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A b s t r a c t  A detailed linkage map of Helianthus annuus 
was constructed based on segregation at 234 RFLP loci, 
detected by 213 probes, in an F 2 population of 289 indi- 
viduals (derived from a cross between the inbred lines 
HA89 and ZENB8). The genetic markers covered 1380 
centiMorgans (cM) of the sunflower genome and were ar- 
ranged in 17 linkage groups, corresponding to the haploid 
number of chromosomes in this species. One locus was 
found to be unlinked. Although the average interval size 
was 5.9 cM, there were a number of regions larger than 20 
cM that were devoid of markers. Genotypic classes at 23 
loci deviated significantly from the expected ratios (1:2:1 
or 3:1), all showing a reduction in the ZENB8 homozy- 
gous class. The majority of these loci were found to map 
to four regions on linkage groups G, L and P. 
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(RFLP) �9 Linkage map �9 Helianthus annuus �9 
Sunflower cDNAs 

Introduction 

The advent of restriction fragment length polymorphisms 
(RFLPs) as genetic markers (Botstein et al. 1980) has en- 
abled the rapid development of linkage maps for a number 
of important crop species including maize (Helentjaris 
1987), rice (McCouch et al. 1988), wheat (Liu and Tsune- 
waki 1991), barley (Heun et al. 1991), potato (Gebhardt et 
al. 1989), soybean (Shoemaker et al. 1992), Phaseolus vul- 
garis (Vallejos et al. 1992) and Brassica napus (Landry et 
al. 1991). The ubiquitous distribution of these markers in 
plant genomes has enabled the construction of highly sat- 
urated maps, thereby allowing the analysis of complex 
quantitative traits in species such as tomato (Paterson et al. 
1988), maize (Edwards et al. 1987) and soybean (Diers et 
al. 1992). 

Cultivated sunflower is a diploid species (2n=2x=34) 
and is second only to soybean in its importance as an an- 
nual oilseed crop. However, the genetics of only a small 
number of traits have been studied in detail (Miller 1992). 
Consequently, sunflower does not possess a classical ge- 
netic map. The few linkages reported to date include those 
between the nuclear genetic male sterility (ms) gene and 
the Tgene coding for anthoeyanin pigmentation in the plant 
(Leclerq 1966), and the isozyme loci peroxidase 3 (Prx3) 
and phosphoglucomutase 4 (Pgm4) (Kahler and Lay 1985). 
In addition, the use of molecular markers in sunflower has 
only focused on the identification of interspecific crosses 
(Krauter et al. 1991) and the taxonomy of the genus Heli- 
anthus (Choumane and Heizmann 1988; Gentzbittel et al. 
1992). A recent fingerprinting study of elite inbred lines 
has shown that there are high levels of restriction fragment 
length polymorphism in cultivated sunflower (Berry et al. 
1994). This level of polymorphism and the diploid nature 
of sunflower, together with the developed inbred lines and 
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suitable segregating populat ions,  suggest that this species 
should be extremely amenable  to RFLP mapping.  

In the present paper we describe the construct ion of an 
RFLP map for sunflower which will be used to identify 
quanti tat ive trait loci (QTL) affecting seed oil content  and 
other agronomic traits. 

Materials and methods 

Plant material 

An F 2 population (289 individuals) was made by selfing a single F 1 
plant of the proprietary inbred line ZENB 8 crossed to the public line 
HA89 (USDA). The F 2 population thus produced was also segregat- 
ing for traits such as seed colour, seed oil content, seed length, days 
to flowering and head and stem diameter. 

RFLP probes 

A total of 322 cDNAs, isolated from an etiolated seedling library 
(coded with the prefix C), and 29 PstI genomic clones (coded with 
the prefix H) had been selected as low-copy RFLP probes according 
to Berry et al. (1994). Thirty-nine low-copy cDNA clones were also 
obtained through GIE Cartisol, France, and all 390 clones were 
screened against the two parental lines, which had been digested with 
one of five restriction enzymes (DraI, EcoRI, EcoRV, HindIII and 
XbaI) in order to identify polymorphic RFLP markers. 

DNA isolation, digestion and Southern blotting 

Three fully expanded leaves were cut from each F 2 plant and frozen 
on dry ice for transportation to the laboratory. The leaf tissue was 
then lyophilized, ground to a fine powder in a mill and DNA extract- 
ed using a modified version of the protocol described by Rogers and 
Bendich (1985). The DNA was quantified fluorimetrically and di- 
gested to completion using 4 U of enzyme per microgram of DNA 
according to the manufacturers instructions (Northumbria Biologi- 
cals). Per lane, 10 gg of DNA was loaded onto 1.0% TBE-agarose 
(Seakem) slab gels and electrophoresis performed overnight at 
3 V/cm. The DNA was transferred onto Hybond-N membrane 
(Amersham) via Southern blotting with 20 • SSC and fixed by 
baking for 2 h at 80~ followed by UV cross-linking at 60 mJ in a 
Stratalinker (Stratagene). 

Hybridizations 

Probe fragments were generated from recombinant plasmids using 
the polymerase chain reaction (PCR) and the products gel-purified 
prior to labelling with [~-32p]dCTP (Amersham) via random prim- 
ing (Feinberg and Vogelstein 1983). The unincorporated radioactiv- 
ity was removed by spin-column chromatography using Sephadex 
G50 (Sigma). Hybridizations were performed at 60~ overnight us- 
ing standard conditions, and the excess probe was removed by two, 
30-min washes in 0.5 • SSC, 0.1% SDS at 60~ Filters were ex- 
posed to X-OMAT AR X-ray film (Kodak) with two intensifying 
screens at-80~ After autoradiography, the radioactive probes were 
removed from the filters by two 20-min washes in 0,1 • SSC, 0.5% 
SDS at 80~ 

Linkage analysis 

Autoradiographs were independently scored twice and if conflicts in 
scoring arose and could not be resolved, the data were excluded from 
the analysis. If more than 5% of the RFLP scores for a given locus 

were missing, the hybridization was repeated. The segregation of the 
alleles at each locus was checked against the expected ratios for co- 
dominant (1:2:1) and dominant (3: l) markers using the chi-square 
test with a significance level of 5%. 

The genetic map was constructed using MAPMAKER version 
3.0 (Lander et al. 1987). Initially, a two point linkage analysis was 
conducted to determine the maximum likelihood recombination frac- 
tion and the LOD score for each of the possible pairs of loci. Link- 
age groups were formed using the "group" command on the two- 
point data with recombination values less than 0.375 and a constant 
LOD score of 3.0. 

Three-point linkage analyses were conducted for the loci within 
each group, and these data were used in conjunction with the "or- 
der" command. The "order" function was repeated several times for 
each group to try and find the one containing the largest number of 
loci. These orders were then tested using the multipoint function "rip- 
ple", and the loci whose positions were ambiguous (i.e. those placed 
automatically at a LOD of 2.0) were noted. 

Loci which had been excluded on the basis of the three point link- 
age data were placed using the "try" command, and loci which were 
initially unlinked were mapped using the "near" command by in- 
creasing the recombination default to 0.50. The Kosambi function 
was used to obtain the centiMorgan (cM) values (Kosambi 1944). 

Multiple loci detected by a single probe were coded with the probe 
number plus the suffix A, B, C or D, etc. to indicate each duplicate 
locus. 

Results 

Probe selection and segregation 

From the 390 RFLP clones screened against the parental  
inbred lines, 213 (55%) detected a polymorphism. The ma- 
jori ty of these were revealed in digestions with the restric- 
tion enzymes EcoRI or EcoRV (Table 1). In general,  
probe/enzyme combinat ions  were chosen on the basis of 
their abili ty to reveal clear and simple polymorphism in 
order to make the interpretat ion of the RFLP data more re- 
liable. In total, the 213 polymorphic  probes detected 235 
loci, with only 25 of these scored as dominant  markers 
(3:1). 

Twenty-three loci [indicated by an asterisk (*) in Fig. 
1] showed distorted segregation ratios (P< 0.05), all with 
a reduction in the ZENB8 homozygous class (Table 2). Of 
these loci, 18 mapped to four regions on l inkage groups G, 
L and R 

If only the codominant  markers are taken into account, 
within these regions, the HA89 and ZENB8 allele frequen- 
cies were 54% and 45%, respectively. In comparison,  the 
allele frequency across the genome as a whole was 51% 
and 49% for HA89 and ZENB8,  respectively. 

Table 1 The numbers of probes mapped in conjunction with the five 
restriction enzymes used to reveal polymorphism between the paren- 
tal inbreds HA89 and ZENB8 

Enzyme EcoRV EcoRI HindIII DraI XbaI Total 

Number of probes 92 89 22 8 2 213 
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Fig. 1 Sunflower RFLP link- 
age map of 234 loci identified 
by 213 probes. The 17 linkage 
groups are listed at the top, the 
loci are listed on the right and 
the map distances in centiMor- 
gans (cM) are on the left. The 
nomenclature of the RFLP loci 
is described in the Materials 
and methods. Loci mapped as 
dominant markers are under- 
lined and those deviating from 
the expected Mendelian segre- 
gation ratios (P< 0.05) are indi- 
cated with *. The loci with un- 
certain map positions are indi- 
cated by the square brackets 
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Table 2 Loci showing distorted segregation (P< 0.05) from the ex- 
pected ratios of 1:2:1 or 3:1 (A HA89 homozygous class �9 H hetero- 
zygous class �9 B ZENB8 homozygous class) 

A H B Z 2 LOCUS Group 

C0277B G 81 147 52 6.71 
C1410A 80 155 50 8.51 
C2286 82 152 51 8.01 
C0532 80 155 52 7.3t 
C1242 75 161 49 9.55 
C1496 82 150 49 9.04 
C0667 74 157 48 9.24 
C1978 L 72 159 48 9.58 
C0822 72 153 48 8.21 
C0538A 73 157 51 7.32 
C1451 65 161 52 8.18 
C0383 88 141 50 10.38 
C0619 88 145 51 9.77 
C0230 86 139 55 6.88 
C1418 P 70 159 46 10.91 
C0616 71 161 51 8.20 
H2151 67 164 54 7.67 
C1059 61 172 53 12.21 
C2246 A 67 153 53 6.12 
C0463B - 226 51 6.41 
C0082 B 65 161 56 6.25 
C0463C C 97 181 - 14.51 
C1997 F 63 152 50 7.02 

Table 3 Sunflower RFLP probes detecting multiple loci 

Probe Number of loci Groups 

C0036 2 B, G 
C0252 2 M, A 
C0277 2 G, I 
C0282 2 I, M 
C0425 2 B, K 
C0463 6 K, A, C, I, D, H 
C0538 2 L, Q 
C0736 2 O, F 
C0341 2 A, C 
C1410 2 G, I 
H2045 7 L, M, I, K, G, H 
H2178 3 D, M 

Description of the map 

Analysis of the segregation data using MAPMAKER re- 
vealed that 234 loci were arranged in 17 linkage groups 
(Fig. 1), covering 1380 cM of the sunflower genome. One 
locus (C0592) segregated independently. Linkage groups 
F and Q have the lowest number of mapped loci. The av- 
erage map interval was 5.9 cM, but there were 11 regions 
on 10 linkage groups that were greater than 20 cM. In gen- 
eral, the probes that detected duplicated regions hybridized 
to 2 unlinked loci (Table 3). However, 2 probes H2045 and 
C0463 revealed loci on 6 different linkage groups. 

The best order of  markers on each linkage group (i.e. 
the one which gave the highest LOD score) is given in 
Fig. 1; however these orders are not unequivocal. Loci 
whose positions are uncertain are shown in square brack- 

ets on the map because they were either placed at a LOD 
score of 2.0 or were excluded on the basis of the three- 
point data. 

Discussion 

We report here a genetic linkage map for H. annuus that 
comprises 234 marker loci detected by 213 RFLP probes. 
The presence of duplicated loci within the sunflower ge- 
home (Table 3) supports cytogenetic evidence that suggests 
H. annuus has evolved through allopolyploidy (Heiser and 
Smith 1955; Jackson and Murray 1983). However, more 
duplicated loci will have to be mapped in order to detect 
the conservation of linkage blocks between chromosomes 
as seen in species such as maize (Helentjaris et al. 1988) 
and Brass ica  (Slocum et al. 1990). The 234 loci were or- 
ganized into 17 linkage groups (Fig. 1), which probably 
correspond to the 17 haploid chromosomes of H. annuus. 
The letter used here in identifying each linkage group is 
completely arbitrary as no classical genetic map exists for 
sunflower. The coverage of 1380 cM probably represents 
60-80% of the sunflower genome, based on comparisons 
with a random amplified polymorphic DNA (RAPD) map 
constructed for H. anomaIus (an interspecific hybrid 
between H. annuus and H. pet iolaris)  that covers 2338 cM 
(Rieseberg et al. 1993) and our other linkage maps (unpub- 
lished data). 

The distribution of markers between the 17 groups is 
fairly uniform with, in general, the largest groups contain- 
ing the most markers. The differences between the overall 
lengths of the linkage groups (e.g. group G is 2.5 times 
bigger than group D) may be related to chromosome size 
differences, as is the case in tomato (Bernatzky and Tank- 
sley 1986), or to incomplete sampling of the genome. Al- 
though the majority of loci are well dispersed (average 
interval of 5.9 cM), there are 11 regions where the distance 
between pairs of adjacent markers exceeds 20 cM. Simi- 
lar "gaps" have been reported in most plant RFLP maps 
e.g. Brass ica  rapa (Song et al. 1991) and barley (Graner 
et al. 1991), and they probably represent regions of high 
recombination in the genome or reflect an under-represen- 
tation of clones from these areas in the libraries used as 
probe sources. 

The majority of mapped loci were scored as codomi- 
nant markers and followed the expected 1:2:1 segregation 
ratio in the F 2 population. However, there were a number 
of loci that showed distorted segregation (Table 2), and 
these were found to be localized to four chromosomal re- 
gions on linkage groups G, L and P (Fig. 1). Similar find- 
ings have also been reported in the RFLP linkage maps of 
Brass ica  napus (Landry et al. 1991), lettuce (Landry et al. 
1987), rice (McCouch et al. 1988) and PhaseoIus  vulgaris  
(Nodari et al. 1993), among others, and this phenomenon 
is thought to be due to the presence of deleterious loci in 
these regions. However, in this study distortion was always 
due to a reduction in the ZENB8 homozygous class (Table 
2). This selection may have been gametic in origin or may 



have occurred  when the F ;  popu la t ion  was thinned f rom 2 
plants  to 1 p lant  per  hil l  due to the r emova l  of  less v igor-  
ous plants .  

The successful  de tec t ion  o f  QTL in different  segregat-  
ing popula t ions  of  sunf lower  wil l  depend  on the cont inued  
deve lopmen t  of  the R F L P  l inkage  map presented  here. The 
mapp ing  of  addi t ional  c D N A  clones,  which  appear  to be a 
r icher  source o f  R F L P  markers  than genomic  clones in sun- 
f lower  (Berry et al. 1994), should improve  the genome  
coverage  o f  the map  and a l low the saturat ion of  genic  re- 
gions with marker  loci.  
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