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Abstract The resistance of sunflower to Plasmopara

halstedii is conferred by major resistance genes denoted

Pl. Previous genetic studies indicated that the majority of

these genes are clustered on linkage groups 8 and 13. The

Pl6 locus is one of the main clusters to have been identi-

fied, and confers resistance to several P. halstedii races. In

this study, a map-based cloning strategy was implemented

using a large segregating F2 population to establish a fine

physical map of this cluster. A marker derived from a

bacterial artificial chromosome (BAC) clone was found to

be very tightly linked to the gene conferring resistance to

race 300, and the corresponding BAC clone was sequenced

and annotated. It contains several putative genes including

three toll-interleukin receptor-nucleotide binding site-leu-

cine rich repeats (TIR-NBS-LRR) genes. However, only

one TIR-NBS-LRR appeared to be expressed, and thus

constitutes a candidate gene for resistance to P. halstedii

race 300.

Introduction

Sunflower downy mildew is caused by the obligate para-

sitic oomycete, Plasmopara halstedii. The resistance of

sunflower to this parasite is controlled by single dominant

genes denoted Pl (Vranceanu and Stoenescu 1971), each

being effective against one of the many races that have

been described worldwide. Genetic studies have shown that

the interaction between sunflower and downy mildew races

probably complies with the gene for gene concept as ini-

tially described by Flor (1947). Pl1 was the first Pl gene to

be localised on linkage group 8 of the sunflower map

(Mouzeyar et al. 1995). Other Pl genes were later mapped

and proved to be clustered (Vear et al. 1997; Bachlava

et al. 2011).

Sequence comparisons of the plant resistance genes that

have been cloned show that the majority of these genes

belong to a highly represented gene family containing two

domains; a nucleotide binding site (NBS) and a stretch of

leucine rich repeats (LRR) (Dangl and Jones 2001). Some

of the NBS-LRR proteins contain either a coiled-coil (CC)

domain or a toll-interleukin receptor (TIR) domain at their

N-termini (McHale et al. 2006). Degenerate primers tar-

geting conserved regions within these sequences have been

used to clone resistance gene candidates (RGC), which

mapped regions containing clusters containing resistance

genes to downy mildew (Gentzbittel et al. 1998; Gedil et al.
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2001a; Radwan et al. 2003). Subsequent molecular analysis

showed at least two major loci conferring resistance

against P. halstedii. The Pl6 locus seems to contain mainly

TIR-NBS-LRR sequences (Bouzidi et al. 2002), whereas

the Pl5/Pl8 locus seems to contain mainly CC-NBS-LRR

sequences (Radwan et al. 2004). In a comprehensive work,

Radwan et al. (2008) mapped unique NBS-LRR sequences

to 167 loci throughout the 17 sunflower linkage groups,

thus giving a more complete picture of the genomic dis-

tribution of NBS-LRR encoding genes in this plant.

Interestingly, most of these loci mapped to linkage groups

8 and 13, thus confirming previous findings (Gentzbittel

et al. 1998; Bert et al. 2001; Gedil et al. 2001b; Bouzidi

et al. 2002; Radwan et al. 2003, 2004; Slabaugh et al.

2003). Recently, Bachlava et al. (2011) identified several

bacterial artificial chromosome (BAC) clones proximal to

Pl8 and Pl14 in linkage group 13 and showed that they

contain additional RGC with non-TIR-like motifs, although

they are phylogenetically distant from the two non-TIR-

NBS-LRR classes of resistance genes.

The cloning of functional Pl genes would help us gain

insights into the molecular basis of downy mildew resis-

tance in sunflower. This study thus focused on the Pl6

locus conferring resistance to several downy mildew races,

using 3,072 F2 individuals and a physical map. In addition,

using a map-based strategy, we exploited the molecular

markers described in a previous work (Bouzidi et al. 2002)

to clone a TIR-NBS-LRR candidate gene for resistance

to race 300 of P. halstedii. A 111 Kb BAC clone was

completely sequenced and annotated. It contains three

TIR-NBS-LRR sequences of which only one is expressed;

it is thus a putative functional RGC, and therefore, a

candidate gene for resistance to P. halstedii race 300.

Materials and methods

Plant genotypes and disease assessment

The YDQ sunflower line contains the Pl6 locus which

confers resistance against races 100, 300, 700, 703, 710 of

P. halstedii (Bouzidi et al. 2002). The H52 sunflower line

(from ARS, South Africa) is susceptible to all known races

of P. halstedii. A total of 3,072 F2 individuals were pro-

duced from a cross between these two lines. F2 seedlings

with recombinations in the Pl6 locus were identified with

flanking codominant markers and were selfed to obtain the

F3 families.

The F3 families were tested for resistance to P. halstedii

races 300, 703 and 710. For each F3 progeny, at least 20

seedlings were infected and grown, as described by

Mouzeyar et al. (1993). For the few F3 progenies which

were difficult to define, F4 progenies were tested alike,

thus making it possible to classify the F2 plants as

homozygous resistant, homozygous susceptible or hetero-

zygous (Vear et al. 1997).

Mapping of the Pl6 locus

Sequence tagged site (STS) markers within the Pl6 locus,

described by Bouzidi et al. (2002), were used to develop

codominant PCR markers flanking the P. halstedii resis-

tance genes. Two primer pairs (NBS8 and NBS1–3) were

used to screen 3072 F2 plants, to identify recombinant

individuals within the Pl6 locus. The NBS8 pair is made up

of the NBS8For (GAACTTTGTGGATCATCTCTACGA)

and NBS8Rev (CTATCAAATTTGCTCATTTGACTT)

primers and the NBS1–3 pair contains the NBS8For and

NBS1–3Rev (TCTATCTCACTCCCTACCACA) primers.

A sunflower BAC library (Bouzidi et al. 2006) made up

from isolated nuclei of the resistant parent (YDQ) was

screened using two TIR-NBS-LRR probes (Ha-NBS2 and

Ha-NBS8) that are linked to the Pl6 locus (Bouzidi et al.

2002). The BAC library contained 147,456 clones with an

estimated average insert size of 118 Kb and was arrayed

onto 16 nylon filters. The probes were labelled radioactively

using the random priming method (Amersham Megaprime

kit), and hybridized to the filters under stringent conditions

using hybridization methods (Sambrook et al. 1989).

DNA from the 245 BAC clones was digested with

HindIII that was end-labelled with [32P]dATP. Digested

DNA was then subjected to 3.5 % polyacrylamide DNA

sequencing gel electrophoresis. The gels were dried and

autoradiographed, and the fingerprints were scanned into

images and edited using Image 4.0 software (Soderlund

et al. 1997). Version 4.7 of the FPC program (Soderlund

et al. 2000) was then used to assemble the BAC contigs

using the default parameters.

The BAC ends were then sequenced (GENOME Express,

Grenoble). About 240 primer pairs (Eurogentec) were

designed using the BAC clone ends and tested on parental

(YDQ, H52) and bulk DNA (according to their phenotype in

downy mildew tests with race 300). PCR-based markers

segregating between the susceptible and resistant parents

were then mapped using MAPMAKER 3.0 with a minimum

LOD score of 3.0 and a maximum recombination fraction of

0.45 (Lander et al. 1987).

DNA and RNA extraction

Young leaf tissue from F2 plants was collected and freeze

dried. DNA was isolated using the Metabisulfite method

(Peterson et al. 1997) adapted to a large number of plants.

Total cellular DNA was then isolated from individual

seedlings. Briefly, freeze-dried leaves were ground with a

mechanical mill, dispersed in 600 lL of lysis buffer
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(100 mM Tris/0.5 M NaCl/50 mM EDTA/20 mM sodium

metabisulfite), mixed gently by inversion and then incu-

bated at 95 �C for 45 min. The crude extract was centri-

fuged at 4,0009g at room temperature for 20 min. Two

hundred microliters of Isopropanol containing 1 M

ammonium acetate was added to 200 lL of supernatant,

and the solution was mixed by inversion and centrifuged at

4,0009g at room temperature for 20 min. The precipitated

DNA was washed with 600 lL ethanol and centrifuged at

3,0009g at room temperature for 20 min. The supernatant

was removed and the DNA was dried and suspended in

distilled water. DNA from the leaves of F2 recombinants

was isolated using the CTAB method, as described by

Saghai Maroof et al. (1984).

The DNA inserts from BAC clones were isolated using

the alkaline lysis method (Sambrook et al. 1989).

For RNA extraction, healthy or infected plants were

used by the whole seed immersion method. Young leaf

tissue from the control or infected resistant and susceptible

parents was collected and freeze-dried. About 250 mg (dry

weight) of freeze-dried tissue were ground and dispersed in

900 lL CTAB buffer (0.1 M Tris/1.4 M NaCl/20 mM

EDTA pH 8/2 % cetylmethylammonium bromide/3 %

b-mercaptoethanol), mixed by vortexing and incubated at

65 �C for 5 min before 900 lL of phenol acid was added

and vortexed, and then centrifuged at 19,0009g at 4 �C for

10 min. Isopropanol (v/v) was then added to the superna-

tant, and the solution was mixed by vortexing, incubated at

-80 �C for 2 h and centrifuged at 19,0009g at 4 �C for

20 min. The precipitated nucleic acids were washed with

600 lL ethanol (100 %) and centrifuged at 10,0009g at

4 �C for 5 min. The supernatant was removed and nucleic

acids were dried and re-suspended in distilled RNAse free

water. Lithium chloride (3 M final) was added, then the

solution was vortexed, incubated overnight at 4 �C and

centrifuged at 19,0009g at 4 �C for 45 min. RNA were

washed with 600 lL ethanol (70 %) and centrifuged at

15,0009g at 4 �C for 5 min. The supernatant was removed

and the RNA dried and re-suspended in distilled RNAse

free water. The RNA solution was incubated at 37 �C for

30 min in the presence of 1 U DNAse buffer, 10 U DNAse

(Roche) and 20 units RNAsine (Promega). The solution

was washed with phenol–chloroform and then with chlo-

roform and centrifuged at 10,0009g at 4 �C for 10 min.

The RNA were then precipitated, dried and re-suspended in

distilled RNAse free water.

Analysis of expression

Two oligonucleotide primer pairs (TIR3F1R2: 50TGTCTTGA

AAGATTGATTTTAGTGT30 and 50CCCTCTATCCTTTTC

AGTTTTCTG30) and (TIR3F2R2: 50TTGATCTCAGTTGG

TGCAAGGA30 and 50CCCTCTATCCTTTTCAGTTTTCTG30)
were used. They were designed in the LRR domain using the 3

TIR-NBS-LRR sequences in the BAC clone sequenced (this

study). Ha-EF-1 (50AGGCGAGGTATGATGAAATTGTCA30

and 50GTCTCTTGGGCTCATTGATTTGGT30) was used as the

reference genes.

Reverse transcription was performed with the Invitrogen

SuperScriptTM (11904-018) kit. Quantitative RT-PCR ampli-

fication was carried out with 2 lL of 1/10 diluted RT product.

In the presence of 0.13 mM of each dNTP, 0.3 lL of Taq DNA

Polymerase (Advantage 2, Clontech, France), 19 Taq Poly-

merase Buffer, 0.17 nM of each primer, 0.5 lL of SYBR Green

I (Sigma) diluted 1/1,000 in 20 % DMSO and 1 lL of Fluo-

rescein (BioRad) diluted 1/1,000 in water. qRT-PCR was car-

ried out in a Biorad i-cycler thermocycler under the following

conditions: initial denaturation at 94 �C for 2 min, 50 cycles of

94 �C for 15 s, 64 �C for 15 s and 72 �C for 20 s. Amplicons

were then checked for specificity by sequencing and by sub-

jecting them to melt curve analysis, using a 0.5 �C incremental

increase in temperature for 10 s, starting at 55 �C. The relative

expression of the TIR-NBS-LRR sequence was quantified

using the 2-DCt method, according to the method described by

Schmittgen and Livak (2008) with the sunflower elongation

factor Ha-EF-1a as a reference gene (Radwan et al. 2005).

DNA sequencing and analysis

A shotgun library of the BAC clone was obtained by

mechanical cleavage (Hydroshear, GeneMachines). Frag-

ments ranging in size from 2.5 to 5 Kb were ligated to

PUC18 and transformed into E. coli using Electro Ten Blue

(Stratagene). DNA sequencing was carried out using the

ET Terminator sequencing kit (Amersham Bioscience).

The quality of sequences was controlled using Phred

(Ewing and Green 1998; Ewing et al. 1998), Cross-match

(Ewing and Green 1998; Ewing et al. 1998) and BLASTN

(Altschul et al. 1997). Assembly of the sequence was

achieved using Phrap (Ewing and Green 1998; Ewing et al.

1998). The complete sequence is available in Genbank

under accession number HM543461.

Gene structures were predicted on the basis of Genscan

(Burge and Karlin 1998) using A. thaliana as a matrix. The

predicted coding DNA sequence (CDS) and mRNA were

then compared to the NR protein database (NCBI), using

BLASTX with an E-value threshold of E \ 10-5. If pre-

dictions did not align with complete subject proteins in the

NR database, the whole genomic segments corresponding to

the predicted transcript were blasted against the NR protein

database using the same parameters. Intron/exon boundaries

and exon reading frames were verified and fine-tuned man-

ually based on a comparison of Genscan predictions and

BLASTs hits using the Artemis viewer (Mural 2000). The
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clone sequence was also analysed with RepeatMasker (Chen

2004) to detect repeated elements as well as pseudogenes.

The clone sequence was compared (tblastn) against

itself and a dot plot in order to detect regions of high

similarity. Finally, the three putative TIR-NBS-LRR genes

were translated into proteins and aligned with muscle

(Edgar 2004).

Results

Genetic mapping and progeny testing of resistance

to downy mildew

Thirteen RGA markers linked to the Pl6 locus that had

previously been identified and sequenced (Bouzidi et al.

2002) were used to develop two codominant STS markers

(NBS8 and NBS1-3) flanking the Pl6 locus, in order to

screen 3,072 F2 individuals and identify recombinants

between these markers (Fig. 1). A total of 160 F2 individ-

uals were found to be recombinant in the 6.3 cM interval

between NBS8 and NBS1-3 that contained the Pl6 locus.

In order to locate the Pl6 locus precisely on the

molecular map, the 160 F2 recombinant individuals were

selfed. One hundred and fifty-one F3 families corre-

sponding to 151 F2 individuals were obtained and tested

for their resistance to P. hasltedii. In cases where progeny

tests were unable to clearly distinguish between susceptible

and resistant, the corresponding F4 families were tested.

Each family was tested with races 300, 703 and 710 of

P. halstedii. Segregation in the Pl6 locus between the gene

conferring resistance to race 300 and those conferring

resistance to races 703 and 710 was found (Fig. 1), thus

confirming the findings of Bouzidi et al. (2002).

Generation of additional markers for fine mapping

of the Pl6 locus

Screening at high stringency of the library of 147,456 BAC

clones from the resistant parent, YDQ identified 245

positive clones potentially linked to the Pl6 locus. These

245 clones were assembled in 36 contigs and 17 singletons

by HindIII digestion and FPC analysis (Soderlund et al.

2000) (Fig. 1).

Both ends of all the BAC clones were sequenced and

analysed using BLASTX and placed in four classes, as a

function of the hits they matched: non-coding sequence,

putative gene, transposable element, resistance-related

gene. This BAC end analysis revealed that the DNA in this

resistance locus consists predominantly of non-coding

sequences or putative genes (64 %). Most of the sequences

corresponded to transposable elements which are supposed

to act in reshaping the genome, especially at resistance loci

(Meyers et al. 2003). All the resistance-related genes ana-

lysed were of the TIR-NBS-LRR class, which is one of the

three NBS/LRR subdivisions described in plants alongside

the CC-NBS-LRR and the NBS-LRR gene classes.

Using the sequences of the BAC ends, 240 specific

primers pairs were designed and STS were developed in

order to increase the density of markers within the Pl6 locus.

Of the 239 amplicons tested (Supplementary Table S1), 25

new STS markers could be mapped on the YDQ 9 H52 cross

(Supplementary Table S2). One STS marker specific to BAC

Contig #6 was found to be absolutely linked (i.e., no

recombination) to resistance to race 300 using the 3,072 F2

individuals. This contig could therefore be considered as a

good candidate for harbouring the resistance gene to

P. halstedii race 300.

Analysis of the BAC contig #6 tightly linked

to resistance 300

As southern analyses of the BAC contig #6 displayed at

least two putative resistance genes, the largest and more

representative BAC clone 242G9 was sequenced using the

shotgun strategy resulting in a 111,896 bp sequence

(Fig. 2). Annotation of the sequence showed that it con-

tained eight genes or pseudogenes corresponding roughly

to one-third of the sequence, five putative transposable

elements (TE) corresponding to another third of the

Fig. 1 Detailed map of the sunflower Pl6 locus containing resistance

genes to P. halstedii races 300, 703 and 710. The marker names

correspond to the BAC clones from which they were derived. CTG

stands for contig and the number of BAC clones in each contig is

indicated in parentheses. Each contig is symbolised by a thick black
line and dots indicate gaps between the contigs. Genetic distances are

given in cM and are based on recombination data from 3,072 F2

individuals
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sequence and the remaining third corresponded to non-

coding intergene sequences (Fig. 2).

Isolated functional domains were identified, although no

similarity with any coding sequence was found around

them. These functional domains, well supported through

the BLAST analysis, were scattered along the sequence and

corresponded to various functions: a NAM transcription

factor (PFAM02365), a transket_pyr domain from pyruvate

dehydrogenase E1 beta subunit (mitochondrial), a PRK06416

domain from a lipoamide dehydrogenase 1, a ABC_M-

SH2_euk domain fragment from protein DNA mismatch

repair MSH2 (CD03285), a ribosomal protein-like and a

RNA-directed polymerase RT non-LTR related (PTHR

19446) (Fig. 2).

RepeatMasker analysis enabled the identification of ten

segments similar to putative transposable elements from A.

thaliana. These predictions were congruent with the

BLAST annotations. Two Ty1-copia (TE_1 and TE_2) and

two Ty3-gypsy (TE_3 and TE_4) retroelements were pre-

dicted. TE_1 possessed two domains of copia-type ret-

roelement rve and RVT_2 and two potential LTR regions

of 662 bp with 99 % identity, suggesting the recent inser-

tion of the element. This TE could span up to 11 Kb, which

is within the range of a copia element length. Ty1-copia

sequences range from 3,925 bp for PRD1 in pea to

12,088 bp in the BAR1 of barley (Peterson-Burch and

Voytas 2002) and more than 16 kb in Helianthus annuus

(Buti et al. 2011). TE_3 is a 11,465 bp complete Ty3-gypsy

like protein, since two 470 bp segments with 100 % identity

and potentially corresponding to LTR domains were

detected both upstream and downstream of the gypsy gag,

RVP_2, RT and rve domains. A 98 % identity duplicated

segment of 2.8 Kb was identified at both 3,077 bp down-

stream of the 50 putative LTR of the Ty3-gypsy and 189 bp

after the 30 end of this TE. TE_4 was truncated in its 30 end

towards the end of the BAC clone sequence (Fig. 2 and

supplementary file Figure S1).

Three predicted TIR-NBS-LRR genes (TIR_1, TIR_2 and

TIR_3) were similar to RS6-8 and PU3 resistant-like proteins

from Helianthus annuus (AAN73007.1, AAL07535.1).

However, TIR_1 lacked the typical TIR domain, as well as a

partially deleted LRR region and is interrupted by a 70-mer

TA microsatellite. So it was assumed that TIR_1 was non-

functional and corresponded to a pseudogene. TIR_2 corre-

sponded to an almost complete sequence of a TIR-NBS-LRR

gene, although it was disrupted by the insertion of TE_1.

Indeed, the TBLASTX of the BAC clone against itself

exhibited a DNA fragment downstream of the 30 end of TE_1,

which was very similar to the 30 end of both TIR_1 and TIR_3.

The gene referred to as TIR_3 seemed to be complete as it

contained a complete TIR domain, an NB-ARC domain and

an LRR region with at least nine LRR domains, as identified

by InterProscan. TIR_3 thus corresponded to a potentially

functional TIR-NBS-LRR resistant gene (Fig. 2).

The multiple alignments of TIR_1, TIR_2 and TIR_3

allowed us to identify conserved segments and motifs.

Most of the mutations seemed to be deleted (Fig. 3). The

TIR_2 gene seemed to be entire when compared with

TIR_3; in other words, TIR_2 exhibited the three con-

served domains (TIR, NB-ARC and 9 LRR) except for a

deletion and the presence of a stop codon in the reading

frame of the gene beyond the TE_1 insertion. Nevertheless,

a 378 bp sequence identified as 30 UTR, which was very

similar in TIR_1 and TIR_3, was not recovered in TIR_2.

TIR_1 was characterised by the presence of an internal

fragment of the TIR domain, a conserved segment from

the 30 end of the TIR domain to the first quarter of the

NB-ARC domain, and an LRR domain exhibiting two

deletions when compared with the TIR_2 and TIR_3 LRR

regions. The 30 end of TIR_1 was conserved with close

similarity to the two other R genes including its 30 UTR.

TIR_3 expression

Expression of the CDS identified as TIR_3 was monitored

by qRT-PCR using either healthy or infected sunflower

plants. The kinetic showed that TIR_3 was expressed

constitutively in YDQ plants. TIR_3 mRNAs were accu-

mulated at a low level and were detectable in both the plant

infected with P. halstedii and in healthy plants. No

Fig. 2 Annotation of BAC clone 242G9 (accession number HM543461). Arrows indicate the relative orientation of the predicted CDS and

numbers indicate their position
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induction of TIR_3 expression was observed within the

15 days, following infection by P. halstedii race 300. As a

control to verify the qRT-PCR findings at different points

of the kinetic, an equal signal was observed for the Elon-

gation factor 1a gene in all RNA samples (Fig. 4). How-

ever, all attempts to detect mRNA corresponding to TIR_1

and TIR_2 failed (data not shown).

Discussion

We present in this study the cloning of a sunflower candi-

date gene for resistance to P. halstedii race 300, the causal

agent of downy mildew. For this purpose, we exploited the

results obtained by Bouzidi et al. (2002), who described

several dominant STS markers within the Pl6 locus con-

ferring resistance to several races of P. halstedii. Some of

these markers were used to develop codominant markers

flanking the disease resistance gene cluster. These codom-

inant markers were then used to screen 3072 F2 individuals

segregating for resistance to downy mildew, and 151

recombinants were found. In order to determine additional

markers more closely linked to the Pl genes, we used PCR

markers derived from the BAC end sequences of clones

within the Pl6 locus. One out of 25 polymorphic markers

was found to be completely linked to resistance to P. hal-

stedii race 300 in the segregating population. One BAC

clone was then selected, shotgun sequenced and annotated,

and one TIR-NBS-LRR candidate gene was identified.

Physical map of the Pl6 locus

Screening of a sunflower BAC library constructed using

DNA from the resistant line YDQ with two STS markers

Fig. 3 Alignment of the amino acid sequences of the three TIR-NBS-

LRR genes predicted in BAC clone 242G9 (accession number

HM543461). Dots indicate deletions. A black rectangle indicates the

toll/interleukin-1 receptor homology (TIR) domain. A grey rectangle

indicates the NB-ARC domain and black white or grey white
rectanglesindicate the LRR motifs. Arrow indicates the premature

stop codon in the predicted TIR_2 protein
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was able to identify 245 strongly positive clones. The

probes used to screen the library were the most distinct,

according to their sequence homology (Bouzidi et al.

2002). It can, therefore, be assumed that the majority of

potentially positive BAC clones were recovered. Further-

more, given the large representation of this class of genes

in both sunflower and other plants (Bouzidi et al. 2002;

Gedil et al. 2001b; Meyers et al. 2003), the hybridization

and washing conditions were extremely stringent in order

to prevent any cross-hybridization with BAC clones con-

taining NBS-LRR sequences originating from chromo-

somal regions other than the Pl6 locus. When the 245

BAC clones were subjected to HindIII digestion and

arranged in contigs, 36 contigs were identified as con-

taining 2–15 clones. Given that the average length of BAC

clones is approximately 120 Kb, the total length of the Pl6

locus is probably larger than 4 Mb (120 9 36), which is

similar to the Dm3 locus in lettuce (Meyers et al. 1998a).

However, the gaps that remain between the contigs still

need to be filled so as to enable a more accurate estima-

tion of the size of this locus. Plant resistance genes

belonging to the NBS-LRR class are often clustered

within large chromosomal regions (Young 2000; Radwan

et al. 2008; Bachlava et al. 2011). This genomic organi-

sation is thought to favour rearrangements between

sequences within these clusters, giving rise to new speci-

ficities or leading to the extinction of some others (Meyers

et al. 1998b). This large physical breadth of the Pl6 locus

was also expected, because several sunflower resistance

genes have been mapped to this locus (Bouzidi et al. 2002;

Gedil et al. 2001a); and these genes confer resistance not

only to downy mildew, but also to the rust caused by

Puccinia helianthi (Lawson et al. 1998).

The Pl6 locus contains several NBS-LRR sequences

Screening of the Pl6-derived sunflower BAC library with a

highly stringent TIR-NBS-LRR probe identified 245 posi-

tive clones. These clones were then subjected to HindIII

digestion and probed with different NBS-LRR probes.

Each BAC clone contained between two and fives copies of

TIR-NBS-LRR-related sequences (data not shown). This

result indicates that this locus may contain several copies

belonging to this class of resistance genes, as reported

previously by Bouzidi et al. (2002). In addition, among the

BAC end sequences of these 245 clones (i.e., 490

sequences), 23 end sequences displayed strong homology

with TIR-NBS-LRR sequences in the databases. The

clustering of resistance genes has been described exten-

sively in different plant species, and the sunflower Pl6

locus is probably as complex as Dm3 in lettuce, which

contains 24 NBS-LRR genes (Meyers et al. 1998a) even

though it does not contain similar sequences.

Identification of genes

Even though gaps still remain between the BAC contigs,

and the physical map described in this paper is of the first

generation, there is a strong evidence that the BAC clone

thus identified contains a good candidate for resistance to

P. halstedii race 300. Complete annotation of contiguous

111,896 bp revealed 13 potential coding sequences. Four

CDS shared homology with LTR-containing retrotranspo-

sons, two corresponded to Ty1-copia (Pseudoviridae) and

two to Ty3-gypsy (Metaviridae). One Ty1-copia (TE1) is

postulated to be a recent insertion because the gene inter-

rupted does not seem to have evolved in a degenerative

3 6 9 15 3 6 9 15

control Infected

TIR3

Ha-EF1α

α

TIR_3

A

B

Fig. 4 a Semi-quantitative

RT-PCR diagram showing the

amplification of cDNA from the

constitutive control Ha-EF1a
and the TIR-NBS-LRR gene

TIR_3. Numbers indicate days

after infection. b Real-time

RT-PCR showing the kinetic of

cDNA amplification from the

constitutive control Ha-EF1a
and the TIR-NBS-LRR gene
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manner. The LTR of this element shared 99 % identity and

may have recently become active.

Of the two Ty3-gypsy ORFs detected, one is likely to be

entire (11.5 kb) and presents a 470 bp LTR on both sides.

It is within the range of previously described retrotrans-

posons in sunflower which are between 7 and 14 kb (Buti

et al. 2011). Similarly, a sunflower BAC clone found in

databanks (FJ269356) possesses 3 Ty3-gypsy ranging from

9 to 15 kb. Interestingly, Bachlava et al. (2011) reported

that 80, 60 and 30 % of three BAC clones in the Pl8 and

Pl14 resistance genes clustered on linkage group 13

encoded retroelements.

Mutations due to the movement of transposable ele-

ments are common in different plant genera (Johns et al.

1985; Grandbastien et al. 1989; Vignols et al. 1995), and

Ty3-gypsy is known to induce mutations in sunflower

(Tang et al. 2006). However, this is the first time that a

Ty1-copia has been shown to interrupt a resistance gene

in sunflower, hence creating a non-functional gene.

Ty3-gypsy and Ty1-copia had previously been found in

sunflower (Santini et al. 2002; Buti et al. 2011), and it is

believed that they played a role in Helianthus genome

evolution by enlarging the genome of Helianthus homop-

loid hybrid species (Baack et al. 2005) and in interrupting

genes. The same pattern of gene and retroelement diversity,

and of coding versus non-coding sequence ratios, was

found in another sunflower BAC clone (accession number

FJ269356).

Of the 13 CDSs identified in the BAC clone, three share

homology with TIR-NBS-LRR plant resistance genes, and

all of them may be candidate genes for the resistance of

cultivated H. annuus to P. halstedii race 300. However,

TIR_1 is not only truncated but also interrupted by a

microsatellite, which means that this sequence is not likely

to be functional. This region of the BAC clone contains no

functional CDSs with TIR_1, while it contains a putative

non-LTR retroelement for which only a reverse transcrip-

tase domain could be detected.

TIR_2 is interrupted due to the insertion of a

7.3 kb-length sequence corresponding to the TE1 Ty1-

copia element. This insertion alters the predicted CDS by

creating a premature stop codon that would lead to a

potentially truncated protein. In addition, RT-PCR with

specific primers targeting these sequences failed to

amplify any detectable product in healthy or infected

plants, suggesting that these sequences are probably not

functional.

The remaining sequence TIR_3 corresponds to a CDS

potentially coding for a 1,099 aminoacids protein. This

sequence presents all the characteristics of previously

described resistance genes (Meyers et al. 1999) that are the

TIR, NBS-ARC and 9 LRR domains. This sequence is

constitutively expressed in leaves, and thus constitutes the

best candidate gene for resistance to P. halstedii race 300.

Nevertheless, transgenic susceptible sunflower lines con-

taining this candidate gene need to be produced to verify

this hypothesis.

Several sunflower loci containing NBS-LRR-related

sequences have been described recently, and the disease

resistance locus located at the end of one arm of linkage

group LG8 is the largest (Radwan et al. 2008; Bachlava

et al. 2011). This locus contains 54 different NBS-LRR

sequences out of the 167 that were mapped during this

study (Radwan et al. 2008). Interestingly, some of these

sequences share a high degree of similarity with TIR_3

sequences, but none of them was found to be identical to

this candidate gene. Thus, the work by Radwan et al.

(2008) and the results described in the present paper indi-

cate that the Pl6 locus on linkage group 8 is very large and

may contain dozens of functional resistance genes against

various pests. Similarly, our work has supplied additional

genomic resources that will be useful for the selection of

specific resistance genes during sunflower breeding

programmes.
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