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Abstract

Sunflower broomrape (Orobanche cumana Wallr.) is considered a self-fertilizing species, but there is no indication as
to whether it is strictly self-fertilized or that it presents some extent of cross-fertilization. The objective of this research
was to measure the rate of cross-fertilization in O. cumana using an unpigmented recessive mutant as a visual marker. A
pot and a field experiment in which single unpigmented plants were surrounded by a large number of pigmented plants
were conducted. Occurrence of F; hybrids, readily distinguishable from unpigmented plants in the progenies of
unpigmented plants provided a direct measurement of the cross-fertilization rate. Progenies of unpigmented plants
contained 21.5 % of F; hybrids in the pot experiment and 28.8 % in the field experiment. The results revealed that
O. cumana is a partially allogamous species, which has great relevance for understanding the genetic structure and

dynamics of populations and, ultimately, race evolution in this parasitic plant.
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Sunflower broomrape (Orobanche cumana Wallr.) is a
holoparasitic plant that constrains sunflower production
in many countries around the world (Skorié¢ et al. 2010).
A particularity of O. cumana parasitisation of sunflower
is a clear differentiation of parasitic races and a host-
parasite interaction that generally fits the gene-for-gene
model which does not occur in other crop/Orobanche
associations (Pérez-de-Luque et al. 2009). In recent
years, the appearance of new O. cumana races has
jeopardized sunflower production in large areas of Spain,
Romania, Turkey, Ukraine, and Russia (Ferndndez-
Martinez et al. 2009). Understanding race evolution in
O. cumana would require a previous knowledge of the
genetic structure and dynamics of O. cumana popu-
lations.

The mating system is a major determinant of the
genetic structure of populations (Lloyd and Schoen 1992,
Charlesworth 2003). Most Orobanche species are
pollinated by insects, particularly bumblebees and bees,
but some species are self-fertilizing (Musselman et al.
1981, Kreutz 1995). Their mating systems are commonly
correlated with flower morphology; whereas some self-
fertilizing species such as O. cumana develop bent
tubular corollas with small lower lips that may not
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facilitate pollinator landing, other species like O. crenata
Forssk. and O. foetida Poir. have large lower lips that
serve as landing platforms for pollinating insects (Satovic
et al. 2009). A molecular study on intra- and inter-
population genetic variation in eight European popu-
lations of O. cumana parasitizing sunflower identifies
low intra-population and large inter-population genetic
variations which pointed to a self-fertilizing mating
system (Gagne et al. 1998).

Despite the above mentioned studies, which suggest
that O. cumana is primarily a self-fertilizing species, no
studies to measure the rate of cross-fertilization have
been undertaken. The objective of this research was to
measure the rate of cross-fertilization in O. cumana using
an unpigmented recessive mutant as a visual marker.

Two experiments to evaluate the cross-pollination rate
were conducted in Cordoba, Spain in 2008, one of them
in pots and the other one in a field. O. cumana lines EK-
12, developed by inbreeding a population collected in
Ecija, Spain, and EK-Al, developed by inbreeding a
single unpigmented plant lacking anthocyanin
(Rodriguez-Ojeda et al. 2011), were used. The
unpigmented plant trait is determined by partially
recessive alleles at a single locus in such a way that
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heterozygotes Pop, show greenish stems that are easily
distinguishable from homozygotes P,P, with bluish-
violet stems and pgp,, with yellow stems (Rodriguez-
Ojeda et al. 2011).

Seeds of the confectionery sunflower (Helianthus
annuus L.) line B-117, susceptible to all tested
O. cumana populations, were planted in small pots (7 x 7
x 7 cm) containing a mixture of sand and g)eat (1:1, v/v).
The mixture (approximately 330 cm’) had been
previously carefully mixed with 25 mg of broomrape
seeds of either EK-12 or EK-Al lines to obtain a
homogeneously infested substrate. In total, 498 pots were
inoculated with EK-12 and 140 pots with EK-A1l. The
plants were kept in a growth chamber for 15 - 20 d at
day/night temperatures of 25/18 °C, air humidity of 55 %,
and a 14-h photoperiod with irradiance of 300 pmol m™s™.
After this time, about half of the plants were used for the
pot experiment and the other half were used for the field
experiment. Addi-tionally, 96 pots containing soil
inoculated with EK-12 and 96 pots containing soil
inoculated with EK-A1 were prepared as described above
for seed multiplication.

In the pot experiment, the plants were transplanted
into 3500-cm’ plastic pots filled with uninfested sand-silt-
peat (2:1:1; v/v/v) mixture. Pots inoculated with EK-12
and EK-A1 were arranged in five rows of 35 pots each in
such a way that every EK-A1 pot was surrounded by
eight EK-12 pots. The pots were maintained under open
air conditions, i.e., they were placed on the ground with
no mesh cover. Shoots of EK-A1 were removed periodi-
cally before flowering, usually at the stage of 3 - 4 cm
height to leave one single shoot per pot in order to avoid
cross-fertilization between neighbouring unpigmented
plants. Shoots of EK-12 were not removed. The number
of EK-12 shoots per pot was recorded. Sunflower plants
used for seed multiplication of lines EK-12 and EK-Al
were transplanted into plastic pots as described above and
maintaned under open air conditions in an area separated
from the outcrossing experiment. Individual plants of
EK-12 and EK-Al were bagged before flowering
(Rodriguez-Ojeda et al. 2010).

In the field experiment, the sunflower plants were
transplanted into the field at the experimental farm of the
Institute for Sustainable Agriculture, Cérdoba, in 17 rows
5 m long with a distance of 1 m between rows and 25 cm
between plants in the row. Plants grown in soil inoculated
with EK-12 and EK-A1 were arranged in a similar pattern
to that in the pot experiment, ie., sunflower plants
inoculated with EK-A1 were surrounded by eight plants
inoculated with EK-12. Shoots of EK-A1 were removed
periodically as described for the pot experiment to leave
one single shoot per sunflower plant. Shoots of EK-12
were not removed. The number of EK-12 shoots per
sunflower plant was recorded.

Plants of EK-A1 from both the pot and field expe-
riments were bagged around 2 weeks after the end of
flowering to avoid seed losses. At maturity, the bags were
cut and the seeds of each plant were threshed separately.
Seeds from 15 EK-A1 plants, seven from the pot experi-
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ment and eight from the field experiment, produced
sufficient amounts of seed for evaluation of progenies.
For this purpose, seed from each progeny was used to
inoculate soil as described above, and this soil was used
for filling 18 small pots in which seeds of sunflower line
B117 were sown. Eighteen pots containing soil
inoculated with seeds of EK-12 and 18 pots containing
soil inoculated with seeds of EK-A1 from the previous-
year seed multiplication were prepared as a control. The
plants were transplanted into larger pots with the same
soil and maintained under open air conditions. After
broomrape emergence, the number of shoots with yellow
or greenish stems was recorded periodically. Plants of
EK-12 and EK-A1l were used as a visual control. They
bred true for plant colour, i.e., all plants of EK-12 were
pigmented (bluish-violet stems) and all plants of EK-A1l
were unpigmented (yellow stems). The rate of cross-
fertilization was calculated as the percentage of
broomrape shoots with greenish stems in the progenies of
EK-Al plants. It is important to note that plant
pigmentation has no effect on parasitism as revealed in a
previous study (Rodriguez-Ojeda et al. 2011). A x’-test
for homogeneity was conducted within each experiment
(Steel and Torrie 1980).

Table 1. Number of yellow and greenish broomrape shoots and
percentage of greenish ones obtained in the evaluation of the
progenies of individual yellow-stemmed plants of line EK-Al
under open-pollination conditions in pot and field experiments.

Exp. EK-Al Number of progenies [%] ¥ (P)
yellow greenish

Pots 1 21 7 25.0

2 40 21 34.4

3 65 34 343

4 218 41 15.8

5 36 14 28.0

6 27 5 15.6

7 109 19 14.8

total 516 141 21.5 26.2 (<0.01)
Field 1 34 14 29.2

2 16 3 15.8

3 56 11 16.4

4 18 5 21.7

5 36 24 40.0

6 27 11 28.9

7 14 6 30.0

27 18 40.0
total 228 92 28.8 13.6 (0.06)

The average number of bluish-violet shoots per
sunflower plant in the pot experiment was 17.7 + 13.9
(mean + SD). Evaluation of progenies of seven
unpigmented plants revealed that between 14.8 and
34.4 % of the progeny shoots had greenish stems, i.e.,
they were F; plants derived from hybrid seeds produced
by cross-fertilization with pollen of bluish-violet plants
(Table 1). The progenies were not homogeneous
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(f* = 26.2, P < 0.01) for the cross-fertilization rate. The
sum of the seven progenies resulted in 516 yellow shoots
(S| plants) and 141 greenish shoots (F; plants) indicating
an average occurrence of 21.5 % cross-fertilization in the
conditions of the pot experiment.

The average number of bluish-violet broomrape
shoots per sunflower plant was 21.1 £ 14.7 in the field
experiment. Evaluation of stem colour of the progenies of
8 unpigmented mutants revealed that between 15.8 and
40.0 % of the progeny shoots had %reenish stems (Table 1).
Homogeneity of the progenies (" = 13.6, P = 0.06) was
indicated. The sum of the 8 progenies resulted in
228 yellow shoots and 92 greenish shoots indicating an
average cross-fertilization of 28.8 % in the field expe-
riment.

These results suggest that O. cumana is a partially
allogamous species. The observed rates of cross-
fertilization were only applicable to the plant material,
experimental design, and environments under which the
experiments were conducted, as a number of studies have
suggested that there is both temporal and spatial variation
in the rate of cross-pollination in partially allogamous
plants (Suso and Moreno 1999). However, the results of
this research clearly indicate that O. cumana is not a
strictly self-pollinated species and some extent of cross-
fertilization should be expected. Previous studies based
on flower morphology (Satovic ef al. 2009) and genetic
structure of populations (Gagne et al. 1989) suggest that
O. cumana is a self-pollinating species. There was a large
variation for the rate of -cross-fertilization among
progenies in the two environments of this study,
particularly in the pot experiment. Spatial heterogeneity
for the rate of cross-fertilization has been reported in
other partially allogamous species such as safflower
(McPherson et al. 2009).

Even though the objective of the research was not to
determine the agents of cross-pollination in O. cumana,
which, on the other hand, would have required specific
additional experiments, we observed the presence of
insects visiting O. cumana flowers. They corresponded to
small to moderate-sized specimens of Hymenoptera with
a length from around 3 to 9 mm. Fig. 1 shows a small
specimen (5 mm length) of the Halictidae family
captured inside a flower of an unpigmented O. cumana
plant in the course of the field experiment. It is important
to note that species of Halictidae are known as pollinators
as well as pollen feeders (Armbruster and Baldwin 1998).
Nevertheless, it could not be checked whether putative
pollinators carried O. cumana pollen. Full demonstration
of the role of insects on O. cumana cross pollination will
require additional insect capture and confirmation that
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Fig. 1. Putative pollinator of the Halictidae family
(Hymenoptera) captured inside a flower of an unpigmented
Orobanche cumana plant.
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