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Comparative genetic analysis of quantitative traits in sunflower

(Helianthus annuus L.)

3. Characterisation of QTL involved in resistance to Sclerotinia sclerotiorum and

Phoma macdonaldi

Abstract One hundred and fifty F,—F3 families from a
cross between two inbred sunflower lines FU and PAZ2
were used to map quantitative trait loci (QTL) for
resistance to white rot (Sclerotinia sclerotiorum) attacks
of terminal buds and capitula, and black stem (Phoma
macdonaldii). A genetic linkage map of 18 linkage groups
with 216 molecular markers spanning 1,937 ¢cM was
constructed. Disease resistances were measured in field
experiments for S. sclerotiorum and under controlled
conditions for P macdonaldii. For resistance to .
sclerotiorum terminal bud attack, seven QTL were
identified, each explaining less than 10% of phenotypic
variance. For capitulum attack by this parasite, there were
four QTL (each explaining up to 20% of variation) and for
P. macdonaldii resistance, four QTL were identified, each
having effects of up to 16%. The S. sclerotiorum
capitulum resistance QTL were compared with those
reported previously and it was concluded that resistance to
this disease is governed by a considerable number of QTL,
located on almost all the sunflower linkage groups.
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Introduction

White rot and black stem, caused respectively by Sclero-
tinia sclerotiorum (Lib.) de Bary and Leptosphaeria
lindquistii Frezzi (Phoma macdonaldii Boerema L.), are
important pathogens of sunflower (Helianthus annuus L.).
They can significantly restrict the productivity of sun-
flower when this oil crop is grown in humid and temperate
environments.

Although S. sclerotiorum infections on capitula prob-
ably produce the greatest loss, destruction of the terminal
buds by this fungus may be economically serious under
favourable conditions (Peres et al. 1989). Resistance to S.
sclerotiorum is under polygenic control (Vear et al. 1992;
Castafio et al. 1993; Bert et al. 2002) and to date, no
complete resistance is available in cultivated sunflower,
but differences in susceptibility exist (Tourvieille et al.
1996).

Phoma black stem is caused by the soil-bome fungus P,
macdonaldii Boerema. The fungus overwinters as pycni-
dia and possibly mycelium in infected residue. Conidia are
released from pycnidia and spread to neighbouring plants
by means of rain splashing or insects. Dark black lesions
start on the stem at the base of the leaf petioles and spread
along the stems. When Phoma girdles the stem base,
symptoms of premature ripening and early drying may
occur resulting in small heads and seeds that are empty or
not completely filled, reducing seed and oil yields. The
stem may be rotted completely, rendering the infected
plants weak and susceptible to lodging. Yield losses
attributable to Phoma have been variable, but may often
be significant (Penaud and Peres 1994). Black stem can
occur at any time during the growing season, but is most
common after flowering and the disease is most severe
when abundant moisture is available during and after
flowering. No control measures are totally effective
(Roustaee et al. 2000). Some cultivars are more tolerant
than others, but no hybrids have been identified as being
immune to the disease.



Most agronomic characters, including resistance to
pathogens, show continuous variation and are strongly
influenced by environmental conditions. It is well
accepted that quantitative inheritance most often results
from the segregation of multiple genetic factors. Identifi-
cation of these is an important goal in genetics and
breeding, now helped by the use of molecular markers.
During the past two decades, DNA molecular markers
have been used successfully to develop genetic maps in
numerous plant species and to detect loci controlling
quantitative trait variations. Several F, or RIL genetic
maps have been developed for the sunflower, based on
RFLP (Gentzbittel et al. 1995), AFLP (Flores Berrios et al.
2000a, b), DALP (Langar et al. 2003) and microsatellites
(Tang et al. 2002). Many of the maps are applicable to
only one population, but the linkage groups defined in the
first map to be published (Gentzbittel et al. 1995) have
since been used for a wide range of populations (e.g.
Mestries 1996; Gentzbittel et al. 1998, 1999; Lu et al.
1999; Bert et al. 2002, 2003; Radwan et al. 2002).

Such genetic maps have allowed the mapping of
quantitative trait loci (QTL) for a wide range of
characteristics such as somatic embryogenesis and in
vitro organogenesis (Flores Berrios et al. 2000a, b),
photosynthesis and water status (Hervé et al. 2001),
growing degree days to flowering and photoperiod
response (Leon et al. 2001), seed oil content, develop-
mental and agronomic traits (Bert et al. 2003; Mokrani et
al. 2002). Mapping of QTL associated with disease
resistance in sunflowers has concerned resistance to S.
sclerotiorum, P. macdonaldii, phomopsis stem canker
(Diaporthe helianthi), and downy mildew (Plasmopara
halstedii). Concerning S. sclerotiorum resistance, Mestries
(1996), Mestries et al. (1998) and Genzbittel et al. (1998
and unpublished) studied F,/F; populations from four
crosses involving five inbred sunflower lines with
measurements of resistance to leaf and capitulum attacks.
Bert et al. (2002) used a different F,/F5 population to study
the same S. sclerotiorum resistances, together with
phomopsis resistance. The QTL reported in these studies
were based on the linkage groups defined by Gentzbittel et
al. (1995, 1999) so they can be compared. In contrast, the
only QTL for resistance to P. macdonaldii reported
previously (Rachid Al-Chaarani et al. 2002) used a
different map, although in an RIL population of which
one parent was common with the F,/F; studied by
Mestries (1996).

This paper reports studies of QTL for S. sclerotiorum
and P. macdonaldii resistance in a further F,/F3 population
from a cross between two inbred lines of different genetic
origins from those previously published. This material
permitted studies of resistance to S. sclerotiorum terminal
bud attack in addition to capitulum attack, as well as for P
macdonaldii resistance, and thus allowed comparisons
between the locations of all these QTL. More generally,
the objective was to compare the QTL detected for
capitulum resistance to S. sclerotiorum in all the different
genotypes so far reported by our group; their number,
frequency and co-localisations, in order to obtain a better

overall understanding of resistance to this disease in
cultivated sunflower.

Materials and methods
Sunflower genotypes

The two parental inbred lines of the cross were bred by the
INRA (Institut National de la Recherche Agronomique,
France). FU, an unbranched maintainer selected from
genotypes of Rumanian and Russian origin, shows a high
level of resistance to S. sclerotiorum capitulum attack.
PAZ2, a male fertility restorer line, bred from a cross
between Yugoslav and French restorers and a population
from Zambia, exhibits the apical branching gene (b/7)
phenotype, a high level of capitulum resistance to S.
sclerotiorum but some susceptibility to terminal bud attack
by this parasite. This line had been shown to have a higher
level of resistance to black stem than FU. The male fertile
forms of the two lines were crossed. The F; plants were
selfed by covering the capitula with grease-proof paper
bags a few days before flowering to obtain the 150 F,
plants, which were in turn selfed to obtain the 150 F;
families.

Experimental plan and resistance tests

S. sclerotiorum field trials were conducted in 2000 on the
150 F3 families in a randomised block design with two
replications of 25 plants. At the star bud stage (1 month
before flowering) S. sclerotiorum attack on terminal buds
was observed. Plants were counted as infected if the young
leaves around the developing capitulum showed the
characteristic pale brownish-pink colour, or in rare cases,
if the rot had reached the main stem. The percentage of
infected plants was calculated. The ascospore test used
was that described by Tourvieille and Vear (1984).
Capitula were infected with an ascospore suspension at
the beginning of flowering. The test gave measurements of
percentage attack and a latency index, which was the
number of days between infection and the appearance of
symptoms compared with the mean delay for two control
inbreds infected on the same day.

The P. macdonaldii resistance tests were carried out on
seedlings in a growth chamber, in 2001. A monopycnios-
pore isolate of the parasite (MP6) from naturally infected
plants in the south-west of France was used in this study,
designed as a randomised complete block with two
replications of 26—44 seedlings for each of the 150
genotypes. Twelve-day-old seedlings were inoculated at
the junction of the cotyledon petiole and hypocotyl with
20 ul of a pycniospore suspension (10° pycniospore per
ml of water) as described by Rachid Al-Chaarani et al.
(2002). Seven days after inoculation, the two cotyledon
petioles of the seedling were scored according to the
proportion of the petiole area exhibiting disease symptoms



(necrosis), giving a figure between 1 (no symptoms) and 9
(cotyledons completely necrotic).

Molecular analysis and map construction

RFLP probes (available upon request to 1. Jouan) were
chosen among those used for the sunflower CARTISOL
linkage map (Gentzbittel et al. 1995, 1999), both for their
regular distribution over all linkage groups and their
polymorphism between FU and PAZ2, using two restric-
tion enzymes for DNA digestion, EcoRIl and HindIll.
DNA extraction, digestion by restriction enzymes and
Southern hybridisation were carried out as described
previously (Gentzbittel et al. 1995). RFLP markers were
dominantly and codominantly scored.

The AFLP protocol developed by Vos et al. (1995) was
followed with minor modifications as described in Bert et
al. (1999) using the silver nitrate staining method. Sixty-
four AFLP primer combinations were tested in order to
compare fingerprint patterns and determine those which
produced clearly detectable bands and revealed high levels
of polymorphism. Among the 64 primer pairs tested, ten
were selected (E32/M48, E32/M49, E32/M50, E32/M59,
E32/M60, E32/M61, E32/M61, E33/M48, E33/M59 and
E33/M61) for mapping. AFLP markers were named
according to their primer pair combination and their
estimated molecular size, and were scored dominantly.

For data scoring, segregation distortion was checked
and highly significantly (P<0.001) skewed markers were
removed from further analyses in order to avoid false
linkages in map construction. The software package
JOINMAP 2.0 (Stam 1993) was used to estimate segre-
gation distortion and determine linkage groups and the
software Mapmaker 3.0b (Lander et al. 1987) was used to
order loci and construct the map. Analyses were
performed with a LOD score threshold of 4.0 and a
maximum of recombination value 6=0.40 for grouping
and ordering markers. Kosambi’s mapping function was
applied for map distance calculation.

Statistical analyses and QTL detection

Before analysis, the normality of the different traits were
assessed according to the Shapiro and Wilk test (PROC
UNIVARIATE of SAS; SAS Institute Inc.). When
necessary, data were converted using the arc-sinus-square
root (for percentage capitulum attack), and the square root
(for percentage terminal bud attack) to fit a normal
distribution.

Broad-sense heritabilities were calculated as followed:
W=02g/0’g+o2,. Phenotypic correlation analyses among
traits were also performed using Statgraphics/Plus to
detect associations between resistances tests to the two
pathogens.

Data sets were analysed by generalised linear modelling
(GLM) using the SAS program and Statgraphics/Plus. The
normality of the residuals and the homogeneity of the
variances were also checked using Bartlett’s test. Using
the framework map orders, QTL were detected using the
methods of simple interval mapping (SIM) of Mapmaker/
QTL (Lincoln et al. 1992) and composite interval mapping
(CIM) of QTL Cartographer 1.13 (Basten et al. 1999) with
model 6 of Zmapqtl and a LOD score threshold of 3.0. The
advantage of CIM over SIM is that it can allow more than
one QTL to be detected on a given chromosome and
increases the precision of QTL location and effect (+7)
(Basten et al. 1999).

Results
Disease observations and tests

The observations of natural S. sclerotiorum attack on
terminal buds (Table 1) confirmed that PAZ2 was quite
susceptible (30%), whereas FU showed very few symp-
toms (5%). Attack of the F; families varied from 0 to
100%, with about 1/4 (39/150) showing more symptoms
than PAZ2. Differences between families were highly
significant whereas there was no replication -effect.
Weather conditions in 2000 were such that of the 7,500

Table 1 Statistical results of disease resistance tests to Sclerotinia sclerotiorum and Phoma macdonaldii for the FU and PAZ2 parental lines

and the 150 F5 families derived from them

Parental lines F5 families

FU PAZ2 Mean Unit Coefficient F genotype Genetic Heritability
of variation (%) value variance (0'2g) (broad sense)
S. sclerotiorum
Attacks on terminal buds
Percentage attack 5.8 29.11 20.09 % 109.70 6.35% 353.742 0.73
Attacks on capitulum
Percentage attack 98.20 96.40 93.59 % 8.70 4.54* 42.354 0.64
Latency index 1.09 139 1.08 Index 14.18 7.97* 0.018 0.78
P. macdonaldii
Black stem necrosis on cotyledons 6.4 3.9 479  Rating scale 36.07 31.8* 2.261 0.94

*P>0.0001



plants observed, disease symptoms destroyed the capitula
of only seven plants. For the others, the symptoms dried
and did not affect the S. sclerotiorum ascospore infections
made on the capitula at flowering.

Conditions for the ascospore test were extremely
favourable in 2000, and almost all plants showed symp-
toms, with no difference between the two parents (FU,
98%; PAZ2, 96%). However, some transgressive Fj
families showed only 60% attack. The high level of attack
led to a precise measurement of the latency index since
this was based on the results of nearly all the plants in each
replication, and the F’ genotype was greater for the second
characteristic than for the first (% attack, 4.54; latency
index, 7.97). However, for both characteristics, broad
sense heritabilities were quite high (% attack, 0.64; latency
index, 0.78).

The P macdonaldii infections were made under
controlled conditions. They confirmed previous observa-
tions that PAZ2 is less susceptible (mean note, 3.9) than
FU (mean note, 6.4). As for the S. sclerotiorum reactions,
there were transgressive F; families, in this case, in both
directions, more susceptible and more resistant. Heritabil-
ity was very high (0.94), probably due to the fact that there
were no environmental effects and the observations were
made only 7 days after infection.

Frequency distributions of the phenotypes of the 150 F3
families for each resistance test are shown in Fig. 1. All
traits showed continuous, unimodal and normal distribu-

Fig. 1 Frequency distributions
of phenotypes for Sclerotinia

tions (after transformation). The correlation coefficient
calculated by phenotypic regression between the S.
sclerotiorum latency index and the percentage attack was
significant (»=—0.55). For families showing 100% attack,
the latency indices varied from 0.73 to 1.47, whereas for
the lower levels of attack (60—70%), the latency indices
were at least 1.13. Percent attack was not correlated with
reactions to terminal bud attack or P. macdonaldii. The
latency index was weakly correlated with susceptibility to
P. macdonaldii ( r=0.20) and the latter characteristic was
also slightly negatively related to the terminal bud reaction
(¥=—0.20), so that there appears to be some opposition
between resistances to S. sclerotiorum and P. macdonaldii.

Molecular analysis and map construction

The complete map included one morphological (the apical
branching gene b/7), 90 RFLP and 125 AFLP markers.
Segregation analysis was performed on the 150 F, plants.
Overall, a total of 216 markers were mapped onto 17
linkage groups, which were identified and noted using
concordance of RFLP loci on the CARTISOL map
(Gentzbittel et al. 1995, 1999) and one additional group
noted A (Fig. 1). The total map length covered by all the
216 markers was 1,937.5 cM. The average density of
markers was approximately one per 9.0 cM and the
greatest length between two markers was 32 cM. Linkage
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group 1, with 13 markers, was the longest (186 cM) while
linkage group 16 was the smallest with only 45.3 ¢cM and
eight markers.

Quantitative trait loci detection for resistance to S.
sclerotiorum and P. macdonaldii

Quantitative trait loci that affected resistance of sunflower
to both pathogens are presented in Table 2 and Fig. 2. QTL
were designated as “att” (percentage of attack), “lat”
(latency index), “bud” (terminal bud) and “bsr” (black
stem resistance) followed by number of the linkage group
carrying the QTL. SIM and CIM detected almost the same
QTL and the LOD score values were similar. However, the
percentages of variation explained /*) were generally
lower when calculated by CIM than by SIM (CIM mean
effect of QTL, 9.22%; SIM mean effect, 14.22%),
especially for S. sclerotiorum capitulum attack.

Seven QTL for capitulum resistance to S. sclerotiorum
(three for percentage of attack and four for latency index)
and seven others for resistance to S. sclerotiorum on
terminal buds were identified. Analysis of resistance to P,
macdonaldii revealed four QTL. Among the 18 QTL

Table 2 Characteristics of QTL affecting S. sclerotiorum and P.
macdonaldii resistance in the F; population from the cross FU x
PAZ2, based on SIM and CIM analyses. Linkage groups are as
defined by Gentzbittel et al. (1995). The marker positions are given
in Kosambi centiMorgan from top of the linkage group. The effect is
the absolute value of the difference (after transformation) between

detected in this study, only eight were significant by CIM,
and only two were significant by SIM.

For S. sclerotiorum attacks on terminal buds, the seven
QTL were identified on linkage groups 1, 7-10, 14 and 15,
each accounting for only 6-10% of the phenotypic
variance. Except for the QTL on group 7, all alleles
linked to resistance were from the parental line FU.

Three genetic regions were identified for resistance to
ascospore penetration on capitula (percentage attack) on
linkage groups 6, 7 and 9. These QTL explained from 9%
to 20% of observed phenotypic variance and came from
both FU and PAZ2. Four QTL were identified for disease
development (latency index), located on linkage groups 6,
7,9 and 17 with 7% of 3-19%. Again both parents provided
some favourable alleles. The two resistance characteristics
showed close or identical chromosomal locations of the
QTL on groups 6, 7 and 9 (Fig. 2), with similar relative
magnitude effects.

Resistance to black stem involved four QTL on linkage
groups 1, 3, 15 and 16, each explaining 5-16% of
phenotypic variance. Two QTL came from each parent,
with very similar levels of phenotype explanation, in
contrast with the behaviour of the parental lines, since FU
was more susceptible than PAZ2.

the two allelic classes at the given QTL, given by QTL Cartographer
(CIM) and Mapmaker/QTL (SIM), while the PVE is the percentage
of phenotypic variation explained by each QTL, also given by QTL
Cartographer and Mapmaker/QTL (SIM). The parent given is the
parent providing the best resistance

Trait QTL Linkage Marker Composite interval mapping Parent Simple interval mapping
group Position (cM) LOD Effect PVE (%) LOD Effect PVE(%)

S. sclerotiorum

Attacks on terminal buds

Percentage Bud1 1 KinaseEl 43.5 2.85 0.6186 3.65 FU 3.17 0373 121

attack Bud7 7 S063H3 1 115.9 398 +0.7779 7.49 PAZ2 237 0336 8.4
Bud 8 8 S005E1 1 52.1 3.57 0.8383 7.48 FU 2,12 0.690 7.2
Bud9 9 E32 M59 375 23.7 3.37 0.8766 7.04 FU 1.27 0.651 4.2
Bud 10 10 PAL 60.3 4.16 1.0436 10.00 FU 306 0946 84
Bud 14 14 E32 M49 115 88.3 3.32 0.8263 6.13 FU 2.06 0864 7.1
Bud 15 15 E32 M48 370 68.2 3.45 0.9459 9.02 FU 3.05 0926 9.1

Attacks on capitulum

Percentage Att6 6 E32 M59 305 0.1 3.88 +0.0404 10.09 PAZ2 3.80 0.023 35.0

attack Att7 7 Branching 88.1 10.97 +0.0995 19.48 PAZ2 10.13 0.118 28.6
Att9 9 SO08E1 1 29.9 3.79 0.0654 8.69 FU 3.61 0.078 12.1

Latency Lat6 6 S069E1 1 18.6 3.46 0.0288 11.20 PAZ2 236 0.036 29.3

index Lat7 7 Branching 88.1 12.79  0.0886 18.74 PAZ2 11.85 0.113 322
Lat9 9 E32 M48 065 22.5 222  +0.0334 2.51 FU 330  0.055 113
Lat 17 17 SO012E1 1 322 3.83  +0.0452 5.07 FU 3.03 0.075 155

P. macdonaldii

Black stem necrosis Bsr 1 1 KinaseEl 61.2 3.13  +0.4486 4.92 PAZ2 1.56 0.121 4.9

on cotyledons Bsr3 3 S060E1 2 91.2 3.75 +0.5963 15.6 PAZ2 395 0275 178
Bsr 15 15 E32 M50 200 42.6 3.69 0.6190 7.90 FU 1.68 0.503 54
Bsr 16 16 E32 M50 750 44.6 3.52 0.7235 1091 FU 223 0546 7.3
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Discussion

The length of the map was in the range of those described
recently by Flores Berrios et al. (2000a, b) using mainly
AFLPs, and updated by Rachid Al-Chaarani et al. (2002),
Bert et al. (2002), Mokrani et al. (2002) and Langar et al.
(2003). It was also significantly greater than the RFLP
maps described by Berry et al. (1995), Gentzbittel et al.
(1995, 1999) and the integrated RFLP-AFLP map
described by Gedil et al. (2001). When using dominant
markers, mostly on F, populations with the maximum
likelihood method, estimations of the recombination rate
between loci are not very precise. The standard deviations
of the estimated distances may be as great as the distances
and thus may affect local locus ordering and give some

overestimation of distances between loci (Lorieux and
Gonzales de Leon 1993).

The inheritance of resistance to S. sclerotiorum terminal
bud attack was reported by Achbani et al. (1996) as
quantitative, but under mostly additive control. Since
cultivated sunflower genotypes show quite clear differ-
ences, from very susceptible to completely resistant, it has
been thought that this characteristic may be less polygenic
than resistance to capitulum attack. Thus, it was surprising
to find many QTL, all with small effects, although of the
six QTL with a LOD of more than 3.0 for CIM, only two
had a LOD of more than 3.0 for SIM.

The favourable conditions for S. sclerotiorum capitulum
attack in 2000, with the parental lines being attacked at a
rate of more than 90% whereas in 1997 they had only
shown 40% attack (Bert 2002), confirmed that resistance

Table 3 Significant QTL for

. ) Linkage group Marker Position (¢cM) LOD PVE (%) Trait Cross Authors
resistance to S. sclerotiorum
‘(f:f*;f)‘(‘rl‘::‘j ;’Zpﬁ;?gffs’s%oﬁz test S124E2H1  36.0 93 589 % Attack CP73xPACI® Il
linkage groups are as defined by 31.0 6.6 43.0 Latency index CP73xPACI1* 11
Gentzbittel et al. (1999). Postion KinaseH3E1 0.0 41 130 Latency index SDxPACI* Tand Il
indicates the distance below the 7.4 32 111 % Attack SDXPACI® Iand Il
o D N ot 2 8067131 11.0 43 196  %Atack  CP73xSD* Il
the percentage of phenotypic S086E1H3 0.0 4.1 14.0 Latency index CP73xSD? 111
Va%iiltion explaiéledl\l/lay eacll(l , 4 SO00S8EIH3 0.0 4.0 46.7 Latency index GHxPAC2* 1
STL= (%SIK’ZI)V e;lheyautﬁggaﬁg;l 5 S050E1 15.0 33 199 % Attack XRQXPSCaSa v
which data is taken are as 6 S069E1 1 13.0 3.8 350 % Attack FUXPAZ2 v
follows: I Mestries (1996), I/ 6.0 24 293 Latency index FUxPAZ2* V
gen:zlgigei e: ai. (1998%;1111{ q S144H3 1 229 27 92 Latency index SD*xPAC1 I and III
Cemzbittel ¢ ;‘206‘2“)1?‘; p‘rseszn){ S094H3  20.0 36 127  %Attack  XRQxPSC8* IV
study Branching  60.3 42 10.0 % Attack GHxPAC2* 1
2.0 10.1 28.6 % Attack FUxPAZ2* V
1.0 7.3 148 % Attack XRQxPSC8" TV
6.0 8.1 27.1 Latency index CP73xPACI* III
3.8 16.2 39.0 Latency index GHxPAC2* I
2.0 11.9 322 Latency index FUxPAZ2® V
S005E1 1 3.0 58 169 % Attack CP73xPACI1* 1II
SO070H3 1 5.0 3.7 99 Latency index XRQxPSC8" IV
8 S005E1 3 15.0 31 9.0 % Attack XRQxPSC8* 1V
9 S062E1 0.0 34 114 % Attack SDxPACI* T and Il
S300H3 2.0 42 152 Latency index CP73xSD* Il
5.0 3.0 129 % Attack CP73xSD* Il
SO08E1 2 5.0 33 113 Latency index FU®xPAZ2 V
1.0 3.6 121 % Attack FU*PAZ2 V
10 S081 E1 18.6 44 57.7 % Attack GHxPAC2* 1
S080H3 3 0.0 31 93 % Attack CP73xPACI* 1II
13 S122H3 40.0 42 112 % Attack XRQ**PSC8 1V
7.7 3.6 117 Latency index SDxPAC1* 1
SO051E1 7.0 45 315 Latency index CP73xSD*  III
14 S053H3 1  28.4 34 296 Latency index SD**PAC1 I and III
15 S109H3 3 0.0 88 635 % Attack GH*xPAC2 1
0.0 39 449 Latency index GH*<PAC2 I
16 S141H3 4.0 27 89 Latency index CP73xPACI1?* III
17 SO012E1 1 3.0 3.0 155 Latency index FU?xPAZ2 V
S121E1 0.0 38.1 Latency index CP73xSD* Il

Parent providing the best resis
tance




is not complete, with relatively resistant genotypes
appearing to be susceptible when conditions favour the
pathogen. The QTL for resistance to capitulum attack did
not differ between CIM and SIM for the percentage attack
rate, and with only two differences for latency index
(group 6 CIM only, group 9 SIM only), they may therefore
be considered as quite robust. Other than the linkage to
branching for the branched parent PAZ2, the most
important QTL is situated on group 6, also with PAZ2
as the favourable parent, FU contributing small effects on
groups 9 and 17. Thus it is confirmed that the two lines
provide some different alleles for resistance.

Table 3 summarises the QTL for S. sclerotiorum
capitulum resistance found by our group in the six crosses
between cultivated sunflower lines, all using the same
linkage group nomenclature. At least 14 linkage groups
have been shown to carry QTL, only groups 11 and 12 did
not carry QTL; group 3 is not listed because significant
QTL appeared in only one replication. These results
confirm earlier field observations that resistance is poly-
genic and, not surprisingly, with a continuous range of
variation in phenotypes (Vear and Tourvieille de Labrouhe
1988).

For each cross, the markers used depended on which
were polymorphic between the parents, so that very often
there were two or more common RFLP or gene markers
which permitted identification and ordering of the linkage
groups. Since, in addition, the confidence limits of the
QTL were often quite wide, it was generally not possible
to be sure whether the QTL from the different parental
lines had the same position on a given linkage group. If it
is assumed that there is only one QTL for resistance to S.
sclerotiorum capitulum attack on each linkage group, the
most frequent (for both percentage attack and latency
index) is that on group 7, probably related to the branching
phenotype. Other QTL which appeared quite frequently
were situated on groups 9, 6 and 13. Group 17 carries QTL
with favourable alleles from both SD and FU and it may
be noted that these two sterility maintainer lines both
provide favourable alleles on groups 9 and 17. QTL for
percentage attack were found on group 8 in PSCS8 and
group 10 in PACI and PAC2. The large QTL on linkage
group 1 appears to be specific to PAC1. The sunflower
lines used in these studies were chosen because of their
different origins but, although they are typical of modern
cultivated sunflowers, they do not cover the whole range
of genotypes used in breeding and it appears quite
probable that other QTL exist in other sunflower lines.

It would be useful to know which of these QTL are the
most important in providing a resistant phenotype. Since
the earlier work only reported data generated by SIM,
comparisons of the relative effects of the QTL can only
use this calculation. The mean level of effects of the QTL
identified in crosses studied over 1 year and in one
location only was generally higher (FU x PAZ2, 23% (this
paper); GH x PAC2, 44% (Mestries 1996) than that in the
other crosses, studied over 2 years and/or in different
locations (SD x PACI, 14% (Mestries 1996; Gentzbittel et
al. 1998 and unpublished); XRQ % PSC8, 13% (Bert et al.

2002); CP73 x SD, 22% (Gentzbittel et al., unpublished);
CP73 x PACI, 27 or 16% if the large QTL on group 1
from PAC1 [Gentzbittelet al. (1998) is excluded]. Thus,
with the possible exception of this last QTL, it is not yet
really possible to conclude which QTL have the largest
effects and therefore would be the most useful in breeding.
It will be necessary to observe plants with different
combinations of favourable alleles from the different
origins under the same experimental conditions to
determine the QTL which explain the largest proportion
of phenotypic variation and the best level of resistance
which could be obtained by pyramiding them.

The QTL for capitulum resistance on linkage group 1
linked to a serine/threonine protein kinase gene (Gentzbit-
tel et al. 1998) appears to be specific to PAC1, with a large
effect in a cross with a very susceptible line, CP73 (52—
60%) and a smaller effect in a cross with another resistant
line, SD (15-16%). In the present cross, FU x PAZ2, there
are small QTL for resistance to terminal bud attack (allele
from FU) and to P. macdonaldii (allele from PAZ2) linked
with this kinase. This kind of co-localisation could be due
to physiological relationships between mechanisms of
resistance to different pathogens. According to the
sunflower genotype tested, the receptor of the kinase-like
gene may confer resistance to different plant parts and
different pathogens like S. sclerotiorum and P. macdo-
naldii. This gene may thus be important in general defence
mechanisms but does not provide complete resistance. For
S. sclerotiorum capitulum attack for example, the favour-
able allele in PAC1 needs to be combined with the main
favourable alleles on other linkage groups.

Analyses of QTL associated with resistance to extension
of S. sclerotiorum mycelium on sunflower capitula and on
leaves were made by Mestries et al. (1998) from a cross
between inbred lines GH and PAC2. Individual QTL
explained between 9 and 48% of the phenotypic variabil-
ity. One of these QTL appeared to be involved in
resistance in both plant parts to S. sclerotiorum attack
while the others appeared to be specific for resistance in
one part of the plant. The same approach was undertaken
in a comparative genetic analysis for resistance to S.
sclerotiorum with another pathogen: D. helianthi from a
cross between two other inbred lines XRQ and PSCS8 (Bert
et al. 2002) which revealed the existence of a multi-disease
resistance QTL (MDR-QTL) common to resistance on
leaves to both fungi.

For resistance to P. macdonaldii, a comparison can be
made with resistance to S. sclerotiorum terminal bud
attack, since again four small QTL were detected by CIM,
two by SIM, and in spite of a broad sense heritability of
0.94, the percentage contribution to variability explained is
small (only about 20%). This could be because the map is
not saturated, however, this is in contrast to the study of
Rachid Al-Chaarani et al. (2002) who also studied
resistance to P. macdonaldii and showed seven QTL for
resistance, which explained 92% of the phenotypic
variation of the trait. However, both studies revealed
QTL with moderate individual effects, comprising be-
tween 5 and 20%.



In conclusion, the main aim of this QTL determination
was to permit comparison of QTL for S. sclerotiorum and
P macdonaldii resistances in different populations of
cultivated sunflower to determine the QTL that marker
assisted selection programmes could usefully combine.
Breeding sunflowers for resistance to S. sclerotiorum and
P macdonaldii is complicated by the fact the two
pathogens can attack several parts of the plant and the
level of resistance may be different for each plant part
(Castano et al. 1993). The QTL identified in this study
could be usefully combined with some of S. sclerotiorum
resistance QTL detected by Mestries et al. (1998) and Bert
et al. (2002) and some of the resistance QTL detected by
Rachid Al-Chaarani et al. (2002) in order to transfer
favourable alleles into elite sunflower lines giving high
yielding varieties.
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