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Abstract In most production areas, Alternaria leaf blight

(ALB) is recognized as the most common and destructive

foliage disease in carrot. To assess the genetic architecture of

carrot ALB resistance, two parental coupling maps were

developed with similar number of dominant markers (around

70), sizes (around 650 cM), densities (around 9.5 cM), and

marker composition. The F2:3 progenies were evaluated in

field and tunnel for two scoring dates. The continuous dis-

tribution of the disease severity value indicated that ALB

resistance is under polygenic control. Three QTLs regions

were found on three linkage groups. Two of them were tunnel

or field specific and were detected only at the second

screening date suggesting that the expression of these two

QTLs regions involved in resistance to Alternaria dauci

might depend on environment and delay after infection.

Introduction

Carrot (Daucus carota spp. sativus) is one of the most

popular and commonly consumed vegetables worldwide

(Farrar et al. 2004), with 21 million ton produced in 2003

on an area of one million ha. Alternaria leaf blight (ALB),

which is the most common and destructive foliage disease

of carrot, is due to Alternaria dauci. This fungus is

responsible for severe infection that leads to loss of

photosynthetic tissues, weakening or killing the leaves

(Ben-Noon et al. 2003). During mechanical harvesting,

carrots are lifted from the ground by their leaves (Farrar

et al. 2004). Therefore, foliage disease can decrease the

harvesting effectiveness and substantially reduce the root

yield (Soylu et al. 2005). Losses of 40–60% have been

observed (Ben-Noon et al. 2003) and could even reach

100% when weakened-leaves break during harvest, thus

leaving the roots in the soil. The disease already reported in

a great number of production areas, is currently considered

to be an important world-wide disease problem (Pryor et al.

2002).

Different ways to protect carrots from ALB are avail-

able, but none of them is really efficient, particularly when

infection is severe. Agricultural practices such as seed and

foliage treatment, crop rotation, and foliage destruction

after harvesting could help to control the disease. Fungi-

cides are intensively sprayed on fields, but this approach is

costly and not always effective (Ben-Noon et al. 2001).

Indeed, the development of fungicide resistance, particu-

larly to iprodione, has been documented (Gaube et al.

2004; Pryor et al. 2002). ALB management models are

being developed to optimize the number of treatments and

dates (Rogers and Stevenson 2006). Non-fungicidal treat-

ments have also been tested using: only those using

gibberellins had an effect on the disease, when the disease

pressure was low and the gibberellin concentration was

high (Farrar et al. 2004).

The development of genetic resistance offers a prom-

ising alternative. Breeders have developed ALB partially
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resistant carrot cultivars but, even though different levels

of disease control were obtained, no complete resistance

has been observed (Pryor et al. 2002). Very little is

known about the genetic control of this trait. Simon and

Strandberg (1998) reported partial resistance when they

evaluated carrot inbred lines for their resistance to

A. dauci. Boiteux et al. (1993) found a narrow-sense

heritability rating of 0.4 for leaf blight disease in a half-

sib population. These results suggest that resistance is

under polygenic control and, even though environmental

conditions affect the expression of this trait, that resis-

tance could be increased by genetic improvement.

However, nothing is known about the number of genetic

factors involved and their contribution to resistance.

Moreover, these two papers described resistance among

imperator and Brasilia carrot varieties. In Europe, only

Nantes carrots are marketed.

The aim of the present study is, firstly, to check if

resistance in Nantes types is also under a polygenic control

and, secondly, to investigate the genetic architecture of

factors involved in such ALB resistance, using a QTL

detection approach.

Materials and methods

Plant materials

The mapping population was derived from a cross between

a susceptible line S269 (Vilmorin) obtained from Carentan

(France) and a partially resistant line R268 obtained from

the Vilmorin breeding program.

One hundred and seventy-one F2 genotypes and 171 F2:3

progenies were obtained by selfing the F1 hybrid and F2

genotypes, respectively. F3 plants obtained from a single F2

plant belonged to the same F2:3 progeny.

Two cultivars, i.e., two hybrids widely grown in France,

were also studied: Presto (Vilmorin) is a highly susceptible

cultivar (Ben-Noon et al. 2001; Villeneuve et al. 2001) and

Bolero (Vilmorin) is partially resistant to ALB (Corbaz and

Perko 1995; Simon and Strandberg 1998).

Phenotypic evaluations

Three experiments were conducted: one with the parents

of the mapping population, the F1 hybrid and reference

cultivars compared under tunnel conditions, and two on the

F2:3 progenies both in tunnel and in the field. In this paper,

they are, respectively called the ‘‘parent experiment’’ and

‘‘F2:3 experiments’’. Only 129 F2:3 progenies among the

171 of the mapping population were studied because there

were not enough seeds obtained from the 42 other F2:3

progenies to perform the experiments.

F2:3 experiment and parent experiment in tunnel were

performed from June to November at the National Institute

of Horticulture (INH) in Angers (France) in 2002 and 2003,

respectively, with the same experimental design and

inoculation protocol. Plants were grown in a randomized

complete block design (RCBD) with two blocks. Each plot

contained 80 plants. Twenty lines of each reference

genotype were randomly introduced in the trial. Moreover,

Presto was sown around each block to ensure an uniform

fungus development.

Plants were artificially infected with a single-conidial

isolate of A. dauci (P2 strain) collected from naturally

infected carrots grown in Cestas (Gironde, France) and

reported as being aggressive by Gaube et al. (2004). The

inoculum preparation procedure was described in Pawelec

et al. (2006). In summary, the first inoculation was per-

formed when plants showed three true leaves and the

second one 15 days later. A conidial suspension of

4–5 9 103 mL-1 conidia was sprayed to runoff with an

atomizer on leaves. A high relative humidity (95–100%

RH) was maintained for 48 h after inoculation.

The F2:3 experiment in the field was performed from

June to November 2002 in Les Landes, France. Plants were

grown in an RCBD with three blocks. Each plot contained

300 plants of a F2:3 progeny. A row of cv Presto was sown

between each F2:3 row in order to check for contamination

uniformity. When contamination was not uniform, each

score was corrected according to the formula: Nc ¼ NF2:3
�

ðNP � NPMÞ where NF2:3
was the score of the F2:3 progeny

before correction, Nc was the score of the F2:3 progeny after

correction, NP was the score of the plot of Presto near the

F2:3 plot and NPM was the mean cv Presto score for the

experiment.

As Les Landes is a region where deep attacks of

A. dauci occur each year, the present experiment was

naturally infected without any additional inoculation.

Disease severity values (DSV) were visually scored on a

0–9 scale (Pawelec et al. 2006), where 0 means that no

visible disease damage was observed in a plot, and 9 means

that the plants were totally blighted.

In the parent experiment, disease development was

assessed as soon as the first symptoms appeared and reas-

sessed every 15 days for two rounds.

In F2:3 progenies, disease development was assessed

only twice because there was no further disease develop-

ment due to the environmental conditions.

Four scores were thus obtained for each F2:3 progeny.

The traits were named score1T, score2T, score1F, and

score2F, respectively, for score one in tunnel, score two in

tunnel, score one in the field, and score two in the field.

Most data were analyzed with SAS software (version

8.1) (SAS Institute Inc 1991). The Student-Newman–Keuls

test was performed using the PROC GLM procedure to
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compare the DSV of the two parents, the F1 hybrid and the

mean DSV between the two parents. The Qstats function of

the QTL cartographer software package was used to test

F2:3 data normality (Basten et al. 2000). The PROC CORR

procedure of SAS was performed on the F2:3 progenies data

to determine correlations between score1T, score2T,

score1F, and score2F. The PROC GLM procedure was also

used to calculate the broad-sense heritability according to

the formula: h2 ¼ r2
G= r2

G þ r2
G

�
n

� �
; where r2

G and r2
E

were the genetic and residual variances, respectively,

estimated as r2
G ¼ MSG �MSEð Þ=n and r2

E ¼ MSE; with

MSG and MSE being the genetic and residual mean squares

and n being the population size (Gallais 1990).

Genetic map construction

Total genomic DNA was extracted from root tissues of 171

F2 plants according to Briard et al. (2000). Three kinds of

dominant markers were used: amplified fragment length

polymorphism (AFLP) markers, inter-simple sequence

repeat (ISSR) markers, and amplified polymorphic frag-

ments of resistance gene analog (APF-RGA) markers. All

amplifications were performed on a PTC100 cycler (MJ

research).

The AFLP protocol was the same as that described by

Briard et al. (2000). The ISSR protocol was as described by

Le Clerc et al. (2005) and slightly modified. DNA was 1/10

diluted in distilled water. PCR reactions were performed in

a total volume of 6.25 lL containing 1.25 lL of diluted

DNA, 0.1 mM of each dNTP (Eurogentec), 1 mM MgCl2
(Perkin Elmer), 0.25 lM of a single primer, and 0.375 units

of Silverstar DNA polymerase (Eurogentec).

For the amplification of APF-RGA markers, approxi-

mately 30 ng of DNA (3 lL) were digested for 2 h at 37�C

with 1.5 units of Mse (invitrogen) in a 3.5 lL reaction

volume (0.65 lL 109 Mse buffer, 0.3 lL Mse enzyme,

2.55 lL water). Subsequently, 6.5 ll of the digested DNA

solution was subjected to ligation with Mse restriction-site

derived adapter for 16 h at 16�C in a 6.3 lL reaction

volume (1.2 lL), Mse adapter (50 pmol), 0.25 lL T4 DNA

ligase (Eurogentec), 1.28 lL 109 ligation buffer, 3.57 lL

water).

An aliquot of this ligation mix was diluted 209 with TE

buffer and preamplified with adapter-derived primers

having one additional (?1) nucleotide (C) at the 30 end.

Each 10.2 lL preamplification volume contained 1 lL

diluted ligated DNA, 4 pmol each primer specific to the

adapter and Mse site, 1 mM MgCl2, 0.2 mM each dNTP,

0.2 units TAQ polymerase (Eurogentec), 1 lL 109 Taq

buffer, 7.3 lL water. After 5 min denaturation at 94�C, this

reaction was performed for 20 cycles with the following

cycling profile: 30 s at 94�C, 1 min at 56�C, 1 min at 72�C,

and 5 min at 72�C.

The preamplification products were 50-fold diluted and

1 lL was used as template for selective amplification. The

amount of 10 lL reaction volume contained 17 pmol pri-

mer specific to an RGA locus (Ptokin 1, NBS2), 1.7 pmol

Mse primer with a (?3) extension (three random nucleo-

tides at the 30 end), 0.75 mM MgCl2, 0.2 mM of each

dNTP, 0.2 units TAQ polymerase (Eurogentec), and PCR

buffer 19. The thermal cycling conditions were as follows:

one cycle of 5 min at 94�C, 40 cycles of 1 min at 94�C,

1 min at 50�C, 30 s at 72�C, and one cycle of 5 min at

72�C. Ptokin 1 was described first by Chen et al. (1998).

The AFLP, ISSR, and APF-RGA primer sequences are

shown in Table 1. The electrophoresis and silver staining

procedures were previously described by Briard et al.

(2000). Electrophoresis was carried out in a 6% denaturing

polyacrylamide gel with 7.5 M urea at a constant power of

60 W using TBE buffer 19. The procedure lasted 2–3 h for

APF-RGA and 4.5 h for ISSR and AFLP.

The chi-square test was performed to test the segrega-

tion distortion of each marker. A ratio of 3:1 was expected

with an F2 population and dominant markers.

Genetic maps were constructed with mapmaker software

(Lander et al. 1987) using the Kosambi mapping function

(Kosambi 1944). Markers were grouped when LOD C 4.

The dataset was split into two subsets, with each con-

taining dominant markers only in the coupling phase. Two

Table 1 Sequences of the three selective nucleotides for AFLP and

sequences of the ISSR primers and APF-RGA primers (three selective

nucleotides of the second primer)

Marker

type

Restriction

enzymes

Primer sequence

AFLP EcoRI/MseI AAG/CAG

AAG/CTA

AGG/CTA

AFLP EcoRI/TaqI ATG/ACT

ATG/ACA

AFLP HindIII/MseI AAG/CAG

AAG/CAT

AGC/CAG

AGC/CAT

AFLP HindIII/TaqI AAG/AGC

AAG/ATG

AGC/AGC

ISSRa – VHVCTCTCTCTCTCTCTCT

HVHTCTCTCTCTCTCTCTC

HBHAGAGAGAGAGAGAG

APF-RGA Mse GCATTGGAACAAGGTGAA/CTA

GCAACAGAAGGGTTGGGGTGG/CAG

GCAACAGAAGGGTTGGGGTGG/CTA

a V = G, A, C; H = A, T, C; B = C, G, T
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parental maps were thus built. When a marker was present

for the S269 parent (respectively, R268) and F2 progeny, it

belonged to the marker subset used to construct the ‘‘S269

map’’ (respectively, ‘‘R268 map’’). A parental map was

built for each subset. The ‘‘Group’’ mapmaker function was

performed on an all marker set (mixed-phase marker set) to

determine which markers belonged to the same linkage

group and linked the two maps.

QTL detection

The QTL detection was carried out with the QTL cartog-

rapher software package (Basten et al. 2000). With an F2

population and dominant markers, two genotypic classes

are expected and additive and dominance effects are

merged. QTL cartographer was thus not able to reliably

estimate these two parameters and hence to detect QTLs. A

back-cross model was used to overcome this problem. QTL

detection was performed separately for each parental map.

With the parental S269 map (respectively, R268 map), we

thus tested differences between RS ? SS and RR geno-

types (respectively, RS ? RR and SS genotypes), where R

and S were alleles from R268 and S269, respectively.

QTLs were mapped with the simple interval mapping

(SIM) method (Lander and Botstein, 1989) and the com-

posite interval mapping (CIM) method (Zeng 1993; 1994).

A walking speed of 2 cM was chosen and the percentage of

total phenotypic variation explained (R2) was estimated for

each QTL.

CIM is a multiple regression procedure that corrects for

background effects of markers (cofactors) other than those

in the interval being tested. To choose cofactors, we used

the ‘‘SRmapqtl’’ function with forward-backward elimi-

nation (FB). For each score, markers with the highest F

values were used for the CIM analysis. There were 2–4

cofactors according to the genetic map and trait. The

window size around the test interval, i.e., the region not

considered as a background cofactor, was set at 10 cM.

The LOD thresholds were determined for each parental

map with the 1000 permutations test. The confidence

interval of each QTL was determined by the LOD drop-off

one method.

Results

In the parent experiment, the parental DSV were signifi-

cantly different from each other for each score (Fig. 1).

DSV for R268 and S269 were, respectively, two and five

for score one; 3.5 and eight for score two; 5.5 and nine for

score three. The greatest difference between parent DSV

was obtained for score two, with a differential value of 4.5.

S269 (susceptible parent) had a higher DSV than cv Presto,

whereas R268 (resistant parent) and cv Bolero had similar

disease severity levels.

Irrespective of the score, the F1 hybrid and R268 DSV

were not significantly different, and the DSV for the F1

hybrid was always lower than the DSV for the parental

mean (average between R268 and S269 DSV), but signif-

icantly different only for score two.

In the F2:3 experiments, the F2:3 DSV distributions were

continuous for both field and tunnel experiments (Fig. 2).

They were significantly normally distributed (P B 0.05)

except for score2T which showed a skewed distribution

toward resistance. For each environment, field or tunnel,

the DSV distribution showed that the symptom severity

increased between the two screening dates. In tunnel, DSV

ranged from four to seven, with a mean of 5.3 for score1T,

and from five to 8.5, with a mean of 6.3 for score2T. The

phenotypic variance was 0.4 for both screening dates. In

the field, DSVs were similar to the levels obtained in tunnel

and ranged from 4.1 to 7.1, with a mean of 5.3 for score1F,

and from 5.7 to nine, with a mean of 7.3 for score2F.

Phenotypic variance was 0.3 for both screening dates.

Within each environment, the two scores were signifi-

cantly correlated (P B 0.01), with values of 0.58 in the

field and 0.52 in tunnel. Between environments, correla-

tions were lower and ranged from 0.30 to 0.47.

The heritability values were 0.46 and 0.47 for score1T

and score2T, and 0.32 and 0.29 for score1F and score2F.

Linkage analysis

A total of 203 markers was obtained, i.e., 154 AFLP, 28

ISSR, and 21 APF-RGA markers, with a mean of 12.8
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Fig. 1 Comparison of the disease severity values (DSV) calculated

for the R268 and S269 parents, the F1 hybrid, the parental mean and

the reference cultivars for three screening dates. The parental mean is

the arithmetical mean between the two parent DSVs. a–c are the

Student-Newman–Keuls groups calculated for each score
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AFLP, 9.3 ISSR, and seven APF-RGA markers per primer

pair. Twenty-seven markers (13.3% of the markers)

exhibited significant distortion (P \ 0.01). Of the 203

markers, 139 were mapped (Fig. 3), i.e., 68.5%. Among

these 139 markers, four markers showed distorted segre-

gation (P \ 0.01).

Seventeen linkage groups were obtained (Fig. 3). The

S269 map had 9 linkage groups, with a total size of

652.3 cM, 69 markers mapped and a mean marker interval

of 9.5 cM. The R268 map had eight linkage groups, with a

total size of 636.2 cM, 70 markers and a mean marker

interval of 9.1 cM. A chi-square test showed no difference

at 5% in marker composition between maps. Except for the

1S group from S269 map, not associated with a putative 1R

group from the R268 map, all the linkage group may be

joined by pairs: one group from S269 and the corre-

sponding one from R268 map.

QTL detection

Four QTLs were found with score2T, three with score2F,

and one with score1T. No QTLs were found for score1F

and all QTLs were detected on three linkage groups of the

R268 map.

In the 2R group, the QTL of score1T, two of score2T,

and one of score2F colocalised. Indeed, their confidence

intervals overlapped. The groups 5R and 8R had only one

score2F QTL and one score2T QTL, respectively (Fig. 3).

QTLs found by SIM were also found by CIM (Table 2).

The R2 were similar for the results obtained by the SIM and

CIM methods for score2F QTLs in group 5R, with values

of 10.6 and 10%, and for score2T QTLs in group 8R, with

values of 17.4 and 16.6%. In group 2R, when CIM was

used, the score2T R2 increased from 16.9 to 23.4%, and

two other QTLs were found for score1T and score2F, with

R2 of 8.6 and 10.5%.

Discussion

Several years are needed to obtain a mapping population.

In carrot, an F2 population provides a fast and easy way to

get a mapping population, as compared to a RIL or a back-

cross population. The F2 population requires only one cross

and one self-pollination, whereas one cross between the

parents and seven self-pollinations are needed to obtain a

RIL population with 1.6% of residual heterozygoty. This

procedure would take 16 years since carrot is a biennial

species. Moreover, this procedure would be hazardous

because of a high inbreeding depression due to successive

self-pollinations. A back-cross population requires only

two crosses, but self-pollination must be avoided, which is

difficult in carrot. These are the reasons why F2 populations

have been used in all carrot mapping studies to date (Vivek

and Simon 1999; Santos and Simon 2002; Just et al. 2007).

Phenotypic evaluations

DSV differences between parents (R268 and S269) were

greater than between the two reference hybrids (Presto and

Bolero). Although it could seem rather low (three for score

one; 4.5 for score two, and 3.5 for score three), it was

enough to obtain a clear differentiation between progenies.

In some cases, studies on other pathosystems with partial

resistance were based on similar or even lower differences.

For example, in the wheat/Stagonospora nodorum patho-

system, which was also evaluated on a 0–9 scale, the

difference between parents in a doubled-haploid population

was 2.8 (Arseniuk et al. 2004). The parents of our popu-

lation, and therefore the offspring, appeared suitable to

study the genetic factors underlying A. dauci resistance.

Complete dominance for A. dauci resistance was iden-

tified for score two since the DSV of the resistant parent

and F1 hybrid were identical and since the mean parent

DSV and F1 DSV were significantly different.

In F2:3 progenies, the continuous DSV distributions for

all dates were consistent with the behavior of the partially
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resistant carrot cultivars obtained by breeders. It also

indicated that this trait is quantitative in Nantes type car-

rots. Therefore, even if the present Nantes resistance source

clearly differs from the Brasilia source used by Boiteux

et al. (1993), both are probably based on polygenic

systems.

The broad sense heritabilities were moderate as com-

pared to those found in other partial resistance studies.

Moreover, DSV correlations between environments were

significant but moderate (under 0.5). The environment thus

plays a role in resistance to A. dauci, as shown with respect

to other pathogens. For example, for Setosphaeria turcia (a

fungus) resistance in maize, four out of nine QTLs found

had a significant genotype 9 environment interaction

(Welz et al. 1999). As expected, the heritabilities were

higher in tunnel than in the field, the environment effect

being best controlled in tunnel. It was thus important to

study the plants in tunnel so as to optimize the QTL

detection.

Linkage analysis

In the present study, most of the markers used to build the

genetic map are dominant markers. They have the advan-

tage of quickly providing information about many loci

simultaneously and do not need sequencing, contrary to
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Fig. 3 Genetic map and QTL detection. S and R represents the S269

and R268 maps, respectively. Linked groups have the same group

number. APF-RGA markers end with an a, ISSR markers with an i,
and no extension correspond to AFLP markers. Distorted markers

(P C 1%) are underlined. QTLs are shown on the right side of the

linkage groups. The box is the QTL position and the lines give the

confidence interval. When the QTLs were detected by simple interval

mapping, the box is empty (open square) whereas when the QTLs

were detected by composite interval mapping, the box is full (filled
square). R2 is the phenotypic part of the variation explained by the

QTL
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codominant markers such as SSR. Here 203 markers were

obtained from 18 primer pairs. To obtain the same number

of SSR markers, around 200 primers pairs would have been

required, thus seriously increasing the number of PCRs and

migrations. Moreover, only a few SSR sequence were

available in database at the beginning of our study.

Recombination fraction estimates and locus order are

reliable only when dominant markers are in the coupling

phase (Mather 1936; Mester et al. 2003). In contrast, the

estimation of locus groups is seldom problematic with

mixed-phase markers (Knapp et al. 1995). Therefore, in the

present study, two coupling phase maps were built to map

dominant markers in our F2 population. For the S269 map,

nine linkage groups were obtained, probably representing

the nine carrot chromosomes. Only eight groups were

obtained for R268. The absence of a 1R group is probably

due to the unsaturated map. About 31.5% of the markers

were not mapped, which was high compared to other

studies, e.g., 19.5% for the chickpea map (Flandez-Galvez

et al. 2003), and 18% for ryegrass (Bert et al. 1999). The

Mendelian markers could be unlinked because they were

located in an uncovered map region.

The two maps had similar properties: map size, number

of markers, and marker composition. The marker densities

were under 10 cM and, according to Asins (2002), having

more markers beyond a density of one every 15 cM does

not substantially enhance QTL detection. These results

suggested that our two parental coupling maps could be

used to detect QTLs. However, each map had a size of

around 650 cM, covering around 72% of the genome,

whereas it was estimated to be 900 cM in length (Vivek

and Simon 1999). Two parental coupling maps were

already obtained by Just et al. (2007) in an F2 population

with dominant markers. Each of their parental maps had

nine linkage groups and their sizes were around 1100 and

1200 cM. Consequently, R268 and S269 maps covered

between 53 and 60% of the maps of Just et al. (2007), thus

confirming that the R268 and S269 maps appeared to be

unsaturated but nevertheless useful for a first QTL

detection.

QTL detection

Instead of using the F2 model that is well suited for

codominant markers, the BC model was chosen to analyze

F2 population data with dominant markers. Two genotypic

classes were expected regardless of the population pattern.

Additive and dominance effects were thus combined for

both of these populations. However, a BC model takes two

genotypic classes at an equal ratio into account (e.g., RS

and SS), whereas an F2 population studied with dominant

markers has two genotypic classes with a 3:1 ratio (e.g., 3/4

of RS ? RR and 1/4 SS). RS ? RR in F2 are thus taken

into account like RS with the BC model, which leads to

over-estimation of the additive effect. With this model, all

QTLs detected by SIM were also found by CIM. However,

three QTLs were found with the SIM whereas two more

QTLs were therefore detected with the CIM method.

Similar results were obtained in other QTL detection

studies, e.g., on grain yield and grain-related traits in maize

(Marsan et al. 2001) and on broomrape resistance in faba

bean (Roman et al. 2002).

According to Young (1996), between three and five

QTLs are commonly found in resistance studies whereas

finding 10 or more QTLs is much more uncommon. In

another review, Kover and Caicedo (2001) reported that

one to seven resistance QTLs were found in different

studies. Hence, the three QTLs found in this study was a

small number, but consistent. This small QTL number

could be due to moderate heritabilities but also to the

unsaturated map. Indeed, regions playing a role in ALB

resistance could be located in the uncovered genomic

regions. The population size should also be considered. To

detect QTLs with the same detection power, the population

Table 2 QTL properties

Linkage

group

QTL detection

method

Trait LOD QTL position

(cM)

Confidence

interval (cM)

R2(%)

2R CIM Score1T 2.9 71.3 60.7–75.4 8.6

SIM Score2T 2.6 62.7 54.7–70.7 16.9

CIM Score2T 4.6 62.7 56.7–70.7 23.4

CIM Score2F 3.4 71.3 58.7–74.6 10.5

5R SIM Score2F 2.9 27.1 15.6–30.6 10.6

CIM Score2F 3.2 25.6 17.6–30.6 10.0

8R SIM Score2T 4.3 20.5 6.0–30.5 17.4

CIM Score2T 5.2 18.5 10.0–28.5 16.6

The phenotypic effect represents the difference between the mean DSV of SS genotypes and the mean DSV of RS ? RR genotypes. R2 is the

phenotypic part of the variation explained by the QTLs
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size needs to be higher with dominant markers than with

codominant markers. An optimal F2 population size should

range from 700 to 6,300 according to the dominance

(Soller et al. 1976). The carrot population could not reach

this optimal size because of the experimental constraints.

Indeed, F2:3 progenies are required for phenotypic evalu-

ations but their production is time consuming and very

expensive. Moreover, field or tunnel evaluations of these

progenies is also time consuming and requires considerable

space. It is very hard to assess more than 200 progenies.

Among the three QTL regions, one was field specific

and one was tunnel specific suggesting that QTL detection

is probably affected by the fungal strain, soil and/or cli-

matic conditions which are supposed to be different

between the two locations. In the present study, the strain

and other environmental effects could not be separated.

The strain effect was shown in other studies through the

detection of strain-specific and broad-spectrum QTLs. This

was, for example, the case for Venturia inaequalis in apple

(Calenge et al. 2004) and Pyricularia grisea in rice and

barley (Chen et al. 2003). In the near future, it would thus

be interesting to compare the resistance of our progenies to

different A. dauci strains under similar soil and climatic

conditions.

As similar heritabilities were obtained for both scores in

field and tunnel, respectively, similar QTL R2 sums were

also expected but this was not the case (i.e., 8.6% for

score1T against 40% for score2T in tunnel with CIM). This

suggested that a QTL of score one with a greater effect was

not detected because it was in an uncovered genomic

region or that there were many loci with small effects

involved in score one with effects that were too low to be

individually detected.

The QTL regions found in the 5R and 8R linkage groups

were specific to the second screening date, contrary to the

2R group which had score one and score two QTLs. The

presence of score two specific QTLs suggests that genes

involved in plant resistance may change during plant

development or may depend on the delay after infection. A

plant stage dependent response was reported in several

studies. In barley leaf rust resistance, distinct QTLs were

identified for the seedling stage and the adult plant stage

(Qi et al. 1998). Three QTLs involved in resistance of

rapeseed to Sclerotinia sclerotiorum were detected at the

seedling stage and three other QTLs were detected in the

mature plant stage (Zhao and Meng 2003). In the present

carrot study, scores one and two were both at the vegetative

stage. However, score one could have been, for example, to

genes involved in the plant ability to fight against the

spread of the pathogen into the tissues, whereas score two

could represent the ability to make new leaves.

In this study, we found that resistant alleles came only

from R268. Similar results were obtained by Foolad et al.

(2002) for early blight (Alternaria solani) resistance in

tomato. However, resistant alleles from susceptible parent

are quite commonly found in other pathosystems. These

alleles may lead to transgressive genotypes (de Vicente and

Tanksley 1993). In 2003, 67 other F2:3 progenies of the

same R268 9 S269 cross were tested and some of them

were transgressive genotypes: eight were more resistant

than the resistant parent and one was more susceptible than

the susceptible parent (data not shown). This suggests that

S269 could have resistant alleles that we did not detect.

Pilet et al. (1998) reported that the susceptible parent effect

was often weak and small QTLs may be undetected.

In conclusion, this is the first analysis of the genetic

architecture of carrot factors involved in partial resistance

to ALB. It confirmed that this trait is polygenic and that the

environment could play a role. The findings also revealed

that the genes involved may depend on the delay after

infection and that no major QTLs were involved. More-

over, we describe a method to detect QTLs in an F2

population with dominant markers. Although this method

is not perfect, it could be useful as a first step when

investigating a species such as carrot that has not been the

focus of many studies.
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Masson, Paris, pp 47–106

Gaube C, Dubourg C, Pawelec A, Chamont S, Blancard D, Briard M

(2004) Alternaria dauci sous surveillance. PHM Le maraı̂cher

454:15–18

SAS Institute Inc (1991) SAS user’s guide: release 8.1 eds. SAS

Institute, Cary

Just BJ, Santos CA, Fonseca ME, Boiteux LS, Oloizia BB, Simon PW

(2007) Carotenoid biosynthesis structural genes in carrot (Dau-
cus carota): isolation, sequence-characterization, single

nucleotide polymorphism (SNP) markers and genome mapping.

Theor Appl Genet 114:693–704

Knapp SJ, Holloway JL, Bridges WC, Liu BH (1995) Mapping

dominant markers using F2 matings. Theor Appl Genet 91:74–81

Kosambi DD (1944) The estimation of map distances from recom-

bination values. Annals of Eugen 12:172–175

Kover PX, Caicedo AL (2001) The genetic architecture of disease

resistance in plants and the maintenance of recombination by

parasites. Mol Ecol 10:1–16

Lander E, Botstein D (1989) Mapping mendelian factors underlying

quantitative traits using RFLP linkage maps. Genetics 121:185–

199

Lander E, Green P, Abrahamson J, Barlow A, Daly M, Lincoln S,

Newburg L (1987) MAPMAKER: an interactive computer

package for constructing primary genetic linkage maps of

experimental and natural populations. Genomics 1:174–181

Le Clerc V, Suel A, Briard M (2005) Identification of duplicates for

the optimization of carrot collection management. Biodiv

Conserv 14:1211–1223

Marsan PA, Gorni C, Chitto A, Redaelli R, van Vijk R, Stam P, Motto

M (2001) Identification of QTLs for grain yield and grain-related

traits of maize (Zea mays L.) using an AFLP map, different

testers, and cofactor analysis. Theor Appl Genet 102:230–243

Mather K (1936) Types of linkage data and their value. Annals of

Eugen 7:251–264

Mester DI, Ronin YI, Hu Y, Peng J, Nevo E, Korol AB (2003)

Efficient multipoint mapping: making use of dominant repulsion-

phase markers. Theor Appl Genet 107:1102–1112

Pawelec A, Dubourg C, Briard M (2006) Evaluation of carrot

resistance to Alternaria leaf blight in controlled environments.

Plant Pathol 55:68–72

Pilet ML, Delourme R, Foisset N, Renard M (1998) Identification of

QTL involved in field resistance to light leaf spot (Pyrenopeziza
brassicae) and blackleg resistance (Leptosphaeria maculans) in

winter rapeseed (Brassica napus L.). Theor Appl Genet 97:398–

406

Pryor BM, Strandberg JO, Davis RM, Nunez JJ, Gilbertson RL (2002)

Survival and persistence of Alternaria dauci in carrot cropping

systems. Plant Dis 86:1115–1122

Qi X, Niks R-E, Stam P, Lindhout P (1998) Identification of QTLs for

partial resistance to leaf rust (Puccinia hordei) in barley. Theor

Appl Genet 96:1205–1215

Rogers PM, Stevenson WR (2006) Weather-based fungicide spray

programs for control of two foliar diseases on carrot cultivars

differing in susceptibility. Plant Dis 90:358–364

Roman B, Torres AM, Rubiales D, Cubero JI, Satovic Z (2002)

Mapping of quantitative trait loci controlling broomrape (Oro-
banche crenata Forsk.) resistance in faba bean (Vicia faba L.).

Genome 45:1057–1063

Santos C, Simon P (2002) QTL analyses reveal clustered loci for

accumulation of major provitamin A carotenes and lycopene in

carrot roots. Mol Genet Genomics 268:122–129

Simon PW, Strandberg JO (1998) Diallel analysis of resistance in

carrot to Alternaria leaf blight. J Am Soc Hortic Sci 123:412–415

Soller M, Brody T, Genizi G (1976) On the power of experimental

designs for the detection of linkage between marker loci and

quantitative loci in crosses between inbred lines. Theor Appl

Genet 47:37–39

Soylu S, Kurt S, Soylu EM, Tok FM (2005) First report of Alternaria
leaf blight caused by Alternaria dauci on carrot in Turkey. Plant

Pathol 54:252

Villeneuve F, Bossis M, Breton D, Brunel E, Diare N, Rouxel F

(2001) La carotte en France. Principaux ennemis de la culture et

programmes de recherches en cours. Phytoma 536:35–39

Vivek BS, Simon PW (1999) Linkage relationships among molecular

markers and storage root traits of carrot (Daucus carota L. ssp.

sativus). Theor Appl Genet 99:58–64

Welz HG, Schechert AW, Geiger HH (1999) Dynamic gene action at

QTLs for resistance to Setosphaeria turcica in maize. Theor

Appl Genet 98:1036–1045

Young ND (1996) QTL mapping and quantitative disease resistance

in plants. Ann. Rev. Phytopathol 34:479–501

Zeng ZB (1993) Theoretical basis for separation of multiple linked

gene effects in mapping quantitative trait loci. Proc Natl Acad

Sci USA 90:10972–10976

Zeng ZB (1994) Precision mapping of quantitative trait loci. Genetics

136:1457–1468

Zhao JW, Meng JL (2003) Genetic analysis of loci associated with

partial resistance to Sclerotinia sclerotiorum in rapeseed (Bras-
sica napus L.). Theor Appl Genet 106:759–764

Theor Appl Genet (2009) 118:1251–1259 1259

123


	Genetic architecture of factors underlying partial resistance �to Alternaria leaf blight in carrot
	Abstract
	Introduction
	Materials and methods
	Plant materials
	Phenotypic evaluations
	Genetic map construction
	QTL detection

	Results
	Linkage analysis
	QTL detection

	Discussion
	Phenotypic evaluations
	Linkage analysis
	QTL detection

	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


