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Abstract Deciphering the origin of invasive plant
species, whether or not there have been multiple
introductions, and genetic differentiations between
invasive and native ranges is crucial in testing
hypotheses underlying biological invasions. Here,
we applied traditional population genetic analyses to
unravel the phylogeographical relationships among
invasive (North American) and native (North
African, Mediterranean region, and Eurasian) range
populations of Brassica nigra using chloroplast
DNA. We sequenced chloroplast DNA intron
(trnF-trnL) for 284 individuals representing 36

Chloroplast DNA (cpDNA) sequences of the region trnF—trnL
have been published in the GenBank (accession numbers
KF947115-KF947398).
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native and 15 invasive range populations of B.
nigra. Thirty-two haplotypes were found over the
whole data set. A similarity between the invasive
range and native range populations in genetic
diversity combined with results from analyses of
molecular variance and gene genealogies suggest
that invasive B. nigra populations were introduced
from multiple sources in the native range. More
generally, this study adds to the growing body of
data on the genetic patterns involved in biological
invasions that is crucial to our understanding of the
evolutionary trajectories of invasive populations.
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Introduction

Many plant species have been introduced from their
native to exotic ranges due to international trade and
travels (Hulme 2009). The small percentage of the
introduced plant species that has become invasive alter
the structures and functioning of native ecological
systems (Mack et al. 2000; Pimentel et al. 2001). Rapid
post-introduction evolution of various traits (defen-
sive, growth/reproductive, competitive, and dispersal)
is thought to be one mechanism that may underlie
invasiveness of many introduced plant species (Lee
2002; Allendorf and Lundquist 2003; Durka et al.
2005; Dlugosch and Parker 2008; Whitney and Gabler
2008). The evolution may occur via various processes,
such as adaptive evolution in response to selection
imposed by novel biotic and abiotic factors, and/or
hybridization among introduced distinct genotypes or
among related native or exotic species (Allendorf and
Lundquist 2003; Kolbe et al. 2004; Durka et al. 2005;
Dlugosch and Parker 2008).

However, species introductions are sampling
events that should generate genetic bottlenecks in
the introduced populations (Nei et al. 1975; Sakai et al.
2001). Thus, recently introduced populations may
have low evolutionary potential due to founder effects
(Nei et al. 1975; Sakai et al. 2001). The founder effect
may affect annual plant species much more than
perennial plant species (Austerlitz et al. 2000). This is
because annual plants reproduce faster, and hence may
quickly establish large populations based only on a
limited number of genotypes (Austerlitz et al. 2000).
On the other hand, because perennial plants take long
to reproduce, their newly founded populations are
likely to grow mostly through the arrival of new
migrants representing numerous diverse genotypes
found in the original populations (Austerlitz et al.
2000). Thus, one could predict that recently founded
populations of annual plants will have a low evolu-
tionary potential due to limited heritable genetic
variation. Interestingly, however, recent empirical
research has found significant differences between
invasive and native populations of short-lived (i.e.,
annuals and biennials) plants in such traits as growth,
defence, and reproductive output, suggesting the
possibility of rapid adaptive evolution in those inva-
sive plant species (e.g., Oduor et al. 2011, 2013;
Turner et al. 2014). Therefore, the question remains as
to how recently founded populations of short-lived
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invasive plant species may overcome evolutionary
constraint associated with founder effects to rapidly
evolve in their novel environments (the so-called
genetic paradox sensu Allendorf and Lundquist 2003;
Roman and Darling 2007).

Multiple-introductions (i.e., introductions of di-
verse genetic lineages from different source popula-
tions in the native range) may enable recently
introduced populations to overcome founder effects
(Lee 2002; Kolbe et al. 2004; Roman and Darling
2007; Hufbauer and Sforza 2008; Dlugosch and Parker
2008). Through this process, the introduced popula-
tions may experience a significant increase in standing
levels of quantitative genetic variation that natural
selection can act upon (Kolbe et al. 2004; Hufbauer
and Sforza 2008; Dlugosch and Parker 2008; Rius and
Darling 2014). In addition, recombination between
diverse genotypes introduced from distinct source
populations can create novel genotypes in the exotic
ranges (Ellstrand and Schierenbeck 2000; Durka et al.
2005; Roman and Darling 2007). These novel geno-
types may enhance fitness of the introduced popula-
tions through hybrid vigour, particularly in the face of
novel selection pressures (Ellstrand and Schierenbeck
2000; Durka et al. 2005; Roman and Darling 2007).

An inference of multiple introductions can be made
from a combination of traditional population genetic
summary statistics that describe the quantity of
diversity (e.g., allelic richness and haplotypic diver-
sity), population sub-division (Fst), and spatial ar-
rangement of genetic variation (AMOVA, genotypic
clustering) in invasive range and native range popula-
tions (Kolbe et al. 2004; Voisin et al. 2005; Genton
et al. 2005; Taylor and Keller 2007). Applying these
techniques, evidence for multiple introductions can be
inferred from studies revealing: (1) genetic diversity
as high (or higher) in the invasive range populations as
in native range populations, (2) a reduction in
geographical genetic structure among the invasive
range populations relative to native range populations,
(3) a novel co-occurrence in the invasive populations
of haplotypes that occur in allopatric populations in
the native range (Kolbe et al. 2004; Voisin et al. 2005;
Genton et al. 2005; Taylor and Keller 2007; Dlugosch
and Parker 2008; Gillis et al. 2009; Meyerson and
Cronin 2013).

Studies reviewing genetic patterns of invasive
organisms have found high genetic diversity in invasive
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populations, thus supporting the idea that many invaders
are successful colonizers because their populations were
established through repeated colonization events from
multiple sources (Bossdorf et al. 2005; Dlugosch and
Parker 2008; Uller and Leimu 2011). However, the
current paucity of empirical data limits a rigorous
quantitative testing of this hypothesis in the light of rapid
evolution reported for recently introduced populations
of annual invasive plant species. In the current paper, we
used an annual invasive plant (Brassica nigra) to
address the question: Were invasive range populations
of B. nigra founded by multiple introductions from the
native range?

Materials and methods
Study species

Brassica nigra (Brassicaceae) (L.) W. D. J. Koch is a self-
incompatible annual herb native to Europe, Asia, and
North Africa introduced to North America ca. 200 years
ago (Bell and Muller 1973; Feeny and Rosenberry 1982;
Westman and Kresovich 1999). Seeds of B.nigra have
long been used in southern Europe, Asia, and North
Africa for cooking oil, condiment mustard, and medicine
(Westman and Kresovich 1999). Presently, B. nigra is
invasive in certain regions of North America, where it can
form thick monospecific stands, although generally in
disturbed areas (Lankau and Strauss 2008). Recent
studies have found significantly higher resistance to
herbivory and reproductive output among invasive range
populations of B. nigra relative to their native range
conspecifics, suggesting rapid post-introduction evolu-
tion of the invasive populations of B. nigra (Oduor et al.
2011, 2013).

DNA sequencing

Seeds of 15 invasive (North American) and 36 native
(European, Asian, and African) range populations of
B. nigra were field-collected by the authors or their
collaborators, obtained from the United States Depart-
ment of Agriculture (USDA) GRIN germplasm col-
lection, or botanical gardens (see Table 1 and
Supplementary material S1 for details). Genomic
DNA was extracted from six individual seedlings for
each of these 51 populations using GenEluteTM Plant

Genomic DNA kit (SIGMA). One non-coding region
(trnF—trnL) of chloroplast DNA (cpDNA) was PCR-
amplified using the universal primer pair Tab F and
Tab C (Taberlet et al. 1991), and thereafter sequenced.
Sequencing was done through the Sanger procedure by
Macrogen Co.

The cpDNA sequence data are particularly useful
for testing for multiple introductions because: (1)
they are uniparentally-inherited and dispersed via
seeds, the propagules through which numerous
invasive plant species are spread, (2) their uni-
parental inheritance eliminates the complicating
effects of recombination, and (3) they provide
ordered haplotypes for inferring ancestor—descendant
relationships, based on predictions from the coales-
cent theory (Avise 2000; Clement et al. 2000;
Freeland 2005; Taylor and Keller 2007). The
coalescent theory uses relatedness of haplotypes
(i.e., gene genealogies) to infer migration routes of
populations (Freeland 2005; Taylor and Keller 2007).
Based on the theory, the most common ancestral
haplotype from which others have diverged has the
following features: a high frequency of occurrence,
occupies a central position in the haplotype network,
has more connections in the network, and has a wider
geographic distribution than any other haplotype in
the network (Avise 2000; Clement et al. 2000;
Freeland 2005). The theory further states that the
most recent haplotypes to diverge from the ancestral
haplotypes occupy tip-positions in a haplotype net-
work (Avise 2000; Clement et al. 2000; Freeland
2005).

A total of 284 sequences representing all the 51
invasive and native range populations of B.nigra were
obtained. Forty-three of these populations were repre-
sented by six sequences each (Table 1). Of the eight
other populations (all from the native range), two were
represented by five sequences each, another two by four
sequences each, while four populations were represent-
ed by two sequences each (Table 1). The sequences were
aligned using ClustalW version 7.0 (Tom Hall, Ibis
Therapeutics, Carlsbad, California). The sequences
were then trimmed to 694 bp, which included Indels.
All the sequences have since been published in the
Genbank database (Accession numbers KF947115-
KF947398) (see Supplementary material S1). The
sequences were then subjected to the analyses described
below.
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Table 1 Populations of Brassica nigra that were used in the present study

Country Population code Accession number or collector’s name Latitude Longitude Range
Afghanistan AF1? P1274284 34°0'0"N 69°0'0"E Native
Afghanistan AF2° CR 2744 + + Native
Germany AL1* PI 633142 51°25'0"N 12°1'0"E Native
Germany AL2* PI 633143 51°49'0"N 11°170"E Native
USA CAl R. Lankau T t Invasive
USA CA3 R. Lankau T t Invasive
USA CA6 R. Lankau T + Invasive
USA CA7 R. Lankau T + Invasive
USA CAS R. Lankau T t Invasive
USA CA9 R. Lankau T t Invasive
USA CAIl0 R. Lankau T t Invasive
USA CAll R. Lankau T t Invasive
Canada CAN1?* PI649154 43°40'0"N 79°25'0"W Invasive
Canada CAN2* USDA T il Invasive
Denmark DEN1° CR 2710 T T Native
Denmark DEN2° CR 2762 + + Native
Spain SP1 Royal Botanic Garden, Spain T t Native
Spain SP2 Royal Botanic Garden, Spain T t Native
Spain Sp3¥ Royal Botanic Garden, Spain T T Native
Spain SP4” J. M. Gémez 36°28.847'N  6°0.999'W Native
Spain SP5" J. M. Gémez 36°25.391'N 6°3.770W Native
Ethiopia ET1* PI633149 T T Native
Ethiopia ET2* PI 273642 T T Native
France FR1? Ames 15945 t + Native
France FR2° CR 2113 T + Native
Great Britain GB1° CR 2618 + + Native
Greece GR1° CR 2100 37°20'5"N 22°21'08"E Native
Greece GR2° CR 2101 + + Native
Greece GR3° CR 2102 + + Native
Greece GR4" CR 2103 37°58'0"N 23°43'0"E Native
Greece USDA9™f PI 263866 + + Native
USA IL1 J. Conner T + Invasive
USA L3 J. Conner T t Invasive
USA L4 J. Conner T T Invasive
India IND1® CR 2755 T 1l Native
India IND2° CR 2757 T T Native
Italy *IT1® CR 2727 40°10'0"N 16°31'0"E Native
USA NY2 J. Conner T T Invasive
USA NY3 J. Conner T t Invasive
The Netherlands NL1 M. Macel 51°53'0"N 5°38'0"E Native
The Netherlands NL2 M. Macel 51°38'41"N 5°30'23"E Native
The Netherlands NL3® CR 2734 T t Native
Pakistan PAK1® CR 2620 T t Native
Poland POL2* PI 358590 T T Native
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Table 1 continued

Country Population code Accession number or collector’s name Latitude Longitude Range
Czech Republic CHQ1° CR 77 + + Native
Turkey TU2*" PI 169066 40°2'47"N 27°58'12"E Native
Turkey TU3* PI 592737 39°38'5"N 27°53'6"E Native
Turkey USDAL11? PI 176881 39°52'0"N 32°52'0"E Native
Russia sov2® CR 2700 t T Native
Serbia YU1® CR 2758 t t Native
Serbia yu2* PI 368378 43°52'0'N 18°25'0"E Native

Populations marked with a superscript (*) were obtained from USDA GRIN germplasm collections while those marked with a
superscript (°) were obtained from IPK, Gatersleben-Germany. Geographical coordinates of populations marked by 1 were not
provided. However, the populations were spaced at least 30 km away from the nearest population of B. nigra

Populations marked by ¥ were represented by five sequences each, those marked by + were represented by four sequences each,
while those marked by ¢ were represented by two sequences each. The rest of the populations were represented by six sequences each

For the USA populations, CA California, /L Illinois, NY New York. Serbia is formerly Yugoslavia, while Russia is formerly Soviet

Union

Data analysis

Comparing genetic diversity in native and invasive
ranges

To examine genetic diversity in the invasive and native
ranges of B. nigra, we computed estimates of the number
of polymorphic sites, the total number of haplotypes,
haplotypic diversity (&), and nucleotide diversity (1) using
ARLEQUIN v 3.0 (Excoffier et al. 2005) and DNASP v.
5.10.01 (Librado and Rozas 2009). These diversity indices
were computed for each population separately within the
invasive and native ranges. Differences between the
invasive and native ranges in the mean values of within-
population /2 and 1 were tested using linear mixed-effects
(LME) models, in which the 4 and m were treated as
dependent variables while B. nigra range (invasive or
native) was treated as a fixed-effects independent variable.
Populations were treated as a random-effects independent
variable. The LME models were run using two categories
of data: (1) the whole set of 36 native and 15 invasive
populations of B. nigra, (2) a randomly selected subset of
15 invasive and 15 native populations (from a pool of 36)
of B. nigra. The LME models were run in R v3.0.3 (R
Development Core Team 2013).

Comparing genetic structure in the invasive
and native ranges

To test whether the invasive range populations have
a different geographic genetic structure than the

native range populations, we performed hierarchical
analyses of molecular variance (AMOVA) (Ex-
coffier et al. 1992). The AMOVA analyses were
performed on the global data set to compare
genetic structuring between invasive and native
ranges, and also hierarchically for the native and
invasive ranges separately using: (1) individual
populations, and (2) populations pooled by country
or state of origin. These hierarchical AMOVA
divide the total genetic variance into components
due to interindividual differences within a popula-
tion, interpopulation differences within a country/
state, and intercountry/state differences within a
range. Genetic differentiation between popula-
tions/groups of populations was compared by
pairwise Fst measures and tested by amova in
ARLEQUIN v 3.0 (Excoffier et al. 2005). Sig-
nificance of genetic differentiation was tested by
1000 random permutations.

Genealogical relationships among haplotypes

To infer the introduction history of B. nigra into North
America, we determined genealogical relationships
among haplotypes detected among invasive range and
native range populations using the statistical parsimony
algorithm implemented in ARLEQUIN v 3.0 (Excoffier
et al. 2005). A minimum spanning tree depicting
genealogical relationships among the haplotypes was
constructed using HapStar v0.5.
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Testing for demographic expansion in the invasive
and native ranges

Changes in demographic history can influence the
frequency of alleles, the distribution of mutations, and
the coalescent times of gene copies (Zhang et al.
2012). Hence, we inferred the effects of past demo-
graphic expansion on the current genetic variation in
invasive and native ranges using Tajima’s D and Fu’s
Fg neutrality tests (Tajima 1989; Fu 1997). The
neutrality tests were conducted for the invasive and
native ranges separately using DNASP v. 5.10.01
(Librado and Rozas 2009). In the tests, examination
of deviation from neutrality was based on 1000
coalescent simulations. Non-statistical difference
from zero rejects the null hypothesis of neutral
evolution. Significant negative values of Tajima’s
D and Fu’s Fg indicate an excess of young or rare
alleles in the genealogy, which suggest recent popula-
tion expansion or purifying selection (Tajima 1989; Fu
1997), whereas significant positive values indicate
processes such as recent population bottlenecks or
balancing selection (Tajima 1989; Fu 1997).

Results
Genetic diversity

Over the whole data set (284 individuals representing
51 populations), 40 polymorphic sites, 23 substitu-
tions, 44 indels, and 32 haplotypes (H1-H32) were
identified. The overall mean haplotypic and nucleotide
diversities were 0.34 £ 0.12 and 0.00032 =+ 0.0006
(mean £ SD), respectively. The haplotypic diversity
ranged from 0.00 to 0.7 (mean = 0.31 £ 0.28 SD) for
the native range populations and from 0.00 to 0.8
(mean = 0.27 & 0.3 SD) for the invasive range
populations. The nucleotide diversity ranged from
0.00 to 0.0018 (mean = 0.00056 £ 0.0008 SD) for
the native range populations and from 0.00 to 0.0043
(mean = 0.001 £ 0.0014 SD) for the invasive range
populations. Linear mixed-effects models did not find
a significant difference between the invasive (n = 36
populations) and native (15 populations) ranges of B.
nigra in the mean values of these diversity indices
(P > 0.05). The same pattern held when the diversity
indices were compared using the same number of

@ Springer

populations for invasive and native ranges (i.e.,
n = 15 populations for each range).

Distribution of the 32 haplotypes among invasive
and native populations of B. nigra is detailed in
Table 2 and Fig. 1. Thirteen haplotypes occurred in
the invasive range while 22 haplotypes were detected
in the native range (Table 2; Fig. 1). Haplotype H2
occurred in all the 51 populations sampled, and was
the most abundant (detected in 230 individuals)
followed by haplotype H14 (detected in 13 indi-
viduals), haplotype H1 (detected in seven individuals),
and haplotype H5 (detected in three individuals)
(Table 2). Haplotypes H15, H21, and H23 were each
detected in two individuals (Table 2). Three haplo-
types, H1, H2, and H21, were shared between invasive
and native ranges (Table 2; Fig. 1). The rest of the
haplotypes were private, occurring exclusively in
native or invasive range populations (Table 2; Fig. 1).
The occurrence of private haplotypes (H6—H13, H20,
H28, and H29) among the invasive-range populations
(Table 2; Fig. 1) suggests that some native-range
populations that were sources of introductions of
those haplotypes remained unsampled or that those
haplotypes are modern, derived haplotypes within the
invasive range.

Genetic structure

Hierarchical AMOVA of all samples (i.e., the global
data set) showed almost no differentiation between the
native and invasive ranges (0.06 %) but significant
differentiation among populations (13.97 %), whereas
the majority of genetic variation resided within
populations (85.97 %) (Table 3). The AMOVA per-
formed using individual populations from the invasive
and native ranges separately revealed significant
genetic differentiation among and within populations
of B. nigra in the native range (Table 3). In the
invasive range, there was significant genetic differen-
tiation only within the population (Table 3). Genetic
differentiation among native populations was much
higher (Fst = 0.228) than that among the invasive
populations (Fst = 0.008) (Table 3). Nonetheless,
invasive range exhibited higher within-population
genetic variation (99.18 %) than the native range
(77.2 %) (Table 3). When comparing genetic differ-
entiation among groups of populations pooled by
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country/state of origin within each range separately,
only the native range groups of populations exhibited a
significant among-population genetic  structure
(Table 3). There was, however, no significant genetic
structure within groups of populations for either native
or invasive range (Table 3).

Genealogical relationships among the haplotypes

A statistical parsimony analysis of the 32 chloroplast
haplotypes produced a starburst pattern of haplotype
network with a common central haplotype H2. The
ancestral haplotype H2 differed from most of the other
haplotypes (H1, H3, H4, H5, H6, H11, H14, H15, H16,
H17, H18, H19, H20, H22, H23, H24, H26, H27, and
H31) by one mutational step (Fig. 1). The rest of the
haplotypes differed from the ancestral haplotype H2
by mutational steps ranging from two (e.g., H12) to 10
(H30) (Fig. 1).

Demographic expansion

The hypothesis of recent demographic expansion or
purifying selection was supported only for the invasive
range populations (Tajima’s D = —2.22; P = <0.01
and Fu’s Fg = —4.47; P < 0.02). For the native range
populations, the neutrality tests did not reject a
scenario of selective neutrality and population equi-
librium (Tajima’s D = —0.89; P > 0.1 and Fu’s
Fg=—0.99; P > 0.1).

Discussion

Multiple introductions of B. nigra to North
America

During biological invasions, the loss of genetic
diversity associated with bottlenecks may be offset
by multiple introductions from several source popula-
tions in the native range (Lee 2002; Kolbe et al. 2004;
Roman and Darling 2007; Hufbauer and Sforza 2008;
Dlugosch and Parker 2008). The present results
suggest that B. nigra has not undergone a bottleneck
of genetic diversity in its invasive range, likely as a
result of multiple introductions from several genetical-
ly distinct populations in the native range. The likely
multiple introduction events are indicated by: (1)
similar levels of nucleotide and haplotypic diversities
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between the invasive and native ranges, (2) the
AMOVA results revealing almost no genetic differ-
entiation between the native and invasive ranges, (3) a
novel co-occurrence in the invasive populations of
haplotypes that occur in allopatric native range
populations (i.e., haplotypes H1 and H2), and (4)
divergence of invasive range haplotypes (i.e., haplo-
types H8 and H12) from haplotypes that occur in
allopatric populations in the native range (i.e., haplo-
types H1 and H15). The invasive range populations in
Illinois harbour two phylogenetically distant haplo-
types (H1 and H21) that are present in allopatric native
range populations in Europe and Asia (Table 2;
Fig. 1). Haplotype H12 found in a Canadian popula-
tion was derived directly from haplotype H15, which
occurred in allopatric native populations in Ethiopia
and Serbia (formerly Yugoslavia); hence the Canadian
population could have been introduced from these two
native range populations (Table 2; Fig. 1). Similarly,
haplotype H8 found in a Californian population was
derived directly from haplotype H1, which is found in
spatially separated populations in Afghanistan, Ger-
many, Greece, The Netherlands, and Turkey. Hence,
the Californian populations were likely introduced
from all or any one of these native populations
(Table 2; Fig. 1).

The geographical structure of genetic variation in
the native range may influence the level of genetic
diversity within introduced populations (Novak and
Mack 1993; Kolbe et al. 2004; Zardus and Hadfield
2005). For instance, if the native range populations
exhibit low among-population genetic structuring,
then most of the genetic variation is partitioned within
a population, and hence even a single introduction
event from a native source population could eliminate
or minimize founder effects in the introduced popula-
tions (Novak and Mack 1993; Kolbe et al. 2004;
Zardus and Hadfield 2005). On the other hand, high
genetic differentiation among populations in the
native range may mean that only a tiny fraction of
the total genetic variation in the native range is
partitioned within a population, and hence a single or
only few introduction events from such native range
populations would lead to founder effects in the
introduced populations (Novak and Mack 1993; Kolbe
et al. 2004; Zardus and Hadfield 2005; Le Roux et al.
2011). As our AMOVA results show, the native range
populations of B. nigra had higher among-population
genetic variation than the invasive range populations



Invasion of Brassica nigra in North America

2455

SP GR.NL ET czpoL,sp
FR
CAN
CAN
NL
CA YU CANY
NL ET/
ET
NY
SP
CA o AF
ITATU

IT A

AL @ AL A AF
NL GR( Ty
NLIL cA
IND ILIT
IND CA
NL SP
IL NY
CA

Fig. 1 A minimum spanning tree showing genealogical rela-
tionships among 32 haplotypes (H1-H32) detected in invasive
and native populations of Brassica nigra. Each line connecting
the ellipses represents a mutational step between haplotypes.
There were ten mutational steps between haplotype H2
(ancestral haplotype) and haplotype H30 (the most recent
haplotype to diverge). Haplotypes marked in yellow were found
in both invasive and native ranges, haplotypes marked in red
occurred exclusively in the invasive range, while haplotypes
marked in green occurred in the native range only. The ancestral
haplotype H2 occurred in all the populations sampled.
Population codes: AF Afghanistan, AL Germany, CA California,
CAN Canada, CHQ Czech Republic, DEN Denmark, ET
Ethiopia, FR France, GB Great Britain, GR Greece, IL Illinois,
IND India, IT Italy, NL The Netherlands, NY New York, PAK
Pakistan, POL Poland, SOV Russia (formerly Soviet Union), SP
Spain, TU Turkey, and YU Serbia (formerly Yugoslavia)

(.e., 22.79 % vs. 0.82 %, for native and invasive
populations respectively) (Table 3). On the other
hand, invasive range populations of B. nigra exhibited
higher within-population genetic variation than the
native range populations (99.18 vs. 77.21 %, for
invasive and native populations respectively)
(Table 3). Thus, it is likely that multiple introductions
converted the high level of among-population genetic
variation in the native range to high within-population
genetic variation in the introduced range. Such a
transformation of high among-population genetic
variation into a high within-population genetic varia-
tion likely due to multiple introductions has previously
been reported in invasions by other plant (e.g., Novak
and Mack 1993; Genton et al. 2005; Lavergne and
Molofsky 2007; Rosenthal et al. 2008; Le Roux et al.

2011) and animal species (e.g., Stepien et al. 2002;
Kolbe et al. 2004; Zardus and Hadfield 2005).

The observation of private haplotypes in the
invasive populations (Table 2; Fig. 1) suggests that
our sampling in the native range does not encompass
all sources of the invasive North American popula-
tions. An alternative explanation could be an in situ
emergence of novel haplotypes following introduc-
tion. However, this latter hypothesis appears more
unlikely: B. nigra was introduced to North America
ca. 200 years ago (Bell and Muller 1973; Feeny and
Rosenberry 1982; Westman and Kresovich 1999), that
is, ca. 200 generations ago (since the plant is annual).
The time scale of the current study is much more
restricted than in traditional phylogeographic studies,
and the evolution of new haplotypes appears unlikely
given the slow mutation rates in the trnl—trnF
intergenic spacer region (0.07270 + 0.09689 inser-
tions per deletions per locus per Myr) (Smith et al.
2008). This is even more improbable when the private
haplotypes diverge by more than one mutational step
from other haplotypes within the invasive range, since
this would involve multiple mutation events. Thus,
future phylogeographic study of B. nigra should
sample the native range more widely and intensively.

Recent demographic and range expansion of B.
nigra in North America

Results of the neutrality tests for invasive range
populations suggest either purifying selection acting
on the invasive populations or recent population
demographic expansion of B. nigra in North America.
This cpDNA intergenic spacer region, as a noncoding
locus, is unlikely to be under selection. Thus, the
results of neutrality test more likely indicate recent
population demographic expansions in the invasive
range. As the AMOVA results show a lack of genetic
structure among populations in the invasive range
(likely due to an on-going gene flow within the
invasive range), we suggest that recent population
demographic expansion and range expansion of B.
nigra in North America occurred simultaneously.

Multiple introduction events may precipitate
admixture and colonization success

Multiple introductions may lead to introduced popula-
tions that are admixtures (i.e., that contain the genetic
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Table 3 Hierarchical analysis of molecular variance (AMOVA) (based on trnL—trnF region of chloroplast DNA) testing for genetic
variation among and within populations of Brassica nigra in the invasive and native ranges

Source of variation df Sum of Variance Percentage P
squares components variation
(a) Global data set (invasive vs. native range)
Between ranges 1 0.502 0.00018 0.06 0.255
Among populations 47 22.219 0.03905 13.97 <0.001
Within populations 243 58.412 0.24038 85.97 <0.001
Total 291 81.134 0.27961 0.06 0.255
Fsr = 0.14
(b) Individual populations
Native range
Among populations 33 16.98 0.055 22.79 <0.001
Within populations 167 31.34 0.188 77.21 <0.001
Total 200 48.32 0.244
Fsr = 0.228
Invasive range
Among populations 14 5.24 0.0029 0.82 0.210
Within populations 76 27.07 0.359 99.18 <0.001
Total 90 32.31 0.36
Fsr = 0.008
(c) Populations pooled by country or state
Native range
Among populations 16 10.61 0.04 16.31 <0.001
Within populations 177 36.75 0.21 83.69
Total 193 47.36 0.24
Fsr = 0.163
Invasive range
Among populations 3 1.20 0.0006 0.15 0.5
Within populations 86 31.18 0.36 99.85
Total 89 323 0.36 Total 89

Fgr = 0.0015

The AMOVA were performed (a) for the global data set comparing invasive versus native range, and separately for the native and
invasive ranges using: (b) individual populations, and (c) populations pooled by country or state of origin

information of several native populations) following
secondary contact among previously allopatric native
populations (Verhoeven et al. 2011; Rius and Darling
2014). Such admixture may promote colonization
success of invasive populations through various
processes (Dlugosch and Parker 2008; Verhoeven
et al. 2011; Rius and Darling 2014). First, the
admixture can increase the level of standing genetic
variation within a population that enables the popula-
tion to respond to natural selection (Kolbe et al. 2008).
Second, recombination between genotypes from ge-
netically differentiated populations can increase

@ Springer

variation in quantitative traits upon which natural
selection will act (Orians 2000; Facon et al. 2005).
Finally, admixture can also lead to hybrid vigour
(Dobzhansky 1952). A growing number of empirical
studies have detected admixture in invasive popula-
tions of plants and animals (e.g., Williams et al. 2005;
Kang et al. 2007; Kolbe et al. 2007; Taylor and Keller
2007; Rosenthal et al. 2008; Gillis et al. 2009; Chun
et al. 2010; Montarry et al. 2010; Keller et al. 2012; Le
Roux et al. 2013). The present results also suggest that
some invasive populations of B. nigra are composed of
admixtures of haplotypes from allopatric native range
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populations. Although a growing number of studies
detect admixture in invasive species, the challenge
remains as to whether admixed populations are more
successful colonizers than nonadmixed populations
(Rius and Darling 2014). Thus, future studies are
needed that test whether admixed B. nigra populations
are more aggressive invaders (e.g., have higher growth
and competitive ability) than non-admixed B. nigra
populations.

Conclusion

Taken together, our results suggest that B. nigra in
North America has not undergone a bottleneck of
diversity, likely as a result of multiple introduction
events from the native range. More generally, this
study adds to the growing body of data on the genetic
patterns and processes involved in biological inva-
sions, which will hopefully lead to an increased
understanding of the post-introduction evolution of
invasive plant species.
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