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Abstract

Many studies on Heracleum have shown poor correspondence between observed molecular
clusters and established taxonomic classification amongst closely related species. This
might reflect both unresolved taxonomy but perhaps also a lack of good genetic markers.
This lack of appropriate and cost effective species-specific genetic markers hinders a
resolved relationship for the species complex, and this in turn causes profound management
challenges for a genus that contains both endemic species, with important ecological roles,
and species with an invasive potential. Microsatellites are traditionally considered markers of
choice for comprehensive, yet inexpensive, analyses of genetic variation, including examina-
tion of population structure, species identity, linkage map construction and cryptic speciation.
In this study, we have used double digest restriction site associated DNA sequencing
(ddRADseq) to develop microsatellite markers in Heracleum rechingeri. Genomic DNA from
three individuals were digested with Sbff and Nde1 and size selected for library construction.
The size-selected fragments were sequenced on an lon Torrent sequencer and a total of 54
microsatellite sequences were bioinformatically confirmed. Twenty five loci were then tested
for amplification, resulting in 19 of these being successfully amplified across eight species,
comprising both the so-called thick-stemmed species (H. persicum, H. rechingeri, H. gorgani-
cum and H. lasiopetalum), and thin-stemmed species (H. anisactis, H. pastinasifolium and H.
transcaucasicum). Both Bayesian and distance-based clustering, and principal coordinate
analyses clearly separated these into two groups. Surprisingly, three H. pastinacifolium pop-
ulations were not separated from populations of the morphologically similar endemic species,
H. anisactis, suggesting lack of genetic differentiation. Likewise, high genetic similarity was
found between H. persicum and H. rechingeri populations, questioning taxonomic separation
at the species level between these taxa. Further analyses are needed to re-evaluate the taxo-
nomic significance of observed morphological variability currently applied to distinguish these
sister taxa. Nevertheless, our results represent progress in the effort to develop cost-efficient
molecular tools for species discrimination in this genus.
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Introduction

In many plant species complexes, factors such as hybridizations, phenotypic plasticity and
high variability across the geographical distribution range makes species identification based
on morphological characters challenging [1-3]. Heracleum is a taxonomically complex genus,
and previous investigations have found incongruent results between observed molecular clus-
ters, morphological data and taxonomic classifications [4-6]. Lack of appropriate species-spe-
cific genetic markers hinders progress to untangle clear relationships within a species complex
in a cost-effective way [2-4, 6]. This is particularly challenging for a genus with species having
important ecological roles, or which are rare, or alternatively invasive, or of special interest for
conservation management.

The ecological significance of the Heracleum in terms of the negative effect on the local bio-
diversity has recently been reported in its invasive range in northern Europe [7]. Beside its sig-
nificant impact on ecosystem, various species of the plant are used for variety of purposes
which include as a fodder crop, ornamental use, food additives like spices, and in pharmaceuti-
cal applications [8, 9]. Yet certain species also present a human health risk mainly due to the
production of phototoxic derivatives in the exuded stem and leaf sap. Correspondingly, the
eradication of noxious Heracleum species in human populated areas is considered resource-
demanding [10].

Molecular studies have shown that the seemingly cosmopolitan genus Heracleum (Apia-
ceae) is not monophyletic 5, 11]. There is also extensive variation associated with genetic,
chemical and morphological traits at various geographical levels within and among species [3-
5, 12]. The genus consists of more than 100 species found mainly in the West-Asian/Caucasus
and Syno-Hymalian regions, the former region being suggested as a center of origin for the
genus [3, 11, 13]. Eight species, including Heracleum persicum Desf. ex Fisch., H. gorganicum
Rech. F., H. rechingeri Manden., H. anisactis Boiss. & Hohen., H. pastinacifolium C. Koch, H.
rawianum C. C. Towns., H. taranscaucasicum Manden., and H. antasiaticum Manden have an
Iranian distribution range. In addition, H. lasiopetalum, a morphologically clearly distinct spe-
cies, occurs in an alpine region of the Zagros mountains in the western parts of Iran.

These eight species mainly grow in mountainous river banks, moist grasslands and in open
patches across the Hircanian forest. Among them, H. rechingeri, H. gorganicum and H. anisac-
tis are reported as endemic species to Iran. Taxonomically, the eight species are divided into
three sections: Pubescentia (H. persicum, H. rechingeri and H. gorganicum), Villosa (H. anta-
siaticum) and Wendia (H. pastinacifolium, H. anisactis, H. transcaucasicum and H. rawianum)
with each showing a significant morphological differentiation between the sections [14]. On
the other hand, the species within each section are reported to be morphologically very similar.
For instance, the main morphological character differentiating the Pubescentia and Wendia
sections is primarily the thickness of the stem. Furthermore, based on diagnostic taxonomic
characters described in Mozaffarian et al. [15] Iranian Heracleum species can be classified into
two major groups, based on the size of the plant and the stem diameter, namely the “thin-
stemmed” (H. pastinacifolium, H. anisactis, H. transcaucasicum and H. rawianum) and the
“thick-stemmed” (H. persicum, H. rechingeri, H. gorganicum). However, recent molecular
studies have shown lack of distinctiveness among species within these suggested groups [12].

Genetic markers can be used to clarify how diversity is partitioned within the species com-
plex. Microsatellite markers, short segments of DNA consisting of 2 to 6 base pair (bp) repeti-
tive motifs, may be particularly useful. The main features of these markers include co-
dominant inheritance, a high mutation rate, and thus often appreciable variability within and
between populations observed in a range of Eukaryotes [16-20]. Another important attribute
is presumed selective neutrality of microsatellite markers, sometimes even when found within
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genic regions [21]. Besides high frequency throughout the genome, and often high variability
among individuals, their utility also includes a highly consistent amplification within and
among closely related species.

Microsatellites have been extensively used to study species complexes and cryptic specia-
tion, particularly in cases with unclear and unresolved phenotypic relationships [e.g. 2, 22].
For instance, species-specific markers have successfully been applied to discriminate between
large and small-glanded individuals of the Dalechampia scandens species complex (Euphorbia-
ceae) [23]. Likewise, such markers have been applied to delimitate the species boundaries in
genus Phoenix (Arecaceae), showing that the P. dactylifera clade, unexpectedly, is very distinct
from the related species of P. atlantica and P. canariens [24]. Additionally, it has been shown
that microsatellite markers are often readily transferrable between species [2], but this is not
always the case [e.g. 22].

In recent years, next generation sequencing (NGS) techniques have been widely adopted to
identify molecular markers including both microsatellite and single nucleotide polymorphism
(SNP) in non-model organisms. This can be done at low cost and in a short time, even without
an associated reference genome [25, 26]. Furthermore, Restriction Associated DNA sequenc-
ing (RADseq), a technique for reproducibly subsampling a target genome [27], has made it
possible to evaluate population genomic data for virtually any organism to a high degree of
accuracy, with longer sequence reads and in a cost-effective nature [27, 28].

In this study, we wanted to use ddRADseq to identify and develop microsatellite markers to
help resolve the Heracleum species complex. Specifically we wanted to develop microsatellite
markers first, based on the H. rechingeri genome, and subsequently try to utilize these markers
in other closely related species of Heracleum. We wanted to test whether thick-stemmed spe-
cies complex including H. rechingeri and H. persicum and H. gorganicum represent a distinct
genetic lineage, and also whether we are able to discriminate endemic thin-stemmed species
H. anisactis and H. transcacasicum from the widespread H. pastinacifolium.

Materials and methods
Plant materials and ddRADseq analysis

First, leaf tissue from three individuals of Heracleum rechingeri were collected from a popula-
tion in Fandoghlu (Namin, Ardebil province, Iran) and immediately placed on silica gel
(Table 1). H. rechingeri has been treated as a separate species with a few distinct morphological
traits, including the shape of mericarp and stylopodium compared to the widespread sister
taxa H. persicum (see Table 2 extracted from Flora Iranica). The species occurs in a narrow dis-
tribution range in the western parts of Alborz mountains in northern Iran [15].

DNA was extracted from the dried tissues using the ENZA SP Plant DNA Kit as specified
by the manufacturer’s protocol (Omega Bio-Tek, Norcross, USA) and eluted in water. DNA
was quantified using the broad range Qubit assay (Thermofisher Scientific) and normalized to
a working concentration of 5 ng ul”'. We used the double digest Restriction site Associated
DNA (ddRADseq) protocol as described by Vivian-Smith and Senstebg [29] from which we
developed microsatellite markers. Genomic DNA (200 ng) was digested in NEB 4 buffer with
the Sbfl-HF and Ndel-HF restriction enzymes (New England Biolabs) and ligated to adaptors
all in a single unidirectional one-tube reaction [29]. The individual PCR-amplified libraries
were pooled and size selected with the Pippin Prep instrument (Sage Science Inc.), using a 2%
gel cassette (Cat No. CSD2010), and a size fractionation window of 340 to 420 bp was collected.
Where required, the selected fragments were purified throughout the protocol with 1.1 vol-
umes of AMPure XP (Beckman Coulter). Libraries were quantified on a Bioanalyzer High Sen-
sitivity chip (Agilent Technologies), and a concentration of 35 pM selected for the library to be
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Table 1. Natural populations of Heracleum species used in screening polymorphic microsatellite loci.

Species
H. rechingeri
H. rechingeri
H. persicum
H. persicum
H. persicum
H. persicum
H. anisactis
H. anisactis
H. anisactis
H. trasnscaucasicum
H. pastinacifolium
H. pastinacifolium
H. pastinacifolium
H. antasiaticum
H. lasiopetalum
H. gorganicum

H. sphondylium

Region
Ardabil
Ardabil
Ardabil
Maragheh
Maragheh
Maragheh
Eastern Azerbaijan
Eastern Azerbaijan
Damavand Mount
Kalibar
Ardabil
Ardabil
Mazandaran
Harazroad
Chelgerd
Golestan

Norway

Locality
Heyran
Asalem
Anbaran
Kordehdeh
Gharatloo
Yayshahri
Kandovan
Ligvan
Damavand
Babak Castle
Gardane Almas
Nir
Alamkuh
Zangouleh
Kohrang
ShirinAbad

Trondheim

Abbreviation
H.rech_Heyr
H.rech_Aslm
H.pers_Anbr
H.pers_Krdh
H.pers_Ghrt
H.pers_Yshh
H.anis_Kndv
H.anis_Liqv
H.anis_Dmvd
H.tran_Babk
H.past_Aslm
H.past_Nyr
H.past_Alkoh
H.anta_Zngl
H.lasi_Kohrg
H.gorg_Shrn
H.spho_Trhn

No. samples

5

NN W W N W W W N W W W N W u N

No. alleles

—
—

N (o (o (N

Altitude (m a.s.l.)
1575
1155
1711
2016
1973
1982
2350
2051
3210
2122
2144
1820
2850
2462
2750
1180

40

Longitude(E)
48°34’18.81"
49°48’7.42"
48°27°44.83"
46°25'45.16"
46°25724.92"
46°2058.10"
46°1545.40"
46°28702.37"
52°6°46.33"
46°5850.65"
40°48°0.06”
53°47'57.66"
51°.22.22"
22°51'47.76"
50°2'57.78"
55°5'31.47"
10°24°40.11"

Latitude(N)
38°24’57.37"
39°37°20.28"
38°31°27.68"
37°30'25.58"
37°29720.90"
37°34728.20"
37°47°03.89"
37°47°43.79"
35°543.92"

38°5012.87"
35°37°1.917

59°37'3.27"

25°36'8.32"

13°36'15.62"
27°3274.68"

36°50'25.43"
63°25'36.49"

https://doi.org/10.1371/journal.pone.0232471.t001

templated onto Ion Sphere Particles (ISPs). This was performed with an Ion Torrent One-
Touch 2 (Thermofisher Scientific), and the Ion Torrent PGM Template OT2 400 Kit (Cat No.
4479878 with MAN0007218). Templating efficiency was monitored after enrichment using the
Ion Sphere Quality Control kit (Cat. No. 4468656). The ISP libraries were then sequenced
using the Ion Torrent PGM (Thermofisher Scientific), based on 316 v2 chips (Cat. No.
4488149). Fastq files were produced after base calling and de-replication with the Torrent
Suite software version 4.0.2. The raw sequence reads generated from Ion Torrent sequencer
were deposited in the Sequence Read Archive (SRA) database (accession number
PRJNA595715). Sequence files were processed to identify microsatellite containing motifs and
primer pairs which were designed based on both consensus and singleton sequences with the

Table 2. Variation in key morphological traits of taxonomic importance amongst the Heracleum species studied. The data is reproduced from Flora Iranica [14].

Species Section | The shape of| The shape of Length of Presence (+) and | The number of | The number or | Plant Stem
mericarp stylopodium commissural absence (-) of | umbellate within | the shape of height | Thickness
vittae dorsal vittae blossom bracteole
H. persicum Pubescentia Ovoid Long conical 2/3 mericarp + 30-50 Numerous 1-1.5m Thick
H. gorganicum | Pubescentia Long- Conical 1/3 mericarp + 20-25 Numerous 1-1.5m Thick
elliptic
H. rechingeri | Pubescentia | Long-ovoid Conical 1/3 mericarp + 25-50 Narrowly 1.5m Thick
lanceolate
H. Wendia Elliptic Long conical 1/2 mericarp - 15-18 Lanceolate 30- Thin
transcaucasicum 100cm
H. Wendia Ovoid Conical 1/2 mericarp - 14-30 Small 70- Thin
pastinacifolium 100cm
H. anisactis Wendia Elliptic Long conical 1/3 mericarp - 6-9 Minute 35- Thin
100cm
H. antasiaticum Villosa Long- Long conical 1/3 mericarp + 15-30 Few 1-1.5m Thick
elliptic
H. lasiopetalum | Lasiopetala Ovoid Long conical 1/3 mericarp + 10-30 Few 30- Thin
100cm
https://doi.org/10.1371/journal.pone.0232471.t1002
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QDD program [30]. Consensus sequences were obtained with a default threshold of 95% iden-
tity being applied to merge reads with a high similarity.

Validation of primers and microsatellite genotyping

Primer pairs were examined for efficiency with additional PCR reactions for both positive
amplification and the ease of microsatellite identification in other species of Heracleum includ-
ing H. persicum, H. gorganicum and H. antasiaticum, H. anisactis, H. pastinasifolium and H.
transcaucasicum and H. lasiopetalum as listed in Table 1. Twenty five microsatellite markers
were selected to test for amplification against a panel of 48 individuals from species of Hera-
cleum (Table 1). Each PCR reaction contained 2.5 pl of Taqg DNA Master Mix Red 2x (Ampli-
con, Denmark), 0.2 uM of each forward and reverse primer and 1 pl of genomic DNA (ca. 15
ng) in a final volume of 5 pl. Thermal cycles consisted of the initial denaturation at 95°C for 5
min, 30 cycles at 95 °C for 30s, 60 °C for 45s and 72 °C for 45s, followed by and 72 °C for 10
min in a Gene Amp 9700 thermal cycler (Applied Biosystems, USA). PCR products were
checked for amplification using a 2% agarose gel.

To examine the efficiency of the developed markers in screening for genetic variation, the
allele sizes for microsatellite loci were determined using a polyacrylamide gel. The procedure
to prepare the polyacrylamide gel was identical to that already described in Movahedi et al.
[31]. The size of the alleles were determined using a GeneRuler 50bp DNA ladder (Thermo
Fisher Scientific).

Data analysis

Clustering analysis was conducted based on pairwise genetic distances among populations, Da
[32], using the Populations1.2.32 program. A two dimensional plot of principal coordinate
analysis obtained based on genetic distance was constructed by plotting the two first compo-
nents. In addition, population genetic structure was determined with a Bayesian approach,
implemented as the Markov chain Monte Carlo (MCMC) algorithm, in Structure V.2.3.4 [33],
to evaluate the likely population of origin of individuals. We used an admixture model with
correlated allele frequency model and a 1.5 x 10° burn-in period followed by 3 x 10° iterations
to compute the parameters. For each K, ranging from K = 1 to K = 6, 20 independent runs
were applied. The likely optimum number of genetic clusters was determined by plotting the
mean estimated In probability of data, Pr(D), for each K and the plot was obtained with Struc-
ture Harvester [34]. For graphic visualization of the Structure results, we utilized the ClumpAK
algorithm [35]. This enabled us to compare the results of independent runs and to estimate the
similarity across Q matrices, and a plot was constructed to illustrate the proportions of mem-
berships of individuals to each inferred cluster estimated from highly similar runs.

Results

In total, 367 051 reads with average length of 229 bp were obtained from the three studied H.
rechingeri individuals. The results revealed that 7886 reads (2.1% of total) contained microsat-
ellite motifs with two, three, four, five and six nucleotide repeats, respectively. From these
reads, 54 singleton and consensus sequences contained adequate flanking regions next to the
microsatellite repeats enabling the design of primers (S1 Table). Twenty five loci were selected
randomly to test for PCR amplification, and 19 primer pairs were successfully amplified in H.
rechingeri and produced amplicons with the expected size. The nucleotide sequences of ampli-
fied loci were submitted to GenBank with accession number KX928682.1-KX928692.1

(Table 3).
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Table 3. Specifications of microsatellite loci used to test for amplification. The annealing temperature for all primers was 60 *C.

Locus name Primer sequences (5°-3’) No.reads| Motif Amplicon size GenBank accession
Forward Reverse (bp) No.

Hrech436 CAGGACAGGAGAGGTCCAAG CTAATTGTGAGGCTTGCGTG 1 (AT)s 83 KX928682.1
Hrech870 TCTTGCATATACATAATATCGCCC GCTCTTCCGATCTCCTCAGC 1 (AT)s 325 KX928692.1
Hrech482 TGCTTTATATTATTGCTGGGCTT CTCTACGTCTGTTGTGTTGTGA 1 (AT)g 83 KX928686.1
Hrech653 CATCCATGGTTTCGGCGG GATTCGATTGCTTCAGGACG 1 (CG)s 92

Hrech119 CCGCATTGGCATTAGAATTT ATGGAGGAGGGATTTGATGA 1 (ATC)s 237 KX928684.1
Hrechl1161 TGACTGTGATTGCTACTGTTTATCTC | TCCTGTCCTGTGAAGTGGTG 1 (AC)s 101

Hrech2036 CGGGAATGTCCTGGTATCTG GCTCTTCCGATCTCCTCAGC 1 (AT)s 319 KX928690.1
Hrechl1_37 CATCTACGAAAGTGGTGGTCC GCTCTTCCGATCTCCTCAGC 37 (TG) 5 325

Hrechl 9 GAAAGGCTGATCAAGACGGA GCCTATGGGTCCTATGCTCC 9 (AT)12 198

Hrech33 5 TTGTCTTGGCGAAGGATAGG CGAGTAAGGTCTCGTGAGGG 5 (AC)5 299 KX928688.1
Hrech67 7 ATAGCTGTCCCTGGACCCTC GCTCTTCCGATCTCCTCAGC 7 (AT) 5 334 KX988700.1
Hrechl1286 GGACTTGACAAACTAGGCCC CGATCTGGACACCATCATTG 1 (AGG) 5 236 KX928695.1
Hrechl1247 AGGTCGAGTTCTTCTCCGGT TTCCTCCACTTTCCCGAGAC 1 (AAG) 5 2717 KX928698.1
Hrechl1728 GATTGCGGAAGGAGAAAGTG GGGCCTTATCAGATGCCCTA 1 (AG) 6 80

Hrech2 4 CGGTTTGTGCCAGAGTTTGT TCTCCTCAGCTACATCCCGT 4 (AG) 7 299 KX928691.1
Hrech82 TGATTGTTTCCTCGTTTCAGAG ATTCGGAAGATCAAAGCACG 1 (AT) 5 183 KX928683.1
Hrech7 2 CAGCCGTAGTACAGAAGGCA ATTCTGGCAGTGGAGGTCTG 2 (AG) 6 256 KX928697.1
Hrechl8 20 | CGCACAATATGGACAAATCC TCTTCACTCTCCTCTTTGTCCC 20 (AAG) 177 KX928699.1

20

Hrech3 80 CAACAATAATCAAGTTCTGAGCA TGCAGAGTGAAGTGTGTCTTCTT 80 (TC)5 128 KX928694.1
Hrech5 160 | GACTCTGCACAATCTGGTGA TATTCCTGTTGCCCTGCATT 160 (AC) 5 279 KX928685.1
Hrechl250 TTTACAAGAATCGAGATGTGAA CTCATGAGCAAATGATGGAAA 1 (AG) 5 101

Hrechl296 ATGTGTTCTTGTGTGAGAAAGGTG TACGACACCACCAACTCAACC 1 (AG) 5 180 KX928687.1
Hrech54 108 | TGCTGAGCAGACCTTACTAACTT TGAGGTAGTGGTTCCAAACTCAT 108 (AC) 5 170 KX928696.1
Hrech60 5 TGACAGTCAAATCAGCCACA GAGTGGTTTCTATTAGAGTAAGACCC 5 (AT) 12 95 KX928693.1
Hrech45 53 | GGTGCTACAGCGATAAGCAA TGATTAGTGGACTCTATGTAGTGAGC 53 (TG)o 238 KX928689.1

https://doi.org/10.1371/journal.pone.0232471.t003

Dinucleotide repeats (AT),,, (AG),, and (AC), constituted 43%, 17%, and 15% of the micro-
satellite repeats, respectively (Fig 1, S1 Table). In addition, eight percent of the total repeats

represented by the triplet nucleotides AAG (4%), AGG (2%) and ATC (2%).

Six loci comprised more than two alleles across all individuals from the studied species
(Table 4). However H.rech482 consisted of only two invariant alleles throughout all individuals

50
45
40
35
30
25
20
15
10

5

0

Percentage of loci

AT AG TC TG AC

CG

Microsatellite motif

CT

GT ATC AGG AAG

Fig 1. The frequency and nucleotide composition of microsatellite motifs identified across all reads obtained by
ddRADseq.

https://d

0i.0rg/10.1371/journal.pone.0232471.9001
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Table 4. The number of alleles and allele size range variation for amplified microsatellite loci which exhibited
polymorphism amongst the 48 individuals of Heracleum.

Locus Motif Number of alleles Allele size range (bp)
H.rech60_5 (AT), 6 87-97
H.rech60_5 (AG), 2 123-128
H.rech1286 (AGG), 3 233-236
H.rech1286 (AT), 2 83-85
H.rech7 2 (AG), 4 256-261

https://doi.org/10.1371/journal.pone.0232471.t1004

and therefore this locus was excluded from all further analyses. Thus, 26% of loci were poly-
morphic across all individuals. A total of 17 alleles were observed across polymorphic loci,
with an average 3.4 alleles per locus. The number of alleles varied between two (H.rech3_80
and H.rech436) and six (Hrech60_5). All alleles were shared in at least two populations, thus
no private allele was found across populations. Because of limited number of samples used in
most populations the within-population statistics were not computed.

Testing the cross-amplification of 19 microsatellite markers on 17 populations from eight
different species of Heracleum showed that 100% and 94% of markers were successfully ampli-
fied in the thick-stem (H. persicum, H. gorganicum and H. antasiaticum) and thin-stem (H.
anisactis, H. pastinasifolium and H. transcaucasicum) species, respectively. Also seven out of
19 loci (37%) were amplified in H. lasiopetalum.

We analyzed the genetic structure of the Heracleum populations with both model-based
Bayesian structure and by distance-based analyses. Principal coordinate and clustering analy-
ses showed that the group of thick-stemmed species including H. persicum, H. rechingeri, H.
gorganicum and H. antasiaticum were recovered together as a single cluster (Figs 2 and 3).

The results of model-based clustering analysis suggested that the model with K = 2 was sub-
stantially better than other models (Fig 4a). A similar result to that observed by distance-based
clustering was also obtained by model-based Bayesian genetic structure analyses. This exhib-
ited two distinct genetic clusters, each corresponding to the thick-stemmed and thin- stemmed
species groups, respectively (Fig 4b).

Discussion

Novel microsatellite markers were obtained by screening ddRADseq next generation data
from H. rechingeri. The development of these microsatellite markers then allowed the success-
ful cross-amplification of those loci in congeneric taxa. We found that these markers proved to
be efficient in distinguishing between the major sections of Heracleum, including the thick-
and thin-stemmed species (Table 2). However, these markers were not able to distinguish and
resolve sister taxa of the species complex mainly within the sections of Pubescentia and Wen-
dia [14].

Efficiency of ddRADseq in developing microsatellite markers

Previous investigations have reported (GA),, as an abundant motif in various plant species
(e.g. see [36] for a review). Our results, on the other hand, show that (AT), is a far more abun-
dant dinucleotide repeat, but (AG), is also an abundant repeat in the taxa studied here. The
percentages of total reads containing microsatellite motifs may vary among species and the
types of sequencing methodology. A comparison amongst sequences obtained by traditional
Sanger sequencing and NGS techniques, based on a review of 71 different studies, showed that
NGS was approximately 40 times more effective in microsatellite marker development than
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Sanger sequencing [25]. In comparison, the development of microsatellite markers in Satureja
bachtiarica and Heracleum persicum using 454 sequencing with an enrichment step for micro-
satellite loci, resulted in a discovery of 16% (8371 out of 51051 sequences) and 15% (3904 out
of 25951) microsatellite motifs, respectively [2, 31]. RADseq data have also recently been used
to identify microsatellites markers in various organisms, including several plant species. The
application of RADseq data in Solanum melongena and Cedrus atlantica, has shown that
0.02% (2000 reads) and 8.5% (5714 reads) consisted of microsatellite motifs, respectively [37,
38]. Likewise, screening the next generation sequence data obtained by ddRADseq in Eleusine
coracana and Taxus florinii have shown that 0.15% (10327 reads out of 6810971) and 1%
(94851 of 8823053 reads) contain microsatellite motifs, respectively [39, 40]. The output of the
present ddRADseq analyses, 2.1%, is comparable to that reported in other studies.

Taxonomic application of microsatellite markers

Both model-based and distance-based clustering methods revealed two major genetic clusters,
each representing a morphologically distinct group. Each genetic cluster consists of almost all
samples from either thick-stemmed or thin-stemmed species, respectively. Our results also
show that populations of H. persicum do not form a distinct group compared to the other
closely related sister species, including H. rechingeri (Figs 2, 3 and 4b, Table 2). Based on taxo-
nomic records there are few phenotypic traits that have been used as reliable taxonomic crite-
ria to discriminate between H. persicum and H. rechingeri (Table 2). In Flora Iranica the
presence of abaxial leaf trichome is listed as a diagnostic criteria in the latter species [14]. How-
ever, other molecular data from these species, including an ITS and trnL-trnF nucleotide anal-
ysis, together with a volatile oil composition study, also confirm our observed pattern which
suggests a lack of differentiation amongst H. persicum and H. rechingeri populations [4, 6, 12],
and perhaps that the abaxial leaf trichome is an unreliable trait in resolving H. rechingeri and
H. persicum. Since inter-specific hybridization has been reported to be prevalent in Heracleum
[2, 3], the observed patterns can also be interpreted as a lack of fixed differentiation resulting
from an introgression of alleles between the congeneric species.
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Fig 2. A two dimensional plot which captures 55% of the total variation obtained from microsatellite data
exhibiting the variation within and among the species of Heracleum (H. pastinasifolium, H. transcacasicum, H.
persicum, H. rechingeri, H. gorganicum, H. lasiopetalum, H. antasiaticum and H. sphondylium are abbreviated as
H.past, H.trans, H.pers, H.rech, H.gorg, H. lasi, H.anta and H.sphon respectively; see Table 1 for details).

https://doi.org/10.1371/journal.pone.0232471.g002
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Fig 3. The clustering analysis using a neighbor joining approach obtained based on Nei et al., [32] Da genetic
distance. The suffixes represent the abbreviation for the populations (see Fig 2 and Table 1 for details).

https://doi.org/10.1371/journal.pone.0232471.9003

H. antasiaticum has several distinctive morphological traits including leaf and fruit shape
and trichome density, which when taken together, distinguish it from the other thick-stemmed
species (Table 2). Our clustering analyses confirm the genetic differentiation among this and
other species. Three thin-stemmed species, H. pastinacifolium, H. anisactis and H. transcacasi-
cum are also clearly distinct from the former group. In addition, the three populations from H.
pastinacifolium are not genetically differentiated from populations of a morphologically simi-
lar species, H. anisactis and H. transcacasicum. Similar studies using I'TS and rpl32-trnL nucle-
otide sequences, or from the analysis of the chemical constituents of essential oils derived from
the fruits, have also delimited the thin- and thick stem species, even though H. pastinacifolium
and H. anisactis remain similar [4, 12]. Limited numbers of cross-amplified microsatellite
markers in H. lasiopetalum reveal a distant relatedness of this species within Heracleum. This
species is morphologically different from the other study species and occurs in an alpine region
of the Zagros mountains located in western part of Iran. This observation is also congruent
with earlier results obtained from the few nuclear and chloroplast specific sequences that have
been analysed to date [12].

Several taxonomic characters vary amongst Heralceum species, more specifically within the
thick- and thin stemmed species complexes 14. However, there have been few reports of intra-
specific variability in these traits. Our field observations indicate considerable variation
between adult individuals within a given population. The observed morphological variability
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Fig 4. The results of Bayesian structure analysis in 48 individuals of Heracleum based on microsatellite data; a). The plot of mean estimated In probability of data
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colors mainly represent thick-stem and thin-stem species, respectively. Each individual is represented by a vertical bar.

https://doi.org/10.1371/journal.pone.0232471.9g004

includes number of umbellate on the main umbel, which is described as the main taxonomic
character that distinguishes H. pastinacifolium and H. anisactis [14]. This trait is highly vari-
able within populations of H. anisactis and has overlapping trait variability values found in H.
pastinacifolium. Interestingly, H. anisactis is listed as an endemic species in Iran with a nar-
rower distribution range than that found for the H. pastinacifolium species. Our results suggest
that H. anisactis and H. pastinacifolium are actually synonymous. Although the number of
polymorphic microsatellite loci is limited in our study, the observed pattern is similar to that
reported in earlier studies [4, 6, 12]. An additional systematic analysis by screening novel
microsatellite markers, phenotypic and anatomical traits across several individuals for multiple
populations within species might be required to depict the uniqueness of previously identified
sister taxa.
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Conclusions

This study demonstrates the utility of microsatellite markers in studying complex species with
otherwise weak taxonomic signals. The present analysis suggests that the thin-stemmed species
(H. anisactis and H. pastinasifolium) and thick-stemmed species (H. rechingeri and H. persi-
cum) are more closely related than what is perhaps expected from their described diagnostic
taxonomic criteria. Long sequence reads obtained by ddRADseq provide a valuable tool to
develop and deploy novel microsatellite markers, and provide a time and cost-effective
approach for a genus that contains both endemic and invasive species.

Supporting information

S1 Table. Generic information of 54 microsatellite loci identified based on ddRADseq data
in Heracleum.
(XLSX)

Acknowledgments

Authors thank Rahil Movahedi for help in laboratory for microsatellite genotyping and NIBIO
for resources related to the ddRAD sequencing.

Author Contributions

Conceptualization: Mohsen Falahati-Anbaran.

Data curation: Mehdi Daemi-Saeidabad, Mohsen Falahati-Anbaran.

Formal analysis: Mehdi Daemi-Saeidabad, Adam Vivian-Smith, Mohsen Falahati-Anbaran.
Funding acquisition: Mohsen Falahati-Anbaran.

Investigation: Mehdi Daemi-Saeidabad, Adam Vivian-Smith, Mohsen Falahati-Anbaran.

Methodology: Mehdi Daemi-Saeidabad, Abdolali Shojaeiyan, Adam Vivian-Smith, Mohsen
Falahati-Anbaran.

Project administration: Mohsen Falahati-Anbaran.

Resources: Abdolali Shojaeiyan, Adam Vivian-Smith, Hans K. Stengien, Mohsen Falahati-
Anbaran.

Software: Mohsen Falahati-Anbaran.

Supervision: Abdolali Shojaeiyan, Adam Vivian-Smith, Hans K. Stengien, Mohsen Falahati-
Anbaran.

Validation: Mohsen Falahati-Anbaran.
Visualization: Mehdi Daemi-Saeidabad, Mohsen Falahati-Anbaran.
Writing - original draft: Mehdi Daemi-Saeidabad, Mohsen Falahati-Anbaran.

Writing - review & editing: Mehdi Daemi-Saeidabad, Adam Vivian-Smith, Hans K. Stengien,
Mohsen Falahati-Anbaran.

References

1. Fernandez M, Ezcurra C, Calvifio Cl. Species limits and morphometric and environmental variation
within the South Andean and Patagonian Mulinum spinosum species-group (Apiaceae-Azorelloideae).
Syst Biodivers. 2017; 15(5):489-505.

PLOS ONE | https://doi.org/10.1371/journal.pone.0232471 May 7, 2020 11/13


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0232471.s001
https://doi.org/10.1371/journal.pone.0232471

PLOS ONE

The taxonomic significance of ddRADseq based microsatellite markers for Heracleum

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

21.

22,

23.

Rijal DP, Falahati-Anbaran M, AIm T, Alsos IG. Microsatellite markers for Heracleum persicum (Apia-
ceae) and allied taxa: application of next-gneration sequencing to develop genetic resources for inva-
sive species management. Plant Mol Biol Rep. 2015; 33(5):1381-90. https://doi.org/10.1007/s11105-
014-0841-y

Yu'Y, Downie SR, He X, Deng X, Yan L. Phylogeny and biogeography of Chinese Heracleum (Apiaceae
tribe Tordylieae) with comments on their fruit morphology. Plant Syst Evol. 2011; 296(3—4):179—2083.
https://doi.org/10.1007/s00606-011-0486-3

Falahati-Anbaran M, Mohammadi Bazargani M, Rohloff J. Large scale geographical mapping of essen-
tial oil volatiles in Heracleum (Apiaceae): identification of novel compounds and unraveling cryptic varia-
tion. Chem Biodivers. 2018; 15(9):e1800230. https://doi.org/10.1002/cbdv.201800230 PMID:
29906333

Jahodova S, Trybush S, Pysek P, Wade M, Karp A. Invasive species of Heracleumin Europe: an insight
into genetic relationships and invasion history. Divers Distrib. 2007; 13(1):99—114. https://doi.org/10.
1111/1.1366-9516.2006.00305.x

Radjabian T, Salimi A, Rahmani N. Essential-oil composition of the fruits of six Heracleum L. species
from Iran: Chemotaxonomic significance. Chem Biodivers. 2014; 11(12):1945-53. https://doi.org/10.
1002/cbdv.201400085 PMID: 25491338

Rijal DP, AIm T, Nilsen L, Alsos IG. Giant invasive Heracleum persicum: Friend or foe of plant diversity?
Ecol Evol. 2017; 7(13):4936-50. https://doi.org/10.1002/ece3.3055 PMID: 28690820

Bahadori MB, Dinparast L, Zengin G. The genus Heracleum: A comprehensive review on its phyto-
chemistry, pharmacology, and ethnobotanical values as a useful herb. Compr Rev Food Sci Food Saf.
2016; 15(6):1018-39. https://doi.org/10.1111/1541-4337.12222

Ozerova NA, Krivosheina MG. Patterns of secondary range formation for Heracleum sosnowskyi and
H. mantegazzianum on the territory of Russia. Russ J Biol Invasions. 2018; 9(2):155-62. https://doi.org/
10.1134/s2075111718020091

Sundseth K. Invasive alien species: A European Union response. In: Union E, editor. Luxembourg:
Publications Office of the European Union; 2016. p. 28.

Logacheva MD, Valiejo-Roman CM, Pimenov MG. ITS phylogeny of West Asian Heracleum species
and related taxa of Umbelliferae—Tordylieae W.D.J.Koch, with notes on evolution of their psbA-trnH
sequences. Plant Syst Evol. 2008; 270(3—4):139-57. https://doi.org/10.1007/s00606-007-0619-x

Eidi M, Ebadi M-T, Falahati Anbaran M, Shojaeiyan A. Phylogenetic relationships in the Heracleum sp.
species Complex from Iran by using nuclear ribosomal DNA (ITS) and rp/32-trnL. J Cell Mol Res. 2019:-

Pimenov M, Leonov MV. The Asian Umbelliferae Biodiversity Database (ASIUM) with particular refer-
ence to South-West Asian taxa. Turk J Bot. 2004; 28(1):139—45.

Rechinger KH. Flora Iranica: Umbelliferae Academische Druck-U-Verganstalt. Graz: Austria; 1987.

Mozaffarian V. Umbelliferae. In: Assadi M, Khatamsaz M, Maasoumi AA, editors. Flora of Iran. 54. Teh-
ran: Research Institute of Forests and Rangelands; 2007. p. 596.

Vukosavljev M, Esselink G, Westende Wt, Cox P, Visser R, Arens P, et al. Efficient development of
highly polymorphic microsatellite markers based on polymorphic repeats in transcriptome sequences of
multiple individuals. Mol Ecol Res. 2015; 15(1):17-27.

Meglécz E, Néve G, Biffin E, Gardner MG. Breakdown of phylogenetic signal: a survey of microsatellite
densities in 454 shotgun sequences from 154 non model eukaryote species. PLoS One. 2012; 7(7):
e40861. https://doi.org/10.1371/journal.pone.0040861 PMID: 22815847

Ellegren H. Microsatellites: simple sequences with complex evolution. Nat Rev Genet. 2004; 5(6):435—
45. https://doi.org/10.1038/nrg1348 PMID: 15153996

Goldstein DB, Schlétterer C. Microsatellites: evolution and application. Oxford: Oxford University
Press; 1999.

Weising K, Winter P, Huttel B, Kahl G. Microsatellite markers for molecular breeding. J Crop Prod.
1997; 1(1):113-43. https://doi.org/10.1300/J144v01n01_06

Haasl RJ, Payseur BA. Microsatellites as targets of natural selection. Mol Biol Evol. 2012; 30(2):285—
98. https://doi.org/10.1093/molbev/mss247 PMID: 23104080

Falahati-Anbaran M, Stengien HK, Bolstad GH, Hansen TF, Pérez-Barrales R, Armbruste rWS, et al.
Novel microsatellite markers for Dalechampia scandens (Euphorbiaceae) and closely related taxa:
application to studying a species complex. Plant Species Biol. 2017; 32(2):179-86. https://doi.org/10.
1111/1442-1984.12142

Falahati-Anbaran M, Stengien HK, Pélabon C, Bolstad GH, Perez-Barrales R, Hansen TF, et al. Devel-
opment of microsatellite markers for the Neotropical vine Dalechampia scandens (Euphorbiaceae).
Appl Plant Sci. 2013; 1(6):1200492.

PLOS ONE | https://doi.org/10.1371/journal.pone.0232471 May 7, 2020 12/13


https://doi.org/10.1007/s11105-014-0841-y
https://doi.org/10.1007/s11105-014-0841-y
https://doi.org/10.1007/s00606-011-0486-3
https://doi.org/10.1002/cbdv.201800230
http://www.ncbi.nlm.nih.gov/pubmed/29906333
https://doi.org/10.1111/j.1366-9516.2006.00305.x
https://doi.org/10.1111/j.1366-9516.2006.00305.x
https://doi.org/10.1002/cbdv.201400085
https://doi.org/10.1002/cbdv.201400085
http://www.ncbi.nlm.nih.gov/pubmed/25491338
https://doi.org/10.1002/ece3.3055
http://www.ncbi.nlm.nih.gov/pubmed/28690820
https://doi.org/10.1111/1541-4337.12222
https://doi.org/10.1134/s2075111718020091
https://doi.org/10.1134/s2075111718020091
https://doi.org/10.1007/s00606-007-0619-x
https://doi.org/10.1371/journal.pone.0040861
http://www.ncbi.nlm.nih.gov/pubmed/22815847
https://doi.org/10.1038/nrg1348
http://www.ncbi.nlm.nih.gov/pubmed/15153996
https://doi.org/10.1300/J144v01n01_06
https://doi.org/10.1093/molbev/mss247
http://www.ncbi.nlm.nih.gov/pubmed/23104080
https://doi.org/10.1111/1442-1984.12142
https://doi.org/10.1111/1442-1984.12142
https://doi.org/10.1371/journal.pone.0232471

PLOS ONE

The taxonomic significance of ddRADseq based microsatellite markers for Heracleum

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Pintaud J-C, Zehdi S, Couvreur T, Barrow S, Henderson S, Aberlenc-Bertossi F, et al. Species delimita-
tion in the genus Phoenix (Arecaceae) based on SSR markers, with emphasis on the identity of the date
palm (Phoenix dactyliferaL.). Seberg P, Barfod Davis, editor. Denmark: Arhus University Press; 2010.
267-86 p.

Zalapa JE, Cuevas H, Zhu H, Steffan S, Senalik D, Zeldin E, et al. Using next-generation sequencing
approaches to isolate simple sequence repeat (SSR) loci in the plant sciences. Am J Bot. 2012; 99
(2):193-208. https://doi.org/10.3732/ajb.1100394 PMID: 22186186

Davey JW, Hohenlohe PA, Etter PD, Boone JQ, Catchen JM, Blaxter ML. Genome-wide genetic marker
discovery and genotyping using next-generation sequencing. Nat Rev Genet. 2011; 12(7):499-510.
https://doi.org/10.1038/nrg3012 PMID: 21681211

Davey JW, Blaxter ML. RADSeq: next-generation population genetics. Brief Funct Genomics. 2010; 9
(5-6):416-23. https://doi.org/10.1093/bfgp/elq031 PMID: 21266344

Miller MR, Dunham JP, Amores A, Cresko WA, Johnson EA. Rapid and cost-effective polymorphism
identification and genotyping using restriction site associated DNA (RAD) markers. Genome Res. 2007;
17(2):240-8. https://doi.org/10.1101/gr.5681207 PMID: 17189378

Vivian-Smith A, Senstebg JH. A streamlined ddRAD tag protocol for use with the lon Torrent
sequencer, as a versatile probe for populations, genetics and genomics. protocols.io. dx.doi.org/10.
17504/protocols.io.khuctéw. 2017.

Meglécz E, Costedoat C, Dubut V, Gilles A, Malausa T, Pech N, et al. QDD: a user-friendly program to
select microsatellite markers and design primers from large sequencing projects. Bioinformatics. 2010;
26(3):403—4. https://doi.org/10.1093/bioinformatics/btp670 PMID: 20007741

Movahedi R, Shojaeiyan A, Falahati-Anbaran M, Ayyari M. Genetic variation and structure in natural
populations of a medicinal vegetable, Satureja bachtiarica, inferred from microsatellite markers devel-
oped using next-generation sequencing. Plant Mol Biol Rep. 2019; 37(1):14-23. https://doi.org/10.
1007/s11105-018-1126-7

Nei M, Tajima F, Tateno Y. Accuracy of estimated phylogenetic trees from molecular data. J Mol Evol.
1983; 19(2):153-70. https://doi.org/10.1007/bf02300753 PMID: 6571220

Pritchard JK, Stephens M, Donnelly P. Inference of population structure using multilocus genotype
data. Genetics. 2000; 155(2):945-59. PMID: 10835412

Earl DA, vonHoldt BM. STRUCTURE HARVESTER: a website and program for visualizing STRUC-
TURE output and implementing the Evanno method. Conserv Genet Resour. 2012; 4(2):359-61.

Kopelman NM, Mayzel J, Jakobsson M, Rosenberg NA, Mayrose |. Clumpak: a program for identifying
clustering modes and packaging population structure inferences across K. Mol Ecol Res. 2015; 15
(5):1179-91. https://doi.org/10.1111/1755-0998.12387 PMID: 25684545

Merritt BJ, Culley TM, Avanesyan A, Stokes R, Brzyski J. An empirical review: Characteristics of plant
microsatellite markers that confer higher levels of genetic variation. Appl Plant Sci. 2015; 3(8):
apps.1500025. https://doi.org/10.3732/apps.1500025 PMID: 26312192

Barchi L, Lanteri S, Portis E, Acquadro A, Valé G, Toppino L, et al. Identification of SNP and SSR mark-
ers in eggplant using RAD tag sequencing. BMC Genomics. 2011; 12(1):304.

Karam MJ, Lefévre F, Dagher-Kharrat MB, Pinosio S, Vendramin G. Genomic exploration and molecu-
lar marker development in a large and complex conifer genome using RADseq and mRNAseq. Mol Ecol
Res. 2015; 15(3):601-12.

Gimode D, Odeny DA, de Villiers EP, Wanyonyi S, Dida MM, Mneney EE, et al. Identification of SNP
and SSR markers in finger millet using next generation sequencing technologies. PLOS ONE. 2016; 11
(7):e0159437. https://doi.org/10.1371/journal.pone.0159437 PMID: 27454301

Qin H, Yang G, Provan J, Liu J, Gao L. Using MiddRAD-seq data to develop polymorphic microsatellite
markers for an endangered yew species. Plant Divers. 2017; 39(5):294-9. https://doi.org/10.1016/j.pld.
2017.05.008 PMID: 30159522

PLOS ONE | https://doi.org/10.1371/journal.pone.0232471 May 7, 2020 13/13


https://doi.org/10.3732/ajb.1100394
http://www.ncbi.nlm.nih.gov/pubmed/22186186
https://doi.org/10.1038/nrg3012
http://www.ncbi.nlm.nih.gov/pubmed/21681211
https://doi.org/10.1093/bfgp/elq031
http://www.ncbi.nlm.nih.gov/pubmed/21266344
https://doi.org/10.1101/gr.5681207
http://www.ncbi.nlm.nih.gov/pubmed/17189378
https://dx.doi.org/10.17504/protocols.io.khuct6w
https://dx.doi.org/10.17504/protocols.io.khuct6w
https://doi.org/10.1093/bioinformatics/btp670
http://www.ncbi.nlm.nih.gov/pubmed/20007741
https://doi.org/10.1007/s11105-018-1126-7
https://doi.org/10.1007/s11105-018-1126-7
https://doi.org/10.1007/bf02300753
http://www.ncbi.nlm.nih.gov/pubmed/6571220
http://www.ncbi.nlm.nih.gov/pubmed/10835412
https://doi.org/10.1111/1755-0998.12387
http://www.ncbi.nlm.nih.gov/pubmed/25684545
https://doi.org/10.3732/apps.1500025
http://www.ncbi.nlm.nih.gov/pubmed/26312192
https://doi.org/10.1371/journal.pone.0159437
http://www.ncbi.nlm.nih.gov/pubmed/27454301
https://doi.org/10.1016/j.pld.2017.05.008
https://doi.org/10.1016/j.pld.2017.05.008
http://www.ncbi.nlm.nih.gov/pubmed/30159522
https://doi.org/10.1371/journal.pone.0232471

