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Abstract Sickleweed (Falcaria vulgaris), an intro-
duced species native to Europe and Asia, grows as an
aggressive weed in some areas of the upper Midwest in
the United States. We are reporting genetic diversity
and population structure of sickleweed populations
using microsatellite markers and nuclear and chloro-
plast DNA sequences. Populations showed high
genetic differentiation but did not show significant
geographic structure, suggesting random establish-
ment of different genotypes at different sites was likely
due to human mediated multiple introductions. Three
genetic clusters revealed by microsatellite data and
presence of six chlorotypes supported our hypothesis
of multiple introductions. Chloroplast DNA sequence
data revealed six chlorotypes nested into two main
lineages suggesting at least two introductions of
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sickleweed in the upper Midwest. Some individuals
exhibited more than two alleles at several microsatel-
lite loci suggesting occurrence of polyploidy, which
could be a post-introduction development to mitigate
the inbreeding effects. High genetic variation in the
introduced range attributable to multiple introductions
and polyploidy may be inducing the evolution of
invasiveness in sickleweed. Results of this study
provide valuable insights into the evolution of sickle-
weed and baseline data for designing proper manage-
ment practices for controlling sickleweed in the United
States.

Keywords Chlorotypes - Falcaria vulgaris -
Microsatellite - Polyploidy - trunL-trnF - trnQ-
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Introduction

Introduced species can have severe repercussions on
global biodiversity (Sala et al. 2000; Lee 2002; Provan
et al. 2005; Lachmuth et al. 2010; Alyokhin 2011);
therefore, it is necessary to be vigilant about every
plant species introduced outside of its range (Simberl-
off et al. 2011). Increasing international commerce has
facilitated tremendous exchange of biotas (Mooney
and Cleland 2001), a phenomenon expected to facil-
itate the spread of introduced species (Frankham
2005). Control of an introduced plant species can be a
daunting task when the species is already invasive, but
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timely identification can ward off major ecological
and economic impacts. It is thus essential to identify
introduced plants that can become invasive as early as
possible (Kolar and Lodge 2001) so that proper
management can be instituted prior to their establish-
ment and spread. Knowledge of the genetic structure
and gene flow between founding populations is
important to assess the long term persistence of an
invading species (Nater et al. 2013).

Conservation biology theory suggests that a popu-
lation with low genetic diversity tends to undergo
extinction due to genetic drift and inbreeding depres-
sion (Ellstrand and Elam 1993; Young et al. 1996);
however, there exists a genetic paradox for invasive
species (Allendorf and Lundquist 2003). Introduced
species that represent a subset of their source popula-
tions usually have reduced genetic diversity compared
to the source population, but they may be capable of
expanding their range in the novel habitat by outcom-
peting and replacing locally adapted native species
(Allendorf and Lundquist 2003). A major obstacle for
establishment of introduced species in the new range is
to overcome negative effects of small population size
and low genetic diversity (Leung et al. 2004; Taylor
and Hastings 2005). Multiple introductions (Lavergne
and Molofsky 2007), a large number of founder
individuals (Allendorf and Lundquist 2003), gene flow
among populations (Slatkin 1987) and polyploidy
(Comai 2005) are some mechanisms whereby invasive
species can offset the negative consequences of small
population size and reduced genetic diversity.

High genetic diversity and gene flow among popula-
tions may promote successful spread of an established
population (Sakai et al. 2001). Higher intra-specific
genetic diversity provides greater opportunities for the
creation of adapted genotypes through genetic reshuffling
and recombination, and also more options for natural
selection of genotypes better suited for the environment
thus producing a population better able to exploit the
novel conditions of the introduced range (Lavergne and
Molofsky 2007). Therefore, investigation of genetic
diversity and population structure and determination of
number of introductions in the novel range can provide a
strong framework for assessing invasiveness (Sakai et al.
2001; Valliant et al. 2007). At the same time, such studies
may identify source populations (Novak and Mack 2001;
Genton et al. 2005; Provan et al. 2005; Valliant et al.
2007) and help design effective control measures for an
invasive species (Sakai et al. 2001).
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Most studies are focused on the invasive plants with
severe impacts (Pysek et al. 2008), and our knowledge
of potentially invasive naturalized plants in the lag
phase of establishment is very limited (Kowarik
2005). Recently naturalized plants need to be studied
to determine their potential for invasion and to
develop management strategies (Wilson et al. 2011).
In this study, we report on the population genetic
structure of sickleweed (Falcaria vulgaris Bernh.;
Apiaceae) of the upper Midwest in the United States.
Sickleweed is native to southern and central Europe
and extends eastward through Central Asia and the
Middle East. It is introduced in Africa, northern
Europe, and North and South America (DAISIE 2008;
Larina 2008). It has been reported in sixteen states in
the USA (USDA, NRCS 2011) and exhibits disjunct
distribution in the Midwestern, Southern and Eastern
regions. It has been reported to occur abundantly in
three states in the upper Midwest that include Iowa,
Nebraska and South Dakota (Piya et al. 2012). In
South Dakota, Fort Pierre National Grassland (FPNG)
and Buffalo Gap National Grassland (BGNG) are the
two grasslands where this plant has expanded in
distribution and abundance (Korman 2011). A recent
study by Butler and Wacker (2013) indicates that
human disturbances created gaps in ground cover and
altered competitive relationships among native spe-
cies, which facilitated the spread of sickleweed at
FPNG. We also observed several large populations of
sickleweed along roadsides in Nebraska where the
Nebraska Invasive Species Council has listed it as a
potentially invasive plant (NISC 2011). The plant also
occurs as much smaller populations in Onawa, lowa
and Brookings, South Dakota.

While sickleweed is abundantly found in some
states of the Midwest, there are no recent reports of the
species in the eastern USA (Piya et al. 2012). Several
introduced populations may fail at different stages of
invasion and may disappear (Richardson et al. 2000).
This may have been the fate of sickleweed introduced
in the eastern USA. It is also plausible that the plant
may occur in this region but its frequency is so low that
the plant has become inconspicuous. In Iowa,
Nebraska and South Dakota, however, some popula-
tions have naturalized and are expanding. Therefore,
in this study, we have included populations from these
three states. Butler and Wacker (2013) reviewed that
many naturalized associates of sickleweed from
Eurasia have successfully established in similar
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habitats in North America and indicated that sickle-
weed might therefore be pre-adapted to the environ-
mental conditions of Great Plains. The current
sickleweed distribution pattern perhaps signifies the
importance of species introductions at multiple sites
with different conditions, whereby some populations
overcome all barriers in the introduction-naturaliza-
tion-invasion continuum (Lockwood et al. 2005;
Simberloff 2009; Blackburn et al. 2011).

Sickleweed is described as annual, biennial or
perennial (Clapham et al. 1987; Korman 2011). It
produces protandrous andromonoecious flowers
(Knuth 1908) and large numbers of seeds. The plant
exhibits a characteristic seed dispersal mechanism:
when the plant senesces, the stems break at the nodes
and tumble in the wind to disperse the seed (Korman
2011). In addition, the plant can reproduce asexually
by producing new shoots from its root stock (Gress
1923; Korman 2011). The plasticity in life history
traits (i.e., habit, seed dispersal mechanism, and clonal
reproduction) likely contributes to its emergence as an
aggressive weed in the Midwest. In this study we used

both chloroplast and nuclear DNA markers to achieve
the following objectives: (1) study the genetic diver-
sity and structure of upper Midwest populations of
sickleweed in the United States, and (2) determine
whether sickleweed populations in the United States
were established from a single introduction or resulted
from multiple introductions.

Methods
Sample collection

A total of 96 samples from eight populations were
collected that represent three of the sixteen states
where sickleweed has been reported in the United
States (Fig. 1; Table 1). Fresh leaf tissues were
collected in silica gel from 12 plants per population.
Individuals growing more than 10 m apart were
chosen to avoid sampling clones. Exceptions were
made for two small populations (i.e. IAOA and SDSU;
see Table 1 for population ID). The silica gel dried
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Table 1 Geographic and genetic characteristics of sickleweed populations in the Midwest USA

S. no Collection site Population name Latitude/longitude A Ae H, H. Fis

Nebraska

1 Wayne WA 42°14'7.18" N 17 1.88 0.36 0.37 0.05
97°8'32.24" W

2 Boyd NE30 42°57'9.63"N 26 242 0.51 0.49 —0.04
98°40'9.93"W

3 Boyd NE29 42°52'2.99" N 21 2.56 0.43 0.44 0.03
98°45'7.22" W

South Dakota

4 Brookings SDSU 44°18'53" N 19 2.41 0.34 0.31 —0.12
96°47'38" W

5 Grass Creek, FPNG GC 44°11'4535" N 24 2.47 0.57 0.59 0.04
100°18'26.49" W

6 Alkali West, FPNG AW 44°10'57.85" N 27 2.84 0.57 0.61 0.08
100°17'42.87" W

7 BGNG BG 43°55'56.12" N 28 3.05 0.61 0.54 —0.12
102°24'8.54" W

lowa

8 Onawa 1A 42°579.62" N 12 1.55 0.38 0.26 —0.05
96°7'34.68" W

Mean 0.47 0.55 —0.023

A = number of alleles per population, A. = effective number of alleles, H, = observed heterozygosity, H. = expected

heterozygosity, Fig = inbreeding coefficient

leaf sample was ground to a fine powder using a mortar
and pestle. DNA was isolated from ground leaf tissue
using DNeasy Plant Minikit (Qiagen corp., Valencia,
CA).

Microsatellite genotyping

Six microsatellite markers developed for Daucus
carota were successfully transferred to sickleweed
(Piya and Nepal 2013); therefore, we used these
markers (Supplementary material table S1) to geno-
type individuals. Some of the microsatellite DNA
sequence obtained using Daucus primer pairs had
mutations in primer binding sites of two loci (forward
and reverse primers of GSSR25 and reverse primer of
BSSR53) in sickleweed; therefore, primers were
redesigned for these two loci using http://primer3.wi.
mit.edu/. For genotyping, PCR was carried out in a
reaction mixture of 15 pl containing 50 ng genomic
DNA, 3 pl of 5x buffer, 1.2 pl of dNTPs, 2 ul of
25 mM MgCl,, 0.5 pl of 10 pM forward primer,
0.5 pl of 10 pM forward primer tagged with M13 tail,
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1 pl of 10 pM reverse primers each and 2 units of Taq
polymerase. The PCR conditions were an initial
denaturation of 4 min at 94 °C followed by 40 cycles
of 1 min denaturation at 94 °C, 20 seconds annealing
temperature [varies with primer pairs; see (Piya and
Nepal 2013)] and 1 min extension at 72 °C, and final
extension of 5 min at 72 °C. The PCR products were
genotyped using 3730x1 DNA Analyzer (Applied
Biosystems) at the Iowa State University DNA
Facility.

Data analyses

We used GeneMarker V2.4.0 (Softgenetics) to visu-
alize the genotyping data and create allele reports.
Possible genotyping artifacts such as stuttering, large
allele drop-out and presence of null allele were tested
using Micro-Checker (Van Oosterhout et al. 2004) and
no evidence of scoring error due to stuttering, large
allele drop-out and null alleles was noted. Absence of
genotyping artifacts and null alleles suggests that any
deviation from Hardy—Weinberg equilibrium (HWE)
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is the result of change in allele frequency. Tests for
linkage disequilibrium and population fixation indices
(Fis) for each locus were calculated using FSTAT
V1.2 (Goudet 1995).Test for deviation from HWE was
performed using the program Arlequin V3.0 (Excof-
fier et al. 2005). Markov chain randomizations based
on 10,000 dememorizations and 100,000 iterations
were carried out to assess the level of significance of
the test. FSTAT V1.2 (Goudet 1995) was used to
compute Nei’s (1973, 1977) total gene diversity (Ht)
which was partitioned into within population (Hg) and
among population gene diversity (Dgt). Ggr, the
proportion of genetic diversity that resides among
populations, was computed as the ratio of Dgr to Hr.
Genetic diversity within population was estimated in
terms of total number of alleles per population (A),
effective number of alleles (A.), observed heterozy-
gosity (Hy) and Nei’s (1987) unbiased expected
heterozygosity (H.) using PopGene (Yeh and Boyle
1997). Private alleles for each population were
determined using GENALEX 6.5 (Peakall and
Smouse 2006). ARLEQUIN (Excoffier et al. 2005)
was used to perform analysis of molecular variance
(AMOVA) and calculate pair-wise genetic differenti-
ation (Fgr). Mantel’s test for isolation by distance
(IBD) (Mantel 1967) was performed using IBDWS
3.23 (http://ibdws.sdsu.edu/ ~ibdws/) to test the rela-
tionship between natural log of geographical distance
and genetic distance (Fg1/1—Fgr).

Bayesian analysis of genetic structure of the
sampled populations was carried out in the program
STRUCTURE Version 2.2 using admixture model
with independent allele frequencies (Pritchard et al.
2000). We performed 20 independent runs for each
value of K (=number of genetically distinct clusters)
ranging from 1 through 11. Each run included 10,000
burn-in iterations and 50,000 replicates. The best
value of K was determined by computing AK follow-
ing Evanno et al. (2005). Each individual was assigned
to the inferred clusters using a threshold proportion of
inferred ancestry (q) i.e. q > 0.70, otherwise an
individual was determined as admixed if the q value
was less than 0.70.

Chloroplast and nuclear DNA sequence data
Six samples from each of the populations were

randomly chosen to amplify the chloroplast trnL
intron, trnL-F intergenic spacer and trnQ-rpsl6

intergenic spacer. One sample per population was
used to amplify the nuclear ribosomal Internal Tran-
scribed Spacer (ITS) DNA sequence. The aforemen-
tioned nuclear and chloroplast DNA regions were
amplified by PCR in a reaction mixture of 25 pl
containing 50 ng genomic DNA, 5 pl of 5x buffer,
1 pl of dANTPs, 2.5 pl of 25 mM MgCl,, 2.5 ul of
10 pM primers and 2 units of Tag. The PCR conditions
were an initial denaturation of 5 min at 94 °C
followed by 27 cycles of 1 min denaturation at
94 °C, 1 min of annealing at 55 °C and 2 min
extension at 72 °C, and final extension of 10 min at
72 °C. The forward and reverse primer pairs used were
TCCTCCGCTTATTGATATGC and GGAAGTA
AAAGTCGTAACAAGG [White et al. (1990)] for
ITS, CGAAATCGGTAGACGCTACG and ATTTGA
ACTGGTGACACGAG [Taberlet et al. (1991)] for the
trnL-trnF region and GCGTGGCCAAGCGGTAA
GGC and GTTGCTTTCTACCACATCGTTT [Shaw
et al. (2007)] for the trnQ-rpsl6 intergenic spacer
region. The PCR products were purified using QIA-
quick PCR purification kit (Qiagen Corp., Valencia,
CA). The purified PCR products were sent to the DNA
facility at Iowa State University for sequencing using a
3730x1 DNA Analyzer (Applied Biosystems).DNA
sequences were edited using the program Sequencher
5.0 (Gene Codes). Sequences were aligned using
ClustalX (Larkin et al. 2007). Chloroplast haplotypes
(chlorotypes) were identified using DnaSP5 (Librado
and Rozas 2009). The program PAUP 4.0 (Swafford
2003) was used to perform maximum parsimony
analysis of chloroplast DNA sequences using heuristic
search with 2,000 replicates and D. carota sequence
was used as the outgroup. Network tree of the
chlorotypes were constructed using the program
Network (http:/www.fluxus-engineering.com/sharenet.
htm). We treated each gap as the fifth base in both
analyses.

Results

Sickleweed microsatellite and genetic diversity

All six microsatellite loci (Supplementary material
Table S1) used in this study were characterized by
Piya and Nepal (2013). Total gene diversity (Hr)

across the six microsatellite loci averaged 0.553 with
0.456 within population gene diversity and 0.097
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Table 2 Analysis of molecular variance (AMOVA) within and among populations

Source of variation df Sum of squares Variance Percentage p value
components of variation

Among populations 7 65.021 0.330 19.42 <0.001

Within populations 184 251.917 1.369 80.58 <0.001

Total 191 316.938 1.699

among population gene diversity. Total allelic diver-
sity partitioned among population (Ggr) was 0.175.
The expected heterozygosity (H.) ranged from 0.26
(IAOA) t0 0.61 (AW) and the observed heterozygosity
(H,) ranged from 0.34 (SDSU) to 0.61 (BG). The
number of alleles detected per population varied from
12 (IAOA) to 28 (BG) and the effective number of
alleles ranged from 1.55 (IAOA) to 3.05 (BG;
Table 1). Three populations in South Dakota (AW,
GC and BG) and one population in Nebraska (NE30)
exhibited higher genetic diversity than the other four
populations. Two populations in Nebraska (NE29 and
WA) exhibited moderate genetic diversity, and one
population in both Iowa (IAOA) and South Dakota
(SDSU) had the least genetic diversity (Fig. 1).

Population differentiation and structure

Private alleles were detected in five populations: one
in AW, and three each in NE30, NE29, GC and BG
(Supplementary material Table S2). A very high
genetic differentiation was present among populations
(Fst = 0.19). Pair-wise genetic differentiation ranged
from 0.054 (between GC and AW) to 0.344 (between
NE29 and IAOA; Supplementary material Table S3).
Of the total variation, 19.42 % variation was among
populations and the remaining 80.58 % variation was
within populations (Table 2). Mantel’s test of IBD
showed no correlation (r = 0.15, p = 0.23) between
genetic distance and geographical distance (Fs/1—Fsr)
suggesting no IBD. In the STRUCTURE analysis, the
highest value of AK was obtained at K = 3 suggesting
three clusters (color coded: red [1], green [2] and blue
[3]) of sickleweed as shown in Fig. 2. Ninety-four
percent of the individuals were assigned to one of the
three clusters based on the coefficient of inferred
ancestry (Q-value). Six percent of the individuals were
considered too admixed and were not assigned to any
of the three clusters.
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Detection of polyploidy

Multiple alleles were observed across five loci in four
samples from NE30 populations (Supplementary
material Table S4). However, none of the samples
exhibited multiple alleles at BSSR53 locus. ESSR9,
ESSR80, GSSR24 and GSSR154 had three alleles
each while GSSR25 had four alleles. The presence of
multiple alleles in a locus of these samples indicates at
least partial genome duplication and firmly implies
polyploidy. The amplified fragment size of these
putative polyploid samples equaled to the amplicon
size of diploid samples ruling out the possible
amplification of random fragments from other regions
within the genome. Samples exhibiting multiple
alleles were not included in the genetic analysis.

DNA sequence variation

The total length of the #rnL intron and trnL-F inter-
genic spacer was 909 bp (Genbank accessions—
C995017-KC995064) and that of trnQ-rpsl6 inter-
genic spacer was 884 bp (Genbank accessions—
KC995065-KC995112;  Supplementary  material
Table S5). The combined data matrix thus comprised
of 48 x 1787 bp. This matrix contained 14 variable
sites of which 13 were parsimony informative. Two
types of sequence variations were observed in the
aligned matrix: insertion/deletion (indels) and single
nucleotide polymorphisms (SNPs). Among the vari-
able sites, five were indels and the remaining eight
were SNPs. The SNPs exhibited two-base polymor-
phisms. Based on these variable sites, six chlorotypes
were identified among 48 sickleweed accessions.
Distribution of these chlorotypes and a resulting
network tree are shown in Fig. 1. We did not observe
clear geographical pattern in the distribution of
chlorotypes. However, CP3 was dominant in eastern
populations while CP5 was dominant in western
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populations. These chlorotypes were nested into two
distinct maternal lineages as illustrated in Fig. 3. The
total length of ITS sequences in F. vulgaris was

IAOA17
686 bp and the matrix was comprised of 8 x 686 bp

(Genbank accessions—KC995009-KC995016; Sup-
plementary material Table S5). The matrix contained
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only one variable site as shown by the chromatogram
in Fig. 3. The individuals that nested into lineage-1
had a “T” and those into lineage-2 had an “A” at the
513th position of the aligned ITS data matrix.

Discussion
Genetic diversity of sickleweed populations

Among the eight sampled populations, populations
from FPNG (AW and GC) exhibited the greatest
genetic diversity expressed as Nei’s gene diversity
and the number of alleles per population. These
populations are the largest among the sampled
populations. The population from BGNG (BG) is
smaller and exhibited slightly lower genetic diversity
than the two FPNG populations. These three popu-
lations share the same chlorotype. In spite of sharing
the same chlorotype and similar genetic diversity,
populations from FPNG to BGNG differ vastly in
population size. Current sampling did not allow us to
infer multiple introductions as the potential causes of
higher genetic diversity at FPNG. Sickleweed pop-
ulations in Nebraska are also large (NE29 is the
largest followed by WA and NE30) and exhibited
high genetic diversity. Comparatively, SDSU and
TAOA populations are limited to small areas and
these populations revealed the least genetic diversity.
The trend seen from our microsatellite markers data
is: larger populations of sickleweed have higher
genetic diversity (higher number of alleles and higher
observed and expected heterozygosity) than smaller
sickleweed populations. However, our result cannot
confirm whether high genetic diversity is necessary
for successful range expansion. Nevertheless, previ-
ous studies have shown that high genetic diversity is
a characteristic of many invasive plant populations
(Kolbe et al. 2004; Lavergne and Molofsky 2007;
Gaudeul et al. 2011). The nucleotide diversity of
chloroplast DNA, however, did not correspond with
the population size of the plant. Large populations
(for e.g., AW, GC, BG) have only one chlorotype
while small populations (for e.g., SDSU, TAOA)
contain two chlorotypes each. Interestingly, the four
larger populations (AW, GC, BG and NE29) shared
the same chlorotype (CP3) which suggests that this
genotype might be more adapted to the environmen-
tal conditions of the upper Midwest.
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The occurrence of the same chlorotype in AW, GC
and BG suggests a single introduction from the same
source population at these locations, or that one of the
populations mentioned could be the source for the
other populations. If there was a single source for these
populations, then perhaps the founder population
endured high propagule pressure either by single
introduction of large propagule size or by repeated
introduction events. High propagule pressure is often
necessary for the establishment and spread of an
introduced plant (Kolar and Lodge 2001). An alterna-
tive explanation might be multiple introductions in
these populations followed by selection of adapted
genotypes (i.e. chlorotype 3) and elimination of other
chlorotypes from these populations at an early stage of
introduction.

Nebraska sickleweed populations occurred along
the roadsides. Roadsides often serve as corridors for
the spread of weeds (Pysek and Prach 1993) and as a
result, these populations are more likely to spread to
other new sites. Among these populations, NE30 had
the highest genetic diversity based on microsatellite
data followed by NE29 (~25 miles away from NE30)
and WA (~ 125 miles away from NE30). Also, three
chlorotypes were detected from Nebraska (CP3 and
CP4 from NE29, and CP5 from NE30 and WA).
Populations NE29 and NE30 are geographically
closer, but contain individuals genetically distinct
from one another. Microsatellite data revealed that the
NE29 population contained individuals of one genetic
cluster while NE30 contained most individuals of
another genetic cluster. Genetic admixture resulting
from the exchange of propagules between these two
populations with distinct chlorotypes could result in
aggressive genotypes with high adaptive potential.

Two populations (IAOA and SDSU) are small,
isolated and show low genetic diversity suggesting
that these populations are affected by the founder
effect. Such small isolated populations are assumed to
be established by rare long distance dispersal (Aus-
terlitz et al. 2000). Both populations, however, have
two chlorotypes each. The SDSU population is a
genetic mixture of two different genetic clusters as
detected by Bayesian analysis using microsatellite
data. This population of sickleweed, located on the
South Dakota State University campus, has been
mowed each year before they start flowering thus
preventing crossing between plants with different
genotypes. This population appears to be sustaining by
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asexual reproduction through root-stocks as evidenced
by recurrent multi-locus genotypes (five out of twelve
samples).

Genetic structure of sickleweed in the United
States

Tang et al. (2009) suggested that human mediated long
distance dispersal might have contributed in the spread
of Parthenium hysterophorus in China as they detected
no geographical structure in genetic variation. Likewise,
in our study, Bayesian clustering of the populations from
different regions showed no pattern. Populations from
different geographical regions clustered together. Sim-
ilarly, Mantel’s test of IBD in sickleweed populations
showed no correlation (r = 0.15, p = 0.23) between
genetic distance (Fg1/1—Fgr) and geographical distance
suggesting that there is no genetic IBD. In addition, no
distinct geographical pattern was observed in the
distribution of chlorotypes. Absence of geographical
structure in the distribution of sickleweed genotypes
suggests chance establishment of different genotypes in
different areas (Marrs et al. 2008) resulting from human
mediated long distance dispersal (Gaudeul et al. 2011;
Kelager et al. 2013). However, two populations of
FPNG (AW and GC), which are less than two miles
apart, had very low genetic differentiation
(Fst = 0.05). These two populations also share a
common chlorotype and most likely have established
by natural expansion through seed dispersal. Korman
(2011) reported that sickleweed can effectively disperse
its seeds with the help of wind: when the plants senesce,
the stems break at the nodes and segments tumble in the
wind while dispersing seed.

Multiple introductions of sickleweed in the United
States

Bayesian analyses of the microsatellite data showed
three distinct genetic clusters that are distributed
without any geographical pattern suggesting multiple
introductions of sickleweed in this region of the
United States. This is also supported by our chloro-
plast sequence data. Six chlorotypes with two distinct
maternal lineages were observed suggesting at least
two introductions of sickleweed in this area of the
Midwest. These two lineages differ in their ITS DNA
sequences as well. Since the chloroplast gene regions
used in this study are often conserved even at higher

taxonomic levels, it is very unlikely that these
different chlorotypes arose as a result of post-intro-
duction evolution of sickleweed. The eastern popula-
tions contained chlorotypes of lineage 1 while lineage
2 was dominant in the western populations. If it is
assumed two lineages represent two separate intro-
ductions, then the propagule size in each case should
have been large as described by Gaskin et al. (2005) to
include several chlorotypes. However, two chloro-
types of lineage 1 (CP1 and CP2) occur in the western
region where they are geographically separated from
other chlorotypes of lineage 1, suggesting that the
individuals nested in lineage 1 might have resulted
from multiple introductions. Genetically different
populations at different sites strongly suggest multiple
introductions of different genotypes from the native
range through human mediated long range ‘leapfrog’
dispersal (Marrs et al. 2008).

Evidence of polyploidy

Microsatellite markers have been previously used to
infer duplication of genomes in various plant species
(Coyer et al. 2006; Besnard et al. 2008). Consistent
presence of three or four alleles in a single locus across
five of the six microsatellite loci strongly suggests
occurrence of polyploidy (Coyer et al. 2006; Besnard
et al. 2008) in sickleweed individuals. There is no
previous report of polyploidy in this species, but there
are several reports of genome duplication in invasive
species (Pandit et al. 2006). Polyploidization in
sickleweed could represent a post-introduction evolu-
tionary development that could promote adaptation in
the new environment and minimize inbreeding depres-
sion due to founder effect. However, it is important to
explore sickleweed populations for polyploidy in the
native range to determine whether polyploids may
have been introduced or represent a post-introduction
evolutionary development. Further investigation using
flow cytometry backed by karyotyping is needed to
verify polyploidy in sickleweed.

Overall, our study suggests multiple introductions
and gene flow in sickleweed populations of the upper
Midwest probably as a result of human mediated
propagule dispersal that has now resulted in higher
genetic diversity in the introduced populations. The
ability of sickleweed to reproduce asexually by root
sprouting can foster rapid selection of such adapted
genotypes. Collectively, the results of our study
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indicate that sickleweed in the Midwest has the
potential to emerge as an invasive species. This study
provides baseline data to further explore invasion
dynamics of sickleweed. Evolutionary changes that
sickleweed has undergone during its establishment
and expansion could be used to prioritize eradication
measures that reduce further gene flow among genetic
clusters or chlorotypes. A comprehensive study that
uses a large number of molecular markers and a large
number of samples from native and introduced ranges
could reveal invasion routes and post-introduction
evolution of sickleweed.
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