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INTRODUCTION

Formerly belonging to the family Scrophulariaceae, the ge-
nus Rhinanthus L. has recently been placed into the family  
Orobanchaceae (Olmstead et al. 2001). The taxonomy of the 
genus is complicated because of hybridization between spe-
cies (Chabert 1899) and the high morphological intraspecific 
plasticity. Nonetheless, based on morphology, 25 species are 
recognised in Europe (von Soó & Webb 1972) and some of 
these species are also found in North America (van Hulst et 
al. 1986) and in Asia (ter Borg 2005). All Rhinanthus spe-
cies are hemi-parasitic, summer-annuals growing in a wide 
range of grassland habitats on soils of low to moderate fertil-
ity (Westbury 2004). They may be found from sea level up 
to more than 2000 meters altitude in many different climatic 
conditions.

Different aspects of this genus have been studied; numer-
ous researches have focused on the biology (e.g. Bullock et 
al. 2005, Lindborg et al. 2005) and ecophysiology (e.g. Cam-
eron et al. 2005, Phoenix & Press 2005) of different species 
of the genus. Since a few years, our laboratory focuses on the 
evolution of Rhinanthus. Hybridization between Rhinanthus 
minor and Rhinanthus angustifolius (Durcarme & Wesselingh 
2005) as well as the phylogeography of the genus in Europe 
(Vrancken et al. 2009) are under investigation.

In our studies, chloroplast DNA (cpDNA) markers have 
shown to be valuable. Indeed, due to the development of mo-
lecular techniques (Taberlet et al. 1991) and to some of its 
specific characteristics such as no recombination and a low 

rate of evolution (Wolf et al. 1987), cpDNA presents phylo-
genetically informative variation useful for plant molecular 
phylogeny or evolutionary studies. Another important fea-
ture of the chloroplast is that cpDNA is haploid; the effective 
population size for cpDNA is then reduced compared to the 
nuclear genome (Petit et al. 2005). Finally, as strict maternal 
inheritance of the chloroplast is presumed in most plant spe-
cies (Birky 1995), the dispersion of this organelle genome is 
attributed to seed movement only. Therefore, with all these 
characteristics put together, the chloroplast genome is expect-
ed to present high levels of divergence through genetic drift 
and is likely to retain historical patterns (Comes & Kadereit 
1998).

If maternal transmission inheritance is assumed to be the 
rule in angiosperms, numerous exceptions to this rule have 
been discovered where at least partial paternal transmission 
is suspected (Sewel et al. 1993, Rajora & Mahon 1995, Shore 
& Triassi 1998, Chat et al. 1999, Yang et al. 2000, Hansen et 
al 2007, McCauley et al. 2007, Ellis et al. 2008). Actually, 
bi-parental transmission of the chloroplast genome was found 
in 27% of 398 species investigated (Harris & Ingram 1991).
The possibility of paternal or bi-parental transmission of the 
choloroplast implies that movement of the cpDNA genome 
is no longer associated with seed movements only (Petit & 
Vendramin 2008). The potential transfer of cpDNA trough 
pollen has for consequence to increase the gene flow which 
may strongly invalidate conclusions in studies dealing with 
seed dispersal, hybridization or phylogeography. Therefore, 
determining the mode of transmission of the cpDNA genome 
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is an important issue when one wants to investigate plant evo-
lution (Raspé 2001).

Cytological analysis of pollen has already been used to 
show maternal inheritance of the chloroplast in different spe-
cies of Scrophulariaceae (Corriveau & Coleman 1988) but to 
our knowledge, this study is the first to collect genetic evidence 
for the mode of chloroplast inheritance in Orobanchaceae. In 
order to define the mode of chloroplast transmission, we used 
PCR-RFLP (Demesure et al. 1995). This PCR-based method 
allows analysis of a large number of individuals necessary 
to detect a possible biparental transmission (Milligan 1992) 
but is known to miss low levels of heteroplasmy (Frey et al. 
2005, Welch et al. 2006). Therefore, taken into account this 
technical limitation, the aim of the present research is not to 
test for a strict maternal inheritance hypothesis but rather to 
evaluate the maximum probability of paternal transmission of 
the chloroplast in R. angustifolius.

MATERIALS AND METHODS

Plant material and controlled pollinations

Seeds of Rinanthus angustifolius C.C.Gmel. were collect-
ed in a natural Belgian population (in the nature reserve of 
Doode Bemde, Oud-Heverlee, 50°49’N 04°38’E) and grown 
in a greenhouse. We isolated thirty plants to serve as parent 
plants in our experiment. Before flowering, two leaves of 
each of the thirty plants were collected in order to determine 
their chlorotype (see DNA extraction, PRC and RFLP analy-
sis). Two groups of plants were separated based on their chlo-
rotypes and intraspecific crosses were carried out between 
plants of these two groups. To perform these crosses, anthers 
from plants of a specific group were cut and directly applied 
on stigmas from plants of the other group. R. angustifolius 
is predominantly outcrossing but selfing is not infrequent 
(Campion-Bourget 1980, Ducarme 2008), therefore, self-
fertilisation was avoided by removing the anthers as soon as 
the flowers opened. We observed that emasculated flowers 
that had not been cross-pollinated did not produce any seeds, 
confirming that early emasculation was effective to avoid 
self-fertilization.

DNA extraction, PCR-RFLP and data analysis

The DNA extraction protocol was different for parents and 
offspring. Total DNA of the parents was isolated from the 
leaves following a CTAB protocol modified from Doyle & 
Doyle (1990) (Ducarme & Wesselingh 2005) whereas off-
spring DNA was directly isolated from seeds using the In-
visorb Spin Plant Genomic DNA Purification Kits. Prior to 
extraction, seed coats were removed.

The PCR-RFLP method implemented is based on a pre-
vious study of Véronique Ducarme (2008). We used diges-
tion with an enzyme (Eco47I) that permits the distinction be-
tween two chlorotypes (fig. 1). Chlorotype 1 (CT1) presents 
two bands resulting from the digestion of the chloroplast trnL 
(UAA) fragment, while chlorotype 2 (CT2) presents only one 
band. The enzyme, Eco471 (AvaII), recognises and cuts the 
nucleotide sequence GGTCC present in the trnL fragment of 
R. angustifolius. But some R. angustifolius present a different 

Figure 1 – Agarose gel showing trnL (UAA) fragment digested 
with Eco47I. Lane 1: ladder; lane 2: chlorotype 1 (CT1); lane 3: 
chlorotype 2 (CT2).

sequence, GGCCC, which the enzyme is unable to recognise. 
CT2 results from the non-digestion of the trnL (UAA) chloro-
plast fragment (GenBank accession number: HM222969 and 
HM222970).

The chloroplast intron trnL (UAA) was amplified by PCR 
using about 20 ng total DNA, 2.5 µl AmpliTaq buffer 10 ×, 
2.5 µl MgCl2 25 mM, 2µl BSA 2.5 mg mL-1, 2 µM of each 
dNTP, 0.25 µl of each primer 20 µM (c and d in Taberlet et 
al. 1991), and 0.125 µl Taq 5U µL-1 in a 25 µl volume. The 
amplification programme started with a denaturation step of 
5 min at 94°C, followed by 30 cycles of 1 min at 94°C, 1 min 
at 55°C and 2 min at 72°C. A final elongation step of 7 min 
at 72°C terminated the reaction. Aliquots (10 µl) of the PCR 
product were digested with 0.125 µl Eco47I 5U µL-1 during 4 
hours at 36°C. Digestion products were finally separated on 
1.5% agarose gels with ethidium bromide and revealed under 
UV light, a 10000bp ladder (GeneRuler, Fermentas) was used 
as size marker. 

The maximum likely rate of paternal transmission of the 
chloroplast was assessed with the power analysis test of a 
binomial model (Milligan 1992). When all progeny in a given 
sample size (N) possess the maternal cpDNA, the equation P 
= 1-(1-β)1/N give the probability of a paternal transmission of 
the chloroplast (P) with β as the power of the test.

RESULTS AND DISCUSSION

The screening of the thirty parent plants revealed that twelve 
individuals carried CT1 and eighteen individuals had CT2. 
Two hundred and fourteen crosses were performed between 
flowers of plants showing different chlorotypes, 99 CT1 × 
CT2 and 115 CT2 × CT1. From these 214 crosses, 206 cap-
sules containing up to ten seeds were collected and DNA was 
extracted from 100 seeds of each cross combination (one seed 
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from 100 different capsules in CT2 × CT1 crosses and one or 
two seeds from 93 different capsules in CT1 × CT2 crosses). 
In 34 seeds produced by various maternal plants from both 
chlorotype groups, the cpDNA fragment failed to amplify, so 
that chlorotypes of 166 progeny could be determined. None 
of these showed the paternal chlorotype, or a combination 
of both chlorotypes (table 1). All possessed the same chloro-
plast marker as the female parent, irrespective of the direction 
of the cross. With a sample size of 166 progeny and a 95% 
confidence level (β = 0.95), the power analysis test revealed 
that the paternal transmission probability is less than 1.81% 
(P = 0.0181). If the confidence level is set to 99% (β = 0.99) 
the probability of a paternal transmission of the chloroplast 
is then less than 2.7% (P = 0.027). This probability of pater-
nal transmission may undoubtedly be reduced by studying a 
larger number of progeny (Milligan 1992), but as shown by 
Birky et al. (1989) the low probability of paternal inheritance 
obtained with our data only slightly influences results and 
conclusions in studies of population genetics.

Since seeds are typically composed of embryonic tissue 
(derived from zygotic divisions), endosperm (a triploid seed 
reserve tissue derived from the union of two female nuclei 
with a male vegetative nucleus) and maternal tissues (the 
seed coat), the presence of maternal chloroplasts is always 
expected in seed tissues. In this study, the seed coat was re-
moved prior to DNA extraction and a recent study using mi-
crosatellites showed that this operation allows extraction of 
the offspring’s DNA only (Ducarme 2008). 

To conclude, this study is, to our knowledge, the first at-
tempt to evaluate the mode of inheritance of the cpDNA ge-
nome in Orobanchaceae. We did not detect any evidence for 
paternal or bi-parental inheritance of the chloroplast so that 
maternal inheritance of the chloroplast genome in Rhinan-
thus angustifolius is a reasonable assumption. This observa-
tion performed in R. angustifolius may probably be extended 
to the other close species of the genus Rhinanthus. Therefore, 
the chloroplast genome may be reliably used as a seed-specif-
ic marker to investigate geographic structure, evolution and 
hybridization of Rhinanthus species.
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