes rank second in the world

(Castillo and Vovlas 2007) not only due to their wide host

range but also due to their distribution in almost every cool,

temperate, and tropical environment. Eight species of the

genus Pratylenchus are devastating pests in the temperate

regions of the world. They feed on numerous crops such as

barley, wheat, rape, maize, potato, alfalfa, and carrots. The

host range for P. neglectus includes all major cereal species

as well as legumes, fodder grasses, and oil crops (Griffin

and Jensen 1997; Smiley et al. 2004; Vanstone and Russ

2001).This species mostly propagates parthenogenetically

(Filipjev and Schuurmans Stekhoven 1941; Rensch 1924)

with mature females producing 1–2 eggs/day.

In Australia, RLN have been identified as major pests in

wheat production (Taylor et al. 2000; Ogbonnaya et al.

2008). Consequently, breeding efforts were initiated to

overcome the problem of nematode infestation through the

application of traditional plant breeding complemented

with modern molecular breeding approaches. Extensive

work has been carried out in Australia to map quantitative

trait loci (QTLs) for RLN resistance using different map-

ping populations in wheat. Williams et al. (2002) mapped

the P. neglectus resistance locus Rlnn1 in the Australian

wheat cultivar Excalibur using a combination of bulked

segregant analysis and genetic mapping. Zwart et al. (2005)

mapped four QTLs in a doubled haploid (DH) population

developed from a cross between the synthetic hexaploid

wheat line CPI133872 and the bread wheat Janz designated

as QRlnt.lrc-6D.1, QRlnt.lrc-6D.2, QRlnn.lrc-6D.1, and

QRlnn.lrc-4D.1 on chromosomes 6DL, 6DS, and 4DS for

P. thornei and P. neglectus resistance, respectively.

In the northern parts of Germany, enormous yield loss

has been reported in winter barley caused by P. neglectus,

P. crenatus, P. fallax, and P. penetrans (Hesselbarth 2006).

Problems with root-lesion nematodes have been increasing

in the past years due to narrow crop rotation, early sowing

dates, and mild winters. Severe damage has also been

reported in European winter wheat cultivation. Application

of nematicides in agriculture is not allowed in Europe and

many parts of the world because they are harmful to the

environment. Therefore, breeding crop varieties with

resistance to RLN has gained major attention.

Resistance of cereals to RLN can be estimated by

measuring the number of nematodes within the roots and in

the soil. Young plants are infected with nematodes and

cultivated under standard conditions in the greenhouse

(Taylor et al. 2000; Williams et al. 2002). Recently, we

reported the establishment of a greenhouse test for

screening nematode resistance in 565 barley accessions

(Keil et al. 2009). In short, barley plants were cultivated in

a 20-cm3 tube filled with steam-sterilized sand and infected

with 400 nematodes per plant. After 12 weeks, plant shoots

were removed and the nematodes were extracted from the

sand and from the chopped roots using a Baermann funnel

kept in a misting chamber for 5 days to extract the nema-

todes. One millilitre of nematode suspension was counted

with three replications in a counting slide under a stereo-

microscope at 32-fold magnification. The number of

extracted nematodes per plant was calculated. This test

gives reproducible data with regard to RLN resistance;

however, it suffers from long test periods and an enormous

effort in root preparation and nematode counting. Thus,

indirect selection methods based on molecular markers

would provide a strong advantage in practical efforts of

breeding for RLN resistance since marker-assisted selec-

tion (MAS) would help to limit time-consuming and labor-

intensive greenhouse tests for nematode resistance

screening to a minimum. In wheat, enormous progress has

been achieved through molecular breeding for resistance

against Pratylenchus nematodes (Nicol and Ortiz-Monas-

terio 2004; Talavera and Vanstone 2001; Taylor et al.

2000; Zwart et al. 2005; Toktay et al. 2006). In contrast,

control of Pratylenchus nematodes using genetic resistance

in barley is largely unexplored. In an initial study, P.

neglectus multiplication rates of 565 barley accessions had

been investigated. Although immunity was not found, a

great variation of the level of infection was observed

pointing at quantitative genetic control in a number of

barley accessions (Keil et al. 2009). Understanding the

inheritance of P. neglectus resistance in more detail is

essential for the development of barley cultivar with

improved levels of resistance.

Here, we present a QTL study for P. neglectus resistance

in a segregating barley DH population that was derived

from parents with different responses to nematode infec-

tion. Using this population, our objectives were to extend

the linkage map by adding new markers, to map QTL, and

to estimate the size of each QTL for P. neglectus resistance

in barley.

Materials and methods

Plant material

A subset of a DH population derived from F1 anthers of a

cross between the winter barley cultivars Igri (two-rowed)

and Franka (six-rowed) was used for this study (Graner

et al. 1991). One hundred and twenty-six DH lines of this

population were grown in a greenhouse or a climate

chamber and tested for nematode infection.

Resistance tests

Altogether, 126 DH lines and the parents were grown in

four experiments in a greenhouse or a climate chamber
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over three consecutive years (Table 1). Changing experi-

mental conditions were mainly due to day length in the

greenhouse because experiments were run in different

seasons. Experimental conditions in the greenhouse were

as follows: 23�C during day and 18�C during night; how-

ever, higher temperatures of up to 28�C occurred during

summer. All experiments were carried out as a randomized

complete block design with three replications and one plant

as an experimental unit. The population was divided into

one set of 68 lines (set 1) tested along with the parents in

environment 1 and 2 and a second set of 58 lines (set 2)

tested along with the parents in environment 3 and 4. Each

plant was grown in 20 cm3 tube [12 cm (H) 9 2 cm (Ø)]

filled with steam-sterilized sand. At the bottom of the tube

a 20-lm sieve was fixed to keep nematodes as well as roots

inside the tube. The tubes were placed in special holders in

the greenhouse on an irrigation system as described pre-

viously (Keil et al. 2009; Thompson 2008). DH seeds were

pre-germinated on a wet paper and transferred to the tubes.

Ten days after transplanting, each tube was inoculated with

a mixture of 400 juveniles and adults in solution by

pipetting in a depth of 1 cm. Nematode populations

obtained from Turkey or Australia were maintained on

carrot callus using the carrot disk method described by

Moody et al. (1972). From carrot callus the nematodes

were extracted by placing the chopped carrot disks into a

misting chamber for 5 days. The inoculation suspensions

were prepared using tap water and freshly extracted nem-

atodes. After 12 weeks, plants were uprooted and nema-

todes were extracted from the sand and the chopped roots

using a Baermann funnel placed in a misting chamber for

5 days. Nematode suspensions were collected from roots

and sand separately and stored in glass bottles at 5�C

before counting. From each nematode suspension, three

1 ml aliquots were taken and nematodes were counted

under a stereomicroscope at 32-fold magnification. For

each experiment, frequency distribution and mean values

were calculated for parents and DH lines separately.

Analysis of variance was carried out with SAS package

version 9.2. Heritability (h2) was estimated from the

analysis of variance as h2 = Vg/(Vg ? Ve). Normal distri-

bution of traits was tested with the Shapiro–Wilk test.

DArT marker analysis

Genomic DNA was isolated from the DH population with

the CTAB method (Saghai-Maroof et al. 1984) for

subsequent genotyping with DArT (Diversity Array

Technology) molecular markers by Triticarte Pty. Ltd

(http://www.triticarte.com.au/). DArT is a cost-effective

microarray-based marker technology able to detect all

types of DNA variations such as SNPs (single nucleotide

polymorphisms), InDels (insertion/deletion), and methyla-

tion (Jaccoud et al. 2001; Wenzl et al. 2004) across the

genome. It involves restriction, adapter ligation, and

amplification of sample DNA followed by hybridization

with a genomic reference library. For more detail, see

http://www.diversityarrays.com/molecularprincip.html.

Genetic map construction

A molecular linkage map was constructed by integrating 527

DArT markers into the already existing Igri 9 Franka map

(Stein et al. 2007). The program JoinMap version 3.0 (Van

Ooijen and Voorrips 2001) was employed to establish linkage

groups. The Kosambi mapping function (Kosambi 1944) was

selected to construct the genetic linkage map with a minimum

LOD score of 3.0 and maximum recombination frequency of

0.4. The markers were analyzed by a Chi-square test for

goodness-of-fit to the expected Mendelian segregation ratios

(1:1). During map construction, markers with suspect linkage

were excluded from the linkage analysis. Maps were drawn

using the program MapChart (Voorrips 2002).

QTL analysis

QTL analysis was carried out by composite interval map-

ping using the program QTL Cartographer V2.5 (Wang

et al. 2010) with model 6 of forward regression. To control

the effects of genetic background, five markers were used

as cofactors with a window size of 5.0 cM. This model

assumes to be best among others, first because of its ability

to control the effects of genetic background and second the

window size that blocks out a region of the genome on

either side of the markers flanking the test site, thereby

Table 1 Resistance tests to determine the nematode multiplication rates of 126 Igri 9 Franka DH lines

Experiment Begin End Location of the

experiment

Inoculum

source

No. of DH

lines tested

E1 03.20.2007 06.11.2007 Climate chamber Turkey 68

E2 09.03.2007 11.26.2007 Greenhouse Turkey 68

E3 12.05.2008 02.23.2009 Greenhouse Australia 58

E4 12.19.2008 03.09.2009 Greenhouse Australia 58

Tube size for all experiments was 20 cm3
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increasing the precision of the analysis. A LOD score of

2.5 was used for calculating QTL positions and 3.0 to

declare significant QTLs. For performing QTL analysis,

nematode test data were normalized by log 10 (x ? 1)

(Shen et al. 2006). Data transformation could misrepresent

the differences among individuals for the trait and it may

reduce one’s ability to detect QTLs (Mutschler et al. 1996).

Therefore, to avoid false positives we conducted the QTL

analysis both with the non-transformed (raw data) and

log 10 (x ? 1) transformed data. The explained phenotypic

variance (R2) and the additive effect for each QTL as well

as the position were estimated with QTL cartographer.

Results

Resistance tests

The phenotypic data were recorded as nematodes counted

from roots and sand collectively of all 126 DH lines and the

parents. In a combined analysis of the genetic variance, the

environmental variance as well as the genotype by envi-

ronment interaction was tested as significant (P \ 0.05).

From the variance components the heritability was esti-

mated as h2 = 0.25. Least square means were estimated for

each DH-line and the parents and summarized for each

experiment with parental means, population mean, and

population range in Table 2. The means of nematode

counts of both parents Igri (861) and Franka (1,591) were

significantly different (P \ 0.05). Among the DH lines a

high phenotypic variability was observed for P. neglectus

infection with nematode counts ranging from 629 to 5,615.

This character is obviously inherited in a quantitative

manner as demonstrated by the frequency distribution of

phenotypic means (Fig. 1). The overall means differed

between environments as shown in Table 2. A Shapiro–

Wilk test (W = 0.915, P \ 0.01) revealed that data are not

normally distributed and they are positively skewed with a

high proportion of P. neglectus susceptible lines (Fig. 1).

Transgressive segregation was detected in this population

which indicates the existence of favorable alleles being

dispersed between the two parental lines. Genotypic vari-

ances (G) and G 9 E interactions were highly significant

as shown in Table 3. Multiplication rates (Pf/Pi) were also

estimated for all the DH lines and two parents across all

environments (Supplementary Table 1).

Map construction

The new map based on 126 DH lines contains 857 markers,

including 527 DArT, 285 RFLP, 27 SSR, and 18 SNP

markers (Table 4). These 857 markers covered 1,157 cM

Table 2 Means and ranges of P. neglectus counts per plant for the

parental lines and the DH population

Experiments Igri Franka DH population

Mean (N/plant) Range (N/plant)

E1 632 762 2,497 631–5,572

E2 813 3,072 1,389 793–8,303

E3 724 1018 990 220–5,043

E4 1,186 1,214 1,660 393–4,430

AE 861 1,591 2,181 629–5,615

AE all environments, pooled data of all environments
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on seven linkage groups (Fig. 2). The average spacing

between markers ranged from 1.26 to 1.84 cM and the

sizes of linkage groups ranged between 101 and 216 cM

(Table 4). Segregation analysis showed that 333 markers

segregated according to a 1:1 ratio at P C 0.05, whereas

403 markers showed distorted segregation ratios

(P \ 0.05). Among these markers 48% skewed towards

Igri alleles and 52% skewed towards Franka alleles. A

larger region of segregation distortion was observed on

linkage group 2H for alleles coming from Franka, whereas

some segments with prevalence for Igri were found on

chromosomes 3H and 5H. For QTL analysis, a map con-

sisting of 625 markers was constructed by excluding all the

cosegregating markers from the original map to avoid

colinearity.

QTL analysis

For QTL analyses phenotypic data across all environments

as well as different combinations were used. Mainly, five

QTLs designated as Pne3H-1, Pne3H-2, Pne5H, Pne6H,

and Pne7H were detected for P. neglectus resistance on the

four linkage groups, i.e. 3H, 5H, 6H, and 7H (Table 5;

Supplementary Fig. 1a–d). A major QTL for P. neglectus

resistance was detected on linkage group 3H which

explained 10–16% of the phenotypic variance (Fig. 2).This

QTL was designated as Pne3H-1. The resistance allele for

QTL Pne3H-1 was derived from the parent Igri. Pne3H-1

was detected across all environments and its additive effect

ranged from -588 to -421 depending on the environment.

This QTL was located between the RFLP markers

GBR1660 and GBR1144 (position 15 cM). Another minor

QTL designated as Pne3H-2 was detected across all envi-

ronments on the linkage group 3H explaining 8% of the

phenotypic variance. This QTL showed additive effects of

-376 to -316, and the resistance allele was contributed by

the parent Igri. The QTL Pne5H was detected on linkage

group 5H with a LOD score of 3.33 and explained 10% of

the phenotypic variation. This QTL was detected only

across two environments and was located between markers

GBR1572 and GBR0055 (position 127 cM). This QTL

showed an additive effect of 527. The resistance allele was

contributed by the parent Franka. A minor QTL, designated

as Pne6H, was detected on linkage group 6H with a LOD

score of 3.22. Pne6H was also detected only across two

environments and mapped between the markers cMWG679

and ABG458 (position 71 cM). The resistance allele was

contributed by Igri. On linkage group 7H, one minor QTL

Pne7H was detected only across two environments and

mapped between markers bpb-6149 and GBR1693 (posi-

tion 77 cM). It explained 8.6% of the phenotypic variance.

The additive effect for this QTL was 493 with the resis-

tance allele coming from Franka. However, with a LOD of

2.71 this QTL did not quite pass the threshold of 3.0. For

each QTL both homozygous classes were compared by

grouping the DH lines accordingly. As a result, large

phenotypic variation was found irrespective of the geno-

typic constitution (Fig. 3). Differences between both

homozygous classes were most prominent at QTLs Pne3H-

2, Pne5H, and Pne7H.

Discussion

To our knowledge, this is the first report on the identi-

fication of QTLs associated with P. neglectus resistance

and their localization on the genetic linkage map of

barley. In the present study, a DH population was

screened for P. neglectus resistance in four different

environments, providing an accurate evaluation of P.

neglectus resistance. The phenotypic distribution pattern

of 126 DHs showed that P. neglectus resistance is

polygenic and not controlled by a single gene, at least in

this respective DH population. Heritability estimation

gave further evidence that the nematode infection is to

some extent influenced by environmental factors, show-

ing large differences in the population means scored

under different environments.

A genetic linkage map was generated with 857 molec-

ular markers; 527 of these were from a standard DArT

array. Among the mapped DArT markers in our study, 285

had been already incorporated into the barley consensus

map (Wenzl et al. 2006). There were no major gaps of

Table 3 Analysis of variance for P. neglectus counts across all

experiments

Source F value P value

Genotype 1.26 0.0416

Environment 25.73 \0.0001

Genotype 9 Environment 1.48 0.0002

Table 4 Statistics of the extended Igri 9 Franka linkage map

Chromosome RFLP SSR SNP DArTs Total Map length

(cM)

1H 32 5 2 71 110 101

2H 48 1 1 45 95 121

3H 43 3 7 74 127 175

4H 40 3 1 78 122 169

5H 32 2 1 80 115 166

6H 32 8 3 71 114 210

7H 58 5 3 108 174 216

Total 285 27 18 527 857 1,157
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[25 cM. The new linkage map we generated seems to

cover the whole genome, because the number of markers

on the seven barley chromosomes was large, and there was

no significant difference in map-size as compared with a

previous map published by Stein et al. (2007) consisting of

306 markers (1,027 vs. 1,157 cM).

Linkage group 5H
cMWG7170
GBM1026 cMWG7701
GBR11502
bPb-67647
bPb-0503 bPb-36818
bPb-62609
bPb-007811
ABC30216
bPb-7852 bPb-419922
bPb-002926
bPb-000734
MWG52235
cMWG76836
bPb-148941
bPb-5532 bPb-971942
bPb-628845
bPb-7249 MWG604
bPb-338154

bPb-029856
bPb-522961
MWG55071
GBM123173
bPb-2080 bPb-650374
bPb-0780 bPb-4405
bPb-738676

bPb-8553 bPb-805477
bPb-7022 bPb-243478
bPb-088282
bPb-657983
bPb-1024 bPb-856591
cMWG78196
cMWG646b97
bPb-4494 bPb-2757104
bPb-7004115
bPb-4970 bPb-1420120
cMWG716a GBR0069a
GBR1572124

GBR0055127
GBR0079a130
MWG877135
GBR1467141
cMWG701a144
cMWG740145
cMWG654146
bPb-5238150
bPb-5529151
ABG391 bPb-5207156
bPb-8070160
bPb-8961 bPb-4535
bPb-2314161

bPb-3138 bPb-9274163
bPb-9892164
bPb-6811 bPb-2623167
bPb-0835168
bPb-1965 bPb-8703170
bPb-8866 bPb-1719173
bPb-0799174
cMWG650175
ABG390 GBR1578178
MWG602a195
MWG813a209
bPb-6253216
bPb-1217217

bPb-36490
bPb-7918 bPb-11372
bPb-0386 bPb-71433
bPb-755011
GBS013613
ABG46614
bPb-275117
bPb-719318
bPb-2930 bPb-9852
bPb-807522

bPb-631125
GBR178628
bPb-194632
bPb-7165 bPb-262835
cMWG652a37
bPb-288139
bPb-980742
bPb-2818 bPb-227646
bPb-0245 bPb-799847
bPb-292649
GBS015750
GBR0248 GBM1021
GBR028452

GBR112858
bPb-347660
GBM1075 GBR045862
bPb-9747 bPb-1751364
bPb-717965
bPb-970270
cMWG679 ABG45871
GBR024472
bPb-519673
bPb-2593 bPb-039674
bPb-372275
bPb-6636 bPb-3883
bPb-4409 bPb-2350
bPb-0151

77

bPb-531078
GBM1400 GBS0883
GBR017679

MWG2231 GBR0325
GBM106380

BMG001 Ris681
ABG38882
bPb-7618 bPb-979683
bPb-412584
GBR062186
GBR027088
MWG214190
bPb-660794
bPb-0649100
bPb-1724102
GBR0103104
GBM1140105
GBR0477a cMWG716b107
GBR0644109
bPb-6477111
bPb-7209113
bPb-1758 bPb-1176
bPb-7446138

GBR0171141
bPb-6727 MWG911a144
bPb-2940147
bPb-6875 bPb-9349
bPb-3144148

bPb-9285149
cMWG684a157
MWG798a158
bPb-7644 bPb-0443163
bPb-2137166
bPb-1695 bPb-0522167

Linkage group 6H Linkage group 7H
ABG3120
bPb-0820 bPb-24170
bPb-27184

bPb-374045
bPb-7038 bPb-12857
bPb-0714 bPb-036710
bPb-8558 bPb-49307
GBS0028 MWG555a11

bPb-8800 bPb-906813
bPb-741717
bPb-031919
bPb-9221 bPb-492920
bPb-590222
bPb-7863 bPb-199423
bPb-645027
bPb-6453 bPb-372728
cMWG70332
bPb-277833
bPb-219139
ABC151a42
bPb-8140 bPb-067847
bPb-8660 bPb-247848
bPb-960150
bPb-2889052
GBR0152 GBR0538
cMWG72154

GBR131355
cMWG77356
GBR010457
GBR0923 MWG836
GBR165970

bPb-036673
bPb-555474
bPb-154490
HVCMA93
cMWG729 GBR020299
GBS0413100
GBR0956101
cMWG704102
GBR0102103
bPb-8843105
bPb-9457 bPb-8051106
GBR0100 cMWG741107
bPb-8844 MWG2031108
MWG626 GBR1345109
GBM1492 GBR1327
GBR1693110

bPb-6149 bPb-9971
bPb-3227 bPb-5599
bPb-1748

112

bPb-7437113
bPb-2379 bPb-1770
bPb-2188 bPb-7220114

bPb-0286 bPb-5597115
bPb-3323118
bPb-6110 bPb-5747
bPb-0757121

Bmag120122
bPb-2237123
bPb-5400124
bPb-9914125
bPb-7781126
cMWG696 bPb-6035128
ABC310b OsC9b133
bPb-2855135
cMWG728137
GBR0429 Ris44138
bPb-4856140
bPb-0182141
bPb-8539142
bPb-6186144
GBR0192148
bPb-5084155
GBR1563157
bPb-4129158
GBR1603159
GBR0251160
bPb-1645162
bPb-7983164
bPb-8833165
GBM1017169
bPb-9563170
MWG2062179
bPb-6294 bPb-0603184
bPb-4335186
bPb-6399187

Linkage group 3H
MWG22660
GBR02661
GBR10632
ABG4603
bPb-30305
bPb-22036
bPb-78728
bPb-9746 bPb-634712
bPb-1012 bPb-2394
bPb-4645 bPb-006813

bPb-2433 bPb-2440
bPb-009414

GBR166015
GBR1144 GBR0185
BCD828 GBM1031
bPb-4660

16

bPb-0312 bPb-485917
cMWG680 GBR179019
GBR093322
ABC176 GBR156823
GBR068524
bPb-676528
MWG555b30
GBS028432
MWG571a35
bPb-672238
bPb-933649
GBR113054
cMWG78458
bPb-363061
bPb-420962
GBR028170
ABG00471
GBR045075
GBR056676
GBR0214GBM105092
bPb-9903 bPb-148193
bPb-6249 bPb-911194
bPb-5246 bPb-264095
cMWG69397
bPb-172598
bPb-1202699
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bPb-1928122
GBR0110 ABG495b123
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bPb-5555155
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bPb-33757161
MWG848164
cMWG691 LRK10a
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bPb-48285167

Fig. 2 A genetic linkage map derived from an Igri 9 Franka DH population showing the location of P. neglectus resistance QTLs. The length of

the bars indicates the QTL positions. Map distances are shown in centimorgan (cM)

Table 5 QTL for P. neglectus resistance detected by composite interval mapping

QTL Environment Chromosome Marker interval

(flanking markers)

Position (cM) Confidence

interval (cM)

LOD R2 (%) Additive effect

(nematode counts)

Pne3H-1 E24b, E13a, E1234c 3H GBR1660-GBR1144 15 13–26 4.05–6.35 10.0–16.0 -588 to -421

Pne3H-2 E13, E1234 3H bpb-0683-GBR1425 128 125–130 3.26–3.55 8.0 -376 to -316

Pne5H E24 5H GBR1572-GBR0055 127 120–140 3.33 10.0 527

Pne6H E13 6H cMWG679-ABG458 71 69–80 3.22 9.4 -408

Pne7H E24 7H bpb-6149-GBR1693 77 76–80 2.71 8.6 493

Negative additive effects indicated resistance coming from the parent Igri; positive effects indicated resistance coming from the parent Franka.

R2 = Phenotypic variance explained by the QTL
a E13: analysis across environments E1 and E3
b E24: analysis across environments E2 and E4
c E1234: analysis across environments E1,E2,E3,E4
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In our study, a considerable number of markers showed

distorted segregation which is common with Graner et al.

(1991) who had already described this phenomenon for the

Igri 9 Franka DH population. In total, 48% markers

skewed towards Igri and 52% towards Franka. The new

genetic map presented here would also be quite useful to

fill existing gaps for fine mapping QTLs and for compar-

ative genomic studies. In the following, we will discuss

map positions of P. neglectus QTLs in relation to previ-

ously mapped biotic stress QTLs.

Five QTLs associated with P. neglectus resistance on

the four linkage groups were mapped in different envi-

ronments. Two QTLs with larger effects are located on

linkage group 3H. The QTL Pne3H-1 showed highly sig-

nificant effects under all environments which supports the

importance of this QTL. Its position is coincident with

previously identified QTLs or major genes conferring

resistance to a diverse spectrum of barley pathogens. A

number of scald (Rhynchosporium secalis) resistance genes

(Rrs), some of them from wild barley had been mapped

(Garvin et al. 2000; Graner and Tekauz 1996) to the cen-

tromeric region of chromosome 3H. A dominant gene Pt

which confers resistance to Pyrenophora teres net type

blotch disease had been mapped to the same chromosomal

region flanked by markers BCD828 and MWG2138 (Graner

et al. 1996). These marker positions are corresponding to

our markers GBR1660-GBR1144 which means that

Pneg3H-1 and Pt are in close vicinity to each other. Since

Pt has been mapped in the same population and the resis-

tance allele is also conferred by the parent Igri, Pneg3H-1,

and Pt can be distinguished as separate loci only by fine

mapping and/or cloning followed by complementation.

Furthermore, a major gene (yd2) conferring resistance to

barley yellow dwarf virus (Collins et al. 1996) has been

assigned to the same region of the chromosome.

The P. neglectus resistance QTL Pne5H with a LOD

score of 3.33 was mapped on linkage group 5H. Several

other disease resistance QTLs had been mapped to this

chromosome. Among these is also a cereal cyst nematode

(Heterodera avenae) resistance gene, designated as Ha4,

which was mapped by Barr et al. (1998) on linkage group

5H flanked by RFLP markers XYL and BCD298 from the

Australian barley cultivar Galleon. This position could

correspond to our marker positions MWG877 and bpb-

5238. An adult plant resistance QTL for barley stripe rust

(Puccinia striiformis Westtend. f. sp. hordei) was mapped

on linkage group 5H by Toojinda et al. (1998). Saeki et al.

(1999) constructed a partial molecular marker map from

the cross ‘Ishuku Shirazu’ carrying the BaYMV resistance

gene rym3 by the susceptible cultivar ‘Ko-A’ and mapped

the rym3 gene to linkage group 5H.

A minor QTL designated as Pne6H was mapped on

linkage group 6H. There are several reports describing the

presence of disease resistance loci on linkgage group 6H.

Zhan et al. (2008) reviewed the sources of biotic stress

resistance in barley and described ten disease-resistances

QTL on 6HS. Richter et al. (1998) mapped two QTL

conferring resistance to net blotch disease (P. teres) on this

linkage group. Likewise, Grewal et al. (2008) described a

major net blotch resistance QTL, designated QRpt6 on 6H.

In a Rika 9 Kombar DH population Abu Qamar et al.

(2008) showed segregation for at least two major recessive

resistance genes, differing in resistance to different path-

otypes of P. teres. Rrs13, conferring resistance to Rhyn-

chosporium secalis (leaf blotch, scald), is a member of a

gene cluster on the short arm of 6H as reported by Zhan

et al. (2008). The net type net blotch (NTNB) resistance

loci rpt.r and rpt.k mapped 1.8 cM apart from each other

and were flanked by the CAPS marker ABC02895 and the

STS markers GBS0468 and ABC01797. Le Gouis et al.

(2004) characterized a gene for resistance to barley mild

mosaic virus (BaMMV) from the cultivar Chikurin Ibaraki,

rym15, which mapped to 6H flanked by marker loci

Bmag0173 and EBmac0874.

A single minor QTL Pne7H was mapped on linkage

group 7H with a LOD score of 2.71. Several disease

resistance QTL had been mapped on this linkage group,

too. Adult plant resistance to the net form of net blotch was

mapped by Lehmensiek et al. (2007) in three Australian

barley populations on chromosomes 2H, 3H, 4H, and 7H.

They found two QTLs, one on each end of chromosome 7H

that had rather small effects compared with loci on other

chromosomes. Shtaya et al. (2006) examined leaf rust and

powdery mildew resistance in 23 recombinant lines
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Fig. 3 Boxplots for graphically depicting homozygous classes of the

Igri 9 Franka DH population. Groups of data from the P. neglectus
resistance tests performed in four different environments are shown,

minimum (min), maximum (max), lower quartile (q1), median, and

upper quartile (q3). Each QTL is represented by two boxplots with the

left plot portraying the DH-lines with the QTL allele coming from

Franka and the right plot portraying the DH-lines with the QTL allele

coming from Igri
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containing sections of H. bulbosum chromosomes. Seven

of the lines contained H. bulbosum DNA introgressed into

chromosome 7H. Several of these lines showed resistance

to races of one or both of the pathogens (leaf rust or

powdery mildew).

Resistance is defined as the ability of a host plant to

reduce the reproduction rate of a pathogen. A highly

resistant plant allows little or no nematode reproduction,

whereas a susceptible plant supports abundant reproduc-

tion. Partially or moderately resistant plants permit inter-

mediate levels of reproduction. Resistant cultivars have

several advantages over other methods reducing nematode

numbers, and they are an effective and economical method

for managing nematodes by reducing nematode popula-

tions to levels that are non-damaging to subsequent crops.

Tolerance is a measure of the ability of plants to maintain

yield even when root-lesion nematodes are present in

fields. Plant resistance should be combined with tolerance

to provide the most viable solution to nematode problems.

As discussed earlier, P. neglectus infestation of barley

causes severe damage to this crop. Hence, a detailed

investigation was launched a few years ago that involves

large-scale screening of barley cultivars, resistant to P.

neglectus infestation (Keil et al. 2009). Several barley

accessions showing considerable resistance against P.

neglectus were identified in this work.

In this study, we detected significant genotype by envi-

ronment interaction which is also reflected in the QTL

analysis where we did not detect each QTL through all

environments. However, environment is confounded with

nematode population because we used either an Australian

or Turkish nematode population for infection. To further

investigate the cause of this interaction, the resistance QTLs

identified in this study need to be tested with different P.

neglectus populations to check for QTL 9 pathotype

interaction. As P. neglectus populations have been reported

to differ in virulence resistance in alfalfa (Griffin 1991) and

potato (Hafez et al. 1999), QTL 9 pathotype interaction

could occur in barley. This will have implications for an

appropriate disease and resistance management.

Nematode resistance mechanisms operate in two ways:

active resistance and avoidance of penetrance. Active

resistance is often due to a hypersensitive reaction of

infected roots resulting in the death of the juveniles. Seven

genes for cyst or gall nematode resistance have been cloned

so far (Williamson and Kumar 2006). Most of their prod-

ucts belong to the NBS-LRR class of resistance proteins. In

contrast, the mechanisms responsible for host plant resis-

tance to RLN are not understood. The life cycle of cyst

nematodes is strikingly different from root-lesion nema-

todes. Therefore, at first glance it seems unlikely that RLN

resistance is under control of the same major genes regu-

lating specific interactions between plants and cyst

nematodes; however, common mechanisms of recognition

and defense cannot be ruled out. There are some indica-

tions that resistance depends on the plant’s ability to

oppose the penetration of the parasite or its subsequent

spread. It also involves several anatomical, physiological,

and chemical barriers that prevent the nematodes’ invasion

inside plants. Some plants produce toxins that kill nema-

todes after coming in contact with them. Soriano et al.

(2004) examined the effects of 20-hydroxyecdysone (20E),

a major stable ecdysteroid inducible in spinach on P.

neglectus infection. They observed that pre-inoculation

induction of 20E in spinach partially inhibited the invasion

by P. neglectus and plants were protected from damage by

the nematodes. They were unable to develop inside the

spinach root due to the physiological abnormalities

(abnormal molting) after invasion. The pre-inoculation

induction of 20E did not reduce the invasion of nematodes

but during intercellular movement of P. neglectus within

the root cortex they may get exposed to high 20E con-

centration in the root. There is also evidence that resistance

to Pratylenchus species may vary due to environmental

factors. In an early study with tobacco Mountain (1954)

demonstrated that the variety Green Briar was resistant to

P. neglectus at 21�C but this resistance broke down when

soil temperature was raised to 38�C.

The data presented here provide clear evidence of a

polygenic inheritance of RLN resistance in barley with

major QTLs having a large impact on nematode infection.

The tightly linked markers flanking the QTLs will be

turned into diagnostic markers for selection of resistant

offspring through marker-assisted selection. One example

is the diagnostic microsatellite marker Bmac29 for locus

rym4/rym5 used for the identification of resistant and sus-

ceptible germplasm (Graner et al. 1999; Stracke et al.

2007) against barley yellow mosaic virus (BYMV).

Because RLN resistance tests are time consuming and

expensive, a marker-assisted selection procedure would be

highly desirable. This kind of genotypic selection plays an

important role in resistance breeding allowing the transfer

of desirable genes from exotic germplasm to cultivated

lines and in this way making efficient use of genetic vari-

ation that exists in landraces and wild relatives of culti-

vated species. Mapping of RLN-QTL is a prerequisite for

this kind of selection. The size of the Igri 9 Franka map-

ping population has already been increased for future fine

mapping. Further, to validate the detected QTLs, P. neg-

lectus resistance will be also be mapped in other popula-

tions exploiting the wealth of genotyping data available for

this species. Sequences from the QTL regions will be

selected to identify SNPs. This information will be used to

establish diagnostic markers to select favorable alleles

within segregating populations. A breeding program for

introducing resistance alleles into elite material has already
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been launched. Moreover, the complete sequence of barley

which is on the way will give access to candidate genes

lying within the respective genome regions.
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Nordsaat GmbH (Böhnshausen, Germany).

References

Abu Qamar M, Liu ZH, Faris JD, Chao S, Edwards MC, Lai Z,

Franckowiak JD, Friesen TL (2008) A region of barley

chromosome 6H harbors multiple major genes associated with

net type net blotch resistance. Theor Appl Genet 117:1261–1270

Barr AR, Chalmers KJ, Karakousis A, Kretschmer JM, Manning S,

Lance RCM, Lewis J, Jeffries SP, Langridge P (1998) RFLP

mapping of a new cereal cyst nematode resistance locus in

barley. Plant Breed 117:185–187

Castillo P, Vovlas N (2007) Pratylenchus (Nematoda: Pratylenchi-

dae): diagonsis, biology, pathogenicity and management. Brill

Leiden, Boston

Collins NC, Paltridge NG, Ford CM, Symons RH (1996) The Yd2
gene for barley yellow dwarf virus resistance maps close to the

centromere on the long arm of barley chromosome 3. Theor Appl

Genet 92:858–864

Dong LQ, Zhang KQ (2006) Microbial control of plant-parasitic

nematodes: a five-party interaction. Plant Soil 288:31–45

Filipjev JN, Schuurmans Stekhoven JH Jr. (1941) A manual of

agricultural helminthology. E. J. Brill, Leiden, 878 pp

Fuller VL, Lilley CJ, Urwin PE (2008) Nematode resistance. New

Phytol 180:27–44

Garvin DF, Brown AHD, Raman H, Read BJ (2000) Genetic mapping

of the barley Rrs14 scald resistance gene with RFLP, isozyme

and seed storage protein markers. Plant Breed 119:193–196

Graner A, Tekauz A (1996) RFLP mapping in barley of a dominant

gene conferring resistance to scald (Rhynchosporium secalis).

Theor Appl Genet 93:421–425

Graner A, Jahoor A, Schondelmaier J, Siedler H, Pillen K, Fischbeck

G, Wenzel G, Herrmann RG (1991) Construction of an RFLP

map of barley. Theor Appl Genet 83:250–256

Graner A, Foroughi-Wehr B, Tekauz A (1996) RFLP mapping of a

gene in barley conferring resistance to net blotch (Pyrenophora
teres). Euphytica 91:229–234

Graner A, Streng S, Kellermann A, Schiemann A, Bauer E, Waugh R,

Pellio B, Ordon F (1999) Molecular mapping and genetic fine-

structure of the rym5 locus encoding resistance to different

strains of the barley yellow mosaic virus complex. Theor Appl

Genet 98:285–290

Grewal TS, Rossnagel BG, Pozniak CJ, Scoles GJ (2008) Mapping

quantitative trait loci associated with barley net blotch resis-

tance. Theor Appl Genet 116:529–539

Griffin GD (1991) Differential pathogenicity of four Pratylenchus
neglectus populations on Alfalfa. J Nematol 23(4):380–385

Griffin GD, Jensen KB (1997) Differential effects of Pratylenchus
neglectus populations on single and interplantings of alfalfa and

crested wheatgrass. J Nematol 29:82–89

Hafez SL, Al-Rehiayani A, Thornton M, Sundaraj P (1999) Differ-

entiation of two geographically isolated populations of Praty-
lenchus neglectus based on their parasitism of potato and

interaction with Verticillium dahliae. Nematropica 29:25–36

Hesselbarth C (2006) Freilebende Wurzelnematoden. Probleme in

engen Getreide-Raps-Dauergrün-Fruchtfolgen in Schleswig-Hol-

stein. Getreide Magazin 11:118–123

Jaccoud D, Peng K, Feinstein D, Kilian A (2001) Diversity arrays: a

solid state technology for sequence information independent

genotyping. Nucleic Acids Res 29:E25

Keil T, Laubach E, Sharma S, Jung C (2009) Screening for resistance

in the primary and secondary gene pool of barley against the

root-lesion nematode Pratylenchus neglectus. Plant Breed

128:436–442

Kosambi D (1944) The estimation of map distances from recombi-

nation values. Ann Eugen 12:172–175

Le Gouis J, Devaux P, Werner K, Hariri D, Bahrman N, Beghin D,

Ordon F (2004) rym15 from the Japanese cultivar Chikurin Ibaraki

1 is a new barley mild mosaic virus (BaMMV) resistance gene

mapped on chromosome 6H. Theor Appl Genet 108:1521–1525

Lehmensiek A, Platz GJ, Mace E, Poulsen D, Sutherland MW (2007)

Mapping of adult plant resistance to the net form of net blotch in

three Australian barley populations. Aust J Agric Res

58:1191–1197

Moody EH, Lownsberry BF, Ahmed JM (1972) Culture of the root-

lesion nematode Pratylenchus vulnus on carrot disks. J Nematol

5:255–266

Mountain WB (1954) Studies of nematodes in relation to brown root

rot of tobacco in Ontario. Can J Bot 32:737–759

Mutschler MA, Doerge RW, Liu SC, Kuai JP, Liedl BE, Shapiro JA

(1996) QTL analysis of pest resistance in the wild tomato

Lycopersicon pennellii: QTLs controlling acylsugar level and

composition. Theor Appl Genet 92:709–718

Nicol JM, Ortiz-Monasterio I (2004) Effects of the root-lesion

nematode, Pratylenchus thornei, on wheat yields in Mexico.

Nematology 6:485–493

Ogbonnaya FC, Imtiaz M, Bariana HS, Mclean M, Shankar MM,

Hollaway GJ, Trethowan RM, Lagudah ES, van Ginkel M

(2008) Mining synthetic hexaploids for multiple disease resis-

tance to improve bread wheat. Aust J Agric Res 59:421–431

Rensch D (1924) Aphelenchus neglectus sp n., a new parasitic

nematode species (in German). Sonderabdruck aus dem Zoo-

logischen Anzeiger 59:277–280

Richter K, Schondelmaier J, Jung C (1998) Mapping of quantitative

trait loci affecting Drechslera teres resistance in barley with

molecular markers. Theor Appl Genet 97:1225–1234

Saeki K, Miyazaki C, Hirota N, Saito A, Ito K, Konishi T (1999)

RFLP mapping of BaYMV resistance gene rym3 in barley

(Hordeum vulgare). Theor Appl Genet 99:727–732

Saghai-Maroof A, Soliman KM, Jorgense RA, Allard RW (1984)

Ribosomal DNA spacer-length polymorphisms in barley: Men-

delian inheritance, chromosomal location, and population

dynamics. Proc Natl Acad Sci USA 81:8014–8018

Shen XL, Van Becelaere G, Kumar P, Davis RF, May OL, Chee P

(2006) QTL mapping for resistance to root-knot nematodes in

the M-120 RNR Upland cotton line (Gossypium hirsutum L.) of

the Auburn 623 RNR source. Theor Appl Genet 113:1539–1549

Shtaya MJY, Marcel TC, Sillero JC, Niks RE, Rubiales D (2006)

Identification of QTLs for powdery mildew and scald resistance

in barley. Euphytica 151:421–429

Smiley RW, Merrifield K, Patterson LM, Whittaker RG, Gourlie JA,

Easley SA (2004) Nematodes in dryland field crops in the

semiarid Pacific Northwest United States. J Nematol 36:54–68

Soriano IR, Riley IT, Potter MJ, Bowers WS (2004) Phytoecdyster-

oids: a novel defense against plant-parasitic nematodes. J Chem

Ecol 30:1885–1899

Stein N, Prasad M, Uwe S, Thiel T, Zhang H, Wolf M, Kota R,

Varshney RK, Perovic D, Grosse I, Graner A (2007) A 1,000 loci

transcript map of the barley genome: new anchoring points for

integrative grass genomics. Theor Appl Genet 114:823–839

Theor Appl Genet (2011) 122:1321–1330 1329

123



Stracke S, Presterl T, Stein N, Perovic D, Ordon F, Graner A (2007)

Effects of introgression and recombination on haplotype struc-

ture and linkage disequilibrium surrounding a locus encoding

Bymovirus resistance in barley. Genetics 175:805–817

Talavera M, Vanstone VA (2001) Monitoring Pratylenchus thornei
densities in soil and roots under resistant (Triticum turgidum
durum) and susceptible (Triticum aestivum) wheat cultivars.

Phytoparasitica 29:29–35

Taylor SP, Hollaway GJ, Hunt CH (2000) Effect of field crops on

population densities of Pratylenchus neglectus and P. thornei in

Southeastern Australia. Part 1. P. neglectus. J Nematol

32:591–599

Thompson JP (2008) Resistance to root-lesion nematodes (Pratylen-
chus thornei and P. neglectus) in synthetic hexpaloid wheats and

their durum and Aegilops tauschii parents. Aust J Agric Res

59:432–446

Toktay H, McIntyre CL, Nicol JM, Ozkan H, Elekcioglu HI (2006)

Identification of common root-lesion nematode (Pratylenchus
thornei Sher et Allen) loci in bread wheat. Genome

49:1319–1323

Toojinda T, Bair E, Booth A, Broers L, Hayes P, Powell W, Thomas

W, Vivar H, Young G (1998) Introgression of quantitative trait

loci (QTLs) determining stripe-rust resistance in barley: an

example of marker-assisted line development with limited

resources. Theor Appl Genet 96:123–131

Van Ooijen JW, Voorrips RE (2001) JoinMap� version 3.0: software

for the calculation of genetic linkage maps. Plant Research

Internation, Wageningen

Vanstone VA, Russ MH (2001) Ability of weeds to host the root

lesion nematodes Pratylenchus neglectus and P. thornei. I. Grass

weeds. Aust Plant Pathol 30:245–250

Voorrips RE (2002) MapChart: software for the graphical presenta-

tion of linkage maps and QTLs. J Heredity 93:77–78

Wang S, Basten CJ, Zeng ZB (2010) Windows QTL Cartographer

V2.5.Program in Statistical Genetics. North Carolina State

University, Raleigh

Wenzl P, Carling J, Kudrna D, Jaccoud D, Huttner E, Kleinhofs A,

Kilian A (2004) Diversity Arrays Technology (DArT) for whole-

genome profiling of barley. Proc Natl Acad Sci USA

101:9915–9920

Wenzl P, Li H, Carling J, Zhou M, Raman H, Paul E, Hearnden P,

Maier C, Xia L, Caig V, Ovesna J, Cakir M, Poulsen D, Wang J,

Raman R, Smith KP, Muehlbauer GJ, Chalmers KJ, Kleinhofs A,

Huttner E, Kilian A (2006) A high-density consensus map of

barley linking DArT markers to SSR, RFLP and STS loci and

agricultural traits. BMC Genomics 7:206

Williams KJ (2003) The molecular genetics of disease resistance in

barley. Aust J Agric Res 54:1065–1079

Williams J, Taylor P, Bogacki P, Pallotta M, Bariana S, Wallwork H

(2002) Mapping of the root lesion nematode (Pratylenchus
neglectus) resistance gene Rlnn1 in wheat. Theor Appl Genet

104:874–879

Williamson VM, Kumar A (2006) Nematode resistance in plants: the

battle underground. Trends in Genet 22:396–403

Zhan J, Fitt BDL, Pinnschmidt HO, Oxley SJP, Newton AC (2008)

Resistance, epidemiology and sustainable management of Rhyn-
chosporium secalis populations on barley. Plant Pathol 57:1–14

Zwart RS, Thompson JP, Godwin ID (2005) Identification of

quantitative trait loci for resistance to two species of root lesion

nematode (Pratylenchus thornei and P. neglectus). Aust J Agric

Res 56:345–352

1330 Theor Appl Genet (2011) 122:1321–1330

123


	QTL analysis of root-lesion nematode resistance in barley: 1. Pratylenchus neglectus
	Abstract
	Introduction
	Materials and methods
	Plant material
	Resistance tests
	DArT marker analysis
	Genetic map construction
	QTL analysis

	Results
	Resistance tests
	Map construction
	QTL analysis

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


