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Summary. Basal stem rot, caused by Sclerotinia sclerotiorum (Lib.) de Bary, is an important cause of yield
loss in sunflower (Helianthus annuus L.). Quantitative trait loci (QTLs) implicated in partial resistance to
basal stem rot disease were identified using 116 recombinant inbred lines (RILs) from the cross between
the sunflower parental lines PAC2 and RHA266. The RILs and their parents were arranged in a completely
randomized design with six replications and inoculated with a moderately aggressive isolate (SSU107) of S.
sclerotiorum under controlled conditions. QTLs were mapped using a recently developed high-density simple
sequence repeat/ amplified fragment length polymorphism (SSR/AFLP) sunflower linkage map. Analysis of
variance showed highly significant differences among the sunflower genotypes for susceptibility to basal stem
rot. The frequency distribution of genotypes for susceptibility to disease showed continuous patterns, sug-
gesting that resistance is controlled by a polygenic system. Transgressive segregation for resistance occurred
in this cross. Composite interval mapping analysis revealed 7 QTLs for percentage necrotic area, localized
on 7 linkage groups. The effects of QTLs were small to moderate indicating a polygenic control of the studied
character. However, like any other quantitative trait, it is necessary to confirm the position of the QTLs and
to carry out fine-scale mapping before marker assisted selection (MAS) can be done. LG8 and LG16 are good
candidates for further analysis to develop molecular markers for resistance to Sclerotinia disease.
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Introduction

Sunflower, Helianthus annuus L. is a major oil-
seed crop widely cultivated throughout the globe.
It is a diploid species with an estimated haploid
genome size of about 3,000 Mb with 2n=2x=34
chromosomes (Arumuganathan and Earle, 1991).
Sclerotinia sclerotiorum (Lib.) de Bary is a wide-
spread pathogen infecting over 400 species of
plants including many important crop species (Bo-
land and Hall, 1994). White rot caused by S. sclero-
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tiorum is a major yield-limiting factor of sunflower
in the temperate regions of the world. The fungus
attacks several plant parts and causes stalk rot/
wilt or head rot (Gulya et al., 1997). Rapid dry-
ing of the leaves and development of lesions on
the tap roots and basal portion of the stem cause
plant death within a few days after the onset of
wilting (Dorrell and Huang, 1978).When climatic
conditions are favorable for fungus growth, yield
losses can reach 100% (Sackston, 1992). In most
cases, the fungus penetrates directly through the
cuticle and not through the stomata (Boyle, 1921).
Enzymatic digestion of the cuticle plays a role in
the penetration process (Tariq and Jeffries, 1986).
Infection of healthy tissue with the myceliogenic
infection method depends on the formation of an
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appressorium (Tariq and Jeffries, 1984). The Soil
and climatic conditions of sunflower growing are-
as influence which sunflower part is most attacked
(Tourvieille de Labrouhe et al., 1992). In Iran, in-
fections of the sunflower basal stem are considered
a potential threat to the entire crop. The available
chemical controls are either ineffective or difficult
to apply (Hahn, 2002). Genetic control is therefore
of considerable importance, the aim being to se-
lect cultivars with high resistance to all forms of
S. sclerotiorum found in the regions in which they
are cultivated. To date, sunflower genotypes with
different levels of resistance to stem rot have been
identified, but no fully resistant genotypes are
available (Hahn, 2002), so that breeding resistant
varieties is an important objective.

Two general types of disease resistance have
long been recognized in plants (van der Plank,
1968): (i) complete resistance, conditioned by major
genes and (ii) incomplete resistance, conditioned
by multiple genes each having a partial effect. A
variety of terms has been used to refer to this per-
ceived dichotomy, including vertical versus hori-
zontal, complete versus incomplete, major-gene
versus minor-gene and narrow-spectrum versus
broad-spectrum. One limitation of the major gene
in resistance breeding is its lack of durability; re-
sistance can break down because of a change in the
population of the pathogen, overcoming the specif-
ic plant resistance gene (Talukder et al., 2004). In
this type of interaction, there is either a compati-
ble interaction between the host and the pathogen,
allowing the pathogen to infect, grow and repro-
duce in the host, or an incompatible interaction, in
which a hypersensitive reaction causes the death
of the invading pathogen. It should be possible to
extend the durability of major genes by pyramiding
multiple resistance genes (Hittalmani et al., 2000),
as some varieties have durable resistance (they
maintain resistance for many years in the field
under conditions of high disease pressure). Dura-
ble resistance is considered to be a combination of
race-specific major genes and non race-specific mi-
nor (partial resistance) genes (Wang et al., 1994).
Partial (also known as horizontal) resistance re-
duces pathogen growth and reproduction without
the hypersensitive reaction that is indicative of the
incompatibility conferred by the major resistance
genes. Partial resistance involves many genes,
each of which singly makes a relatively small con-

tribution to overall resistance. Since resistance can
be measured quantitatively, this genes are known
as quantitative resistance characters, and the ge-
netic loci associated with them are called quanti-
tative resistance loci and in general, quantitative
trait loci (QTLs) (Young, 1996). Partial resistance
to Phoma black stem disease has been demonstrat-
ed to be present in a limited number of sunflower
genotypes (Darvishzadeh et al., 2007a).

As mentioned above, quantitative inheritance
often results from the segregation of multiple ge-
netic factors, and such polygenic characters are
strongly influenced by environmental conditions
(Kearsey and Pooni, 1996). Earlier studies sug-
gested that inheritance of resistance to S. sclero-
tiorum is polygenic (Bert et al., 2004). Mechanical
infection under controlled conditions is essential
for evaluating inbred lines and hybrids in order
to select individual plants and families in segre-
gating generations, because natural epidemics of
white rot are strongly affected by environmental
factors (Tourvieille de Labrouhe et al., 1978). Field
tests with natural and/or artificial infections are
extensively practiced but they are laborious, time
consuming and not always reliable indicators of
disease development because of variations in in-
oculum pressure and in environmental conditions
(Hahn, 2000).

The recent development of molecular markers
has been a major factor in establishing saturat-
ed molecular maps. Species with a large genome,
such as sunflower (2n=34), need techniques with
a great number of markers. Amplified fragment
length polymorphism (AFLP) is an efficient mark-
er technology on account of its high multiple ra-
tios (Pejic et al., 1998). AFLP is a powerful tech-
nique for the genetic fingerprinting of sunflower
(Hongtrakul et al., 1997). Simple sequence repeats
(SSRs) are used as another molecular marker and
their polymorphisms have been very effective in
genetic mapping, evolutionary studies and finger-
printing, as well as in pedigree analysis (Paniego
et al., 2002; Tang et al., 2003).

With a dense molecular linkage map, polygenic
quantitative traits can be resolved into discrete
Mendelian factors. With QTL mapping, individual
resistance loci can be identified and located on the
chromosomes. This is a highly effective tool for
studying genetically complex disease resistance
such as partial resistance (Young, 1996).
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Many studies have been conducted on sunflow-
er to determine the QTLs for important agronomic
and developmental traits such as ‘days to flower-
ing’ and photoperiod response (Leon et al., 2001)
and somatic embryogenesis (Flores Berrios et al.,
2000) as well as for resistance to Diaporthe heli-
anthi (Bert et al., 2002), S. sclerotiorum (Mestries,
1998; Bert et al., 2002; Bert et al., 2004; Micic
et al., 2005a,b), phoma black stem (Phoma mac-
donaldii) (Rachid Al-Chaarani et al., 2002; Bert et
al., 2004; Darvishzadeh et al., 2007b), and downy
mildew (Plasmopara halstedii) (Rachid Al-Chaa-
rani et al., 2002).

In the present work, we studied a recombinant
inbred population (116 RILs) derived from a cross
of “PAC2 x RHA266” and mapped the QTLs for
partial resistance to basal stem rot in the sunflow-
er genome using a high-density SSR/AFLP map.

Materials and methods
Fungal isolates and pathogenicity tests

Basal stem sections were collected from field
grown sunflower plants affected with basal stem
rot in different regions of northwestern Iran,
and were used to obtain S. sclerotiorum isolates.
Sclerotia were obtained from infected plants and
were then immersed in a mixture of 4% sodium
hypochlorite and 70% ethanol for 2 min, rinsed
in sterile distilled water, blotted dry on sterile fil-
ter paper, plated onto potato dextrose agar (PDA
39 g L, pH 6) medium and grown in the dark at
room temperature (25+1°C). Pure cultures were
obtained by the hyphal tip method and stored at
4°C until used.

The aggressiveness of 108 isolates was deter-
mined on the sunflower hybrid cv. Iroflor (kindly

provided by The Seed and Plant Improvement
Institute (SPII), Karaj, Iran). This hybrid comes
from a single cross and was registered in 1988 in
France. It is one of the most widely planted sun-
flower hybrids in northwestern Iran. Seeds were
sown in 10x12 cm pots filled with sterilized soil
collected from the research farm of Urmia Univer-
sity, Iran. The soil was a silty clay with a pH of
7.6 and an EC of 0.6 dSm™. Table 1 summarizes
the properties of the soil used in the experiments.
Plants were grown in a controlled environment
at temperatures of 24+1°C, 65% relative humid-
ity, with a 12 h day having a light intensity of 200
mEm?s?, for 4 weeks, until growth stage V6-V8
(sunflower plants with at least six to eight leaves)
(Schneiter and Miller, 1981). At this growth stage,
mycelial plugs of each isolate (3 mm diameter)
were cut from the growing edge of the colony (2
days old on PDA) and were placed against the ba-
sal stem of the sunflower plants. The stem and
mycelial plug were wrapped with Parafilm for 48
h to preserve humidity, following the method of
Price and Colhoun (1975). The percentage of ne-
crotic area on 1 cm of the stem base and all around
it was measured visually 3 days after inoculation.

The experiment was arranged in a completely ran-
domized design with three replications per isolate.

Sunflower genotypes and disease assessment

A population of RILs was developed through
single-seed descent from a cross between the sun-
flower parental lines PAC2 and RHA266. RHA266
was obtained from a cross between Helianthus
annuus and Peredovik by USDA, and PAC2 is an
inbred line from a cross between H. petiolaris and
‘HA61’ developed by INRA-France (Gentzbittel et
al., 1995). This public RILs population has been

Table 1. Some physical and chemical properties of the soil used in this study (average values).

Soil parameters

ECx10? P K N (Tot.)
(dSm'® (mgkg") (mgkg!) (%)

pH Mg Ca

Cl oct SP  CaCO; HCO; Sand  Silt Clay

(meqL") (meqL™) (megL") (%) (%) (%) (%) (%) (%) (%)

7.60  0.60 39.3 565 0.11 1.87 1.89

0.80 0.73 49.9 11.84 3.57 16 44 40

2 ECx10?, electrical conductivity.
> OC, organic carbon.
¢SP, saturation percentage.
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widely used for genetic analysis of complex traits
in sunflower (Rachid Al-Chaarani et al., 2004;
2005; Abou Al Fadil et al., 2007; Darvishzadeh et
al., 2007b; Poormohammad Kiani et al., 2007a, b;
2008; 2009). Seeds of RILs and their two parents
kindly provided by INRA (France) were planted
in pots filled with sterilized soil (Table 1). Plants
were grown in a growth chamber with the same
controlled conditions as for the pathogenicity test
with the selected isolate (SSU107). The RILs and
their parental lines were evaluated in a complete-
ly randomized design with six replications. This
fungal isolate was moderately aggressive so that
partial resistance could not be concealed by a rap-
id development of severe symptoms. For artificial
inoculation, the same procedure was used as for
the pathogenicity test.

Statistical analysis

The normality of the disease severity data was
assessed according to the Shapiro and Wilk (1965)
test in SAS (PROC UNIVARIATE; SAS Institute
Inc., Cary, NC, USA). Analysis of variance (ANO-
VA) of the disease severity data was performed us-
ing the general linear model (GLM) procedure in
the SAS software (SAS Institute Inc.). The func-
tion “FREQ” of SPSS software (SPSS/PC-17, SPSS
Inc., Chicago, IL, USA; http:/www.spss.com) was
used to analyze the frequency distribution of RILs
and their parents for partial resistance to S. scle-
rotiorum, scored 3 days after basal stem rot inocu-
lation. Compared to SAS, the SPSS graphs had a
high quality. The mean of the RILs and that of
the parents were compared. Genetic gain was de-
termined by subtracting the mean of the parents
from the mean of the 10% most resistant RILs.
Genotypic and environmental variances as well as
board-sense heritability were calculated according
to Kearsey and Pooni (1996) using least-square es-
timates of genetic parameters as follows:

_ MSG - MSE
r

Vph =Vg+l/e

e

g

V.= MSE

h;=£

V

ph

where V,, V,, and V,;, are the genotypic, environ-
mental and phenotypic variance respectively,
MSG and MSE the mean square for genotype
and error respectively, and r the number of rep-
lication.

Map construction and QTL analysis

The linkage map used in this study is the im-
proved map recently described by Poormoham-
mad Kiani et al. (2007b). Briefly, the parental lines
(PAC2 and RHA266) were screened for polymor-
phisms with 190 ‘SSL’’ and ‘SSU’ SSR markers (GIE
CARTISOL, Paris, France), 507 ‘ORS’ SSR mark-
ers from the SSR database (Tang et al., 2002, Tang
et al., 2003) and 463 ‘HA’ SSR markers developed
by INTA (Paniego et al., 2002). The genomic DNA
of PAC2, RHA266 and 123 F9 was isolated accord-
ing to the method of extraction and purification
described by Fulton et al. (1995). Electrophoresis
was performed using denaturing polyacrylamide
gels and silver-staining and/or SYBR gold detection
protocols (Molecular Probes, Eugene, OR, USA)
(Paniego et al., 2002) or by multiplex PCR assays
using modified forward primers by adding fluoro-
phores (6FAM, HEX and NED) according to the
method described by Tang et al. (2003). PCR frag-
ments were resolved using electrophoresis through
an ABI Prism 377 DNA analyzer (Applied Biosys-
tems, Foster City, CA, USA). Fragment sizing was
done using the GeneScan Filter. Set D, the ROX
500 internal-lane standard (Applied Biosystems;
ROX, 6-carboxy-X-rhodamine) and the GeneScan
3.5 programme (Applied Biosystems). Genotyper
3.6 (Applied Biosystems) was used to score SSR al-
leles. The map was constructed using Mapmaker
3.0 (Lander et al., 1987) and CarthaGene 0.999
(Schiex and Gaspin, 1997). Chi-square-tests were
performed to determine the segregation distortion
of each locus. Loci were assembled into groups using
likelihood odds (LLOD) ratios with a LOD threshold
of 4.0 (Gentzbittel et al., 1995; Bert et al., 2003; Bert
et al., 2004; Rachid Al-Chaarani et al., 2004) and
a maximum recombination frequency threshold of
0.35. Multiple locus orders were estimated for each
linkage group using CarthaGene 0.999. The likeli-
hood of different locus orders was compared and
the locus-order with the greatest likelihood for each
linkage group was selected. The Kosambi mapping
function (Kosambi, 1944) was used to calculate map
distances (cM) from recombination frequencies,
where a map function is a mathematical relation-
ship between recombination probabilities and map
distances measured in centi Morgans. Mapchart 2.1
was used for the graphical presentation of linkage
groups and the map position of the SSR and AFLP
markers. The improved map incorporated 157 more
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microsatellite markers than the old version (Rachid
Al-Chaarani et al., 2004). Each linkage group was
numbered according to the sunflower reference
map (Tang et al., 2002) and was presumed to corre-
spond to one of the 17 chromosomes in the haploid
sunflower genome (x=17). The total map length was
1824.6 cM with a mean density of 3.7 ¢cM per locus.

QTL mapping of the studied traits was per-
formed by composite interval mapping (CIM), con-
ducted with the QTL Cartographer programme,
version 1.16 (Basten et al., 2002) using mean val-
ues of six replications for each RIL. The genome
was scanned at 2-cM intervals with a window
size of 15 ¢cM. Up to 15 background markers were
used as cofactors in the CIM analysis identified
with the programme module Srmapqtl (model 6;
Basten et al., 2002). A QTL was considered sig-
nificant if the LOD threshold exceeded 3.0 (Bert et

al., 2003; Bert et al., 2004; Rachid Al-Chaarani et
al., 2004). A decrease in the LOD score of 1.0 rep-
resented the end point of the support interval for
each QTL (Lander and Botestein, 1989). Additive
effects of the QTLs detected were estimated with
the Zmapqtl programme (Basten et al., 2002). The
percentage of phenotypic variance (R? explained
by the QTLs was estimated at the peak QTL posi-
tion by QTL Cartographer (Basten et al., 2002).

Results
Aggressivity test

The 108 isolates differed significantly in their
capacity to cause disease on the basal stems of the

sunflower hybrid cv. Iroflor. The percentage of le-
sions ranged from 8 to 100% depending on the iso-

Table 2. Isolate mean lesion percentage on sunflower cv. Iroflor measured 3 days post basal stem inoculation under

controlled conditions.

Isolate Mean lesion
percentage

Isolate Mean lesion

percentage

SSU82 66
SSU83 52
SSKHS84 68
SSKHS85 42
SSU86 71
SSuUs87 94
SSKHS88 47
SSU89 60
SSU90 47
SSKH91 92
SSU92 76
SSU93 42
SSU9%4 62
SSU95 64
SSU9%6 32
SSU97 71
SSU98 54
SSU99 54
SSU100 60
SSU101 60
SSKH102 12
SSKH103 61
SSU104 73
SSKH105 65
SSKH106 45
SSU107 86
SSKH108 69

SSS55 41
SSKH56 47
SSU57 77
SSU58 40
SSU59 75
SSKH60 44
SSKH61 53
SSU62 20
SSU63 63
SSU64 17
SSU65 67
SSKH66 15
SSKH67 77
SSU78 56
SSKH69 17
SSU70 35
SSU71 38
SSKHT72 48
SSU73 100
SSKH74 79
SSU75 42
SSKHT76 26
SSKHT77 51
SSKH78 56
SSU79 63
SSU80 64
SSUS81 10

Isolate Mean lesion Isolate® Mean lesion

percentage percentage

SSU28 45
SSKH29 98
SSU30 85
SSU31 63
SSU32 70
SSU33 31
SSU34 33
SSU35 86
SSU36 50
SSKH37 41
SSKH38 8
SSU39 57
SSU40 53
SSKH41 71
SSU42 76
SSU43 20
SSU44 75
SSS45 61
SSKH46 16
SS8547 27
SSU48 57
SSU49 58
SSKH50 27
SSS51 66
SSU52 38
SSU53 77
SSU54 32

SSU1 61
SSKH2 58
SSKH3 25
SSU4 20
SSU5 33
SSS6 75
SSKH7 32
SSKHS 32
SSKH9 53
SSKH10 47
SSKH11 40
SSKH12 20
SSKH13 21
SSU14 22
SSKH15 51
SSU16 48
SSU17 79
SSU18 25
SSKH19 40
SSKH20 25
SSS21 33
SSS22 33
SSKH23 24
SSU24 45
SSU25 47
SSKH26 85
SSU27 63

2 For each isolate the first two letters refer to Sclerotinia sclerotiorum Lib. de Bary. The third and fourth letters show the abbrevi-
ated name of the locations where the isolates were collected. S, Salmas; KH, Khoy; U, Urmia. The locations were ~200 km apart.
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Table 3. ANOVA and genetic parameters for partial resistance to Sclerotinia sclerotiorum in sunflower recombinant

inbred lines (RILs) under controlled conditions.

S.0.V df MSPNA Item

PNA® Item® PNA®

114 1299.78**  PAC2 (P,)
RHA266 (Py)
P;-P,

P= (P;+P,)/2

RILs

Genotype

Residual 529 279.79

Total 643

-10.67

65.33
76.00

RILs -P

10%SRILs
GG10%=10%SRIL-P
70.67 LSD 0.05

88.87 h?

18.20 ns
50.75

-19.92°
18.80
37.80

2PNA, percentage of necrotic area.

"RILs, mean of all recombinant inbred lines (RILs); P, mean of parents; 10%SRILs, mean of the 10% Selected RILs; GG10%, genetic
gain when the mean of 10% selected RILs is compared with the mean of the parents. LSD s, least significant differences calcu-
lated using t o5 and the error mean square of each experiment; h% Board-sense heritability.

*#* % Significant at 0.01 and 0.05 probability level; ns: non significant.

late (Table 2). In view of these findings, one mod-
erately aggressive isolate (SSU107) was selected
for the QTL mapping program. This isolate came
from a Sclerotinia-infected sunflower sample col-
lected from the Urmia region, where the present
study was carried out.

Disease assessment

Three days after mechanical inoculation, the
majority of inoculated plants showed S. sclerotio-
rum symptoms on the basal stem.

As reports on resistance to basal stem rot in

Number of RILs

P1=65.33 L

sunflower so far do not indicate full resistance in
any sunflower genotypes, all plantlets with no vis-
ible lesions on the basal stem were taken to be not
infected, and were excluded from the experiment.
Since normalizing data through transformation
may misrepresent differences among individuals
by pulling skewed tails toward the centre of the dis-
tribution (Doerge and Churchill, 1994, Mutschler
et al., 1996; Poormohammad Kiani et al., 2009),
the phenotypic data analysis was performed on
the untransformed data. ANOVA detected highly
significant difference among the sunflower geno-

P2=76.00

'

10 20 30 40 50

60 70 80 90

Necrotic area (%)

Figure 1. Frequency distribution of sunflower recombinant inbred lines (RILs) and their parents for partial resis-
tance to Sclerotinia sclerotiorum, scored 3 days after basal stem inoculation and based on the percentage of the area
exhibiting necrosis symptoms. Arrows show the phenotypic values of the parental lines (P,=PAC2 and P,= HA266).
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Table 4. QTLs conferring partial resistant to Sclerotinia sclerotiorum in sunflower recombinant inbred lines (RILs)

and detected using composite interval mapping (CIM).

QTL LG Marker

Position #

LOD? Additive effect R?®

bsr.P.N.A.1.1
bsr.P.N.A.2.1
bsr.P.N.A4.1
bsr.P.N.A.6.1
bsr.P.N.A.8.1
bsr.P.N.A.14.1 14
bsr.P.N.A.17.1 17

ORS803
E38M60-10
E33M60-8
ORS1287-1
ORS418-1
E37M61-3
E35M62-5

4.01 4.46 4.37 0.06
7.41 4.50 -3.91 0.05

13.31 6.46 4.91 0.08
62.31 5.07
75.66 4.06 3.92 0.05
118.41 5.30 4.01 0.05
42.61 4.12

-4.45 0.07

-4.45 0.07

“Expressed in Kosambi cM, from the top of linkage group (LG).

"LOD, likelihood that the effect occurs by linkage/ likelihood that the effect occurs by chance. A negative sign in additive effect
indicates that the resistant allele comes from the maternal line (PAC2); a positive sign indicates that the resistant allele is from

the paternal line (RHA266).

¢ R? is the percentage of individual phenotypic variance explained by each QTL.

types for susceptibility to basal stem rot (Table 3).
The disease severity of the RILs caused by SSU107
ranged from 7 to 100% (Figure 1). A RIL such as
C71 showed high partial resistance, while C146
was susceptible.

Differences between the mean disease severity
of the RILs (RILs) and the mean of their parents
(P) were not significant (Table 3). The difference
between the mean of the 10% most resistant lines
(10%SRILs = 50.75) and the mean of the parental
lines (P=70.67), considered as genetic gain, was
significant (GG10% = -19.92, P<0.05) (Table 3).
Several studies used the LSD as a critical value to
compare the mean of selected lines and the mean
of their parents (Rachid Al-Chaarani et al., 2004,
2005; Abou Al Fadil et al., 2007; Poormohammad
Kiani et al., 2007a, 2007b, 2008, 2009). The fre-
quency distribution of the RILs and their parents
for partial resistance to basal stem rot showed a
continuous pattern (Figure 1). Some RILs showed
a lower disease severity than their parents, but
most RILs had a higher disease severity.

Linkage map and QTL analysis

Composite interval mapping analysis revealed
7 putative QTLs, localized on seven linkage
groups, and involved in basal stem rot resistance
(Table 4, Figure 2).

The QTLs involved in partial resistance to basal
stem rot were located in linkage groups 1, 2, 4, 6,
8, 14 and 17. All the 7 detected QTLs were located
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in different linkage groups (Figure 2). The pheno-
typic variance explained by each QTL (R?) ranged
from 5% to 8% (Table 4). The sign of additive gene
effects showed that the additive gene for partial re-
sistance to basal stem rot came from both parents.

Discussion

The RILs studied had a large genetic variation
for partial resistance to S. sclerotiorum on the ba-
sal stem, indicating that there is a potential for
enhancing resistance to mycelial extension. These
findings are consistent with previous reports on
Sclerotinia basal stem rot resistance (Micic et al.,
2005a, b). The frequency distribution of RILs and
their parents for susceptibility to basal stem rot
showed a continuous pattern, suggesting that re-
sistance is controlled by a polygenic system. Their
distributions were slightly skewed towards the
higher values (susceptibility). Some RILs pro-
duced a lower disease severity than their parents,
but others produced higher disease severity than
the parents, suggesting that transgressive segre-
gation for resistance occurred in this cross. This
finding was supported by QTL mapping, since the
sign of the gene effects showed that both paren-
tal lines contributed to positive alleles for resist-
ance to basal stem rot. Trangressive segregation
in sunflower has previously been reported by
Micic et al. (2005a, b) for partial resistance to S.
sclerotiorum, as well as by Rachid Al-Chaarani et
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al. (2002), Bert et al. (2004) and Darvishzadeh et
al. (2007b) for partial resistance to Phoma black
stem. Mestries et al. (1998) analyzed QTLs asso-
ciated with resistance to S. sclerotiorum in sun-
flower and found transgressive segregation for the
capitulum’s index. This suggests that each parent
possesses resistance and susceptibility alleles for
the loci controlling this character. The resistant
parent probably possesses susceptibility alleles for
loci involved in this trait, since transgressions oc-
curred towards a greater susceptibility.
Broad-sense heritability for partial resistance
to basal stem rot was 0.37, indicating that select-

ing for resistance to basal stem rot by segregating
populations through conventional phenotypic se-
lection would most likely be a complex undertak-
ing and that marker-based selection (MAS) should
therefore be an effective tool in breeding programs.
In this study, seven genomic regions containing
putative QTLs associated with partial resistance
to basal stem rot were identified on linkage groups
(LGs) 1, 2, 4, 6, 8, 14 and 17, but the estimated
effect of each of these QTLs was small. These low
values support the hypothesis that genetic mecha-
nisms controlling resistance to basal stem rot in
sunflower are complex. Since we identified genetic

1 4 6 14 17
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Figure 2. Linkage groups of the sunflower genome presenting QTLs for partial resistance to Sclerotinia sclerotiorum.
The positions of the QTLs are shown on the right side of the linkage groups. Vertical bars represent intervals associ-
ated with the QTLs. Each QTL decrease in the LOD score of 1.0 determined the end point of the support interval.
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markers that are linked to partial resistance fac-
tors, indirect selection can be directed to detect
markers of interest in breeding lines. However, the
QTLs and related markers need to be validated in
other genetic backgrounds prior to their applica-
tion in MAS. Some successful MAS has already
been reported in rice breeding programmes. For
example, Cho et al. (1994) used molecular markers
to select for the semi-dwarf characteristic in rice.
Wang et al. (2005) introgressed three QTLs into
near isogenic lines using MAS, with large effects
on spikelet fertility.

So far, several studies have been undertaken
to map QTLs controlling partial resistance to
Sclerotinia disease in sunflower (Mestries et al.,
1998; Bert et al., 2002; Micic et al., 2004; Micic
et al., 2005a, b; Ronicke et al., 2005). Bert et al.
(2002) found three QTLs, explaining about 56%
of the phenotypic variance for the mycelium
trait on the leaves on LGs 6, 8, and 13, which
coincided with LGs 13, 9, and 1 of the sunflower
reference map (Tang et al., 2002). One of the
seven QTLs identified as conferring partial re-
sistance to basal stem rot in the present study,
and one QTL reported by Bert et al. (2002) as
having the the mycelium trait on the leaves,
were both located on linkage group 1. Micic et al.
(2004) using an SSR map of F2/F3 families de-
veloped from a cross between a resistant inbred
line from the germplasm pool NDBLOS and the
susceptible line CM625, identified seven QTLs
as conferring partial resistance to stem lesions
with phenotypic variance (R?) ranging from 3.3
to 36.7% on the linkage groups 2, 3, 4, 6, 8, 15,
and 16 of the sunflower reference map (Tang
et al., 2002). In another study, QTLs identified
as conferring partial resistance to stem lesion
on linkage groups 8 and 16 were reconfirmed
by Micic et al. (2005a). In our study, four of the
seven QTLs here conferring partial resistance
to basal stem rot disease, and 4 QTLs reported
by Micic et al. (2004) as conferring partial re-
sistance stem lesions, were located on the same
linkage groups. Micic et al. (2005b), using se-
lective genotyping of F2/F3 families developed
from a cross between CM625 (susceptible) x
TUB-5-3234 (resistant) by SSR markers, iden-
tified 3 QTLs as conferring partial resistance
to stem lesions with phenotypic variance (R?),
ranging from 16.1 to 24.0%, on LGs 4, 10 and
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17 of the sunflower reference map (Tang et al.,
2002). In the present study it was found that
2 of the 7 QTLs identified as conferring partial
resistance to basal stem rot, and 2 QTLs report-
ed by Micic et al. (2005b) as conferring partial
resistance to stem lesions, were located on the
same linkage groups.

Mestries et al. (1998) identified 3 QTLs as
conferring resistance to head rot, each explain-
ing 12.3 to 17.5% of phenotypic variance. Ronicke
et al. (2005) detected 5 QTLs governing resist-
ance to head rot, each explaining 10.6 to 17.1%
of total phenotypic variance. However, the lack of
SSR markers and common linkage group nomen-
clature in their map made it difficult to compare
the location of the QTLs detected in the present
study and those detected by Mestries et al. (1998)
and by Ronicke et al. (2005).

We also compared the chromosomal positions of
the QTLs detected in this study with those of pre-
vious studies on the partial resistance to P. mac-
donaldii in sunflower (Darvishzadeh et al., 2007b).
One of the QTLs conferring partial resistance to
S. sclerotiorum in that study (LG2, E38M60_10
marker) was co-localized with a QTL conferring
partial resistance to the P. macdonaldii in sun-
flower (LG2, E38M60_10 marker). Because of this
co-localization, the same or similar resistance
genes may be involved. These QTLs may be impor-
tant in general defense mechanisms.

Marker assisted selection (MAS) for resistance
to S. sclerotiorum (Lib.) de Bary, is not yet possi-
ble because of a lack of effective molecular mark-
ers. Further studies are necessary to develop
such closely linked markers. By using larger pop-
ulation sizes and a greater number of markers,
it will be possible to identify more tightly-linked
markers; this process is termed ”high-resolution
mapping” (also “fine mapping”). Therefore, high-
resolution mapping of the QTLs may be used to
develop reliable markers for MAS (at least <5 cM
but ideally <1 ¢cM away from the gene) and also
to discriminate between a single gene or several
linked genes (Mohan et al., 1997). LG8 and LG16
are good candidates for further analyses to de-
velop molecular markers for resistance to Scle-
rotinia disease, since QTLs conferring resistance
to S. sclerotiorum have already been identified on
these two linkage groups in various independent
studies.




QTL mapping of partial resistance to basal stem rot in sunflower

Acknowledgements

We should like to thank Dr S. Poormohammad
Kiani, Department of Plant Pathology, Kansas
State University, Kansas, USA, for a critical read-
ing of the manuscript, the Institute of Biotechnol-
ogy, Urmia University, Iran, for financial support
and referees for helpful suggestions.

Literature cited

Abou Al Fadil T.A., S.P. Kiani, G. Dechamp-Guillaume, L.
Genzbittel and A. Sarrafi, 2007. QTL mapping of par-
tial resistance to Phoma basal stem and root necrosis
in sunflower (Helianthus annuus L.). Plant Science 172,
815-823.

Arumuganathan K. and E.D. Earle, 1991. Estimation of nu-
clear DNA content of plants by flow cytometry. Plant
Molecular Biology Reporter 9, 229-233.

Basten C.J., B.S. Weir and Z.B. Zeng, 2002. QTL Cartog-
rapher, version 1.16: Program in Statistical Genetics.
North Carolina State University, Raleigh, NC, USA.

Bert P.F.,; G. Dechamp-Guillaume, F. Seere, 1. Jouan, D.
Tourvieille de Labrouhe, P. Nicolas and F. Vear, 2004.
Comparative genetic analysis of quantitative traits in
sunflower (Helianthus annuus L.) 3. Characterisation of
QTL involved in resistance to Sclerotinia sclerotiorum
and Phoma macdonaldii. Theoretical and Applied Ge-
netics 109, 865—-874.

Bert P.F., 1. Jouan, D. Tourvieille de Labrouhe, F. Serre, P.
Nicolas and F. Vear, 2002. Comparative genetic analy-
sis of quantitative traits in sunflower (Helianthus an-
nuus L.) 1. QTL involved in resistance to Sclerotinia
sclerotiorum and Diaporthe helianthi. Theoretical and
Applied Genetics 105, 985-993.

Bert P.F., I. Jouan, D. Tourvieille de Labrouhe, F. Serre,
J. Phillippon, P. Nicholas and F. Vear, 2003. Compara-
tive genetic analysis of quantitative traits in sunflower
(Helianthus annuus L.). 2. Characterisation of QTL in-
volved in developmental and agronomic traits. Theoreti-
cal and Applied Genetics 107, 181-189.

Boland G.J. and R. Hall, 1994. Index of plant hosts of Scle-
rotinia sclerotiorum. Canadian Journal of Plant Pathol-
ogy 16, 93-108.

Boyle C., 1921. Studies in the physiology of parasitism. VI.
Infection by Sclerotinia libertiana. Annual Review of
Botany 35, 337-347.

Cho Y.G., M.Y. Eun, S.R. McCouch and Y.A. Chae, 1994.
The semi-dwarf gene, sd-1, of rice (Oryza sativa L.). II.
Molecular mapping and marker-assisted selection. The-
oretical and Applied Genetics 89, 54-59.

Darvishzadeh R., G. Dechamp-Guillaume, T. Hewezi and A.
Sarrafi, 2007a. Genotype-isolate interaction for resist-
ance to black stem in sunflower (Helianthus annuus L.).
Plant Pathology 56, 654—660

Darvishzadeh R., S. Poormohammad Kiani, G. Dechamp-
Guillaume, L. Gentzbittel and A. Sarrafi, 2007b. Quan-

titative trait loci associated with isolate specific and
isolate nonspecific partial resistance to Phoma mac-
donaldii in sunflower. Plant Pathology 56, 855-861.

Doerge R.W and G.A. Churchill, 1994. Empirical thresh-
old values for quantitative trait mapping. Genetics 138,
963-971.

Dorrell D.G. and H.C. Huang, 1978. Influence of Sclerotinia
wilt on seed yield and quality of sunflower wilted at dif-
ferent stages of development. Crop Science 18, 974-978.

Flores Berrios E., L. Gentzbittel, H. Kayyal, G. Alibert and
A. Sarrafi, 2000. AFLP mapping of QTLs for in vitro
organogenesis traits using recombinant inbred lines in
sunflower (Helianthus annuus L.). Theoretical and Ap-
plied Genetics 101, 1299-1306.

Fulton T.M., J. Chunwongse and S.D. Tanksley, 1995. Mi-
croprep protocol for extraction of DNA from tomato and
other herbaceous plants. Plant Molecular Biology Re-
porter 13, 207-209.

Gentzbittel L., F. Vear, Y-X. Zhang, A. Berville and P. Nico-
las, 1995. Development of a consensus linkage RFLP
map of cultivated sunflower (Helianthus annuus L.),
Theoretical and Applied Genetics 90, 1079-1086.

Gulya T., K.Y. Rashid and S.M. Masireviae, 1997. Sunflow-
er diseases. In: Sunflower Technology and Production.
(A.A. Schneiter, ed.), ASA, CSSA, SSSA, Madison, WI,
USA, 263-379.

Hahn V., 2000. Resistance to Sclerotinia head rot in sun-
flower after artificial infection with inoculated millet
seed. Proceedings of the 15th International Sunflower
Conference. Toulouse, France, Tome II, K19-K22.

Hahn V., 2002. Genetic variation for resistance to Sclero-
tinia head rot in sunflower inbred lines. Field Crops Re-
search 77, 153-159.

Hittalmani S., A. Parco, T.V. Mew, R.S. Zeigler and N.
Huang, 2000. Fine mapping and DNA marker-assisted
pyramiding of the three major genes for blast resist-
ance in rice. Theoretical and Applied Genetics 100,
1121-1128.

Hongtrakul V., G.M. Huestis and S. Knapp, 1997. Ampli-
fied fragment length polymorphism as a tool for DNA
fingerprinting sunflower germplasm: genetic diversity
among oilseed inbred lines. Theoretical and Applied Ge-
netics 95, 400—407.

Kearsey M.J. and H.S. Pooni, 1996. The Genetical Analy-
sis of Quantitative Traits. Chapman and Hall, London,
UK, 381 pp.

Kosambi D.D., 1944. The estimation of a map distance from
recombination values. Annals of Eugenics 12, 172—-175.

Lander E.S. P. Green, J. Abrahamson, A. Barlow, M.d.
Daly, S.E. Lincoln and L. Newburg, 1987. MAPMAK-
ER, an interactive computer package for constructing
primary genetic linkage maps of experimental and nat-
ural populations. Genomics 1, 174-181.

Lander E.S., and D. Botestein, 1989. Mapping Mendelian
factors underlying quantitative traits using RFLP link-
age maps. Genetics 121, 185-199.

Leon A.J., M. Lee and F.H. Andrade, 2001. Quantitative
trait loci for growing degree days to flowering and pho-
toperiod response in sunflower (Helianthus annuus L.).

Vol. 49, No. 3 December, 2010 339




R. Davar et al.

Theoretical and Applied Genetics 102, 497-503.

Mestries E., L. Gentzbittel, D. Tourvieille de Labrouhe,
P. Nicolas and F. Vear, 1998. Analysis of quantita-
tive trait loci associated with resistance to Sclero-
tinia sclerotiorum in sunflowers (Helianthus annuus
L.) using molecular markers. Molecular Breeding 4,
215-226.

Micic Z., V. Hahn, E. Bauer, A.E. Melchinger, S.J. Knapp,
S. Tang and C.C. Schon, 2005b. Identification and vali-
dation of QTL for Sclerotinia mid-stalk rot resistance in
sunflower by selective genotyping. Theoretical and Ap-
plied Genetics 111, 233-242.

Micic Z., V. Hahn, E. Bauer, C.C. Schon, S.J. Knapp, S.
Tang and A.E. Melchinger, 2004. QTL mapping of Scle-
rotinia mid-stalk rot resistance in sunflower. Theoreti-
cal and Applied Genetics 109, 1474-1484.

Micic Z., V. Hahn, E. Bauer, C.C. Schon and A.E. Melch-
inger, 2005a. QTL mapping of resistance to Sclero-
tinia mid-stalk rot in RIL of sunflower population
NDBLOSselxCM625. Theoretical and Applied Genetics
110, 1490-1498.

Mohan M., S. Nair, A. Bhagwat, T.G. Krishna, M. Yano,
C.R. Bhatia and T. Sasaki, 1997. Genome mapping, mo-
lecular markers and marker-assisted selection in crop
plants. Molecular Breeding 3, 87-103.

Mutschler M.A., R.W. Doerge, S.C. Liu, J.P. Kuai, B.E.
Liedl and J.A. Shapiro, 1996. QTL analysis of pest
resistance in the wild tomato Lycopersicum pennellii:
QTLs controlling acylsugar level and composition. The-
oretical and Applied Genetics 92, 709-718.

Paniego N., M. Echaide, M. Munoz, L. Fernandez, S. To-
rales, P. Faccio, I. Fuxan, M. Carrera, R. Zandomeni,
E.Y. Syarez and H. Esteban Hopp, 2002. Microsatellite
isolation and characterization in sunflower (Helianthus
annuus L.). Genome 45, 34—43.

Pejic I., P. Ajmone-Marsan, M. Morgante, V. Kozumplick,
P. Castiglioni, G. Taramino and M. Motto, 1998. Com-
parative analysis of genetic similarity among maize
inbred lines detected by RFLPs, RAPDs, SSRs and
AFLPs. Theoretical and Applied Genetics 97, 1248—
1255.

Poormohammad Kiani S., P. Grieu, P. Maury, T. Hewezi,
L. Gentzbittel and A. Sarrafi, 2007a. Genetic variability
for physiological traits under drought conditions and
differential expression of water stress-associated genes
in sunflower (Helianthus annuus L.). Theoretical and
Applied Genetics 114, 193-207.

Poormohammad Kiani S., P. Maury, L. Nouri, N. Ykhlef,
P. Grieu and A. Sarrafi, (2009). QTL analysis of yield-
related traits in sunflower under different water treat-
ments. Plant Breeding 128, 363—373.

Poormohammad Kiani S., P. Maury, A. Sarrafi and P.
Grieu, 2008. QTL analysis of chlorophyll fluorescence
parameters in sunflower (Helianthus annuus L.) under
well-watered and water-stressed conditions. Plant Sci-
ence 175, 565-573.

Poormohammad Kiani S., P. Talia, P. Maury, P. Grieu,
R. Heinz, A. Perrault, V. Nishinakamasu, E. Hopp, L.
Gentzbittel, N. Panieg and A. Sarrafi, 2007b. Genetic

Phytopathologia Mediterranea

analysis of plant water status and osmotic adjustment
in recombinant inbred lines of sunflower under two wa-
ter treatments. Plant Science 172, 773-787.

Price K. and J. Colhoun, 1975. A study of variability of
isolates of Sclerotinia sclerotiorum (Lib.) de Bary from
different hosts. Journal of Phytopathology 83, 159-166.

Rachid Al-Chaarani G., L. Gentzbittel, X.Q. Huang and A.
Sarrafi, 2004. Genotypic variation and identification of
QTLs for agronomic traits, using AFLP and SSR mark-
ers in RILs of sunflower (Helianthus annuus L.). Theo-
retical and Applied Genetics 109, 1353-1360.

Rachid Al-Chaarani G., L. Gentzbittel, M. Wedzony and A.
Sarrafi, 2005. Identification of QTLs for germination
and seedling development in sunflower (Helianthus an-
nuus L.). Plant Science 169, 221-227.

Rachid Al-Chaarani G., A. Roustaee, L. Gentzbittel, L. Mok-
rani, G. Barrault, G. Dechamp-Guillaume and A. Sar-
rafi, 2002. QTL analysis of sunflower partial resistance
to downy mildew (Plasmopara halstedii) and black stem
(Phoma macdonaldii) by the use of recombinant inbred
lines. Theoretical and Applied Genetics 104, 490—496.

Ronicke S., V. Hahn, A. Vogler and W. Friedt, 2005. Quan-
titative trait loci analysis of resistance to Sclerotinia
sclerotiorum in sunflower (Helianthus annuus L.). Phy-
topathology 95, 834—839.

Sackston W.E., 1992. On a treadmill: Breeding sunflow-
ers for resistance to disease. Annual Review of Phyto-
patholgy 30, 529-551.

Schiex T. and C. Gaspin, 1997. CARTHAGENE: con-
structing and joining maximum likelihood genetic
maps. Proceedings of the 5th International Conference
on Intelligent Systems for Molecular Biology. June
21-26, 1997, Porto Carras, Halkidiki, AAAI Press,
258-267.

Shapiro S.S. and M.B. Wilk, 1965. An analysis of variance
test for normality. Biometrika 52, 591-599.

Schneiter A.A. and J.F. Miller, 1981. Description of sun-
flower growth stages. Crop Science 21, 901-903.

Talukder Z.1., D. Tharreau and A.H. Price, 2004. Quantita-
tive trait loci analysis suggests that partial resistance
to rice blast is mostly determined by race-specific inter-
actions. New Phytologist 162, 197-209.

Tang S., V.K. Kishore and S.J. Knapp, 2003. PCR-multi-
plexes for a genome-wide framework of simple sequence
repeat marker loci in cultivated sunflower. Theoretical
and Applied Genetics 107, 6-19.

Tang S., J.K. Yu, M.B. Slabaugh, D.K. Shintani and S.dJ.
Knapp, 2002. Simple sequence repeat map of the sun-
flower genome. Theoretical and Applied Genetics 105,
1124-1136.

Tariq V.N. and P. Jeffries, 1984. Appressorium formation
by Sclerotinia sclerotiorum: scanning electron micros-
copy. Transactions of the British Mycological Society
82, 645-651.

Tariq V.N. and P. Jeffries, 1986. Ultrastructure of penetra-
tion of Phaseolus spp. by Sclerotinia sclerotiorum. Ca-
nadian Journal of Botany 64, 2909-2915.

Tourvieille de Labrouhe D., J. Guillaumin, F. Vear and C.
Lamarque, 1978. Role des ascospores dans l'infection




QTL mapping of partial resistance to basal stem rot in sunflower

du tournesol par Sclerotinia sclerotiorum (Lib.) de
Bary. Annual Review of Phytopatholgy 10, 417-431.

Tourvieille de Labrouhe D., F. Vear and E.H. Achbani,
1992. Attack of sunflower terminal buds by Sclerotinia
sclerotiorum symptoms and resistance. In: Proceedings
of 13th International Sunflower Conference, 810 Sep-
tember 1992, Pisa, Italy, 859-864.

van der Plank J.E., 1968. Disease Resistance in Plants.
Academic Press, New York, NY, USA, 206 pp.

Wang G.W., Y.Q. He, C.G. Xu and Q. Zhang, 2005. Identifi-
cation and confirmation of three neutral alleles confer-

ring wide compatibility in inter-subspecific hybrids of
rice (Oryza sativa L.) using near-isogenic lines. Theo-
retical and Applied Genetics 111, 702-710.

Wang G.L., D.J. Mackill, J.M. Bonman, S.R. McCouch,
M.C. Champoux and R.J. Nelson, 1994. RFLP mapping
of genes conferring complete and partial resistance to
blast in a durably resistant rice cultivar. Genetics 136,
1421-1434.

Young N.D., 1996. QTL mapping and quantitative disease
resistance in plants. Annual Review of Phytopathology

34, 479-501.

Accepted for publication: October 1, 2010

Vol. 49, No. 3 December, 2010 341




