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Summary. Sunflower broomrape (Orobanche cumana Wallr.) was detected in 2010 for the first time in sunflower
fields of Tunisia, in the Béja region. No information is available on the race composition and genetic diversity of
the broomrape populations parasitizing sunflower in that area. Plant tissue and seeds were collected from nine
populations in Béja Sud (ORD, ORE), Amdoun (ORE, ORG), and Béja Nord (ORH to ORL) areas of the Béja region.
Virulence studies on populations ORD, ORH and ORK revealed that the ORD population was essentially race E,
whereas race G individuals were present in ORH and ORK poulations, with greater frequency in the ORK popu-
lation. Cluster analysis of inter-population relatedness indicated that Tunisian populations were more related to
Eastern European than to Spanish populations, with the Béja Nord populations clustering separately from the rest
of Tunisian populations. Analysis at the intra-population level of the ORD, ORG, ORH and ORK populations re-
vealed the existence of two gene pools (GP1 and GP2), that were present in all populations at different frequencies.
GP2 was at a lower frequency (1/14) in ORD and ORG but at higher frequencies in ORH (5/15) and ORK (8/14).
This indicates that GP1 was probably an initial introduction of a race E population, while GP2 is most likely a later
introduction of a race G population, introduced initially in Béja Nord area but now spreading to other areas in the
region. The risk of a generalized expansion of race G of broomrape in this sunflower cultivation area is discussed.
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Introduction

Sunflower broomrape (Orobanche cumana Wallr.)
is naturally distributed in a broad area between
South-eastern Europe and Central Asia, parasitiz-
ing wild Compositae species, mainly in the genera
Artemisia L., Xanthium L. and Carelinia (Pall.) Less.
(Beck-Mannagetta, 1930; Novopokrovsky and Tz-
velev, 1955). Parasitization of sunflower crops was
first observed in the Voronezh region of Russia in
1866 (Antonova, 2014). The parasite rapidly ex-
panded across sunflower cultivation areas of Rus-
sia (Antonova, 2014). Later, it was observed in other
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countries around the Black Sea. It was first observed
in 1935 in Bulgaria (Batchvarova, 2014), in 1940-41
in Romania (Pacureanu, 2014), in the second half
of 1940s in Turkey (Demirci and Kaya, 2009), and
in 1951 in Serbia (Miladinovic et al., 2014). In Spain,
where sunflower broomrape is not found parasitiz-
ing wild host species, it was initially observed in
sunflower crops in 1958 in Central Spain and later in
the Guadalquivir Valley in the south of that country
(Alonso et al., 1996). Sunflower infestations have also
been observed from 1979 in China (Ma and Jan, 2014)
and, more recently, from 2007 in France (Jestin et al.,
2014) and from 2010 in Tunisia (Amri et al., 2012).
The genetic interaction between broomrape and
sunflower has been reported in most cases as gov-
ermned by a gene-for-gene interaction, characterized
by the existence of physiological races of the parasite
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and dominant monogenic resistance mechanisms
in the host plants (Ferndndez-Martinez et al., 2015).
Vranceanu et al. (1980) identified the existence of five
races, named as A to E, and developed a set of differen-
tial lines to identify these races carrying, respectively,
the resistance genes Or1 to Or5. New races appeared in
several countries from the mid 1990’s onwards. These
have been designated as races F, G and H, although
the relationships between populations from different
geographic areas have not been studied (Fernandez-
Martinez et al., 2015). Recently, a nomenclature based
on the identification of the race and the geographic
area of collection, e.g. Gy to designate race G from
Turkey, has been proposed (Martin-Sanz et al., 2016).

In the wild, sunflower broomrape has been de-
scribed as a polymorphic species (Novopokrovsky
and Tzvelev, 1955). A comparison of genetic diversity
between populations parasitizing wild species and
sunflower in Eastern Bulgaria revealed a significant
loss of genetic diversity in populations parasitizing
this host (Pineda-Martos et al., 2014a). Several stud-
ies conducted on sunflower broomrape populations
from crop fields in its natural distribution area have
concluded that there is low genetic diversity within
populations and small degree of differentiation be-
tween populations (Gagne et al., 1998; Ciuca et al.,
2004; Atanasova et al., 2005; Guchetl et al., 2014; Mo-
linero-Ruiz et al., 2014). In Spain, however, where
this species is not found in the wild, two well-differ-
entiated gene pools have been described in Central
Spain and the Guadalquivir Valley, with extremely
low genetic diversity within each gene pool. This has
been attributed to a founder effect after separate in-
troduction events (Pineda-Martos et al., 2013).

There is no information on the genetic diversity
of sunflower broomrape populations from other re-
gions out of its natural distribution area. In Tunisia,
sunflower broomrape was first observed in the Béja
region during the 2009-2010 agricultural season
(Amri et al., 2012). The objective of the present study
was to determine race composition and genetic di-
versity of sunflower broomrape populations from
sunflower fields of the Béja region of Tunisia.

Materials and methods
Sunflower broomrape populations

Plant tissue of individual plants from nine sun-
flower broomrape populations was collected at
seven locations of Béja Governorate (Figure 1), the
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only area of Tunisia where infestations of this para-
sitic plant have been reported (Amri et al., 2012). The
populations were designated ORD to ORL. Popula-
tions ORD and ORE were collected in Béja Sud dele-
gation. Populations ORF and ORG were collected in
Amdoun delegation. The populations ORH to ORL
were collected in Béja Nord delegation, with popula-
tions ORJ, ORK, and ORL collected in very closely
associated fields within one area.

Mature seeds were also collected from all the popu-
lations except population ORG, but enough seeds for
evaluation of race composition using differential lines
were only available for populations ORD, ORH, and
ORK. Germination capacity of the seeds of these three
populations was measured using root exudates of sus-
ceptible sunflower line B117. Eighteen seeds of B117
were sown and the plants maintained for 3 weeks on
sterile perlite in a growth chamber at 25/20°C (day/
night) with 16 h photoperiod and photon flux density
of 300 pmol m™?s™. Plants received Hoagland’s nutrient
solution twice per week. The plants were then removed
from the perlite and the roots were carefully washed
and immersed for 3 d in 0.5 L capacity flasks containing
distilled water in groups of six plants per flask, to re-
lease root exudates. After 3 d, the plants were removed,
and the roots were dried and weighed. The root solu-
tion from each flask was diluted with distilled water to
achieve a ratio of 0.10 g of fresh weight of root per mL
of water. The root solution was used to determine seed
germination of the three sunflower broomrape popula-
tions on filter paper discs in Petri dishes. Three replica-
tions were used, each corresponding to one root extract
collection flask. Germinating seeds were maintained in
the dark at 25°C for 2 weeks. After that period, the per-
centage of germinated seeds was determined in four
areas of 2.25 cm” each in each Petri dish.

Twenty-three sunflower broomrape populations
from several countries, previously described by Mar-
tin-Sanz et al. (2016), were used to evaluate molecular
genetic similarity of Tunisian populations with those
from other areas. They included four race F popula-
tions from the Guadalquivir Valley in Southern Spain
(CO-02, SE-10, EK-23, and SP), four race G populations
from the same area (BR-24, BR-25, BR-27, and BR-28),
four populations from Central Spain (IASCum-4, CU-
05, CU-07, CU-12), one from Serbia (Boro-9), one from
Romania (Boro-10), one from Israel (Boro-11), two
from Turkey (Boro-14, Boro-15), and six populations
from Bulgaria (Boro-16 to Boro-19, Boro-21, and Boro-
22). In all cases, seeds were collected in the respective
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Figure 1. Locations where sunflower broomrape populations were collected. Letters D to L represent populations ORD to

ORL.

areas and tissue from 20 individual plants growing on
the sunflower susceptible line B117 was collected for
DNA extraction. Equal amounts of DNA of the plants
from each population were pooled and used as a tem-
plate for PCR amplification.

Race composition

Race composition was studied in three broomrape
populations (ORD, ORH, and ORK) for which sulffi-
cient amount of seed was available, using eight differ-
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ential inbred lines. These were: B117, susceptible to all
races; J8281resistant to race B, Record to race C, 51358
to race D, and P1380 resistant to race E (Vranceanu
et al., 1980); LP2, resistant to race F and susceptible
to race G populations from the Guadalquivir Valley
and Eastern Europe; P96, resistant to race F and race
G populations of the Guadalquivir Valley and sus-
ceptible to race G populations from Eastern Europe
(Martin-Sanz et al., 2016); and DEB2, resistant to race
F and race G populations from the Guadalquivir Val-
ley and Eastern Europe (Martin-Sanz et al., 2016).

Because of the limitation in the amount of seed
available, evaluation of the inbred lines for reaction
to the three sunflower broomrape populations was
conducted in small pots containing 40 cm® of in-
fested substrate in a multi-pot tray. Two replications
of ten plants each were used for each combination
on inbred line and broomrape population. The sub-
strate consisted of a mixture of sand and peat (1:1 by
volume) to which sunflower broomrape seeds were
added at an approximate concentration of 100 seeds
(approx. 0.15 mg) per cm® of soil. The mixture was
carefully shaken in a plastic bag to obtain an homo-
geneously infested substrate. Sunflower seeds were
germinated on moistened filter paper and planted in
the pots. The plants were grown in a growth cham-
ber at 25/20°C (day/night) with a 16-h photoperiod
and photon flux density of 300 umol m? s™ for 60
d, after which they were uprooted for counting the
number of sunflower broomrape attachments in the
roots (Rodriguez-Ojeda et al., 2013a). The plants were
watered as required, and not fertilized. Statistically
significant differences for the numbers of broomrape
attachments per plant were assessed by one-way
ANOVA and Tukey’s test (P<0.05), using IBM SPSS
Statistics version 20 (IBM Corp.).

DNA extraction, SSR and SNP analyses

Tissue of individual sunflower broomrape plants
was lyophilized and ground to a fine powder using
a laboratory ball mill. DNA was extracted from indi-
vidual plants using the protocol described in Malek
et al. (2017).

For the interpopulation diversity study, equal
amounts of DNA of 14 broomrape plants from each
population were pooled and used as a template for
PCR amplification. SSR analyses were conducted fol-
lowing Pineda-Martos et al. (2014b), using 27 high-
quality, polymorphic SSR primer pairs reported in
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that study. These were: Ocum-003, Ocum-006, Ocum-
011, Ocum-023, Ocum-040, Ocum-041, Ocum-052,
Ocum-056, Ocum-059, Ocum-063, Ocum-070, Ocum-
074, Ocum-075, Ocum-081, Ocum-085, Ocum-087,
Ocum-091, Ocum-092, Ocum-108, Ocum-122, Ocum-
136, Ocum-141, Ocum-151, Ocum-160, Ocum-174,
Ocum-196, and Ocum-197. Amplification products
were separated by gel electrophoresis using 3% Met-
aphor agarose (BMA) in 1x TBE buffer and SaveView
Nucleic Acid Stain (NBS Biologicals Ltd.), and
viewed under UV light. A 100 bp DNA ladder (Solis
BioDyne) was used as a standard molecular weight
marker. Bands were scored manually with the sup-
port of Quantity One® 1-D Analysis Software (Bio-
Rad Laboratories Inc.). Amplified fragments were
scored for the presence (1) or absence (0) of homolo-
gous bands and compiled into a binary data matrix.

For the intrapopulation diversity study, DNA
from each of 14 plants per population was used. A
set of 164 unpublished SNP markers, provided by Bi-
ogemma (France) were used. Individual plants were
genotyped for these SNPs using the KASP™ geno-
typing assay service provided by LGC.

Analysis of interpopulation relatedness

Interpopulation relatedness was evaluated on
the nine broomrape populations from Tunisia and
the set of 23 populations from other areas, applying
Cluster analysis to the binary matrix developed from
SSR markers. For this, the Unweighted Pair Group
Method with Arithmetic Mean (UPGMA) was ap-
plied to a dissimilarity matrix produced by transfor-
mation of the original binary matrix with DICE dis-
similarity index, using NTSYSpc ver. 2.21q (Applied
Biostatistics Inc.).

Analysis of intrapopulation diversity

Intrapopulation genetic diversity was evaluated
for populations ORD, ORG, ORH, and ORK, with
a set of 164 SNP markers. These populations were
selected based on cluster analysis of interpopula-
tion relatedness, in which no differences between
ORD and ORE, ORF and ORG, ORH and ORI, and
ORJ, ORK and ORL were observed. The following
parameters were computed using GenAlEx ver. 6.5:
percentage of polymorphic loci (P), observed and
expected heterozygosity (Ho and He), and Shan-
non’s diversity index (I). Pairwise genetic distances
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Table 1. Mean percentage of susceptible plants (%S) and average number of sunflower broomrape shoots in susceptible
plants (Xs, mean + standard deviation) in eight differential inbred lines of sunflower inoculated with three broomrape

populations collected from Tunisia (ORD, ORH and ORK).

Sunflower broomrape populations®

Line/Hybrid? ORD ORH ORK
%S Xs %S Xs %S Xs

B117 100 28.0+9.5b 100 24.8+7.0ab 100 20.245.9a
8281 0 - 65 2.4+2.3a 100 8.5+5.2b
Record 100 4.142.5a 100 5.0+3.3ab 100 6.7+4.0b
51358 100 4.8+4.1a 100 10.4£3.9b 100 17.0+£6.8¢
P1380 0 - 35 1.1+0.6a 100 4.748.0b
P96 0 - 0 - 0 -
LP2 0 - 10 1.0+0.3a 100 3.2+1.9b
DEB2 0 - 0 - 0 -

* B117 is susceptible to all races; J8281 is resistant to race B; Record is resistant to race C; 51358 is resistant to
race D; P1380 is resistant to race E; LP2 is resistant to race F and susceptible to race G populations from the
Guadalquivir Valley and Eastern Europe; P96 is resistant to race F and race G populations of the Guadalquivir
Valley and susceptible to race G populations from Eastern Europe; DEB2 is resistant to race F and race G popu-
lations from the Guadalquivir Valley and Eastern Europe.

 Xs values with different letters within the same row are statistically different (P<0.05)

between populations were calculated as the genetic
distance coefficient GST, using 1,000 random per-
mutations to assess significance. The matrix of GST
pairwise distances was used as input for a principal
co-ordinate analysis (PCoA).

The average number of pairwise differences be-
tween individuals of each population (PiX) was
computed as an estimate of intra-population genetic
diversity. Analysis of molecular variance (AMOVA)
was conducted on the distance matrix to separate
total variance into variance attributable to differ-
ences between individuals within a population and
variance attributable to differences between popula-
tions. Both analyses were computed with Arlequin
ver. 3.5.2.2 (L. Excoffier, CMPG, University of Bern,
Switzerland).

Results

Race classification of the sunflower broomrape
populations

Population ORD did not parasitize line J8281 re-
sistant to race B, parasitized lines Record resistant

to race C and 51358 resistant to race D, and did not
parasitize lines P1380 resistant to race E or the other
lines resistant to more virulent populations (Table 1).
Population ORD was accordingly classified as race
E. Population ORH had a similar pattern to ORD
but contained some individuals with ability to para-
sitize lines J8281, P1380, and LP2. Since the level of
parasitization on P1380 resistant to race E, and LP2
resistant to race F, was small and similar, the results
suggest that the ORH population was composed of
race E individuals with a very low proportion of race
G individuals. Conversely, the ORK population was
more virulent on lines P1380 and LP2, which were
100% susceptible, suggesting a greater proportion of
race G individuals. Since race classification in sun-
flower is conventionally made considering the most
aggressive individuals present in the population
(Martin-Sanz et al., 2016), both ORH and ORK popu-
lations should be considered as race G populations.
The observed differences between the three popula-
tions cannot be attributed to differences in germina-
tion, as the three populations showed no significant
(P<0.05) differences in mean germination percent-
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Figure 2. Tree plot of the nine broomrape populations studied (ORD through ORL), together with eight reference popula-
tions from the Guadalquivir Valley in Southern Spain classified as race F (populations CO-02, SE-10, EK-23, and SP) and
race G (BR-24, BR-25, BR-27, and BR-28), four populations from Central Spain (IASCum-4, CU-05, CU-07, CU-12), one
from Serbia (Boro-9), one from Romania (Boro-10), one from Israel (Boro-11), two from Turkey (Boro-14, Boro-15), and six
populations from Bulgaria (Boro-16 to Boro-19, Boro-21, and Boro-22).

age: 42.11 £ 3.89 for ORD, 40.97 £ 5.35 for ORH, and
38.97 + 4.03 for ORK.

Inter-population relatedness

Cluster analysis on bulked DNA of the popula-
tions showed that Tunisian populations fell into a
cluster which included most of the populations from
Eastern Europe. The exception was Boro-17 from
Bulgaria, which clustered closer to populations from
the Guadalquivir Valley of Spain (Figure 2). Tunisian
populations formed a separate subcluster together
with populations Boro-9 from Serbia, and Boro-10
from Romania. No differences for the SSR marker
scores were observed between populations ORD
and ORE, between ORF and ORG, between ORH
and ORI, and between OR]J, ORK, and ORL. Popula-
tions ORD and ORE from Béja Sud grouped together
with populations ORF and ORG from Amdoun. This
cluster was closer to populations Boro-9 and Boro-10
than to the five populations from Béja Nord, which
clustered together (Figure 2).
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Intra-population diversity

Populations ORD and ORG were similar for all
the genetic diversity parameters, as was the case for
populations ORH and ORK. The latter group differed
clearly from the former for the expected heterozygo-
sity (He), Shannon Index (I), and average number
of pairwise differences between individuals (PiX)
(Table 2). For these parameters, populations ORH
and ORK showed greater values than populations
ORD and ORG, indicating greater intra-population
diversity. This was more clearly seen in the Principal
Coordinate Analysis, which revealed the existence
of two gene pools in the populations clearly sepa-
rated along Coordinate 1, that explained 96.30% of
the total variation (Figure 3). The four populations
contained individuals of both gene pools, but at dif-
ferent frequencies: 1/14 in ORD and ORG, 5/14 in
ORH, and 8/14 in ORK. AMOVA analysis confirmed
that differences within populations (76.65% of total
variance) was greater than differences between pop-
ulations (25.35%).
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Table 2. Genetic diversity parameters of four sunflower Table 3. Analysis of molecular variance in a set of four pop-
broomrape populations (ORGD, ORG, ORH, and ORK) ulations of sunflower broomrape populations (ORD, ORH,
from Tunisia. ORG, ORK) collected in Tunisia.

. a Ho . Sourceof  Sum of Variance % P
Population P (+SE) He (SE) | (+SE) PiX variation  squares components Variation value
ORD 4573 0.00 0.06+0.01 0.12+0.01 10.02 A;n(l)lrllagtions 359 49 3.87 2535 <001
ORG 4573 000 0.06+001 0.12+0.01 10.01 pop

Within
ORH 46.34 0.00 0.21+0.02 0.30+0.03 34.28 populations 1231.82 11.41 74.65 <0.01
ORK 4695 0.00 0.23+0.02 0.32+0.03 36.94

* P = percentage of polymorphic loci; Ho, observed heterozygo-
sity; He, expected heterozygosity; I, Shannon’s diversity index;
PiX, average number of pairwise differences between individu-
als within each population.
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Figure 3. Principal coordinates analysis of four sunflower broomrape populations (ORD, ORH, ORG, ORK) collected in
Tunisia. The analysis was carried out for the four populations together, but they are represented in separate graphs.
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Discussion

The results of this study showed that sunflower
broomrape populations from Tunisia are composed
by individuals of two distinct gene pools, that we
have designated as GP1 (predominant in popula-
tions ORD and ORG), and GP2 (predominant in
population ORK). The populations mainly differed
in the frequencies of individuals of both pools. There
was an association between the frequency of GP2 in-
dividuals and the level of virulence of the popula-
tions. Population ORD, with 1/14 of GP2 individu-
als, was classified as race E, whereas ORH, with 5/14
individuals of GP2, formed nodules on 35% of race-E
resistant P1380 plants, and ORK, with 8/14 individu-
als of GP2, formed nodules on 100% of P1380 plants.
This suggests, as a preliminary hypothesis, that GP1
plants have no capacity to overcome the Or5 gene,
which confers resistance to sunflower broomrape
race E, whereas GP2 plants probably have capacity
to parasitize plants having resistance genes against
races E and E as 100% of plants of line LP2, resistant
to race F, showed also parasitization nodules. Such
distant gene pools are probably the result of separate
broomrape introductions in Tunisia, probably from
Eastern Europe. Considering the collection locations
of the populations, GP1 was probably a first intro-
duction of a race E population that has subsequently
been widely distributed throughout the Béja region,
while GP2 is most likely a more recent introduction
of a race G population, initially introduced in Béja
Nord area but that is spreading to other areas. The
fact that GP1 and GP2 show marked genetic differ-
ences supports that they may have been the result of
two separate introduction events. Studies in Spain,
which is also outside the natural broomrape distri-
bution area, revealed the existence of two distant
gene pools probably corresponding to two different
introduction events (Pineda-Martos et al., 2013; Mo-
linero-Ruiz et al., 2014). ORD, which was classified as
race E because it parasitized differential lines Record
and S1358, did not parasitize the race B resistant line
J8281 (Table 1). A similar situation was reported by
Melero-Vara et al. (1989) for populations from Spain,
which were able to parasitize the race C resistant line
Record but not on race B resistant line J8281. Molin-
ero-Ruiz and Dominguez (2014) concluded that the
set of differential lines developed by Vranceanu et al.
(1980) for Romanian broomrape populations have
limitations for accurate race classification of Spanish
populations. The situation may be similar for popu-
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lations of new areas such as Tunisia, but this should
be examined with more detail. The set of differential
lines has been used in the present study because it is
the only publicly available set of differential lines for
sunflower broomrape race classification.

The observed heterozygosity was zero in the four
populations evaluated at the intra-population level,
despite the presence of individuals of both gene
pools in all populations. In Spain, Pineda-Martos
et al. (2013) and Martin-Sanz et al. (2016) character-
ized the presence of heterozygous individuals in
populations containing the two gene pools present
in that country. The reason for not observing heter-
zygotes in the populations from Tunisia may be that
a very recent introduction of one of the gene pools
has occurred, probably the most virulent one, GP2.
Another possibility is that environmental conditions
are not favourable for cross pollination. Sunflower
broomrape is essentially self-pollinated (Satovic et
al., 2009; Pineda-Martos et al., 2014a). However, it has
been demonstrated that cross-pollination may be as
greater as around 30% under certain conditions, and
small insects of the Halictidae family were involved
in cross pollination of sunflower broomrape plants
in Spain (Rodriguez-Ojeda et al., 2013b). Therefore,
the abundance of appropriate pollinators may also
be an important factor determining the heterozygo-
sity of sunflower broomrape populations that con-
tain more than one gene pool.

Selection pressure is the main driving force for
racial evolution in the case of sunflower broomrape
populations heterogeneous for virulence (Molinero-
Ruiz et al., 2008). In these populations, the use of
sunflower hybrids resistant to the predominant gene
pool with low virulence may result in a drastic in-
crease of frequencies of another gene pool that ini-
tially was present at a lower frequency in the seed
bank (Alonso, 2014). This is probably the situation
that is currently occurring in the Béja region of Tu-
nisia. This study identified individuals of GP2 in all
populations examined at the intrapopulation level.
If our hypothesis that GP2 is associated with race
G virulence is true, then there is a risk of general-
ized distribution of the race G population through
this sunflower producing area if sunflower hybrids
resistant to race E and/or race F are used. The use
of sunflower genotypes combining several resistance
mechanisms (Pérez-Vich et al., 2013), or the combined
use of genetic resistance to broomrape and for herbi-
cide tolerance (Alonso, 2014), have been suggested



as strategies to avoid drastic changes is the race com-
position of sunflower broomrape populations.
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