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Abstract Investigating the origins of invasive pop-
ulations provides insight into the evolutionary and
anthropogenic factors underlying invasions, and can
inform management decisions. Invasive species intro-
duced for horticultural purposes often have complex
origins typified by multiple introductions of species,
cultivars, and genotypes, and interspecific and intra-
specific hybridizations in introduced ranges. Such
complex introduction histories may result in complex
genetic signatures in the invaded range, making
inferences about origins difficult, particularly when
all putative sources cannot be sampled. In this study,
we inferred the origins of the invasive French broom
complex in California using 12 nuclear microsatellite
markers. We characterized the genetic diversity and
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population structure of invasive and horticultural
brooms in their invaded range in California and of
Genista monspessulana in its native Mediterranean
range. Overall, no significant differences in allelic
richness, observed heterozygosity, inbreeding, or
genetic structure were observed between the invaded
and native ranges, but differences existed among
populations within ranges. Bayesian STRUCTURE
analysis revealed three genetic clusters in the French
broom complex. Nearly all native G. monspessulana
assigned highly to a single cluster. Many invasives
assigned to a second cluster that contained Genista
canariensis, Genista stenopetala, and ornamental
sweet broom, and the remaining invasives assigned
to a third cluster that also contained some G.
monspessulana individuals from Sardinia and Corsica.
Admixture between the second and third clusters was
detected. Approximate Bayesian Computation ana-
lysis of six alternative scenarios supported the hypoth-
esis that some invasive French broom is derived from
an unsampled population branching from ornamental
sweet broom. A combination of factors, including
multiple introductions, escapes from cultivation, and
inter-taxon hybridization, likely contribute to the
invasive success of French broom in California and
may have important implications for management, in
particular biological control.
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Introduction

Invasive species pose major environmental and eco-
nomic threats, but they also provide unique opportu-
nities to study contemporary evolution (Sakai et al.
2001). In spite of considerable research focusing on
the ecological and evolutionary factors that underlie
successful invasions, the role of genetic diversity in
promoting invasive success remains unclear. Evolu-
tionary processes such as bottlenecks and genetic drift
are expected to cause a decrease in the genetic
diversity of an invasive species in its novel range
(Barrett and Kohn 1991). Although this is the case for
some invasions (e.g. Puillandre et al. 2008; Alexander
et al. 2009), many have similar or even increased
genetic diversity in invaded ranges relative to the
native range (e.g. Bossdorf et al. 2005; Marrs et al.
2008). Such high genetic diversity in an invaded range
might be caused by multiple introductions or a single
introduction of individuals from genetically distinct
source populations. Subsequent intra-specific hybrid-
ization can further increase genetic diversity in the
novel range. The resulting genetic diversity may be
important for the success of many invasive species
because populations with low genetic variation risk
inbreeding, reduced adaptive potential, and extinction
(Barrett and Kohn 1991; Ellstrand and Elam 1993).
Horticulturally introduced invasive species provide
ideal study systems to investigate the role of genetic
diversity in plant invasions, as well as the source(s) of
this diversity. These species often have complex
origins resulting from multiple introductions of spe-
cies, cultivars, and genotypes during the search,
development, and distribution of new cultivated indi-
viduals (e.g. Okada et al. 2007; Kleist and Jasieniuk
2011). Sources of individuals might include geneti-
cally differentiated populations or taxa in the native
range, different cultivars and species from breeding
programs, and naturalized individuals from landscape
plantings. Such complex introduction histories may
profoundly affect the invasive potential of plants at any
point in the invasion process (Wilson et al. 2009). The
presence of pre-adapted traits may be particularly
important during initial introduction and establishment
(Mueller-Schaerer and Steinger 2004; Henery et al.
2010), and introducing a variety of individuals through
cultivation and sale increases the chance that a pre-
adapted genotype will reach a suitable habitat in the
new range. Individuals from different sources can also
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hybridize to produce new genotypes on which selec-
tion can act (Lavergne and Molofsky 2007). Subse-
quent invasive spread may be promoted by repeated
introductions from landscape plantings, which would
increase the likelihood of individuals finding suitable
sites for naturalization and reduce the probability of
local population extinctions (Mack 2000). Invasive
success would then be a function of propagule
pressure, i.e. a composite measure of the number of
individuals in an introduction event and the number of
introduction events (reviewed in Lockwood et al.
2005). More recent cultivars or genotypes in landscape
plantings might also contribute to invasive spread via
admixture with naturalized invasive populations from
an original introduction. Thus, horticultural species are
typically characterized by many of the primary drivers
of plant invasiveness, i.e. multiple introductions,
adaptation, intra- and interspecific hybridization, and
propagule pressure.

The horticulturally introduced French broom com-
plex is highly invasive in California (Bossard 2000),
with an introduction history that includes multiple
ornamental sources and hybridization. In an earlier
study (Kleist and Jasieniuk 2011), we found that
invasive populations are comprised of (1) Genista
monspessulana, (2) an unidentified species closely
related to G. canariensis, G. stenopetala, and the
ornamental sweet brooms, and (3) hybrids between
these two groups. Individuals are monoecious, out-
crossing woody legumes that are pollinated by nonna-
tive honeybees (Parker and Haubensak 2002) and
likely diploid (Cubas et al. 2001; Kang et al. 2007).
Genista monspessulana is native to the Mediterranean
region and the Azores islands and was first introduced
into the San Francisco Bay Area of California in the
mid-1800s as an ornamental plant (Bossard 2000).
Genista stenopetala and G. canariensis are range-
restricted endemics from the Canary Islands that may
have been introduced horticulturally into California
(Wojciechowski 2011), although they are not currently
sold in the ornamental trade. Phylogenetically, both
these species fall within the monspessulana clade
(Percy and Cronk 2002), indicating a close relationship
to G. monspessulana. Sweet broom, another putative
contributor to invasive French broom populations in
California, is currently sold as an ornamental plant
throughout California although its identity is unclear,
being sold under a variety of names, including Cytisus
X spachianus, Teline stenopetala ssp spachiana, C.
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racemosus ‘Nana’, C. praecox ‘Nana’, and G. race-
mosa. Hybridization is likely possible between any of
the French broom complex species, as G. stenopetala
and G. canariensis are known to hybridize in Tenerife
(Suarez Rodgriguez 1991) and the ornamental Cytisus
‘Porlock’ is thought to be a hybrid between G.
monspessulana and sweet broom (AW Sheppard,
CSIRO, personal communication).

In this study, we investigated the origins and
population histories of French broom in California by
characterizing the genetic diversity and structure of
invasive and native G. monspessulana populations and
the genetic signatures of G. stenopetala, G. canarien-
sis, and ornamental plants using microsatellite data.
We also performed an approximate Bayesian compu-
tation (ABC) analysis (Beaumont et al. 2002) to test
alternative hypotheses concerning the contributions of
G. stenopetala, G. canariensis, ornamental sweet
broom, and unsampled populations to invasive French
broom in California. ABC uses molecular and histor-
ical data for model-based inference of complex
demographic scenarios, such as the introduction
histories of invasive species that include multiple
introductions, genetic admixture, population bottle-
necks, and hypothetical unsampled populations (Es-
toup and Guillemaud 2010). Specifically, our
objectives were: (1) to assess and compare the genetic
diversity and population structure of native and
introduced French brooms, (2) to infer the genetic
origin(s) of invasive populations, and (3) to identify
the most likely scenario describing the contribution of
G. canariensis, G. stenopetala, ornamental sweet
broom, and/or hybrids to invasive populations.

Methods
Sample collection

Individuals were sampled for leaf tissue from 29
invasive populations of the French broom complex in
California, 13 populations of G. monspessulana in
Europe, 14 ornamental sweet broom plants, and 12
sources of named Genista species from the monspes-
sulana clade identified in Kleist and Jasieniuk (2011).
All individuals were sampled in populations with
fewer than 32 plants, whereas a stratified random
sampling design (Lowe et al. 2004) was used to sample
32 plants in larger populations. For these larger

populations, the area occupied by each population
was divided into equally sized sections and then
individuals were randomly sampled within each
section for a total of 32 individuals per population.
In Europe, 18-30 plants from each of five native
populations were sampled for leaf tissue whereas
seeds were collected from a minimum of 13 plants in
eight populations, germinated, and leaf tissue sampled
from the seedlings. Sampling of ornamental sweet
broom included landscape plantings near invasive
populations and plants from growers and garden
centers. Leaf samples of Genista species from the
monspessulana clade were obtained from botanical
gardens, arboreta, and plant conservation programs.
Following collection, leaves were either dried in silica
gel or frozen at —80 °C and stored until DNA
extraction.

Microsatellite marker development

DNA isolated from one individual of invasive G.
monspessulana from the Auburn State Recreation
Area (Asb) was used by Genetic Marker Services
(Brighton, UK; www.geneticmarkerservices.com) to
develop and test 12 microsatellite primer pairs (Online
Resource 1) using an enriched library protocol. The
primer sets were designed to amplify products ranging
from 100 to 250 bp to minimize overlap ambiguities
during multiplexed genotyping. Each primer pair was
tested for specificity and polymorphism on high res-
olution agarose gels before being used for fluorescent-
labeled genotyping on an ABI 3100 Genetic Analyzer
(Applied Biosystems). Forward primers were labeled
with 6-FAM, HEX, or NED (Applied Biosystems).

Genotyping

Total DNA was extracted from dry or frozen leaf
tissue from each plant using liquid nitrogen pulveri-
zation followed by CTAB extraction (Doyle and
Doyle 1987). All individuals were genotyped at 12
microsatellite loci in five multiplexed reactions (Mul-
tiplex A: uc24, uc26, uc29; Multiplex B: uc34, uc38;
Multiplex C: uc36, uc37, uc39; Multiplex D: uc5, uc6;
Multiplex E: uc3, uc7), each in a total volume of
12 pL. Each reaction contained 20 ng of template
DNA, 1x PCR buffer (Qiagen) containing 1.5 mM
MgCl,, 0.1-0.3 my of each primer depending on the
individual locus (Online Resource 1), 0.2 mM of each
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dNTP, and 1 unit of Tag polymerase. An annealing
temperature of 56 °C was used for Multiplexes A, C,
and D, 54 °C was used for Multiplex B, and 59 °C was
used for Multiplex E. Amplifications were carried out
in an MJ Research PTC-200 thermal cycler (Bio-Rad
Laboratories) using the following conditions: an initial
denaturation at 94 °C for 5 min, annealing at 56 °C,
52 °C, or 59 °C for 1 min, extension at 72 °C for
1 min, and a final extension at 72 °C for 30 min. PCR
products were genotyped on an ABI 3100 Genetic
Analyzer. Fragments were sized using GeneMapper
software version 3.7 (Applied Biosystems) with
GeneScan 400HD ROX (Applied Biosystems) size
standard for reference. Approximately 5 % of samples
were amplified at least twice with all multiplexes in
separate reactions to assess repeatability. In addition,
individuals with rare or unusual alleles were re-
amplified to confirm their genotypes.

Data analysis

Genetic diversity of invasive, native, and ornamental
brooms

To quantify the genetic diversity of the sampled
invasive, native, and ornamental individuals at each of
the 12 microsatellite loci, we determined the total
number of distinct alleles (T4) detected at each locus
for each group. The program MICRO-CHECKER
(Van Oosterhout et al. 2004) was used to check for null
alleles. Wright’s inbreeding coefficient (Fg) was
estimated for each invasive and native population
and averaged over all invasive and native populations
for each locus using the software FSTAT 2.9.3
(Goudet 2001). Wright’s fixation index (Fst) was
estimated over the 29 invasive populations and the 13
native populations at each locus. Lastly, pairwise Fsr
was estimated between French broom populations
after sequential Bonferroni correction, also using
FSTAT.

To estimate genetic diversity within populations,
we calculated allelic richness (A), expected heterozy-
gosity (Hg), observed heterozygosity (Hp), and Fig for
each invasive and native population. All calculations
were performed using GenAlEx version 6.41 (Peakall
and Smouse 2006), with the exception of allelic
richness, which was performed using FSTAT version
2.9.3 (Goudet 2001). For both exhaustively sampled
invasive populations (n < 32) and larger populations
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from which only 32 individuals were sampled, allelic
richness was calculated as the mean number of alleles
detected in all individuals sampled in the population.
We did not correct for differences in population size
using a rarefaction procedure because the same
number of individuals were sampled in populations
with more than 32 individuals. Departure from Hardy—
Weinberg equilibrium (HWE) of each population at
each locus, and linkage disequilibrium (LD) between
each pair of polymorphic loci for each population,
were tested using GENEPOP version 4.1.4 (Rousset
2008) with a Markov chain approximation of exact
tests and likelihood-ratio tests, respectively.

The distribution of genetic variation between
invaded and native regions was examined with
statistical comparisons of genetic diversity indices.
The allelic richness (A), observed heterozygosity
(Ho), inbreeding coefficient (Fis), and fixation index
(Fgt) for the invaded and native regions were calcu-
lated using FSTAT and compared statistically using
1,000 permutations with the Bonferroni procedure
(Rice 1989).

Population structure

To infer population structure, assign invasive, native,
and ornamental individuals to populations, and test for
admixture among taxa and populations, we performed
Bayesian clustering analyses implemented in the
program STRUCTURE version 2.3.3 (Pritchard et al.
2000). STRUCTURE clusters individuals into K dis-
tinct populations by minimizing Hardy—Weinberg and
linkage disequilibrium within populations. All sam-
pled individuals are assigned probabilistically to
clusters or jointly to several clusters if their genotypes
are admixed. STRUCTURE was run using the
‘admixture model’ and correlated allele frequencies
with 100,000 MCMC repetitions and a 50,000 burn-in
period. The number of populations or clusters (K) was
set from 1 to 10, with each K replicated independently
15 times for the total data set and again 15 times each
for the native, ornamental, and invasive data subsets.
To identify the most likely K, we used the absolute
values of the second order rate of change of the
likelihood distribution divided by the standard devi-
ation of the likelihoods (AK), following Evanno et al.
(2005). For the identified K clusters for each dataset,
an individual’s assignment coefficient (g) to each
genetic cluster was averaged across all 15 runs using
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the CLUMPP software (Jakobsson and Rosenberg
2007) and visualized using DISTRUCT 1.1 (Rosen-
berg 2003).

Origin of distinct subset of invasive populations

A previous study (Kleist and Jasieniuk 2011) identi-
fied a distinct subset of invasive French broom
populations in California with close phylogenetic
relatedness to G. canariensis, G. stenopetala, and
ornamental sweet broom (also see STRUCTURE
results of current study). However, it was not possible
to determine whether G. canariensis, G. stenopetala,
ornamental sweet broom, or a hybrid between these
contributed to the invasive populations. To investigate
the origins of this population subset, we performed
approximate Bayesian computation (ABC) analysis.
The ABC analysis was conducted using DIYABC
(Cornuet et al. 2010) and evaluated six possible
scenarios of population origins describing how G.
canariensis, G. stenopetala, and ornamental sweet
broom may have contributed to the subset of invasive
populations: (1) Genista species in the monspessulana
clade are the direct source of invasives, (2) sweet
broom is the direct source of invasives, (3) a hybrid
between Genista species in the monspessulana clade
and sweet broom is the direct source of invasives, (4)
an unsampled population diverging from ornamental
sweet broom is the source of invasive plants, (5) an
unsampled population diverging from Genista species
in the monspessulana clade is the source of invasives,
and (6) a hybrid between an unsampled population
diverging from Genista species in the monspessulana
clade and sweet broom is the source of invasives.
Because our sampling may represent only a subset of
possible source populations, three scenarios also
included unsampled source populations.

Model parameters were defined based on historical
knowledge of the introductions. Uniform prior values
for t1 were bounded by 1 and 150 and values for the
bottleneck period were bounded by 1 and 10 gener-
ations. In cases where little information was available,
such as the likely effective population sizes of each
species in each location and the time of split between
sweet broom and Genista species, broad priors were
used. A uniform prior bounded by 10 and 100,000 was
used for the effective population size of Genista
species and by 10 and 10,000 for the effective
population size of sweet broom and unsampled

populations. The generalized stepwise model (GSM),
which assumes increases or decreases in one or more
microsatellite repeat units, was used as the mutational
model for microsatellites (Fu and Chakraborty 1998).
We used the means of Nei’s gene diversity (Hr7) and
Garza—Williamson’s M as the summary statistics for
each genetic group following Cornuet et al. (2008).
Mean genic diversity, Fst, and the mean individual
assignment likelihood (Pascual et al. 2007) were used
as summary statistics for each pair of genetic groups.
Three million simulations were run, producing
500,000 simulated data sets for each scenario. Models
were compared by estimating their posterior proba-
bilities using both a direct estimate and logistic
regression on the 10 % closest simulated points, as
described in Cornuet et al. (2010).

Results
Genetic diversity
Within loci

We detected 231 distinct alleles in the 1,060 individ-
uals (703 invasive French broom, 330 native G.
monspessulana, 14 ornamental sweet broom, and 13
other Genista species from the monspessulana clade)
that were sampled (see Tables 1 and 2) and genotyped
at the 12 microsatellite loci. The total number of
alleles in invasive French broom was 156, ranging
from 5 to 27 per locus (Online Resource 2). The total
number of alleles in G. monspessulana from its native
Mediterranean range was 139, ranging from 4 to 38 per
locus. Of the 231 alleles detected over all the
genotyped plants, 31 alleles were unique to invasive
French broom and 38 alleles were unique to native G.
monspessulana. No private alleles were detected in
ornamental sweet broom, and all alleles found in these
ornamentals were also found in invasive French broom
populations.

The inbreeding coefficient Fg varied widely among
loci, ranging from —0.054 to 0.317 in invasives and
from —0.033 to 0.387 in natives (Online Resource 2).
The most extreme Fjg values were not found at the
same loci in the invaded and native ranges. High Fg
values could be caused by null alleles, which can
appear due to technical problems with amplification
and scoring or because of mutations in the sequence
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Table 1 Collection details

for sweet broom and Species/population

Collection source Locality (if known)

Genista species specimens

included in this study Cytisus x spachianus

Cytisus X spachianus
C. racemosus
C. racemosus
G. racemosa
G. racemosa

G. racemosa

Ornamental sweet broom (from nurseries and garden centers)

Visalia, CA, USA
Visalia, CA, USA
Poway, CA, USA
Poway, CA, USA

Monrovia Nursery
Monrovia Nursery
Walter Anderson Nursery
Walter Anderson Nursery

Rite Aid Davis, CA, USA
El Rancho Nursery Vacaville, CA, USA
RZ Nursery Fallbrook, CA, USA

Ornamental sweet broom (from plantings)

Sweet broom Benicio
Sweet broom Auburn

Sweet broom Escondido

Sweet broom Rancho Murieta

Sweet broom Davis A
Sweet broom Davis B
Sweet broom Paradise
Genista species
C. caderensis
. canariensis
. canariensis

. canariensis

. canariensis var. ramosissima

C

G

G

G.
Species/population, .
individuals are listed by the G. maderensis
scientific name under which G. stenopetala
they were sold or collected; G
Collection Source, name of G
nursery, garden center, type
of landscaping, or botanical G
institute; Locality, city or G
region where material was G
collected, if known

. stenopetala

. stenopetala

. umbellata

. stenopetala ssp. pauciovulata

. stenopetala ssp. stenopetala

Benicio, CA, USA
Auburn, CA, USA
Escondido, CA, USA
Rancho Murieta, CA, USA
Davis, CA, USA

Davis, CA, USA

Paradise, CA, USA

Landscaped front yard
Landscaped side yard
Landscaped median
Landscaped back yard
Apartment landscaping
Landscaped front yard
Landscaped front yard

Desert Legume Program Spain
Los Angeles Arboretum -
Universitat Bayreuth -
Los Angeles Arboretum -
Universitat Bayreuth -
Merriments Gardens -
Universitat Bayreuth -
UC Botanical Gardens -

Desert Legume Program Israel

Rare Plants La Gomera, Spain
Rare Plants Tenerife, Spain
Desert Legume Program Israel

used for primer design. However, evidence for null
alleles was not detected in our dataset. Global tests for
heterozygote deficiency revealed significant deficien-
cies at one locus (uc26) in the invaded range and one
locus (uc 3) in the native range. Fgy indicated
significant differentiation among populations at all
loci, with higher values for invasives than natives.

Within populations

Within invasive French broom, levels of diversity as
measured by allelic richness (A), expected heterozy-
gosity (Hg), and observed heterozygosity (Hp) varied
widely among populations (Table 2). Allelic richness
ranged from 1.6 to 6.8, mean expected heterozygosity
ranged from 0.07 to 0.71, and mean observed
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heterozygosity ranged from 0.03 to 0.68 among popu-
lations. Linkage disequilibrium (LD) was detected in
only four of the possible comparisons of pairs of loci
within populations. LD between the same pairs of loci
was not found in populations from the native range,
which is consistent with independently segregating loci.
A significant deviation from Hardy—Weinberg equilib-
rium was observed in 53 out of 348 population-by-locus
test combinations, caused by a deficiency in heterozy-
gotes globally. F;s within populations reflected this
deficiency and significant positive values were found in
26 out of 29 populations. The most inland populations
(JU, WH, and SCB) had the lowest allelic richness
estimates and highest Fg values.

Within native range G. monspessulana, levels of
heterozygosity and allelic richness were more
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Table 2 Genetic diversity within invasive French broom populations in California and native G. monspessulana populations in
Europe

Population ID  Location Latitude Longitude n A Hg (SE) Ho (SE) Fis

Invasive populations

Asb Auburn State Recreation Area 38.916 —121.036 25 3.0 0.34(0.08) 0.24 (0.05) 0.302%*
AUA Auburn State Recreation Area 38.915 —121.037 32 3.8 0.43(0.07) 0.31(0.07) 0.295%*
Ca Cambria 35.569 —121.065 32 4.0 0.450.07) 0.43 (0.07) 0.076*
ELF Escondido 33.078 —117.175 29 59 0.59 (0.07) 0.51 (0.06) 0.160*
JU Julian 33.041 —116.586 29 1.6 0.09 (0.04) 0.03 (0.01) 0.722%
LC La Canada 34.212 —118.216 29 6.8 0.71 (0.03) 0.68 (0.04) 0.055*
Ma Magalia 39.962 —121.541 32 3.6 0.49 (0.05) 0.50 (0.06) 0.002

MT1 Mt. Tamalpais 37.912 —122.580 26 4.8 0.53 (0.07) 0.30 (0.05) 0.440%*
MT5 Panoramic Highway 37.909 —122.577 22 4.1 0.48 (0.08) 0.35(0.07) 0.298%*
MWa Muir Woods 37.893 —122.566 16 3.3 0.46 (0.06) 0.31 (0.05) 0.365*
PA Paradise 39.767 —121.614 32 45 047 (0.08) 0.37 (0.06) 0.236*
PG Pine Grove 38.406 —120.644 32 2.8 0.24 (0.05) 0.10 (0.02) 0.604*
PLA Auburn 38.957 —121.110 11 3.8 0.61 (0.04) 0.54 (0.06) 0.170*
SBA Santa Barbara 34.417 —119.867 11 4.0 0.62 (0.04) 0.60 (0.05) 0.087*
SBB Santa Barbara 34.415 —119.843 7 2.1 0.37(0.06) 0.38(0.10) 0.050

SCA Sutter Creek 38.390 —120.803 3 20 035(0.07) 0.39(0.11) 0.097*
SCB Sutter Creek 38.417 —120.726 32 1.9 0.09 (0.04) 0.07 (0.02) 0.232%
SLO San Luis Obispo 35.276 —120.731 32 2.8 0.21 (0.07) 0.14 (0.04) 0.372%
Srb San Raphael 38.033 —122.534 24 4.6 048 (0.07) 0.31 (0.05) 0.377*
TIA Tilden Regional Park 37.904 —122.247 32 45 049 (0.06) 0.41 (0.06) 0.178*
TIB Tilden Regional Park 37.898 —122.253 27 3.8 0.34(0.05) 0.24 (0.04) 0.313*
UK Ukiah 39.165 —123239 32 24 0.07 (0.02) 0.05(0.02) 0.272%*
Val2 Benicio 38.084 —122.195 3 23 044 0.07) 0.39(0.07) 0.300*
Val3 Benicio 38.085 —122.204 14 43 0.55 (0.05) 0.49 (0.06) 0.146*
Web Claremont 34.124 —117.741 23 45 0.47 (0.08) 0.40 (0.07) 0.169*
WH William Heise County Park 33.041 —116.586 32 1.8 0.07 (0.03) 0.07 (0.04) 0.055*
Woo Woodside 37.399 —122256 32 5.1 0.54 (0.06) 0.47 (0.07) 0.131*
Ym York Mountain Rd 35.543 —120.823 20 2.3 0.16 (0.05) 0.18 (0.07) —0.066

YO Yorkville 38.905 —123226 32 2.0 0.24 (0.06) 0.17 (0.05) 0.301*

Native populations

APP Punta Pilocca, Sardinia, Italy 39.392 8566 20 4.8 0.51(0.07) 0.40 (0.06) 0.238*
BUR Bormes 1és-Mimosas Forest, France  43.188 6366 32 52 0.54(0.07) 0.47 (0.07) 0.150*
CD Ota, Corsica, France 42.260 8724 32 55 0.60 (0.07) 0.53(0.07) 0.141%*
EN Near Nuoro, Sardinia, Italy 40.288 9261 20 4.8 0.52(0.08) 0.35(0.06) 0.348*
FJ Romania de la Selva, Spain 41.866 2980 31 49 043 (0.07) 0.36 (0.06) 0.196%*
GG Ganges, France 43.980 3688 27 4.1 0.50(0.07) 0.40 (0.06) 0.229%
LD Lodeve, France 43.732 3328 13 3.3 0.43(0.08) 0.38 (0.08) 0.164*
LUN Lunel, France 43.700 4.104 32 48 0.55(0.06) 0.42 (0.05) 0.236*
LV Lunel Viel, France 43.701 4105 25 47 0.48(0.07) 0.34 (0.05) 0.296%*
MAEU Vilajuiga, Spain 42.324 3.142 32 43 047 (0.07) 0.32(0.05) 0.337*
NN Bitti, Italy 40.377 9.283 18 4.1 0.50 (0.07) 0.33 (0.05) 0.358%*
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Table 2 continued

Population ID  Location Latitude Longitude n A Hg (SE) Ho (SE) Fis
QU Bocca Albitrina, France 41.602 8937 30 3.8 0.51(0.07) 0.43 (0.06) 0.170*
SF Millas, France 42.725 2.677 18 24 0.25(0.09) 0.25(0.11) 0.033

Invasive populations with samples sizes (n) < 32 were exhaustively sampled and mean allelic richness, A, calculated from the
number of distinct alleles detected per locus. n, sample size; A, mean allelic richness; Hg, mean expected heterozygosity; Ho, mean
observed heterozygosity; Fis, mean inbreeding coefficient across 12 microsatellite loci

P values: * P < 0.05

Table 3 Comparison of allelic richness (A), observed hetero-
zygosity (Hop), inbreeding coefficient (Fig), and fixation index
(Fst) between the invaded and native regions

A HO FIS FST

Invasive region 2.101 0.283 0.223 0.415
Native region 2.459 0.392 0.226 0.291

None of the comparisons were statistically significant at
P <0.05

homogeneous across populations than those observed
in invasive French broom (Table 2). Allelic richness
ranged from 2.4 to 5.5, mean expected heterozygosity
ranged from 0.25 to 0.60, and mean observed heter-
ozygosity ranged from 0.25 to 0.53. Deviations from
HWE were observed in 17 out of 144 population-by-
locus test combinations and a significant heterozygote
deficiency was observed in only two populations (LD
and SF). Overall, F;g values were lower than those
estimated in invasive French broom populations.

Between regions

We did not observe a significant difference in allelic
richness, observed heterozygosity, Fjg, or Fgsr values
between the invaded and native ranges (Table 3).

Population structure

Pairwise Fgy values between invasive populations
ranged from 0.039 to 0.861 (Online Resource 3). The
lowest pairwise Fgy values were found between
populations in close proximity in the San Francisco
Bay area. In comparison, pairwise Fsr values between
native populations ranged from 0.133 to 0.549 (Online
Resource 3).

To identify the origins of invasive French broom in
California, Bayesian clustering was first performed
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with all sampled individuals. Consistent results were
found with the program STRUCTURE over the 15
runs at each K. The statistic AK (Evanno et al. 2005)
indicated that three clusters best explained the upper-
most hierarchical level of genetic structuring across
individuals of native, invasive, and ornamental
brooms (Online Resource 4). The vast majority of G.
monspessulana individuals from the native range
assigned highly (q > 0.9) to Cluster 1 (Fig. 1). All
individuals of ornamental sweet broom, 12 out of 13
individuals of Genista species other than G. monspes-
sulana, and 36 % of individuals of invasive French
broom from California assigned highly (q > 0.9) to
Cluster 2. Of the remaining invasive individuals, 78 %
assigned highly to Cluster 3, while 22 % were
admixed with genomes originating in both Clusters 2
and 3 (Fig. 1). The results agree with a recent
molecular phylogenetic study that found that many
invasive French broom populations contained hybrids
(Kleist and Jasieniuk 2011). All hybrid populations
identified by Kleist and Jasieniuk (2011) also con-
tained admixed individuals in the STRUCTURE
analysis.

Subsequent STRUCTURE analyses to detect
genetic substructuring (sensu Coulon et al. 2008)
within Clusters 1, 2, and 3 revealed subgroups within
each cluster. Two subgroups were identified within
Cluster 1 (Online Resource 4; Fig. 2). G. monspes-
sulana individuals from the native range assigned to
the two subgroups according to their geographical
origins with individuals from Sardinia, Corsica, and
southeastern France assigning highly to one subgroup
and individuals from southwestern France and Spain
assigning highly to a second subgroup (Fig. 2a). A
population from Ganges, France (GG), which is
geographically intermediate, consisted of individuals
that assigned to both subgroups within Cluster 1. Two
subgroups were also identified within Cluster 2
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Native Range

Cluster 1 [:l Cluster 2

Fig. 1 Assignment of ornamental sweet broom, Genista
species, native, and invasive individuals to the three clusters
identified by STRUCTURE analysis at the highest hierarchical
level of genetic structure. Each vertical bar represents an
individual and the proportion of its genome that assigns to the

(Online Resource 4; Fig. 3A). Individuals of orna-

mental sweet broom, Genista species other than G.
monspessulana, and three invasive populations (LC,

A)

(B)

Fig. 2 Genetic structure of Genista monspessulana sampled in
the native range. a Map of Europe showing the geographical
distribution of the native populations sampled and the propor-
tion of assignment of each sampled population to the two genetic
subgroups identified within Cluster 1 (Fig. 1) by STRUCTURE

. Cluster 3

Invaded Range

two clusters (medium grey = Cluster 1; white = Cluster 2; dark
grey = Cluster 3). Individuals are grouped by sampling location
in the native and invaded ranges. Population IDs correspond to
those in Table 2

PLA, and SBB) assigned highly to one of the two
Cluster 2 subgroups (Fig. 3a) but the vast majority of
invasive individuals assigning to Cluster 2 assigned

gt

oy
N

analysis. b Assignment of native individuals to each of the two
genetic subgroups (K = 2) within Cluster 1 identified by
STRUCTURE analysis. Each vertical line represents an
individual and each color represents a subgroup. Individuals
are grouped by the populations sampled (Table 2)
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«Fig. 3 Genetic structure of individuals of invasive French
broom, ornamental sweet broom, and Genista species in
California. a Assignment of ornamental sweet broom, Genista
species, and the invasive French broom individuals to the two
(K = 2) genetic subgroups within Cluster 2 (Fig. 1) as identified
by STRUCTURE analysis. Each vertical line represents an
individual and each color represents a subgroup. Individuals are
grouped by the populations sampled (Table 2). b Assignment of
invasive French broom individuals to eight (K = 8) genetic
subgroups within Cluster 3 (Fig. 1) as identified by STRUC-
TURE analysis. ¢ Map of California indicating the geographical
distribution of the sampled invasive populations and the
proportion of assignment of each sampled population to the
clusters and subgroups identified by STRUCTURE. Three
populations (Ca, Sca and Val2) are not included because most
individuals were admixed

highly to the second subgroup (Fig. 3a). Interestingly,
individuals from population SBA consisted almost
entirely of admixed genotypes. Finally, eight genetic
subgroups were identified within Cluster 3 (Online
Resource 4; Fig. 3B). Populations with individuals

assigning to the eight subgroups were spread across
California (Fig. 3c).

Approximate Bayesian computation to infer
origins of invasives

ABC analyses were used to test six competing
hypotheses or scenarios (Fig. 4) for the origins of
invasive individuals that assigned highly to Cluster 2
from STRUCTURE analysis. Ornamental plants cur-
rently being sold by the horticultural trade assigned to
this cluster thus it was necessary to determine the
origins of these horticultural types in order to suggest
their removal from the marketplace. An unsampled
source population was included in three of the
scenarios due to the possibility that some ornamental
genotypes are no longer available commercially.
Scenario 4 was found to have the highest posterior
probability using both the direct estimate and logistic

Scenario 1 Scenario 2 Scenario 3
= $ 0 — %o = $ o
§ Z Z
= t1 = t1 = t1
$ = =
S = =
-~ tl-db - tl-db = tl-db
~ — =
~ - -
~ - -
~ - -
~ - -
~ - -
~ = =
B T 0 - T 0 - T 0
Popl Pop3 Pop2 Pop2 Pop3 Popl Pop2 Pop3 Popl
Scenario 4 Scenario 5 Scenario 6
= - = %5 = e
= ~ =
- -
= o, 2 [ V) — . 2
=
-
- ~
= tl S tl = tl
z 1 S Z |
- t1-db s tl-db = tl-db
= ~ =
- ~ -
l Z S I =
- T 0 ~ T 0 - T 0
Pop2 Pop3 Popl Popl Pop3 Pop2 Pop2 Pop3 Popl

Fig. 4 Graphical representation of six alternative hypotheses or
scenarios for the origin of invasive French broom individuals
assigning to Cluster 2 (Fig. 1). Individuals of Genista species
(Pop 1) are represented with a dashed line, sweet broom
individuals (Pop 2) are colored black, invasive French broom
individuals (Pop 3) are colored dark blue, a population

bottleneck is colored light teal, and unsampled population(s) are
colored orange. All six scenarios assume that at the present time
(0 years), there are three genetic groups, and that these diverged
from a single population in the past (t3). Historical and
demographic parameters were the same for all scenarios. The
time scale is shown on the right of each graphic
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Fig. 5 Results of the ABC analysis showing the probabilities of
each of the six scenarios for the origin of invasive French broom
depicted in Fig. 4. Scenario probabilities were determined using
logistic regression. Yellow line: Scenario 4; teal line: Scenario 6;
dark blue line: Scenario 3; deep pink line: Scenario 5; red line:
Scenario 1; green line: Scenario 2. Scenarios 1,2, 3, 5, and 6 had
the same probability, but only the deep pink line of Scenario 5 is
easily visible

regression approaches (Fig. 5). Because logistic
regression is considered to discriminate between
scenarios better than the direct estimate (Cornuet
et al. 2008), only posterior probabilities from logistic
regression are described here. Scenarios 1, 2, 3, and 5
were clearly rejected with posterior probabilities
<0.01. Scenario 6 was also rejected with a posterior
probability of <0.09. The most highly supported
scenario was Scenario 4, with a very high posterior
probability of 0.8987. Scenario 4 hypothesized that
Genista species and ornamental sweet broom diverged
in the past and then an unsampled population diverged
from ornamental sweet broom. Invasive French broom
then diverged from this unsampled population.

Discussion

The introduction history of French broom in Califor-
nia is complex, involving multiple closely-related
species that have been sold as ornamental plants
throughout the state, likely under incorrect species
names. These horticultural introductions have led to an
invasive complex that is genetically very different
from native G. monspessulana populations. Despite
the observed genetic differentiation from native pop-
ulations, invasive broom populations in California
retain unique and reasonably high genetic diversity,
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which may be the result of numerous processes,
including multiple introductions (e.g. Thompson et al.
2012), adaptation to variable habitats (e.g. Lavergne
and Molofsky 2007), and intra- and interspecific
hybridization (e.g. Culley and Hardiman 2009).

Interestingly, two genetically distinct subgroups
were found within the native Mediterranean region of
G. monspessulana, and may be a response to historical
glaciations. The subgroups were separated by a
population containing individuals from both sub-
groups, and although it is possible that this population
structure is due to local adaptation, it seems unlikely
given the similar habitats of individuals from both
subgroups in southern France. Rather, this genetic
clustering may suggest that there has been a long-term
barrier to gene flow between populations in Spain and
southwestern France on the one hand, and populations
from southeastern France, Corsica, and Sardinia on the
other. The two subgroups may be descended from two
separate refugia established during the Pleistocene or
later glacial maxima. Similar patterns have been seen
in other groups (e.g. Schonswetter et al. 2002; Breton
et al. 2006; Boratynski et al. 2009), and our sampling
included populations at, or adjacent to, seven putative
refugia within the Mediterranean region (Médail and
Diadema 2009).

The exact native source in the Mediterranean region
of invasive French broom in California is not clear.
Given the strong population structure in our sampled
native range, and that invasive individuals were not
found to assign to the same cluster as individuals from
Spain and southwestern France, we did not find
evidence that individuals from these areas contributed
to invasive populations in California. It is possible,
however, that individuals from Corsica and Sardinia
may be one source of invasive French broom. A small
number of individuals from Corsica and Sardinia were
admixed with genomes assigning to both the native G.
monspessulana cluster (Cluster 1) and an invasive
French broom cluster (Cluster 3), suggesting that
individuals from this area may have contributed to the
French broom invasion in California. If this is the case,
bottlenecks associated with founder events and strong
drift since introduction into the invaded range could
have caused the observed differentiation between
invasive and native populations.

Our results revealed high genetic heterogeneity
among invasive populations, which may be a signature
of G. monspessulana’s original introductions into
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California by the horticultural industry. Eight distinct
genetic subgroups were identified in the invaded
range, suggesting multiple horticultural introductions
as G. monspessulana was sold throughout California
before it was declared a noxious weed and taken off
the market. No clear pattern of geographical clustering
of genetic groups was evident from our results. Since
many escapes from cultivation may have occurred
throughout the state, the sources of some of these
horticultural introductions may not have been sampled
in this study. In the native range, our sampling focused
on areas where G. monspessulana is abundant (AW
Sheppard, CSIRO, personal communication), but
additional small and scattered populations can be
found surrounding the Mediterranean basin (Tutin
et al. 1968) and populations in Italy, Greece, Turkey,
and North Africa could have been sources of novel
plant material for the horticultural industry. Such
multiple horticultural introductions can result in
similar amounts of genetic diversity in introduced
and native populations (Novak 2007), as observed
here. Multiple introductions are a common feature of
invasions (Bossdorf et al. 2005; Novak and Mack
2005) that can lead to novel genetic combinations and
increase variation at adaptive loci.

Hybridization is also thought to play a role in
stimulating invasiveness (Ellstrand and Schierenbeck
2000; Rieseberg et al. 2007), as it can provide
immediate advantages for a colonizing species
through heterosis (Blum et al. 2010), and subsequent
recombination and segregation can create new geno-
types on which selection can act. These recombinant
genotypes may provide the means for rapid adaptation
to new abiotic and biotic conditions (Lavergne and
Molofsky 2007), increasing invasive potential. Cur-
rently marketed ornamental brooms likely play a role
in the California French broom invasion, both directly
and through interspecific hybridization. In a previous
phylogenetic study, we found that some individuals
identified as invasive French broom were actually
ornamental sweet broom, Genista species, or hybrids
with naturalized French broom individuals (Kleist and
Jasieniuk 2011). Although population samples were
not identical for this and the earlier study, all
populations that clustered with G. canariensis,
G. stenopetala, and ornamental sweet broom in this
study were also found in the ornamental sweet broom
group in the previous phylogenetic study. Further,
many invasive populations contained individuals that

were admixed between ornamental and invasive
clusters, showing that interspecific hybridization is
relatively common in the invasive complex.

Due to the relatively small number of sweet broom
individuals included in this study, it is difficult to
determine whether the unsampled progenitor of the
invasives clustering with G. canariensis, G. stenopet-
ala, and ornamental sweet broom is currently sold but
not collected, or whether it was sold in the past and no
longer available. The substructure within the cluster
containing a portion of the invasive individuals,
G. canariensis, G. stenopetala, and ornamental sweet
broom suggests that some invasive populations are
very closely related to sweet broom, while other
populations are more closely related to each other than
to sweet broom. Three populations containing a large
number of individuals that cluster with sweet broom
are in close geographic proximity to each other, and it
is possible that escape from cultivation occurred once
in this group and was followed by invasive spread. The
other invasive individuals in this cluster containing a
portion of the invasives, G. canariensis, G. stenopet-
ala, and ornamental sweet broom are randomly
distributed, suggesting that escape from cultivation
occurred recurrently within regions.

Knowledge of the origins of invasive populations is
important for management efforts. Multiple horticul-
tural species and groups are likely to have contributed
to invasive French broom in California. This includes
a lineage closely related to a currently sold ornamental
plant, sweet broom, which contributes to some inva-
sive French broom populations directly and via
hybridization. In addition, several populations contain
intra- or inter-specific hybrids descending from sep-
arate introductions, which may have led to increased
success in the invaded range. Although we cannot say
with certainty whether a currently marketed, or
previously marketed, sweet broom contributes to
invasive populations, we suggest that the sale of sweet
broom should be restricted in California. There is no
evidence that these plants are sterile, and it is
reasonable to assume that they have the ability to
become invasive.

In addition to providing information suggesting
means to prevent the further spread of invasive French
broom by removing sweet broom from the market in
California, this study also has important implications
for designing biological control programs for invasive
French broom. The effectiveness of biological control
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agents for managing invasive plants is influenced by
both the genetic diversity and the origins of invasive
populations (Mueller-Schaerer and Schaffner 2008).
Multiple origins, genetic variation and hybridization
within invasive populations tends to limit the success
of biological control programs (Burdon and Marshall
1981; Roderick and Navajas 2003), as these popula-
tions are unlikely to have host-specific and damaging
natural enemies in their native range. Our study
therefore suggests that biological control may have
limited success against invasive French broom in
California.
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