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Abstract

Background The genus Ulex is composed by 15 species distributed in Europe and Africa, but the majority of them are
restricted to the Iberian Peninsula and Northwest Africa. Some of these species are common elements at the landscape level,
and others contribute to global biodiversity as narrow endemics. Assayed nuclear and plastid Sanger-sequenced regions do
not provide enough resolution to perform evolutionary studies on the genus, neither at the intraspecific population level nor
at the interspecific phylogenetic level. Thus, we have developed and characterized a set of nuclear microsatellite loci in U.
parviflorus to provide new highly polymorphic molecular markers for the genus Ulex.

Methods and results Genomic DNA enriched in microsatellite motifs using streptavidin-coated M-280 magnetic beads
attached to 5'-biotinylated oligonucleotides was sequenced in a 454GS Junior System. After primer design, fluorescent-
dyed amplicons were analyzed through capillary sequencing (ABI3730XL). Here we present twelve new high polimorphic
SSRs markers developed in U. parviflorus specimens and tested in 120 individuals. The 12 SSR loci amplified a total of 152
alleles, and detected expected heterozygosities that ranged from 0.674 to 0.725 in the genotyped populations. Successful
cross-species transferability of the 12 SSR loci to the rest of species included in the genus Ulex and three other representative
Genisteae was achieved.

Conclusions The 12 novel proposed SSRs loci will contribute to perform evolutionary studies and genetic research on the
genus Ulex and in other Genisteae.

Keywords Microsatellites - Ulex - SSRs - Genisteae

Introduction

Gorses (Ulex L., Fabaceae, Genisteae) are thorny flammable
shrubs. Although the invasiveness of Ulex europaeus L. has
expand this genus worldwide [1], the majority of the taxa
show narrower distribution ranges in the Iberian Peninsula
and northwestern Africa, which are considered the centers
of diversification of the genus [2, 3]. Ulex includes both dip-
loid and polyploid taxa [4]. The large number of polyploid
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taxa included in Ulex, —12 [4, 5]—, spanning from tetra- to
hexaploids, suggests that hybridization and whole genome
duplication (WGD) events have played an important role in
the evolutionary history of Ulex. The most comprehensive
taxonomic treatment for Ulex recognized 21 taxa within 15
species [4]. Notwithstanding, the overall similar morphol-
ogy among taxa of Ulex together with the occurrence of
several polyploid complexes has made it difficult the fulfill-
ment of evolutionary studies of the genus [2, 3, 5, 6]. Phy-
logenetic relationships within the genus remain unresolved
due to poor resolution of sequences from plastid and nuclear
DNA regions assayed to date [2, 3, 5, 6] indicating a rapid
and recent radiation of Ulex [3].

In order to develop microsatellite (SSR) markers for the
genus Ulex, we chose Ulex parviflorus Pourr. as a model
species. Ulex parviflorus is a diploid (2n=232) representa-
tive species of the fire-prone, eastern Iberian Peninsula
shrublands, where it constitutes a relevant element of the
landscape and a driver of the fire activity [7]. Despite U.
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parviflorus can recruit in vegetation gaps unrelated to fire,
its germination is massively triggered by fire. Because it
does not resprout after fire (postfire obligate seeder), fire
promotes a high population turnover without overlapping
generations thus, this species is a promising target to per-
form population genetic studies in post-fire scenarios.

Although the current affordability of High-Throughput
Sequencing (HTS) technologies has led the researchers to
conduct genome-wide studies screening ten of thousands of
Single Nucleotide Polymorphism (SNPs), SSR markers still
represent a powerful tool to perform studies in the fields
of population genetics, systematics and heritability [8-10].
These co-dominant, highly polymorphic, genetically neutral
and repeatable markers will be useful to perform population
genetic analyses in U. parviflorus, a suitable model to study
the genetic dynamics of a postfire obligate seeder species.

We further screened cross-species transferability of the
characterized SSRs markers in all other species of Ulex and
three other related taxa of Genisteae in order to evaluate their
potential use for population genetic analyses. This is of spe-
cial relevance given the absence of sufficiently polymorphic
markers in this group of closely related taxa which include
a high proportion of narrow endemic taxa of conservation
concern (i.e., U. erinaceus Welw. ex Webb, U. canescens
Lange), invasive plants (U. europaeus) and hybridogenous
polyploid aggregates [3], and which may enable decipher-
ing their auto/allopolyploid origin [11-13].

Materials and methods

Total DNA was isolated from plant material of four U. par-
viflorus specimens using the SpeedTools Plant DNA Extrac-
tion Kit (Biotools, Madrid, Spain). Digestion of DNAs was
carried out in four 50pul independent reactions each contain-
ing 5U Msel (New England Biolabs, Ipswich, USA), 1 x
rCutSmart™ Buffer (New England Biolabs) and 44pl of
crude DNA extract from the isolation step and incubated
for 11 hours at 37°C and then 20 min at 65°C for enzyme
inactivation. Digested DNAs were purified using the QIA-
quick PCR Purification Kit (Qiagen, Hilden, Germany) and
then ligated to sticky ends Msel adapters (5’-GACGAT-
GAGTCCTGAG-3’ and 5’-TACTCAGGACTCAT-3’) and
then PCR amplified. Twenty-four PCRs (six per each diges-
tion reaction from the previous step) were performed in
50 pl volume, each containing 1 X Taq Buffer, 2mM MgCl,
(Biotools), 0.4mM of each dNTP, 2.5uM primer Msel-N,
2.5U of Tag polymerase (Biotools) and 5 pl of a 1:10 dilu-
tion of the purified ligation reaction. The PCR program
consisted of a first step of 2 min at 72 °C to allow Taq poly-
merase fill the nicks in the DNA template followed by an
initial DNA melting step of 4 min at 94 °C, and then 30
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cycles each of 30 s at 94 °C for DNA melting, 1 min at
53 °C for annealing and 1 min at 72 °C for extension, fol-
lowed by a 7 min at 72 °C for final extension. All PCRs
were carried out in a FlexCycler Monoblock 96 0.2ml
(Analytik Jena, Jena, Germany). After visual verification
of the PCR products in 2% agarose gels, PCR products of
each four digestions were pooled together in four indepen-
dent aliquots of 270 pl. DNA from each aliquot was precipi-
tated with 0.5 v/v of 7.5 M ammonium acetate and 2 v/v of
absolute ethanol at -20 °C overnight. After several washing
steps with 70% ethanol, each precipitate was resuspended in
45 ul of MQ water.

Microsatellite enrichment was performed using strep-
tavidin-coated M-280 magnetic beads (Dynal) attached to
(CT)14, (GT)14, (AAC)g and (AAG)g 5'-biotinylated oligo-
nucleotides. The four bead preparations were washed three
times each with 1x B&W buffer to remove unbound oligo-
nucleotides. Then, they were resuspended in 100 pl of 3 X
Saline Sodium Citrate (SSC, 20 x SSC: 6 M NaCl, 0.6 M
Na-citrate, pH 7), 0.1% SDS and 2% PEG-6000 and kept at
hybridization temperature (40 °C). Four 15 pl target DNA
aliquots were denatured 4 min at 95 °C and put directly on
ice. Hybridization was carried out by adding the denatured
target DNAs to the dynabead-biotinylated oligonucleotide
preparations at 40°C for 30 min. Hybridization products
were washed 12 times in three SSC decreasing concentra-
tion solutions (four times each); 2 x SSC, 1 x SSC and 0.5 x
SSC plus 0.1%SDS and 1.6uM of the Msel-N primer. Frag-
ments with microsatellite motifs were released at 95°C for
5 min in 100 pl of 0.2 x SSC solution and desalted with
Qiaex II (Qiagen). PCR amplification of the released frag-
ments were carried out with the same conditions as the
described above.

PCR products were sequenced on a GS Junior 454
sequencer at SCSIE (Servei Central de Suport a la Investig-
aci6é Experimental, University of Valencia). The raw reads
were deposited under the BioProject number PRINA888869
with SRA accession SRR21850415. From 75,066 raw reads
generated by the sequencing platform, 65,051 were longer
than 80 bp after clipping and of these, 20,809 included mic-
rosatellite motifs. These included 1065 unique consensus
sequences and 2066 singleton sequences. The screening of
those 3131 sequences with QDD3 [14] pipe3 retrieved 825
sequences with primers. Primer design was refined through
the online resource PRIMER3 [15] based on the results of
the software QDD3.

From 87 PCR tested primer pairs, 22 primers correspond-
ing with the clearest amplicons visualized on 2% agarose
gels were selected for fluorescence labeling.

PCRs were carried out in a final volume of 20 pl contain-
ing 1 x Taq Buffer, 2mM MgCl,, 0.4mM of each dNTP,
100 pg of BSA (Biotools), 2.5 pmol (0.125 pM) or 5 pmol
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(0.25 uM) (Table 1) of both primer R and fluorescence-
labeled primer F, 1U of Taq polymerase and 1.5 ul DNA
template. PCR program consisted of an initial DNA melting
step of 4 min at 94 °C then 39 cycles each of 1 min at 94 °C
for DNA melting, 1 min at annealing temperature (Table 1),
1 min at 72 °C for extension, followed by a final extension
step of 7 min at 72 °C. Amplified fragments were electro-
phoresed on an ABI3730XL (Applied Biosystems, Madrid,
Spain) capillary sequencer using LIZ500 as internal size
standard. Amplicon fragments were assigned to alleles using
GeneMarker v.1.85 (Softgenetics, State College, USA).
From a total of 22 primer pairs, 10 were discarded due to
unspecific amplification, no polymorphism or no amplifica-
tion. The remaining 12 primers (Table 1) were selected and
used to genotype a set of 120 individuals, from three popu-
lations of U. parviflorus (hereafter CAS, SOT and GOD,
see Supplementary Table 1) in order to check for levels of
polymorphism within and among populations. Basic popu-
lation genetics statistics (N,, Ag, Ho, Hg, F,5) were scored
for each locus and population and overall loci within popu-
lations using the R [16] packages adegenet [17], pegas [18]
and PopGenReport [19]. Deviations from Hardy-Weinberg

equilibrium were assessed using fisher exact tests based on
10,000 Monte Carlo permutations of alleles [20] as imple-
mented in pegas. Linkage disequilibrium (LD hereafter)
across loci was tested through 7y index [21] based on a ran-
dom distribution created via 10,000 permutations of alleles
using the R package poppr [22]. Additionally, cross-species
amplification of the 12 microsatellite loci was tested in 35
individuals corresponding to 19 taxa including all species of
Ulex and representative taxa of the related genera Genista
L., Pterospartum (Spach) K. Koch and Stauracanthus Link.

Results and discussion

The 12 selected microsatellite loci were polymorphic,
revealing a total of 152 alleles in the three analyzed pop-
ulations of U. parviflorus (Table 2); the total number of
alleles per population ranged from 97 to 120 in GOD and
CAS populations, respectively. The number of alleles per
locus ranged from three in Upa54 (SOT and GOD) and
Upad4 (GOD), to 25 alleles in Upa78 (CAS). Observed and
expected heterozygosities ranged from 0.057 (Upa54 SOT)

Table 1 Characteristics of 12 polymorphic microsatellite loci developed for Ulex parviflorus. For each locus the primer pair sequences, repeat
motif, temperature of annealing, number of alleles, allele size range, and Genbank accession numbers are indicated

Locus Primer sequence (5’- 3”) Repeat Size TCC) Nju Sizerange  Genbank
Motif (bp) (bp) number

Upa33 F: NED-CTGCAATCACAGCACTTGGT Chy, 171 56* 8 155-187 0Q676447
R: TCGAACATTATCTTAGCCGATCT

Upa37 F: VIC-ATGAATGTGGCCGGTTCAG (GGT), 149 56* 13 134-155 0Q676451
R: CAGTTCAACCCTTCCTCCTGA

Upad4 F: PET-GCACCTGCCTTGTAACCATT (CA), 171 56* 11 167-177 0Q676452
R: TCCAGTAAAGCTTCATTGCA

Upa45 F: PET-GCAGGCACGAGCCTCCATTT (CT),g 143 56* 10 141-159 0Q676450
R: GAATTCTCGCTTGTGAGCT

Upa54 F: VIC-CTGGTATACTGAACACATGGAG  (TC),(CA), 171 56* 14 165-173 0Q676443

GA(CA)g

R: CATAAGCACATGCATGGGAGC

Upa55 F: 6FAM-CACTCGTGGTTCAACGCTTA (CT)y 185 60* 5 137-189 0Q676453
R: GTGGCTTAGGTGCTAGTGTG

Upa58 F: NED-GTTGAACTCGTAGCCTCTGTC (GT), 149 51* 5 101-153 0Q676449
R: TAGGGACCTCGAGAACACAG

Upa59 F: PET-ATCACTGCAGTTGCTGGTAC (CT)y5 120 56** 23 104-124 0Q676448
R: ATGTATGTCTGTGCATGTG

Upa6l F: PET-CCTGCTTCCACAGTCTCCTC (CT)y 153 51* 14 141-157 0Q676446
R: TCCTAATCTTATGGATCTGCTC

Upa63 F: NED-AATGCCAAACAACCAAGTCC (CT), 254 63* 27 246-274 0Q676442
R: TGGAGGAACAACATCTTCACC

Upa64 F: 6FAM-ACCATAACCTGCTCAACCATC  (CAA),CAG(CAA),, 252 48** 16 216-261 0Q676445
R: CAAACAAGGTCAATTAATGTTCTC

Upa78 F: 6FAM-ATCACCCGAGACTCTGAGC (GA)4, 140 51** 6 126-200 0Q676444

R: GAGATTGAGATGAAGAAAGATTGG

6FAM, NED, PET and VIC are fluorescent dyes from Applied Biosystems (Madrid, Spain).

*: Optimal amplification using 0.125uM concentration of each primer.

**: Optimal amplification using 0.25uM concentration of each primer.
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Table 2 Genetic diversity characteristics of 12 Ulex parviflorus microsatellite loci amplified in three populations
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to 0.914 (Upa64 SOT) and 0.135 (Upa54 SOT) to 0.934
(Upa78 CAS), respectively. The high number of alleles,
allelic richness and genetic diversity values obtained (see
Na Ag, and H, values in Table 2, respectively) in comparison
with others SRRs studies on taxa belonging to rosids group
[23], could be explained by a combined effect of massive
flowering, high fruit set and rapid population turnover in
this Mediterranean pyrophyte.

Significant deviation of HWE towards heterozigosity
deficiency was found for several loci at different popula-
tions (Table 2). These could be interpreted as inbreeding or
as the effect of population substructure. Ulex parviflorus is
self-compatible species, but it relies on bee visits for effec-
tive pollination and fruit set due to its papilionoid flowers
[24]. The massive blooming of entomophilous hermaphro-
dite flowers in U. parviflorus could increase selfing rate by
geitonogamy. Notwithstanding, overall F,s values were not
significantly different from zero in any of the three geno-
typed population (Table 2).

No consistent significant linkage disequilibrium
(P <0.01) was found across loci x population comparisons
except for loci Upa55 and Upa33 in all populations, and
locus pairs Upa64/Upa54 and Upa64/Upa63 in SOT (Sup-
plementary Fig. 1).

Cross-species transferability was achieved for all the
studied samples of Ulex (Table 3). In addition to the cross-
amplified samples corresponding to 14 species of Ulex,
(which together with U. parviflorus constitutes the total
of the species previously recognized within the genus
[1]), samples of three representative genera from the tribe
Genisteae (Genista triacanthos Brot. Pterospartum triden-
tatum (L.) Willk and Stauracanthus boivinii (Webb) Samp.),
were successfully amplified except for locus Upa63 in G.
triacanthos.

Allelic patterns in the cross-amplified taxa were consis-
tent with ploidy levels (Fig. 1) except for locus Upa63 in
U. micranthus and U. minor where three to four peaks were
obtained in all accessions suggesting a locus duplication in
this species pair (Table 3).

The proportion of polymorphic loci among the assayed
species of Ulex was high with an average of 93.3+10.6%,
ranging from 75% in U. eriocladus to 100% in U. australis,
U. baeticus, U. borgiae, U. erinaceus, U. europaeus, U. gal-
lii, U. jussiaei and U. minor (Table 3). Average proportion of
polymorphic loci was slightly higher among the polyploid
taxa (97.2+7.9) than among diploid ones (87.5+11.5),
this being consistent with the higher probability of dif-
ferent allele accumulation in polyploid genomes. Within
the assayed accessions of other Genisteae the proportion
of polymorphic loci was on average lower than in Ulex
(70.7 £19.1%). Within this group, the highest proportion
of polymorphic loci was obtained for Stauracanthus bovinii
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Fig.1 Sample electropherograms of two of the characterized microsat-
ellite loci cross-amplified in representative species of Ulex with differ-
ent ploidy levels. (a) Locus Upa54, (b) Locus Upa33. Asterisks denote

(91.7%), the closest relative to Ulex in the most recent pub-
lished phylogeny [3], and lower in the other two assayed
Genisteae species (Table 3). This is consistent with the
observed reduction of SSR polymorphism with increasing

amplification peaks that indicate alleles present in two copies. For each
sample the inferred genotype is indicated with alleles coded in bp

evolutionary distance of the cross-amplified species to the
source species [25]. Notwithstanding, given that availabil-
ity of accessions for cross-species transferability for some
taxa was limited, it is likely that levels of polymorphism
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would increase with the addition of further accessions sup-
porting a broader use of this set of SSR loci in Ulex and
other Genisteae.

Our study reports a panel of highly polymorphic SSR
loci that broadens the perspectives of studying the fields of
population genetics, reproductive biology, heritability and
polyploid origin in recently diverged taxa of Ulex and of
other Genisteae.

Supplementary Information The  online  version  contains
supplementary material available at https://doi.org/10.1007/s11033-
023-08813-7.
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