
ORIGINAL PAPER

Identification of quantitative trait loci for resistance
to Verticillium wilt and yield parameters in hop
(Humulus lupulus L.)

Jernej Jakse • Andreja Cerenak • Sebastjan Radisek •

Zlatko Satovic • Zlata Luthar • Branka Javornik

Received: 28 August 2012 / Accepted: 8 February 2013 / Published online: 20 February 2013

� Springer-Verlag Berlin Heidelberg 2013

Abstract Verticillium wilt (VW) can cause substantial

yield loss in hop particularly with the outbreaks of the

lethal strain of Verticillium albo-atrum. To elucidate

genetic control of VW resistance in hop, an F1 mapping

population derived from a cross of cultivar Wye Target,

with the predicted genetic basis of resistance, and suscep-

tible male breeding line BL2/1 was developed to assess

wilting symptoms and to perform QTL mapping. The

genetic linkage map, constructed with 203 markers of

various types using a pseudo-testcross strategy, formed

ten major linkage groups (LG) of the maternal and paternal

maps, covering 552.98 and 441.1 cM, respectively.

A significant QTL for VW resistance was detected at LOD

7 on a single chromosomal region on LG03 of both

parental maps, accounting for 24.2–26.0 % of the pheno-

typic variance. QTL analysis for alpha-acid content and

yield parameters was also performed on this map. QTLs for

these traits were also detected and confirmed our previ-

ously detected QTLs in a different pedigree and environ-

ment. The work provides the basis for exploration of QTL

flanking markers for possible use in marker-assisted

selection.

Introduction

Hop (Humulus lupulus L.) is grown in Europe, USA,

China, South Africa, Australia and New Zealand, primarily

for its use as an essential flavouring and preservation

ingredient in the production of beer and, recently also for

pharmaceutical purposes. It is a dioecious perennial

climbing plant, the female plants of which are cultivated

for the unfertilized inflorescence (cone) carrying lupulin

glands rich in resins containing bitter acids and essential

oils, components of the bitterness, flavour and aroma of

beer, and polyphenols with anti-cancerogenic, anti-

inflammatory and phytoestrogenic attributes.

The principal goals of hop breeding programmes have

been improvement of yield, the quantity and quality of

resins and disease resistance. Hop breeding is a lengthy

process, due to the plant’s specific characteristics, such as

its perennial nature, late generative phase (2–3 year old

plants), dioecism and related high heterozygosity, and

time-consuming assessment of production traits in male

plants. Additionally, most of the important hop breeding

targets are thought to be quantitative traits. The employ-

ment of molecular markers in hop genetic studies has

opened possibilities of quantitative trait loci (QTL) map-

ping and the development of trait linked markers for their

use in marker-assisted selection (MAS) to support con-

ventional breeding. Markers for simple qualitative traits,

such as sex (Jakse et al. 2008b; Patzak et al. 2002; Polley

et al. 1997) or markers for powdery mildew resistance

locus R2 (Seefelder et al. 2006) are already available and

applied in MAS. However, markers for quantitative traits
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are not yet available, despite the fact that the construction

of hop linkage maps has allowed the identification of QTLs

responsible for the chemical structure of hop resins (Koie

et al. 2005), QTLs for alpha-acid content and yield

parameters (Cerenak et al. 2006, 2009) and, recently,

powdery mildew susceptibility (Henning et al. 2011).

A number of genes and transcriptional factors involved in

the predicted biosynthesis pathway of alpha acids have also

been cloned (Matousek et al. 2012; Novak et al. 2003;

Okada et al. 2001; Paniego et al. 1999), although they are

not yet used in breeding programmes.

The work described here was initiated in an attempt to

map Verticillium wilt (VW) resistance, which is poorly

understood in hop despite being one of the most devas-

tating diseases in European hop production. Verticillium

wilt is a vascular disease of a broad range of plants, caused

by the soil borne fungal species Verticillium albo-atrum

and V. dahliae. In hop, the disease caused by V. dahliae

is comparatively rare and is mild in character, whereas

V. albo-atrum causes the majority of outbreaks in both mild

and lethal forms (Neve 1991). The appearance of disease

forms is attributed to pathogen virulence, the sensitivity of

hop cultivars and ecological factors (Isaac and Keyworth

1948; Sewell and Wilson 1984). In general, the mild form

varies in intensity from year to year and rarely causes plant

death, whereas lethal wilt is less influenced by seasonal

climatic variations and causes very severe symptoms, with

rapid plant withering and dieback. The V. albo-atrum strain

with increased virulence in hop (pathotype PV1) was first

discovered in the UK in 1933 (Keyworth 1942), followed

by outbreaks in Slovenia in 1997 (Radisek et al. 2003) and

in Germany in 2005 (Seefelder et al. 2009). Host resistance

accompanied by strict phytosanitary measures is the most

effective disease control, so wilt resistant breeding is very

important. Hop VW resistance traits were introduced in UK

breeding programmes in the 1930s from two distinct

sources of an American wild hops (H. lupulus var. neo-

mexicanus), designated Y90 and AA 7 (Darby 2001). The

mean values of assessed symptoms for resistance in prog-

eny derived from crosses with the Y90 source indicated an

additive action of genes, without evidence of the discon-

tinuity of individual values, thus suggesting polygenic

control. On the other hand, control by two dominant

complementary genes was predicted according to the seg-

regation ratios observed in the progeny of crosses made

with parents having an AA 7 source (Darby 2001), which

became the main source of Verticillium resistance in hop

breeding programmes.

The best studied example of VW resistance is in tomato,

in which resistance against V. dahliae race 1 is conferred

by a single dominant gene Ve, which was mapped on the

short arm of chromosome 9 (Diwan et al. 1999). Two genes

were isolated from the mapped Ve locus by positional

cloning, of which only Ve1 showed functional resistance

against V. dahliae race 1 (Fradin et al. 2009; Kawchuk

et al. 2001). The Verticillium resistance Ve1 gene codes for

extracellular leucine rich repeat (LRR) receptor-like pro-

tein, which recognizes the recently discovered effector

Ave1 and induces a defence response (de Jonge et al.

2012).

Several mapping efforts have been made in cotton, in

which VW is one of the most serious constraints to pro-

duction. QTL analysis on interspecific mapping popula-

tions identified several QTLs explaining the variation in

resistance to V. dahliae (Bolek et al. 2005). In Gossypium

barbadense, QTL analysis of F2 and BC1 populations

revealed two stable QTLs in both populations and four

QTLs at both seedling and mature stages (Yang et al.

2008). However, mapping in upland cotton (G. hirsutum)

of F2 progeny showed clusters of several QTLs on two

chromosomal regions, suggesting a genetic model of two

major genes conferring resistance to V. dahliae (Jiang et al.

2009). In contrast, single and two dominant cotton genes

conferring resistance to V. dahliae strains were reported by

Mert et al. (2005).

Linkage maps for tracing VW resistance have also been

constructed in several other crops. In oilseed rape, in which

V. longisporum causes major yield losses, such an approach

identified two major and two minor QTL regions in mul-

tiple environments for resistance against VW, using a

doubled haploid mapping population (Rygulla et al. 2008).

In lettuce, the production of which is also severely affected

by VW, the F6 RIL population was genotyped using SNP

assay for map construction. QTL analysis detected a single

gene of major effect, conferring a high level of resistance

to V. dahliae race 1, which was supported by Mendelian

analysis of phenotypic data of several additional lettuce

populations (Hayes et al. 2011).

In the present study, a hop genetic linkage map was

constructed with a high number of SSR markers on an F1

population segregating for VW resistance using a pseudo-

testcross strategy. The known hop VW resistant source is

described and hop QTL for VW resistance was identified

for the first time. In addition, QTLs for yield and hop alpha

acids were also located on the constructed map, corre-

sponding to QTLs from our previous study employing a

different mapping family.

Materials and methods

Plant material

The F1 mapping population was derived from a cross

between the VW highly resistant English variety Wye

Target and the susceptible Slovene male breeding line
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BL2/1. The cross was done in 2004. Stratified seeds were

sown in a commercial soil mixture in a tray and placed in a

greenhouse. Seedlings with 2–3 leaves were transplanted to

pots and subsequently multiplied by cuttings. Those plants

were either used for VW resistance scoring or were

transplanted to the hop field for evaluation of yield traits.

The analysis included 144 F1 full-sib genotypes, con-

sisting of 99 female and 45 male plants, as determined by

the sex-linked microsatellite marker HlAGA7 (Jakse et al.

2008b). In addition to VW resistance variability, the

progeny also displayed phenotypic variations in traits, such

as growth rate, vigour and alpha-acid content.

The hop varieties, susceptible Celeia and Fuggle and

moderately resistant cv. Wye Challenger, together with

parents, resistant cv. Wye Target and susceptible BL2/1,

were used as reference varieties for VW scoring.

VW resistance scoring

One hundred and seventeen F1 generation genotypes were

randomly chosen, together with reference varieties, for

resistance testing to the highly virulent V. albo-atrum hop

isolate (Radisek et al. 2006). Twelve clonally replicated

plants per genotype of 2-month-old cuttings were used for

inoculation. We were able to test 20 genotypes (12 clones

per genotype, three standard varieties and non-infected

controls, in total 384 plants) per experiment in the growing

chamber and only twice per year because of hop dormancy.

Fungal inoculum was prepared by growing isolate cultures

in liquid general fungal medium (Radisek et al. 2003) on a

rotary shaker for 5 days at 50 rpm and room temperature in

the dark. Conidia were removed from the mycelium by

100 lm cell strainer (Falcon, BD Biosciences, USA) and

adjusted by Thoma counting chamber to a concentration of

2 9 106 conidia/ml. Plants were inoculated by dipping the

roots in the conidial suspension for 10 min (Clarkson and

Heale 1985), after which each plant was transplanted into

an 8 cm pot containing commercial sterilized potting

substrate (S01-Presstopf Gramoflor, Germany). Control

plants were mock inoculated using sterile distilled water.

Plants were grown in a growing chamber (RK-13300,

Kambic) under a 12 h photoperiod of fluorescent light

(L 58 W/77; Fluora, Osram) at 22 �C temperature and

65 % relative humidity during the light period and 18 �C

and 70 % during the dark period, in five independent tests.

After the first symptoms appeared, plants were assessed for

the severity of foliar symptoms at weekly intervals for

3 weeks, using a scale of 0–5. A score of 0 indicates no

leaf symptoms, 1 = 1–20 % leaf area wilted, 2 = 21–40 %

leaf area wilted, 3 = 41–60 % leaf area wilted, 4 =

61–80 % leaf area wilted and 5 = 81–100 % leaf area

wilted. Plant infection was confirmed by re-isolation of the

fungus from roots and stems. Cut pieces of the vascular

tissue were placed on potato dextrose agar and the presence

of mycelium development was examined by light micros-

copy after 3–5 days. Within 12 clonally replicated plants

per genotype some were not successfully infected, as

shown by the re-infection test and were subsequently

omitted from the scoring. Final genotype assessment was

expressed as a disease severity index (DSI), calculated as

mean wilt score of the infected plants on the last foliage

assessment. Based on DSI, genotypes were classified into

six numeric resistance categories corresponding to a 0–5

scale of foliar wilt assessment.

Alpha-acid content

Determination of the alpha-acid content (lead conductance

value—LCV) was performed by the standard method

(Analytica EBC/European brewery convention 2000) on

the cone harvest in 2008 and 2009 (Cerenak et al. 2009).

Dry cone weight and harvest index

The parameters of yield were determined as reported pre-

viously (Cerenak et al. 2009). The hop plants were grown

in the hop field in the main hop growing area of Slovenia

(Savinja valley), maintained by standard agricultural

practice in terms of maintenance, fertilizing and disease

and pest protection. The cones were picked in 2008 and

2009. They were dried at 103–104 �C for 5 h, weighed and

the percentage of moisture calculated and the dry cone

weight (DCW) was determined. The harvest index (HI)

was calculated as the ratio of fresh cone weight to the total

plant weight.

Molecular markers analysis

Total genomic DNA was extracted from young hop leaves

using a common CTAB method (Kump and Javornik

1996). DNA concentrations were measured by means of

fluorimetry (Hoefer DyNA Quant 200). DNA samples were

stored in TE buffer at -20 �C until further use.

Various sets of molecular markers were used for geno-

typing the 144 F1 progeny and two parents: anonymous

genomic SSRs, EST-derived SSRs, AFLPs, SCARs, SNPs

and RAPDs.

Anonymous genomic SSRs were either (a) developed in

our laboratory from microsatellite enriched genomic

libraries (Jakse et al. 2002; Jakse et al. 2008a; Stajner et al.

2005), (b) taken from the literature (Brady et al. 1996;

Hadonou et al. 2004; Kanai et al. 2006) or (c) acquired

through collaboration (Seefelder, unpublished). EST-

derived SSRs were developed from hop EST/cDNA

sequences (Jakse et al. 2011). Microsatellite loci were first

tested on both parents and six randomly chosen F1 plants
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for polymorphism and segregation and those exhibiting

segregation were used for genotyping the mapping popu-

lation. PCR reactions were performed in 15 ll, using 20 ng

of hop DNA, 19 supplied PCR buffer, 2 mM MgCl2 and

0.5 lM of locus-specific primer pair. Forward primers

were either labelled with CY5 dye at the 50 ends or a three

primer protocol allowing economic labelling of amplified

fragments was used according to the published procedure

(Schuelke 2000). Fluorescently labelled microsatellite

alleles were separated on an ALFExpressII automatic DNA

sequencer. Formamide loading dye (formamide, 5 mg/ml

dextran blue) was added to the PCR reactions (1:1) and

5 ll of heat-denaturated sample was loaded onto 7 %

denaturing polyacrylamide gel (19:1 acrylamide:bis-

acrylamide, 7 M urea) prepared in a short cassette. Sam-

ples were subjected to electrophoresis at 55 �C for the

amount of time required to separate the longest allele of the

locus at a constant power of 15 W. The same gel was

reloaded two or three times. Data were acquired with the

ALFWin analysis module and chromatograms were ana-

lysed with Allele Locator 1.03 software.

AFLP analysis (Vos et al. 1995) was performed using 12

primer combinations with three or two selective nucleotides

employing EcoRI (E) or PstI (P) restriction sites in combi-

nation with a frequent 4-base cutter MseI (M): E-ACG ?

M-CTA, E-ACG ? M-CTT, E-ACG ? M-CAT, E-AGC ?

M-CAG, E-AGC ? M-CTT, E-AGC ? M-CAC, E-AGC

? M-CTC, E-AGC ? M-CTA, P-AAC ? M-CTT, P-AA

? M-CAC, P-AAC ? M-CT and P-AAC ? M-CAA. The

amplification protocol was performed using 50 CY5 labelled

E or P primers (Gril et al. 2008). Amplification reactions

were electrophoresed using the same equipment, chemicals

and conditions as described in the case of microsatellite

markers, with an electrophoresis time of 300 min.

Three SCAR markers, sex-linked RAPD-Y (Polley et al.

1997), LRR sequence WT3B12 (Kozjak et al. 2009) and

HOP-B (Araki et al. 1998), 13 SNP markers based on LRR

hop sequences (designated as SNP followed by a number;

unpublished) and ten RAPD decamer primers (Sustar-

Vozlic and Javornik 1999) were also genotyped on the

mapping population.

All marker data were stored according to the required

JoinMap codes in an Excel spreadsheet.

Data analysis

Marker and phenotype segregation were tested for good-

ness-of-fit to Mendelian inheritance ratios using the Chi-

square test. All markers were used for mapping, including

those demonstrating a significant departure from the

expected Mendelian ratios. The molecular-marker infor-

mation was used to construct separate linkage maps for the

female (Wye Target) and male (BL2/1) parents, using the

two-way pseudo-testcross strategy (Grattapaglia and Sed-

eroff 1994) by the JoinMap� 4.0 program (Van Ooijen

2006). Kosambi’s mapping function was applied and a

LOD 6.0 threshold with a recombination fraction of 0.35

was used to determine linkage groups. A LOD score of 2.0

was used to determine the optimal marker order by

applying a ripple value of 1.0 and a jump threshold of 5.0.

MapQTL� 5 (Van Ooijen 2004) was used for identifi-

cation and location of QTLs associated with VW resis-

tance, alpha-acid content, dry cone weight and harvest

index in each year. Single trait analysis was performed

using the Kruskal–Wallis non-parametric test, as well as an

interval mapping approach (Lander and Botstein 1989)

followed by multiple-QTL mapping (MQM) (Jansen and

Stam 1994). The linkage groups were scanned at 1 cM

intervals. The most likely QTL position corresponded to

the locus of the marker exhibiting the strongest association

with the trait. By performing a backward elimination pro-

cedure, co-factors significantly associated with each trait at

P \ 0.02 were selected and used in the MQM. Genome-

wide threshold values (P \ 0.05) for declaring the pres-

ence of QTLs were estimated from 1,000 permutations of

each phenotypic trait (Churchill and Doerge 1994). The

interaction effects were estimated for each QTL using the

results of QTL analysis based on the corresponding

parental map. In a pseudo-testcross progeny, a QTL can

segregate for four different alleles (Q1Q2 9 Q3Q4). The

means of the distribution of the quantitative trait associated

with four different QTL genotypes (Q1Q3, Q1Q4, Q2Q3

and Q2Q4) can be estimated. Following the method pro-

posed by Knott et al. (1997), three allelic effects can be

calculated: effects for each parent individually (difference

in the effect of the alleles inherited from each parent) and

interaction effects (i.e., deviation from additivity, whereby

a value of zero indicates complete additivity).

One- and two-LOD support intervals for the position of

each QTL were calculated as described by Conneally et al.

(1985). Maps were drawn using MapChart version 2.2

software (Voorrips 2002).

Results

The F1 population of 144 plants was developed from the

VW-resistant mother plant Wye Target and susceptible

male breeding line BL2/1, to obtain a mapping population

segregating for VW. The tested progeny exhibited a range

of variability of resistance to VW, from highly susceptible

to completely resistant genotypes. We scored 117 F1 gen-

eration genotypes randomly chosen out of 144 genotypes

used for map construction, due to time and labour limita-

tions. We believed that the chosen number of genotypes

was sufficient for mapping the disease-related QTL.
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At harvest, when the plants reached technological ripeness,

the alpha-acid content, yield (dry cone weight) and harvest

index (ratio of fresh cone weight to total plant weight) were

also measured in two subsequent years on female plants, in

order to map QTLs for these traits (Table 1). The corre-

lations between the 2 years were significant but moderate

in case of alpha-acid content (r = 0.643; P \ 0.001) and

dry cone weight (r = 0.695; P \ 0.001), while in case of

harvest index the correlation was low (r = 0.190;

P = 0.032).

VW resistance assessment

In total, 117 hop plants were scored for resistance to VW,

in a growing chamber in five independent tests after

infection by the highly virulent pathotype of V. albo-

atrum, which induces severe and lethal disease symptoms.

In all tests, the first symptoms were observed as leaf

chlorosis approximately 3 weeks after inoculation on the

susceptible reference varieties Celeia and Fuggle and on

susceptible plants of genotypes classified four and five

from the mapping family. Re-infection analysis of inoc-

ulated plants revealed 100 % successful infection in

genotypes assessed as class four and five, whereas in

genotypes 0–3 it varied between 67 and 92 % and thus

only infected plants were included in the expression of

DSI. Based on DSI, genotypes were classified into six

numerical resistant categories (0–5): 39 plants with score

0, 23 plants with score 1, 11 plants with score 2, 17 plants

with score 3, 14 plants with score 4 and 13 plants with

score 5 (Fig. 1).

Map construction

One hundred and forty-four genotypes were included in the

marker analysis for linkage map construction. We were

able to produce 296 scorable polymorphic markers (111

anonymous genomic SSRs, 9 EST-derived SSRs, 153

AFLPs, 3 SCARs, 7 RAPDs and 13 SNPs). Marker seg-

regation analysis revealed a high percentage (116 markers,

39.19 % at P \ 0.01) of them to be distorted. Nevertheless,

out of 296 markers, 203 markers (106 anonymous genomic

SSRs, 7 EST-derived SSRs, 68 AFLPs, 3 SCARs, 6

RAPDs and 13 SNPs) were mapped (Table 2). Of these

203 mapped markers, 67 still displayed distorted segrega-

tion (33.00 %). The majority of the ninety-three markers

that did not map were AFLPs (85), with five anonymous

genomic SSRs, two EST-derived SSRs and one RAPD,

since they did not show any linkage.

A total of 177 markers (93 anonymous genomic SSRs, 4

EST-derived SSRs, 64 AFLPs, 2 SCARs, 5 RAPDs and 9

SNPs) were placed on the maternal Wye Target map,

forming 10 major linkage groups and three doublets, cov-

ering 552.98 cM of the genome. The average distance

between adjacent markers was 5.88 cM. Ten major linkage

groups consisted of 4–31 markers, and ranged in size from

35.64 to 77.04 cM (Table 2). The percentage of markers

exhibiting distorted segregation in the ten major linkage

groups was below 50 %, ranging from 6.45 % (LG01) to

42.86 % (LG05), with the exception of LG02, which had

84.62 % of distorted markers.

A total of 108 markers (53 anonymous genomic SSRs, 3

EST-derived SSRs, 45 AFLPs, 1 SCARs, 1 RAPDs and 5

SNPs) were placed on the paternal BL2/1 map, defining

441.1 cM of the total map distance, with an average

Table 1 Number of progeny (N) included in the analysis of Verticillium resistance, alpha-acid content, harvest index and dry cone weight, their

mean values and standard deviations (SD), range and coefficients of skewness and kurtosis

Trait Abbreviation Years N Mean SD Range Skewness Kurtosis

Verticillium resistance vh 117 1.85 1.78 0.00–5.00 0.48 -1.20

Alpha-acid content alpha 2008 70 7.17 2.77 1.50–13.50 -0.02 -0.78

Alpha-acid content 2009 66 6.13 2.60 2.00–12.30 0.70 -0.22

Harvest index hi 2008 70 0.32 0.07 0.13–0.50 -0.29 0.48

Harvest index 2009 65 0.32 0.08 0.14–0.74 2.65 13.52

Dry cone weight dcw 2008 70 0.19 0.11 0.01–0.47 0.85 0.64

Dry cone weight 2009 65 0.27 0.16 0.01–0.76 0.73 -0.01
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Fig. 1 Distribution of 117 analysed plants according to 6 VW

resistance scores
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inter-marker distance of 6.42 cM. Ten major linkage

groups and three doublets were detected. Ten major linkage

groups consisted of 4–22 markers, and ranged in size from

12.05 to 72.34 cM (Table 2). The distribution of markers

exhibiting distorted segregation was uneven among the ten

major linkage groups of the BL2/1 map. In six out of ten

major groups, the percentage of distorted markers was

below 50 %, ranging from 0.00 % (LG01 and LG14) to

38.89 % (LG04). Two relatively large groups (LG02 and

LG05) had 77.27 and 77.78 % of distorted markers,

respectively, while two smaller groups (LG03 and LG04)

consisted solely of markers exhibiting segregation

distortion.

Out of 203 mapped markers, 82 (40 anonymous geno-

mic SSRs, 41 AFLPs and 1 SNP) were mapped on both

female and male maps. Due to the presence of these

common biparental markers, homology of the eleven

linkage groups was inferred (Fig. 2), leaving two linkage

groups mapped solely on the Wye Target map and two on

the BL2/1 map.

The marker distribution in the obtained maps was

generally fairly even, with larger gaps of around 20 cM

between two markers being evident in 2 LGs on the

paternal map. Marker clustering occurred only on the

larger LG01 and LG02 of the maternal and paternal

maps.

QTL analyses of Verticillium wilt resistance

Genetic effects related to VW resistance were identified on

one chromosomal region on LG03 of both parental maps

(Fig. 2). By using the Kruskal–Wallis non-parametric test,

as well as both interval mapping and MQM, QTLs for VW

resistance were identified at LOD 7, explaining from 24.2 to

26.0 % of the phenotypic variance. The flanking markers of

the QTL determined on the female map were anonymous

microsatellite EMHL052 and AFLP marker P-AA_M-

CAC_91, both segregating only in the female parent. The

peak of the putative QTL determined on the male map was

found exactly at the location of the monoparental anony-

mous microsatellite marker Ho0084 (Table 3).

QTL analysis of the alpha-acid content

In 2009, the QTL for alpha-acid content was identified on

LG01 of both maps (Fig. 2). On the female map, the

flanking marker was monoparental AFLP marker

P-AAC_M-CT_287, while on the male map, the flanking

marker was biparental anonymous microsatellite HlGT4.

Their LOD values ranged from 5.33 to 6.77, explaining

from 31.1 to 37.6 % of the phenotypic variance. The

maternal effects of both QTLs were larger than both

paternal and interaction effects (Table 3). In 2008, no QTL

Table 2 Linkage map properties: number of all and common markers in linkage groups, length of linkage groups in cM and average inter-

marker distances for integral (Int), female (Fem) and male maps

LG MAP No. markers cM Intermarker distance cM

Int Fem Male Common Int Fem Male Int Fem Male

1 INT 32 31 14 13 76.50 77.04 52.63 2.47 2.57 4.05

2 INT 27 26 22 21 41.77 41.81 53.93 1.61 1.67 2.57

3 INT 23 22 3 2 70.87 70.87 1.86 3.22 3.37 0.93

4 INT 18 18 18 18 72.34 72.34 72.34 4.26 4.26 4.26

5 INT 18 14 8 4 64.89 46.73 56.18 3.61 3.59 8.03

6 INT 16 11 14 9 54.74 38.78 54.28 3.65 3.88 4.18

7 INT 13 9 9 5 46.60 43.84 54.44 3.88 5.48 6.80

8 INT 4 4 4 4 35.64 35.64 35.64 11.88 11.88 11.88

9 INT 2 2 2 2 12.67 12.67 12.67 12.67 12.67 12.67

10 INT 2 2 2 2 8.69 8.69 8.69 8.69 8.69 8.69

11 INT 2 2 2 2 12.69 12.69 12.69 12.69 12.69 12.69

12 FEM 21 21 0 1a 40.34 40.34 – 2.02 2.02 –

13 FEM 15 15 0 0 51.55 51.55 – 3.68 3.68 –

14 MALE 6 0 6 0 13.70 – 13.70 2.74 – 2.74

15 MALE 4 0 4 1b 12.05 – 12.05 4.02 – 4.02

Mapped 203 177 108 82 615.04 552.98 441.1 5.41 5.88 6.42

Unmapped 93 85 77

Total 296 262 185

a Common biparental marker mapped on female map only: not included in total no. of markers mapped on male map
b Common biparental marker mapped on male map only: not included in total no. of markers mapped on female map
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Fig. 2 Linkage maps of female (Wye Target) and male (BL2/1)

parent developed using their F1 progeny. Map positions are given in

cM using the Kosambi mapping function. Linkage groups 1–10 are

homologous in the two maps. Common biparental markers are shown

in bold. Bar positions indicate the locations of quantitative trait loci

(QTLs) for Verticillium resistance (vh) alpha-acid content (alpha), dry

cone weight (dcw) and harvest index (hi) as detected in each year

(2008 and 2009). Outer and inner intervals corresponding to 1-LOD

and 2-LOD support interval are indicated as a full box and a line,

respectively
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were found with LOD [4.0, although the correlation of alpha content between years was significant (0.64,
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Fig. 2 continued
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Fig. 2 continued
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P \ 0.001), indicating the presence of QTLs with a lower

LOD score.

QTL analysis of yield parameters DCW and HI

QTLs associated with quantity of yield (DCW, HI) were

obtained in 2008, while no significant QTLs were detected

in the following year, 2009 (Fig. 2) with LOD [4.0

although a high correlation (0.69, P \ 0.001) was found

for DCW between the years. Genetic effects related to

quantity of yield were identified in the chromosomal region

on LG03 of both parents. The LOD values for these

putative QTLs for HI varied from 4.46 to 5.92, explaining

from 25.4 to 28.8 % of phenotypic variance. The position

of the QTL on the male map was found at exactly the same

position as the QTL for VW resistance, at the location of

marker Ho0084. The third putative QTL, relating to

quantity of yield (DCW), was positioned on the female

map, with two AFLP flanking markers, explaining 23.5 %

of the phenotypic variance (Table 3).

Discussion

Verticillium wilt is becoming a serious threat to hop pro-

duction in Europe due to outbreaks of lethal wilt caused by

a highly virulent strain of V. albo-atrum. To enhance

resistance breeding, since host resistance is the most

effective control of the disease, marker-assisted selection

could greatly improve the lengthy hop breeding process.

The main source of VW resistance in hop breeding is the

cultivar Wye Target, bred in the UK, where they first

encountered the lethal form of hop VW (Neve 1991),

although data from our recent hop breeding programme

suggest that other VW unknown resistant sources have also

been effective. Wye Target carries resistance from AA 7,

which is based on two dominant genes with complemen-

tary action, as proposed by Darby (2001).

In our attempt to establish the gene model for VW

resistance and to map the region in the hop genome car-

rying resistance genes, in order to find markers for MAS,

we constructed a mapping family using Wye Target as a

source of VW resistance. Several segregation patterns of

resistance scores for mono- and dihybrid crosses were

tested for goodness-of-fit to Mendelian inheritance ratios.

When we put our phenotypic data into two categories,

resistant and susceptible, ignoring the variation of symp-

toms among susceptible plants, the segregation pattern of a

two-gene model was obtained, consistent with the study of

Darby (2001). However, this segregation ratio was not

supported by the segregation of markers linked to the

identified QTL, nor did we find any marker linked to either

gene from the anticipated two-gene model.

The evaluation of VW symptoms in hop is as demanding

as in other crops susceptible to these soil-born pathogenic

fungi. We have established a pathogenicity test for testing

the virulence of field isolates of V. albo-atrum using a root

dipping method, growing plants in a growth chamber and

evaluating the symptoms at time intervals (Radisek et al.

2006). The same method was applied for evaluating

symptoms after inoculation of the mapping progeny with a

highly virulent strain of V. albo-atrum. A continuous dis-

tribution of symptoms was observed from symptomless

plants, through moderately affected plants and completely

diseased plants, correlating with resistant, moderately

resistant/susceptible and highly susceptible plants. Such an

expression of phenotypes suggests a dosage effect of alleles

of major gene(s) or the additional action of minor genes,

as has already been discussed for other crops (Bae et al.

2008; Fradin et al. 2009; Hayes et al. 2011; Jansky et al.

2004). Additionally, a continuous distribution of symptoms

can also be ascribed to the aetiology of VW disease. Plants

get infected through the roots after resting mycelia of

V. albo-atrum are stimulated to germinate by root exudates.

Hyphae invade the roots, enter the xylem vessels and form

conidia, which are then carried upwards by the

Table 3 Quantitative trait loci for Verticillium resistance, alpha-acid

content, harvest index and dry cone weight in F1 progeny of Wye

Target and BL2/1 with QTL names: vh—Verticillium resistance,

alpha09—alpha-acid content year 2009, hi08—harvest index year

2008, dcw08—dry cone weight year 2008

QTL LG Position Flanking markers LOD Allelic effects R2 TLOD

Wye Target BL2/1 Interaction

vh Wye-03 38.62 EMHL052/P-AA_M-CAC_91 7.66 -3.70 -0.56 0.64 26.00 3.90

vh 2/1-03 0.00 Ho0084 7.03 -3.38 -0.51 0.52 24.20 3.60

alpha09 Wye-01 16.69 P-AAC_M-CT_287 6.77 -6.63 1.43 1.32 37.60 4.00

alpha09 2/1-01 24.02 HlGT4 5.33 -5.44 -0.47 1.53 31.10 3.80

hi08 Wye-03 26.55 OPG08-02 4.46 0.10 0.04 -0.08 25.40 4.10

hi08 2/1-03 0.00 Ho0084 5.92 0.12 0.03 -0.07 28.80 3.90

dcw08 Wye-03 22.19 E-AGC_M-CTA_93/P-AAC_M-CAA_111 5.25 0.14 0.27 0.41 23.50 4.20
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transpiration stream and subsequently stopped at vessel

trapping sites, where they germinate and penetrate adjacent

vessel elements and begin a new infection cycle. Coloni-

zation of plants is thus not even, plants can be infected at

different times and colonized to a different extent, due to

the pathogen infection strategy, as well as the influence of

environmental factors and all these are reflected in symp-

tom development, which is scored at fixed time intervals.

The linkage map using the F1 population from the cross

between VW-resistant cultivar Wye Target and susceptible

BL2/1 is the first map constructed for mapping VW

resistance in hop. It is also the hop map that includes the

highest number (119) of microsatellite markers developed

primarily for mapping purposes (Jakse et al. 2008a; Jakse

et al. 2011). To date, five linkage maps have been pub-

lished in peer reviewed journals for hop families segre-

gating for different traits (Cerenak et al. 2009; Cerenak

et al. 2006; Henning et al. 2011; Koie et al. 2005; Seefelder

et al. 2000), which were mainly constructed with AFLP

markers, including a small number of microsatellites, while

the most recent map used a larger number of DaRT

markers. Microsatellites, as co-dominant markers, are

highly applicable in a pseudo-test cross mapping strategy

of dioecious hop, as has been shown in our previous

mapping studies (Cerenak et al. 2009; Cerenak et al. 2006),

since they readily allow comparison of male and female

linkage groups and the construction of an integral map and

are transferable between maps. On the other hand, it is also

important to include various types of molecular markers in

linkage studies, since specific marker types can be differ-

entially distributed at different genomic positions (Semagn

et al. 2006). Our map is based on 203 polymorphic markers

including anonymous and EST developed microsatellites,

AFLPs, SNPs, RAPDs and SCARs. The constructed map

consists of eight common biparental LGs with more than

two markers in the group, while both maps have two

parental specific LGs. The total number of LGs is close to

the haploid chromosomal number 10 of the hop genome.

Although we report a shorter total length of the present

male and female maps compared to our previous two maps

used for QTL analysis of alpha-acid content and yield

parameters (Cerenak et al. 2006; Cerenak et al. 2009), the

average marker distance of the new map is greatly

improved; in the female map by 5.63 and 7.17 cM and by

5.84 and 5.22 cM in the male map, respectively.

Although segregation analysis revealed a high percent-

age of distorted markers, we decided to include them in the

map construction. Segregation distortion of markers in

mapping efforts has been confirmed in numerous plant

species. The phenomenon of distortion of nuclear genes is

well documented in plants (Zamir and Tadmor 1986). The

deviations are explained by the many different selection

forces, from the period of formation of the gametes until

their fusion into zygotes (Gillet and Gregorius 1992).

However, mapping studies have shown that distortion does

not affect the estimate of map distance (Lu et al. 2002).

QTL analysis carried out on the constructed linkage map

to detect the QTL for VW resistance gave a positive result.

We located the QTL on a single chromosomal region on

LG03 in both parents (Fig. 2), with a significant QTL for

VW tolerance at LOD 7 explaining 24.2–26.0 % of the

phenotypic variance and confirming the action of more

than one gene (Table 3). How many genes might be posi-

tioned at this single, well-supported QTL is not known.

However, Mendelian segregation analysis of the pheno-

typic data of VW in the F1 mapping population was con-

sistent with the action of two dominant, complementary

genes, suggesting that at least one gene is within the

detected QTL. The maternal effect of the detected QTL is

much larger than both paternal and interaction effects,

which is to be expected, since the maternal parent carried

the resistance. The flanking AFLP and microsatellite

markers of the maternal QTL are not very tightly linked, so

the region would require fine mapping to find candidate

markers linked to resistant gene(s). A more promising

candidate marker for MAS is microsatellite marker

Ho0084, which is co-located (0 cM) with the QTL on the

paternal map.

The main aim of our research was determination of

QTL(s) for wilt resistance, but we extended the mapping

efforts to traits related to hop quality and yield in order to

verify our previously detected QTLs (Cerenak et al. 2009).

We measured the content of alpha acids, the main hop

quality parameter, and harvest index (hi) and dry cone

weight (dcw), the two yield parameters, over 2 years in

field conditions.

In 2009, we were able to detect QTL for alpha-acid

content on LG01 of both parental maps, describing a rea-

sonably high proportion of phenotypic variation despite the

fact that the maternal parent (Wye Target) displayed low

variation in alpha-acid content in comparison with the

maternal parent cultivar Magnum used in our previous

QTL mapping of alpha-acid content (Cerenak et al. 2009).

The male parent was the same in both mapping populations

and a number of common microsatellite markers were

found on the corresponding LGs. The number of common

microsatellite markers used in both studies enables com-

parison of the QTL location for alpha-acid content on the

two maps. LG Wye-1, with the detected QTL for alpha-

acid content (alpha-09), corresponds to LG Magnum-3

with located alpha-acid QTLs (a1-03, a3-04, a1-05, a1-06).

Microsatellite marker HlGT4 is particularly interesting. It

was detected as a flanking marker of a QTL (alpha-09) on

LG BL2/1-1, as well as of two QTLs (a2-02 and a4-04)

located on the corresponding LG from the Magnum 9

BL2/1 population. The related QTLs for yield were also
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detected on LG Wye-3 and BL2/1-3, which correspond to

LG Magnum-1 and BL2/1-1, on which several QTLs for

harvest index and dry cone weight have been previously

reported. The present male LG-3 is very short. However, it

carries the HlAGA6 marker, which is also the flanking

marker for several maternal and paternal QTLs for harvest

index on LG-1 of Magnum and BL2/1. The comparison of

QTLs on the Wye Target 9 BL2/1 and Magnum 9 BL2/1

maps showed co-location of QTLs for specific traits on

both maps and thus confirmation of the same QTLs in

different genetic backgrounds and environments. The

common flanking markers (HlGT4 and HlAGA6) are also

good candidates to be explored as markers for alpha-acid

content and yield in hop. The male markers deserve special

attention, since paternal inheritance of the above traits is

very poorly studied because male plants usually participate

in the breeding process as unknown pollinators.

To the best of our knowledge, this is the first report of

the QTL for hop resistance against the lethal strain of

V. albo-atrum, which has become the major limiting factor

in European hop production. These results are an important

first step in the investigation of the genetic basis of a

currently available hop VW resistance source, as well as

opening possibilities of marker development and exploi-

tation in MAS resistant breeding. A marker linked to VW

resistance would allow selection of resistant genotypes at

the seedling stage from large numbers of progeny, without

the time-consuming screening of artificially infected plants.

Together with successful marker development for alpha-

acid content and yield parameters, this work will signifi-

cantly contribute to the implementation of MAS for VW

resistance and complex traits in breeding strategies.
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