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Abstract This paper provides the first description of a
consensus map of the cultivated sunflower genome (Heli-
anthus annuus L., n=17 chromosomes), based on RFLP. A
total of 180 probe-enzyme combinations were mapped on
at least one of five segregating progenies (three F, and two
BC, populations), revealing 237 loci that did not show any
distortion of segregation. The consensus linkage map ob-
tained with these loci covers 1150 ¢cM and consists of 16
linkage groups of more than 20 cM, 7 groups of less than
20 ¢M and 18 unlinked loci. The mean distance between
loci is 7 ¢cM, but in some regions intervals of 20 cM re-
main. Genotypic and gametic segregation distortions af-
fect about 7% of loci. It was found that 25% of the probes
mapped using several different restriction enzymes or that
on different progenies they revealed 2 or more loci.
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Introduction

Sunflower (Helianthus annuus L.) is currently one of the
most important oil-producing crops in large parts of the
world. The European Union is the largest producer of sun-
flower seed, and the majority of all breeding programmes
are carried out in Europe. However, breeding programmes
to produce hybrid varieties are relatively recent. For both
Mendelian traits (Leclercq 1966; Kahler and Lay 1985) and
agrophysiological characters (Quillet et al. 1992; Tersac et
al. 1994) relatively, little data is available as compared to
other crop species.

A recent study (Gentzbittel et al. 1994) showed that the
restriction fragment length polymorphism (RFLP) tech-
nique could be used to identify sunflower genotypes and
that there was sufficient variability to develop an RFLP
linkage map of sunflower. This technique has enabled the
rapid development of chromosome maps for many crop
species, such as maize (Helentjaris 1987; Burr et al. 1988;
Gardiner et al. 1993), rice (McCouch et al. 1988) and po-
tato (Gebhardt et al. 1989). The distribution of RFLP mark-
ers over the whole genome has helped in the analysis of
monogenic traits such as resistance to Pseudomonas in to-
mato (Martin et al. 1993), Phytophthora infestans in po-
tato (Elkharbotly et al. 1994) or Erysiphe graminis (pow-
dery mildew) in wheat (Hartl et al. 1993), and of complex
characters such as fruit pH or fruit mass in tomato (Pater-
son et al. 1988) or seed protein and oil content in soybean
(Diers et al. 1992).

These results led us to produce an RFLP chomosome
map of cultivated sunflower based on the progeny of intra-
specific crosses. Although interspecific variability in the
Helianthus genus (i.e. between cultivated sunflower and
the other species of its section) is known to be greater than
that within H. annuus (Choumane and Heizmann 1988;
Rieseberg et al. 1990; Gentzbittel et al. 1992), it was
thought that such a map would be of more immediate use
if one used intraspecific crosses. In order to construct a
map that was not restricted to the cross from which it had
been deduced, a strategy of consensus mapping was cho-



1080

sen involving different crosses and genetic backgrounds.
In addition, the probes used to construct this map were cho-
sen not only on the basis of the polymorphism between the
parents of the crosses, but also for their polymorphism in
a set of representative inbred lines of cultivated sunflower.
This map could thus be of nearly universal use for all the
inbreds of agronomic importance. It was also thought that
this map would be more accurate by mixing information
obtained from different progenies, in particular by com-
paring linkage data of F, and BC, progenies. This map
would then serve in breeding programmes, for example for
genealogical analyses, identification of cultivated inbreds
or mapping of agronomic traits.

Materials and methods
Probe screening

A total of 168 genomic probes, isolated from Ps#l (53 probes) and
HindIII (115 probes) libraries, as well as 967 cDNAs (from five dif-
ferent libraries of etiolated seedlings, green leaves, ovaries and flo-
rets) were screened against two inbred lines (HA89 and RHA266)
with four restriction endonucleases (EcoRI, EcoRV, HindIll and
BglIl). Using this procedure, we selected 463 low-copy-probes, were
then screened against a set of 17 inbred lines of cultivated sunflow-
er (Gentzbittel et al. 1994). To be considered for mapping, these
probes had to be polymorphic both between the parents of the prog-
enies studied and also on at least 20% of the 17 inbreds. A total of
209 low-copy DNA (11 genomic probes and 198 cDNAs) probes
were thus selected after digestion with four restriction enzymes
(Bglll, EcoRI, EcoRV and HindIIl). Of these probes, 157 were
mapped on the five progenies described below.

Sunflower genotypes and data collection

The lines HA89, CX, RHA266 and PAC2, whose origins are given
in Table 1, were used to construct three F, populations and two BC,
progenies (Table 2). In order to increase the information obtained
from the crosses, the progenies always had one common parent with
respect to the other crosses. Progenies C1 and C2 segregated for male
fertility restoration, C5 for recessive branching and C2 for stigma
colour. The plants were grown under netting or polythene-covered
cages in the field. Leaves were collected from each individual, just
before flowering, and kept in a freezer until DNA extraction.

DNA was isolated from each leaf sample, and digestion, South-
ern blotting and hybridizations were carried out as described previ-
ously (Gentzbittel et al. 1994).

Linkage analysis

The hybridization bands were identified on the five segregating prog-
enies, and the linkage phase of each band was determined by com-
parison with the hybridization pattern of the parents of the cross. In
some cases it was not possible to define an allelic band for a given
hybridization signal, probably because such a band was present in a
part of the gel difficult to read (>10 kb or < 500 bp) or because there
was a nonsegregating band superimposed on the allelic band. When
this occurred the segregating band was noted by presence/absence,
like a dominant marker (giving 3:1 segregations).

The genotypic and gametic segregations were tested against the
expected F, or BC ratios by the G test (Holloway and Knapp 1993)
at a 1% significance level. The maps for each cross were then con-
structed from the loci that did not show any segregation distortion
using the programs GMendel 3.0 (Holloway and Knapp 1993) and

Table 1 Origins of the sunflower inbred lines used as parents of the
segregating progenies on which the RFLP map was built

Inbred line Origin Breeder®
HAR9 VNIIMK 8931 - CM303 USDA
CX Peredovik - HA300 INRA
RHA266  Wild H. annuus % Peredovik USDA
PAC2 H. petiolaris restorer x USDA line (HA61) INRA

#USDA, United States Department of Agricuiture (USA); INRA, In-
stitut National de la Recherche Agronomique (France)

Table 2 Crosses used for RFLP mapping of sunflower

Type Cross Number of Segregating
individuals phenotypic
character
Cl R HA89 x RHA266 80
C2 R2 CX x RHA266 130 Restoration,
stigma colour
C3 BCl (HA89xCX)xHA89 100
C4 BCl1 (HA89xCX)xCX 100
C5 F2 PAC2 x RHA266 150 Branching

MapMaker 3.0 (Lander et al. 1987). For each programme, calcula-
tion conditions were identical (maximum recombinant fraction=0.3;
minimum LOD score=3.0). The Haldane function was used to ob-
tain the centiMorgan (cM) equivalence. In all cases, the loci orders
obtained with GMendel 3.0 and with MapMaker 3.0 were compared.

To construct the consensus map and to define allele and loci
names in the different crosses, we compared the hybridization pat-
terns of all the parents. Loci nomenclature is as follows: SxxxY'Y
(-Z), with Sxxx, the SUN probe number and YY the restriction en-
zyme used for mapping (BG: BglIl; El: EcoRI; E5: EcoRV; H3:
HindIII). Probes that hybridized with more than one site in the ge-
nome were arbitrarily identified on the maps with the suffix -Z (-1,
-2, -3 etc.) to indicate each duplicate locus. If a locus was mapped
with two different enzymes and the loci detected mapped to the same
place, the locus is numbered SxxxAABB, with AA and BB being the
abbreviations of the 2 enzymes, respectively. The consensus map was
constructed using GMendel 3.0, under the same conditions as for the
individual crosses. The order of markers in each group was then de-
termined by using sequentially three different ordering functions
based on minimizing the sum of adjacent recombination frequencies
(SAR). At each stage, the number of recalculations of each order for
each ordering function was increased. For linkage groups in each
progeny where the most likely gene order was not consistent with
the consensus map, MapMaker 3.0 was used to compare the log-like-
lihood of the most likely gene order in each progeny with the log-
likelihood of the most likely order on the consensus map. If a differ-
ence of loglikelihood greater than 3.0 between the two orders was
obtained, it could be concluded that there was a significant differ-
ence in marker order (Beavis and Grant 1991). The validity of each
order on the consensus map was estimated by Monte-Carlo simula-
tions in the GMendel 3.0 package.

Results
Probe screening

Out of the 1135 probes screened, 209 were identified as
suitable for mapping (19%) in that they exhibited polymor-



phism both between the lines HA89, CX, RHA266 and
PAC?2 and also among the set of 17 inbred lines studied
(Gentzbittel et al. 1994). There was a considerable differ-
ence in the frequency of mappable markers between the
probe sources, especially when comparing HindIIl ge-
nomic libraries and PstI or cDNA libraries. For the former,
9 mappable markers were identified from 115 probes
(7.8%), whereas the latter two allowed the identification
of 200 mappable markers from 1020 probes (20%). This
result is mainly due to the fact that HindlIl genomic librar-
ies tend to detect more repetitive sequences than cDNA or
Pstl genomic libraries.

Of the 209 mapping markers identified, 157 probes were
mapped on at least one progeny (SUN probes). This slight
reduction in the number of available probes is partly due
to the fact that line CX was found to present some hetero-
geneity for RFLP (data not shown) and that the different
plants used for parental characterization and the three
crosses involved were not identical.

Maps for individual crosses

Each of the five progenies was mapped separately. The ba-
sic characteristics of these maps are given in Table 3. The
RFLP maps of crosses C2 and C5 are examplified in
Fig. 1A and B. On average, 6% of the loci showed a highly
significant (P< 0.01) distortion of segregation (genotypic
or gametic) and were not included in the computations of
the unit maps nor of the consensus map. Progenies C2 and
C5 allowed the identification of more than 100 loci; a
smaller number of loci were mapped on crosses C3 and C4.
This was due partly to the problem with CX described
above, but also to the fact that these were backcross prog-
enies and, since about 30% of the probes gave hybridiza-
tion signals that were coded presence/absence, there was
no segregation when the backcross was made with the par-
ent having the band. The C3 and C4 segregating popula-
tions were also designed to allow the study of a potential
difference in the recombination rates between inbreds, as
the F; hybrid was backcrossed by each of the two paren-
tal lines. No effect was detected, probably because the
number of loci mapped in these two crosses was too small
(60 and 26 loci for C3 and C4, respectively).

Some probes revealed several loci, even when they were
mapped on the same progeny but with a different enzyme.
For example, this was the case for SUN040, mapped
by EcoRI on progeny C2: the locus SUNO40E1-1 is in
group 2, the locus SUNO40OE1-2 in group 4. Another ex-
ample is the probe SUNO06 with progeny C5: the locus
SUNOO6E1 was mapped in group 11, the locus
SUNO06H3-1 in group 8 and SUNOO6H3-3 appeared to be
unlinked. Without exception, for all the probes that showed
duplicated loci, in particular when they were mapped with
different enzymes, a non-segregating band appeared in 1
of the probe-enzyme combinations. It is reasonable to sup-
pose that a band seen as monomorphic with one restriction
enzyme will often be rendered polymorphic by the use of
a different enzyme.
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Table 3 Summary of linkage analyses in each of the five crosses

Number Number Number Disturbed Number Overall
of probes of of loci  loci® (%) linkage size
used combi- detected groups  (in cM)®
nations

Cl 46 46 64 6 14 176

Cc2 83 94 123 8 18 582

C3 52 54 60 5 15 186

c4 22 23 26 8 5 71

C5 106 117 146 7 21 763

# The distorsion was tested with an risk of 1%; results are given in
percentage of the number of loci detected

b The recombination fraction was converted into cM uvsing the Hal-
dane function

Consensus map
Genome size and locus ordering

The results .presented come from analysing 157 RFLP
probes mapped on at least one progeny with 180 probe-en-
zyme combinations. A total of 237 loci showing no distor-
tion of segregation were included in the consensus linkage
map (Fig. 2). This map covers at least 1150 ¢cM in 23 link-
age groups. Three groups exceeded 100 cM in length, 10
groups measured between 50 and 100 cM and 18 loci
(7.5%) are at present considered to be unlinked. Analysis
of the lengths of groups in relation to the number of loci
per group showed that there is a very close correlation
(r*=0.81, data not shown) between the two, indicating that
loci are randomly distributed over the genome. The mean
distance between loci is 7 cM, but there are a few regions
of more than 30 cM with no markers, for example in groups
1 and 3. Such gaps may reflect an under-representation of
probes from these regions or, alternatively, an uneven dis-
tribution of recombination events along the chromosome.
The large number of individuals analysed for some loci (up
to 480 individuals for loci segregating in four progenies)
allow us to be reasonably confident of the results. Only
1 locus (SUNO64H3, at the end of group 3) is removed
from a linkage group when the LOD score is increased to
4.0.

In a few cases, the order of loci on the consensus map
was different from the optimal order defined for unit maps.
To test whether there were significant differences in the or-
der of the consensus map compared with that of the unit
maps, the method defined by Beavis and Grant (1991) was
used. The order of loci defined in the consensus map was
compared with the best order of these loci defined by the
unit maps. If a difference of loglikelihood greater than 3.0
between the two orders was obtained, it would be con-
cluded that there was a significant difference in marker or-
der. This comparison was made for the three F, progenies,
Cl1, C2 and C5, and in no case was there any significant
difference with LOD=3.0 between the consensus map and
the unit maps defined by GMendel 3.0 or MapMaker 3.0.
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This suggested that there were, at the present state of anal-
ysis, no significant differences in the order of markers
between the different segregating progenies studied.

Cross-mapping and duplicated loci

Considerable differences were present between the num-
bers of probes and loci analysed on more than one cross.
This may be explained in part by the fact that 1 probe may
reveal several loci in one progeny, or different loci in dif-
ferent progenies. The mean number of loci revealed by
1 RFLP probe was 1.2 for individual progenies and 1.3 for
the consensus map. Some probes detect up to 5 loci, as for
example SUNO17E1. Overall, 25% of the probes studied
revealed at least 2 loci over the five progenies. A search
was made for blocks of markers common to different link-
age groups but, in most instances, the duplicate RFLP loci
occur in different linkage groups. As described in Brassica
rapa (Song et al. 1991; Chyi et al. 1992) and in soybean
(Keim et al. 1990), no homeologous groups could be
formed for sunflower.

Discussion and conclusions

In this paper we report the first description of a consensus
RFLP linkage map for cultivated sunflower that is based
on 237 non-distorted segregating loci detected by 180
probe-enzyme combinations. It covers 1150 ¢cM with 23
linkage groups, 6 more than the haploid number of chro-
mosomes. If we refer to the estimated size of the sunflower
genome (3.10° bp; Arumuganathan and Earle 1991) and in-
clude the 18 unlinked loci, this map probably represents
about 70% of the sunflower genome. The distorted loci
were not included in the analyses because they might af-
fect the test of independent segregation and the estimation
of recombination frequencies between two loci (Bailey
1961). However, this could lead to unidentified regions of
the genome being subject to segregation distortions. Ad-
ditional RFLP markers are therefore necessary to obtain
17 linkage groups and to cover the regions lacking mark-
ers.

This map was obtained with combined analysis of three
F, and two BC, progenies with one common parent in each
comparison pair. This system was used to increase the in-
formation obtained from different progenies, in particular
by allowing the identification of common loci between seg-
regating populations having one parent in common. The
consensus mapping was found to be much more efficient
than unit maps, which are always much shorter and less
well-structured, for example, in terms of locus order. For

-t

Fig. 2 Consensus linkage map of cultivated sunflower, based on
237 loci identified by 180 probe-enzyme combinations. The groups
are listed at the fop, the loci listed at the right and the map distance
(in cM) on the left. The nomenclature of the RELP loci is as described
in the Materials and methods
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example, progenies C2 and C5 gave the greatest amounts
of information (with 100 and 124 non-distorted loci
mapped, respectively), but these two maps gave more than
17 linkage groups and covered about 50% of the genome
covered by the consensus map. This indicates that, in some
cases, there is a coverage of the same regions in the differ-
ent crosses studied, and in other cases, some regions of the
genome are only covered by one cross. Thus, if the unit
maps are not saturated, the consensus map could be of
greater length, both in number of linkage groups and in to-
tal recombination fraction. Another example is the differ-
ent ordering found in certain cases on the consensus map
in comparison with that obtained with the unit maps. In all
the cases, the difference was not significant, indicating that
mixing of loci from different progenies, given the presence
of common loci between these segregating populations, in-
creases the efficiency of the ordering steps.

The finding that 25% of RFL.P markers detect 2 or more
loci was unexpected. In maize, for example, Henlentjaris
et al. (1988) stated that similar observations could be at-
tributed to the existence of ancient homeologous chromo-
somes. From our results, it was not possible to demonstrate
such homeologous linkage groups. It may be that either
there are a large number of independent duplications in the
sunflower genome, mainly due to pseudogene families, or
that the sunflower may have evolved by allopolyploidy
(amphidiploid). This hypothesis was suggested from cy-
togenetic data by Jackson and Murray (1983), but the
present results are not sufficient enough to draw a conclu-
sion. Analysis of further duplicate markers or in situ hy-
bridization will be necessary to progress further in this as-
pect of sunflower genome evolution.

The RFLP map of sunflower is of direct interest to
breeders, particularly in view of the previous lack of infor-
mation on genetic linkages. The cross C2 allowed mapping
of the locus (Rf1) for male fertility restoration in RHA266
(Leclercq 1969; Laver et al. 1991) by 2 closely positioned
loci (SUNO69E1 and SUN094H3, linkage group 4 of C2).
Similarly, in cross CS5 it was possible to map the recessive
branching gene (b1, Putt 1964) at 13 cM from the locus
SUNO79E1H3 (linkage group 2 of C5). The locus control-
ling stigma colour showed a gametic distortion in C2 and
so could not be mapped. Thus, male fertility restoration

"and recessive branching were both placed on the consen-

sus map (on linkage group 6 and 7, respectively), and their
presence in different linkage groups agrees with classical
genetic data that they are independent characters.

The consensus RFLP map of sunflower will provide an
immediate new tool in breeding programmes and should
help in the analysis of the genetics of agronomically im-
portant characters such as resistance to major diseases as
well as in the development of marker-assisted selection in
sunflower.
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