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Abstract

Rhinanthus major and R. minor are two annual plant species that are known to hybridize in
nature and in which unilateral introgression is likely to occur. Here we used double-digest
restriction site-associated DNA sequencing technology (ddRAD-seq) to detect 16,932
genome-wide SNPs in R. major and R. minor individuals from 9 populations. After screening
these SNP markers across both species, we selected 1106 putative loci that contain diagnostic,
species-specific SNPs, which can be used for assessing and monitoring hybridization and
introgression between R. major and R. minor.

Key words: ddRAD-seq, diagnostic markers, SNP, Rhinanthus
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Hybridization and introgression are evolutionary phenomena that take place in around 25% of
plant species and are likely to be one of the most important sources of evolution and
domestication of flowering plants (Baack and Rieseberg 2007). When hybridization and
especially introgression occur, accurate identification of species can be significantly impaired
(Mallet 2005; Soltis and Soltis 2009).

Rhinanthus major Ehrh. (syn. R. angustifolius C.C. Gmelin) and R. minor L. (both 2n = 2x =
22: Hambler (1954)) are root hemiparasitic annual plants occurring in a diverse range of
grassland habitats throughout northern and central Europe. Wherever agricultural practices
have been intensified, they have become less common and are often only found in nature
reserves. Because they parasitize dominant grass species, they are important tools in the
restauration of species-rich grasslands (Westbury et al. 2006, T¢Sitel et al. 2018). Their
ecological niches overlap, so the species can co-occur (Westbury 2004; Ducarme et al. 2010).
Only a few morphological features that can be used for distinguishing the two species,
including bract color and corolla shape and size (Kwak 1978). Although some prezygotic
barriers against hybridization exist (Natalis and Wesselingh 2012), hybrid formation occurs
readily and F, hybrids perform as well as the parental species (Wesselingh et al. 2019). In
later generations, an overall pollinator preference for R. major (Natalis and Wesselingh
2013; Ducarme and Wesselingh 2013) causes asymmetric introgression from R. minor into
R. major (Ducarme et al. 2010). To study introgression in detail, we needed to greatly
expand the limited set of markers we used previously (Ducarme & Wesselingh 2005,
Ducarme et al. 2008).

We used a total of 76 samples previously collected in the field or grown from seed in the
greenhouse from our two seed source populations for hybrid production (DB and HO). The 25
Rhinanthus major samples came from nature reserve Doode Bemde (province of Flemish

Brabant). For Rhinanthus minor we used 51 samples, of which 26 came from two pure
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populations: 11 from nature reserve Housta (HO; Braine-le-Chéateau, province of Walloon
Brabant), and 15 from Jardin Massart (JM; Auderghem, Brussels, population founded with
seeds from Chantemelle, province of Luxemburg). We also included samples from mixed
populations that contained none of the R. major markers and thus were pure R. minor: 4 from
Karthuizerduinen (KD; Nieuwpoort, province of West Flanders), 5 from Ter Yde (TY,
Oostduinkerke, province of West Flanders), 4 from Kalkense Meersen (KM; Uitbergen,
province of East Flanders), 3 from Kijkverdriet (KV; Ravels, province of Antwerpen), 5 from
Achter Schoonhoven (AS; Schoonhoven, province of Flemish Brabant) and 4 from
Messelbroek (MB; province of Flemish Brabant).

DNA was extracted from young leaves using the CTAB protocol (Doyle and Doyle 1987) and
the ddRAD library was prepared based on the protocol described by Peterson et al. (2012).
We tested different combinations of restriction enzymes and chose EcoRI and Nlalll for
double digestion. The ligated fragments were size-selected (325—-425bp) using a Blue Pippin
(BDF2010, Cassette type: 2% DF Marker Q2). Illumina indexes were added through PCR and
the pooled libraries were paired-end sequenced (PE150) on the Illumina Hi-Seq 2500
platform at the Genomics Core of KULeuven and with Novaseq at Genewiz. Quality control
checks on raw sequence data were performed using FASTQC (Andrews 2010). Filtering,
demultiplexing and SNP detection were done with STACKS v. 2.1 (minimum stack depth =5,
distance between stacks = 3, distance between catalog loci = 3; Catchen et al. 2013).

In total, 402,520,746 raw sequencing reads with high quality were generated from the 76
samples with an average of 5,296,325 reads per individual. Depth of coverage for the
processed samples varied from 8x to 20x, with an average of 12x per individual. We initially
obtained 11,171 loci that were shared by at least 70% of all individuals. After removing loci
that only contained SNPs with a minor allele frequency below 0.05, 8,545 loci with 16,932

SNPs in total were retained for further analysis. Of these, 57.7% were confirmed to be
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transitions, and the observed transition-transversion ratio between the two species was 1.36.
Principal component analysis (PCA, performed with Tassel 5; Bradbury et al. 2007) of all
discovered SNP markers divided the nine populations into four groups, with a clear and strong
differentiation between R. major and R. minor (Figure 1).

Genetic diversity analysis performed in STACKS (Catchen et al. 2013) showed that the number
of private alleles and the observed heterozygosity were higher in R. major than in R. minor
(Table 1). The fixation index (Fst) between the two species was 0.51, and a higher inbreeding
coefficient was found for R. minor (0.22) compared to R. major (0.0468). This is in line with
the differences in breeding system between the two species. Ducarme and Wesselingh (2013)
found an average outcrossing rate of 0.76 for R. major, while this was only 0.13 for R. minor.
We selected a subset of 1106 loci with 1-3 species-specific SNPs (1800 SNPs in total) that
were fixed for a single allele in R. minor and carried one or two alternate alleles in R. major
and as our diagnostic loci (Online Resource 1). These can now be used to study introgression
in this species pair in great detail in mixed populations in Belgium and neighbouring

countries, based on phylogeographic patterns found in Europe (Vrancken et al. 2012).
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Table 1. Values of genetic diversity within species and populations. Ap = number of private

alleles, Hobs = observed heterozygosity, Hexp = expected heterozygosity, Fis = inbreeding

coefficient.
Species N Ap Hops Hexp Fis
R. major 25 6038 0.165+0.001 | 0.171+£0.001 | 0.046+0.03
R. minor 51 4393 0.062+0.001 | 0.144+0.001 | 0.225+0.01
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Figure 1. Principal component analysis (PCA) based on 16,932 SNP markers. Rhinanthus
minor populations are indicated with red symbols: HO (V), AS (o), MB (X)), TY (3¢), KD
(A), KM (+), KV (%), IM (), and R. major samples (DB) by blue squares.
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Electronic Supplementary Material 1

A list of 1106 loci with species-specific SNPs for Rhinanthus minor and R. major

Explanation of column headers in file ESM_1.csv

Locus = sequential locus number

Position = position of single nucleotide polymorphism in sequence

Allele R.minor = nucleotide in R. minor sequence

Allelel R.major = nucleotide in R. major sequence

Sequence Rhinanthus minor = the full sequence of the locus in R. minor
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