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Introduced Scotch broom (Cytisus scoparius) invades the
genome of native populations in vulnerable heathland
habitats
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*Department of Geosciences and Natural Resource Management, University of Copenhagen, Rolighedsvej 23, Frederiksberg C

1958, Denmark, †Department of Plant Sciences, Norwegian University of Life Sciences, Ås NO-1432, Norway

Abstract

Cytisus scoparius is a global invasive species that affects local flora and fauna at the

intercontinental level. Its natural distribution spans across Europe, but seeds have also

been moved among countries, mixing plants of native and non-native genetic origins.

Hybridization between the introduced and native gene pool is likely to threaten both

the native gene pool and the local flora. In this study, we address the potential threat

of invasive C. scoparius to local gene pools in vulnerable heathlands. We used nuclear

single nucleotide polymorphic (SNP) and simple sequence repeat (SSR) markers

together with plastid SSR and indel markers to investigate the level and direction of

gene flow between invasive and native heathland C. scoparius. Analyses of population

structures confirmed the presence of two gene pools: one native and the other invasive.

The nuclear genome of the native types was highly introgressed with the invasive gen-

ome, and we observed advanced-generation hybrids, suggesting that hybridization has

been occurring for several generations. There is asymmetrical gene flow from the inva-

sive to the native gene pool, which can be attributed to higher fecundity in the inva-

sive individuals, measured by the number of flowers and seed pods. Strong spatial

genetic structure in plastid markers and weaker structure in nuclear markers suggest

that seeds spread over relatively short distances and that gene flow over longer dis-

tances is mainly facilitated by pollen dispersal. We further show that the growth

habits of heathland plants become more vigorous with increased introgression from

the invaders. Implications of the findings are discussed in relation to future manage-

ment of invading C. scoparius.

Keywords: asymmetric gene flow, Cytisus scoparius, fecundity, hybridization, introgression,

invasive species
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Introduction

Introductions of exotic species to new territories are con-

sidered major threats to native species and ecosystems

(Vitousek et al. 1996; Parker 2000). Negative impacts of

such introductions include a decrease in species richness

at the local scale (Powell et al. 2011; McKinney et al. 2012)

and changes in ecosystem function by altering abiotic

environmental variables (light, soil moisture and soil

characteristics) (Diquelou & Roze 1999; Fogarty & Facelli

1999; Vil�a et al. 2000). Introduced plants meet and often

interact with the native flora, creating a risk of hybridiza-

tion if the species are closely related. New lineages can

arise if strong reproductive barriers are present between

homoploid recombinant hybrids and their parental taxa,

or if hybridization is followed by chromosome doubling

(allopolyploidy) (Lowe & Abbott 2004). In cases of no or

only weak reproductive barriers, different scenarios are

expected depending on the fitness of the hybrids. If the

fitness of hybrids is lower than that of their parents, then

the rarest taxon may become replaced by the superior
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taxon (i.e. demographic swamping or pollen swamping;

Wolf et al. 2001; Buggs & Pannell 2006). In case of highly

fit hybrid recombinants, one or both parental taxa may

become genetically swamped (Wolf et al. 2001). If ongo-

ing hybridization asymmetrically favours one of the two

hybridizing taxa as the mother (Tiffin et al. 2001), and if

backcrossing is mainly towards one taxon, introgression

may become unidirectional (Field et al. 2011). Unidirec-

tional backcrossing towards a numerically inferior,

vulnerable taxon could potentially lead to the loss of this

rare taxon. While asymmetrical gene flow and introgres-

sion are not uncommon in plants, their role in invasion

biology is less investigated and little is known about the

underlying mechanisms (Todesco et al. 2016). Given the

potentially devastating outcome of swamping of native

species by invasive ones, more research is needed.

Scotch broom, Cytisus scoparius (L.) Link (2n = 2x = 46),

is a highly successful invasive species of the Fabaceae

family and poses problems at the global level. It is

outcrossing and depends on insects, mainly bees, for

pollination (Parker 1997). The species is native to Eur-

ope (Potter et al. 2009) but has been introduced to all

continents except Antarctica (Kang et al. 2007). Its mas-

sive expansion is closely linked to life history traits that

enable the species to rapidly colonize new areas, such

as abundant seed production, long-lasting seed banks

(Turner 1933; Smith & Harlen 1991; but see also Magda

et al. 2013), ease of establishing in newly disturbed

areas and its ability to grow rapidly (Fogarty & Facelli

1999). In addition, as a nitrogen-fixing species, C. scopar-

ius increases the nutrients in soils, which can inhibit the

growth of coexisting native species (Fogarty & Facelli

1999).

In Denmark, where this study took place, C. scoparius

is considered a native species. It is mentioned in some

of the oldest systematic botanical records dating back to

1648 (Paulli 1648). However, C. scoparius is a highly

variable species where genetic origin is decisive for its

phenotype. A transplanting study comparing 19 origins

across Europe revealed large differentiation among pop-

ulations within C. scoparius and identified nine highly

distinct ecotypes according to pronounced differences

in growth form, frost hardiness and flowering intensity

(B€ocher & Larsen 1958). Several populations (including

origins from France, Spain, the Netherlands, Luxem-

burg and Hungary) exhibited erect growth, 150–250 cm

height, and possessed only medium to low frost hardi-

ness, while other populations were less erect, 50–
150 cm high, and had high frost hardiness (called B2 in

B€ocher & Larsen 1958). The latter group includes the

population considered native to Denmark. Low types

with relatively poor frost hardiness that originated from

northern Germany were also identified, and plants from

a single origin on the island of Jersey were completely

prostrate. Collections from Danish sites where C. scopar-

ius was not considered by the authors to be native

belonged to the tall types with low frost hardiness and

high mortality. B€ocher & Larsen (1958) suggested that

these tall types were introduced from non-Danish

sources, while native types were characterized by their

low height, high survival rates and abundant flowering.

A recent study based on microsatellite [simple sequence

repeat (SSR)] markers confirmed the presence of two

gene pools of Danish C. scoparius, of which one is con-

sidered to be invasive (Rosenmeier et al. 2013). This

study revealed that native types of C. scoparius growing

in the vulnerable sandy heathlands in the western part

of Denmark were genetically distinct from the vigorous

invasive plants of C. scoparius (Rosenmeier et al. 2013).

The types differed in growth habit corresponding to the

findings of B€ocher & Larsen (1958), but despite the

genetic and morphological differences, the native form

has never been given formal taxonomic status. Rosen-

meier et al. (2013) raised the concern that the invasive

type of C. scoparius could pose a threat to native gene

pools of C. scoparius if the range of the invaders

expanded further and the two forms come into contact.

As the introduced C. scoparius is an effective colonizer

with vigorous growth once introduced, massive

hybridization and introgression into the native popula-

tion could be expected, although the opposite scenario

with asymmetric gene flow from the native form into

invading C. scoparius is also possible (Currat et al. 2008).

Differences in soil preferences, with the invading C. sco-

parius tending to grow on more fertile soils, may reduce

the risk of the invasive type establishing populations

that intermix with the native type on the poorest soils,

but pollen dispersal may provide a genetic bridge

between geographically close populations growing on

different soil types. However, it is unknown whether

the two types are reproductively compatible, whether

F1 hybrids are fertile or whether prezygotic reproduc-

tive barriers that may prevent hybridization between

the two types exist.

In the present study, we address the hypothesis that

the local C. scoparius from vulnerable heathlands is

being genetically swamped by an introduced invasive

type. We specifically ask (i) whether C. scoparius from

surrounding areas of the heathland is spreading into

the heathland by pollen flow, seed flow or by both

means, (ii) whether the native gene pool of C. scoparius

is at risk of being swamped by invasive C. scoparius due

to asymmetric gene flow and subsequent backcrossing

and (iii) whether continuous hybridization can cause

phenotypic changes to the growth form of C. scoparius

in heathlands. Our study site covers a native heathland

surrounded by agricultural land with farms and roads.

While the heathland is dominated by the low growing
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native phenotype, the adjacent areas are dominated by

tall and vigorous plants. Both phenotypes grow suffi-

ciently close to allow pollen dispersal by insects

between them. The patterns of hybridization and asym-

metric gene flow were investigated using both nuclear

markers (biparentally inherited) and plastid markers

(maternally inherited). The implications of the findings

are discussed in relation to the future management of

invading C. scoparius.

Material and methods

Study site

The study site is located in western Jutland, near Hol-

stebro in Denmark. The site was selected because tall

plants from potentially introduced seed sources of

C. scoparius grow close to a native heathland popula-

tion. The habitat (Ulfborg-Str�asø plantage GPS

56°15020.0″N 8°24035.8″E) is characterized as hilly heath-

land on old sand dunes with typical heathland flora

comprised of, for example, common heather (Calluna vul-

garis), common juniper (Juniperus communis) and red

crowberry (Empetrum rubrum). Conifers have previously

been planted in the southeastern corner, but most of

these have subsequently been removed. The surround-

ing areas are agricultural land with farms and houses.

Sampling

Sampling within and outside the heathland took place

on 14 and 15 January 2015. Within the heathland, sprigs

were collected from 183 randomly chosen individuals

growing in patches in the area. Outside the heathland,

sprigs were collected from 66 plants in the bordering

areas along road sides and pastures on private farms

and houses where tall C. scoparius has been observed to

spread and increase in density in the preceding decades

(see Fig. 1). GPS coordinates and morphological mea-

surements (height, basal diameter, widest width and

perpendicular width) were recorded for each individual

we sampled.

(a)

(b)

Fig. 1 Distribution of 249 individuals in

the sampling area. (a) Distribution of the

6 invasive (1 to 6) and 3 native (7 to 9)

haplotypes based on one chloroplast

indel marker and one microsatellite mar-

ker. (b) Distribution of individuals with

ancestry membership defined by the soft-

ware STRUCTURE with two groups (K = 2).

The analysis is based on 36 nuclear sin-

gle nucleotide polymorphic markers and

5 microsatellite markers. Note the differ-

ent class ranges. The basemap is sourced

from Google, Aerodata International Sur-

veys, DigitalGlobe, Scankort. The points

for some individuals were slightly

moved from their exact location to

increase visibility.

© 2016 John Wiley & Sons Ltd
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The area was revisited on 29 June 2015, when the

relationship between plant size and fecundity was

assessed during peak flowering of both types to observe

whether plants with erect phenotypes had higher fecun-

dity compared to shorter plants. For this study, a total

of 100 plants were selected to represent the range in

size variation among plants of the two types. Forty

plants were selected in the invaded area and 60 plants

from the heathland. Plant heights were measured, and

the number of flowers and pods per plant was counted

if <50 and estimated to the hundred for plants with

more than 50 flowers/pods.

DNA extraction

Genomic DNA was isolated from ten milligrams of dry

tissue using the DNeasy 96 Plant Kit (Qiagen, Hilden,

Germany) protocol with the following adjustments. To

increase DNA yield, the chemical cell lysis step (in buf-

fer AP1, at 65 °C) was extended from 10 to 30 minutes.

Additionally, the final DNA elution step was conducted

only once and with water. Samples were normalized to

a concentration of 10 ng/ll, except where initial con-

centration was lower.

Plastid DNA sequencing

Two plastid DNA haplotypes were distinguished based

on one chloroplast marker (indel), which previously has

been found to differentiate between the native and

introduced type of C. scoparius in Denmark (Brandes

et al., unpublished). The DNA region between the two

universal plastid primers psbB and psbF (length of

778 bp in Medicago sp.; Hamilton 1999) was amplified

using the polymerase chain reaction (PCR). The 25 ll
PCRs contained 19 Standard Taq Reaction Buffer (New

England Biolabs (NEB), Ipswich, MA, USA), 0.625 units

HotStart Taq DNA polymerase (NEB), 50 lM of each

dNTP (Invitrogen, Carlsbad, CA, USA), 0.4 lM of each

primer and 1 ll of DNA template. PCR was performed

using a Mastercycler nexus thermocycler (Eppendorf,

Hamburg, Germany) with an initial 15 min at 95 °C,
followed by 30 cycles of 1 min at 94 °C, 2 min at 55 °C
and 3 min at 72 °C, with a final extension step of 5 min

at 72 °C. PCR products were purified and sequenced by

Macrogen (Seoul, South Korea), using the specifically

designed internal primers psbF_int (GACAAG

CAGTCGGATAGACCA; Invitrogen) and psbB_int

(GGGCAACCCTCTCAACAACT; Invitrogen).

SNP marker development and genotyping

We generated 80 novel single nucleotide polymorphic

(SNP) markers for C. scoparius from a reduced

representation library, following the method of double-

digest restriction-associated DNA sequencing (ddRAD-

seq) as described by Peterson et al. (2012). The library

was constructed based on 16 leaf tissue samples from

different populations outside Denmark. In accordance

with the ddRAD protocol (Peterson et al. 2012), DNA

samples were normalized to 500 ng, digested using the

restriction enzymes MspI and EcoRIHF (NEB) and puri-

fied with AMPure XP Beads (Beckman Coulter, Brea,

CA, USA). Each sample was ligated with one common

adapter and one uniquely bar-coded adapter (differing

by at least two nucleotides) and again purified to

remove unligated and incorrectly ligated fragments.

After pooling all samples, DNA fragments were size-

selected to approximately 400 bp (including adapters

and barcodes) using a Pippin Prep (Sage Scientific, Bev-

erly, MA, USA) with a 2% agarose gel. The remaining

DNA fragments were PCR-amplified for 12 cycles and

sequenced using an Illumina Miseq (Illumina, San

Diego, CA, USA) platform with the V2 sequencing kit

(2 9 251 nucleotides).

Forward sequence reads were analysed for SNPs

using STACKS (v1.18) (Catchen et al. 2011). As reads were

of different lengths, they were shortened to 240 nucleo-

tides and then analysed in STACKS S with a minimum

stack depth of 5 (-m), minimum distance allowed

between stacks of 4 (-M) and otherwise default values.

Of the resulting 7395 polymorphic stacks, only those

with one or two SNPs (1992 and 1625 stacks, respec-

tively) were selected. These 3617 stacks were further

scrutinized based on the following four criteria: we only

kept stacks that were generated for at least 10 of the 16

samples, had no more than two alleles in any sample,

reached a minimum allele frequency of 0.1 across all

samples and included at least one sample that was

homozygous for each of the two alleles. For stacks con-

taining two SNPs, only one SNP was selected.

Based on the 116 best-suited stacks, two sets of

40-multiplex MASSARRAY (AGENA Bioscience, San Diego,

CA, USA) were designed using the ASSAY DESIGN SUITE 2.0

software (AGENA Bioscience). Only 36 of these 80 SNP

markers were included in further data analysis because

30 markers failed, two were monomorphic and 12

markers had more than 10% missing values.

Microsatellite genotyping

Five primer pairs for nuclear simple sequence repeat

(SSR) loci (Cs03, Cs18, Cs34, Cs39 and Cs65) and one

primer pair for a plastid SSR locus (Ccmp5) previously

used for analysing C. scoparius in Denmark (Rosenmeier

et al. 2013) were used. PCR amplification was per-

formed with Multiplex PCR Mastermix (Qiagen) follow-

ing the procedure in the Qiagen Multiplex PCR

© 2016 John Wiley & Sons Ltd
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handbook (version from 2010) but with the reaction vol-

ume scaled down to 10 ll. PCR was performed in a

Bio-Rad C1000 Thermo cycler (Bio-Rad Laboratories,

Hercules, CA, USA) with an initial denaturation step at

95 °C for 15 min, followed by 30 cycles of 30 s at 94 °C,
1 min 30 s at 57 °C and 60 s at 72 °C, followed by a

final 30-min extension step at 60 °C and storage at 5 °C.
GeneScan 500 LIZ was used as an internal size standard

and separation of diluted PCR products (1:30) was per-

formed on ABI 3130XL Genetic Analyzer (Applied

Biosystems, Carlsbad, CA, USA).

Statistical analyses

For statistical analyses, we combined the nuclear SNP

and SSR markers and analysed them together, except

for diversity measures which were calculated for each

marker type and approximate Bayesian computation

(ABC) for which only nuclear SNP markers were used.

The plastid indel and mononucleotide SSR markers

were combined into unique haplotypes.

We used two approaches to verify that there were

two different genetic groups in the study system. First,

we used principal components analysis (PCoA) as

implemented in GENALEX 6.501 (Peakall & Smouse 2006,

2012). Second, we used a model-based Bayesian non-

hierarchical clustering method that clusters individuals

into K groups according to where maximum linkage

disequilibrium between groups is present. For this anal-

ysis, we used the program STRUCTURE v. 2.3.4 (Pritchard

et al. 2000; Falush et al. 2003), and we assessed 10 repli-

cates of each K from 1 to 10 using a burn-in length of

500 000 and 1 000 000 MCMC repeats after burn-in.

The program CLUMPAK (Kopelman et al. 2015) was used

to combine the results of the ten replicates. We evalu-

ated likelihood plots and ΔKs (Evanno et al. 2005) to

identify the most likely number of groups using STRUC-

TURE HARVESTER (Earl & von Holdt 2012).

To investigate the gene flow between the heathland

and invaded areas, we used results from the STRUCTURE

analysis of two groups (K = 2), assuming that one

group corresponded to the invasive and the other to the

native genome. For subsequent analyses and discus-

sions of results of the STRUCTURE analysis with two

groups, we defined a high ancestry membership coeffi-

cient (Q) as representing the invasive genome and a

low Q as representing the native genome. Individuals

with Q > 0.9 were defined as pure invasive, and indi-

viduals with Q < 0.1 were defined as pure native.

To examine hybridization and introgression between

native and invasive genotypes, we compared the level

of invasive genome content in heathland individuals

with the native genome content in invaded area indi-

viduals. We did this by testing whether the distribution

of the ancestry membership coefficients Q in the heath-

land population differed from the distribution of Q-1

values in the invaded area using the nonparametric

Kolmogorov–Smirnov test in the R package ‘STATS’ (R

core team 2015).

We used the program NEWHYBRIDS (Anderson &

Thompson 2002) to investigate whether potential

hybrids were first generation, or whether there were

more complex hybridization and introgression patterns,

including backcrossing and advanced-generation

hybrids. NEWHYBRIDS is a model-based method that calcu-

lates the posterior probability that an individual is

assigned to different hybrid categories. Individuals with

Q > 0.9 were defined as pure invasive and individuals

with Q < 0.1 as pure native. We used the genealogical

categories suggested in the software (pure native, pure

invasive, F1, F2, F1 backcrossed to pure native and F1

backcrossed to pure invasive). We used 500 000 sweeps

for burn-in and 1 000 000 sweeps after burn-in.

Furthermore, we used approximate Bayesian compu-

tation as implemented in the program DIYABC version

2.1 (Cornuet et al. 2014) to estimate the onset of admix-

ture and admixture rate between native and invasive

gene pools based on the 36 nuclear SNP markers. Indi-

viduals with Q > 0.9 were defined as pure invasive

and individuals with Q < 0.1 as pure natives. 106 data

sets were simulated with parameter values drawn from

prior distributions as shown in Table S1 (Supporting

information). We used the proportion of zero values

and mean nonzero values of FST and Nei’s distances

and admixture estimates as our 14 summary statistics.

We simulated 1000 data sets from the posterior distri-

bution of parameters and compared estimated and

observed summary statistics to estimate the goodness

of fit of the model. To evaluate the model, we chose

summary statistics not used previously to inform the

model (variance of nonzero values and mean of total

distribution for FST and Nei’s distances and admixture

estimates).

Genetic characteristics (average number of alleles, NA;

effective number of alleles, Ne; observed and expected

heterozygosity, Ho and He; and fixation index, FIS) were

calculated separately for each marker type for individu-

als in the heathland and invaded area, as implemented

in GENALEX 6.501. To establish how variation was

divided between and among plants sampled in the

heathland and invaded area, we ran an analysis of

molecular variance (AMOVA) and calculated FST using GE-

NALEX 6.501.

To visualize the distribution of genetic diversity

across the sample site, we plotted both plastid haplo-

types and ancestry membership coefficients for each

individual on a map using QGIS v2.6.1-Brighton (QGIS

Development Team 2015).

© 2016 John Wiley & Sons Ltd
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To assess the contribution of pollen relative to seed

dispersal on a local scale, genetic structure among

plants in the heathland was quantified using the Sp

statistic (Vekemans & Hardy 2004). We calculated geo-

graphic distances among all plants in the heathland

from GPS coordinates and compared them to genetic

distances for the nuclear markers and plastid haplo-

types, respectively. As the chloroplast is maternally

inherited while nuclear markers are biparentally inher-

ited, gene flow facilitated by pollen and seeds can be

separated. Sp statistics were calculated using the regres-

sion slope of pairwise kinship coefficients between indi-

viduals from the heathland on the logarithm of spatial

distance (Vekemans & Hardy 2004). Seed dispersal rela-

tive to overall gene flow (rs/rg) was calculated as [2Sp

(nuclear)/Sp(plastid)]½, while the ratio between pollen

and seed dispersal (rp/rs) was calculated as [Sp(plas-

tid)/Sp(nuclear))-2]½, as described in Budde et al.

(2013). Pairwise kinship coefficients (Loiselle et al. 1995)

and regression slopes were estimated using SPAGEDI

(Hardy & Vekemans 2002) with calculations based on

allele identity/nonidentity.

The impacts of hybridization on the phenotypes of

plants were assessed using linear regression of the

height/width ratio on the corresponding ancestry mem-

bership coefficient (Q) as estimated from the STRUCTURE

analysis with K = 2. This analysis was restricted to

heathland plants to compare plants growing under sim-

ilar conditions. To further reduce any bias from spatial

variation across the heathland, we separated the sam-

pled part of the heathland into blocks of each

50 m 9 50 m and included block effects in the regres-

sion analysis.

The sum of flowers and pods per plant was used as a

proxy for fecundity (Fec). The relationship between

height and fecundity of the plants was quantified and

tested based on a simple linear regression model

between height and log-transformed fecundity: L

(Fec) = log(Fec+1) on height. The analysis was based on

the 60 plants measured in the heathland to estimate

how size relates to reproductive energy in the native

habitat. Block effects were again included to reduce any

effects of spatial variation across the heathland.

Results

We scored one polymorphic plastid indel and 36 poly-

morphic nuclear SNP markers, as well as one plastid

and five nuclear microsatellite markers.

The individuals formed two groups along the first

PCoA axis corresponding to individuals sampled inside

or outside the heathland (Fig. 2; PCoA axes 1 and 2

explained 9.6 and 4.8% of the variation, respectively).

There is, however, some overlap between the two

groups. Likelihood scores and ΔK (Fig. S1, Supporting

information) from STRUCTURE analyses also indicated

clustering of two genetic groups mainly corresponding

to individuals sampled inside or outside the heathland

(Fig. 3b). Ancestry membership coefficients (Q) showed

a gradual transition between the two groups, indicating

hybridization and introgression between the two gene

pools (Fig. 3b). In total, 44 individuals had Q-values

below 0.1 (indicating pure native genotypes), all of

them within the heathland. Forty-nine individuals had

a Q-value above 0.9 (indicating pure invasive geno-

types), and of these, eight were inside the heathland.

Forty-one individuals in the heathland area had Q-

values above 0.5 (indicating high contribution from the

invasive gene pool), whereas only one individual in the

invaded area had a Q-value below 0.5 (indicating high

contribution from the native gene pool; Figs 1b and 3b).

Individuals with a high contribution from the invasive

–0.8
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0.0

0.2

0.4

0.6

0.8
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Inside heathland Outside heathland

Fig. 2 Principal components analysis of 249 Cytisus scoparius individuals. The analysis is based on 36 nuclear single nucleotide poly-

morphic and five microsatellite markers. The first and second axes explain 9.6 and 4.8% of the variation, respectively.
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gene pool were found in all parts of the heathland but

dominated the southeast part of the heathland (heath-

land 5, 6 and 7; Fig. 1b). These areas are the closest to

the invaded area.

The Kolmogorov–Smirnov test showed that the distri-

bution of invasive and native genome content in the

heathland and native areas, respectively, differed

(D = 0.4062, P = 0.000; Fig. 4). We interpret this as a

reflection of asymmetric gene flow between the individ-

uals in the heathland and the invaded area, with higher

gene flow from the invaded area into the heathland

than vice versa.

The results from the NEWHYBRIDS simulations showed

that most individuals fell into three genealogical cate-

gories: pure native, pure invasive or F2 hybrids (Fig. 5).

We interpret the latter category as including both F2

and advanced-generation hybrids. None of the individ-

uals were classified as F1 hybrids with a likelihood

higher than 0.07. Where there were signs of F1 back-

crossing to pure native or invasive gene pools, there

was a tendency for backcrossing to the gene pool repre-

senting the area where the individual was growing.

Timing of the onset of admixture of the native and

invasive gene pool was estimated with approximate

Bayesian computation in DIYABC to be approximately

10 years ago (0.62–32.1 years ago, 95% CI) using a

generation time of three years (Parker 1997; Table 1).

Admixture towards the total hybrid population (both

heathland and invaded area) was approximately equal

from the native and invasive gene pools (Table 1).

The model showed a relatively good fit, and none of

the 14 summary statistics used were outside the 95%

CI.

The level of genetic diversity was similar between the

heathland and invaded area individuals (e.g. microsatel-

lites: Ne = 5.5 � 1.96 and 5.41 � 1.83, respectively, and

He = 0.74 � 0.6 and 0.75 � 0.6, respectively; Table 2),

while FIS was approximately twice as high for invasive

individuals than for native ones. AMOVA revealed that

11% of the variation was between the heathland and

invaded area groups, while the remaining 89% was

within. The level of genetic differentiation was signifi-

cant (FST = 0.11, p = 0.001).

The diagnostic indel in the plastid region mainly

divided the samples into two groups corresponding to

the heathland and invaded area (Figs 1a and 3a). There

were, however, 20 individuals in the heathland that had

the invasive plastid indel haplotype and six individuals
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Fig. 3 (a) Plastid haplotype of 247 Cytisus scoparius individuals (two individuals with missing data are shown in white). The analysis

is based on one indel and one microsatellite marker. Colours refer to haplotypes in Fig. 1. Blue and orange colours represent the two

groups defined by the diagnostic indel, and shades within each group represent variation in the mononucleotide SSR marker. (b)

Population structure of 249 C. scoparius individuals with two groups (K = 2) from the software STRUCTURE. The analysis is based on 36

nuclear single nucleotide polymorphic and five microsatellite markers. Each bar represents one individual, and each colour repre-

sents the fraction of the genome assigned to each group (Blue = native, red = invasive). The green and red bars below the plot repre-

sent individuals sampled in the heathland and invaded area, respectively. The invaded and heathland subgroups indicated under

the plot are as described in Fig. 1.
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in the invaded area that had the native plastid indel

haplotype. We identified six different alleles in the

mononucleotide plastid microsatellite locus. We believe

that there is homoplasy among the plastid microsatellite

alleles because we found the same SSR alleles in the

two groups defined by the indel marker; hence, they

should be interpreted with caution. Plastid mononu-

cleotide microsatellites mutate with a manifold higher

rate than indels (Provan et al. 2001; Yamane et al. 2006;

Jakobsson et al. 2007). Based on this, we chose to score

haplotypes based on the combination of the plastid

indel and the plastid microsatellite marker, where the

indel represents an older mutation event that reflects

the introduction history to the area and the plastid

microsatellite variation represents more recent muta-

tions within the two haplogroups defined by the plastid

indel. There is likely no homoplasy among the plastid

microsatellite alleles within each of the plastid indel

haplogroups. PCR artefacts are known to be a problem

in mononucleotide microsatellites, but even if PCR arte-

facts are present, they will not impact the main conclu-

sions drawn from the data. By combining the plastid

indel and the microsatellite marker, we identified nine

haplotypes: six within the invasive plastid indel haplo-

type and three within the native plastid indel haplotype

(Figs 1a and 3a). Within the heathland, one plastid hap-

lotype dominated the northwestern part of the sampled

heathland area (haplotype 7; Fig. 1a) and another the

southeastern (haplotype 8, Fig. 1a), with some mixing

and with the third native plastid haplotype present in

both parts (haplotype 9). In the furthest southeastern

part of the heathland sample area, a patch of 15 plants

with two invasive haplotypes were observed (haplo-

types 4 and 5; Fig. 1a in ‘Heathland 6’). These plants

were growing within 250 m of another group of five

invasive C. scoparius individuals, located just inside the

heathland boundary (haplotypes 3 and 4; Fig. 1a

‘Heathland 7’). The C. scoparius plants outside the

heathland were dominated by one plastid haplotype

(haplotype 4 Fig. 1a), and the five other haplotypes

were present in minor frequencies throughout the area

(there were only one to four samples with the invasive

haplotypes 1, 2, 3, 5 and 6).

The degree of spatial genetic structure was significant

for both nuclear and plastid markers (Sp = 0.0095 and

0.4892, respectively). Pairwise kinship coefficients were

significant up to 30 m for nuclear SNP and microsatel-

lite markers (Fig. 6a), while significance based on plas-

tid haplotype similarity extended almost 200 m

(Fig. 6b). The ratio of seed dispersal to overall geneflow

distance (rs/rg) was 0.20, while the pollen to seed dis-

persal ratio (rp/rs) was 7.04, implying that pollen-

mediated gene flow is much stronger than gene flow

via seeds.

Plants predicted to be of pure native type based on

their low ancestry membership coefficients (Q) were in

general less erect compared to introgressed individuals

with an approximate linear relationship between

height/width ratio and Q-value (t = 4.08; P < 0.001;

Fig. 7a). Fecundity observations revealed a positive

relationship between height and log-transformed

fecundity (flowers + pods) among the 60 heathland

plants (t = 2.82; P < 0.01; Fig. 7b). The approximately

log-linear relationship suggests that fecundity within

the sampled height classes increases almost exponen-

tially with plant height, where an average plant of

120 cm in the heathland is predicted to have 10 times

more flower/pods than an average 20 cm plant in the

same area. Fecundity observations also revealed that

plants growing outside the heathland developed more

flowers and seed pods than plants within the heath-

land (Fig. 7b).
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Discussion

Empirical and experimental results support that

hybridization in many cases plays a role in increasing

fitness of invasive plant taxa (Hovick & Whitney 2014).

Much research has focused on the role of interspecific

hybridization in invasion biology (Todesco et al. 2016).

However, failure to recognize invasions at lower taxo-

nomic levels may lead us to overlook those invasions,

as exemplified in Saltonstall’s (2002) landmark paper on

cryptic invasion in Phragmites australis. Furthermore,

most studies of invading species have focused on inter-

continental invasion only (but see Bleeker 2003;

Valtuena et al. 2011) because they are easy to identify.

In the present case of the intracontinental invader Cyti-

sus scoparius, we study hybridization between invasive

and native gene pools at a subspecies taxonomic level.

We show that native C. scoparius in the vulnerable

heathlands are strongly influenced by hybridization

with invasive genotypes from surrounding areas. The

genetic invasion of the native C. scoparius genome

causes a change in the morphology of invaded plants

towards the more erect phenotype of the invasive type.

We also document that taller plants produce more flow-

ers and seed pods; hence, our study supports the

hypothesis that hybridization can lead to increased

Table 1 Posterior distribution of parameters from DIYABC based on 36 nuclear single nucleotide polymorphic markers. For the estima-

tion of absolute time, we used a generation time of three years (Parker 1997)

Model Parameter Median (95% credibility interval)

Population size of native population 3620 (876, 8680)

Population size of invasive population 5550 (1750, 9400)

Population size of hybrid population 4430 (1130, 9210)

t1 generations 3.27 (0.21, 10.7)

t1 absolute time 9.81 (0.62, 32.1)

t1/mean population size 2.33e�15 (2.64e�22, 6.69e�8)

t2 generations 655 (116, 4130)

t2 absolute time 1965 (348, 12390)

t2/mean population size 1.08e�2 (3.31e�3, 1.04e�1)

ra (ratio of admixture) 0.525 (0.342, 0.698)

Invasive Native F1 F2 F1 backcross to invasive F1 backcross to native
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Fig. 5 Assignment of genotypes to six genealogical classes from the software NEWHYBRIDS based on 36 nuclear single nucleotide poly-

morphic and five microsatellite markers. Each bar represents the probability of an individual for assignment to each of the six

genealogical classes. The green and red bars below the plot are as described in Fig. 1 and represent individuals sampled in the

heathland and invaded area, respectively.
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fitness even at this low taxonomic level. The potential

increase in invasiveness in the heathland will be in dis-

guise: our combination of nuclear and chloroplast mak-

ers reveals that while the tall invasive C. scoparius

phenotypes spreading along roadsides and disturbed

areas most likely originate from historical seed intro-

ductions, the tall, advanced-generation hybrids in the

heathland in most cases must originate from native

heathland plants initially hybridized with invasive

plants via pollen.

Gene flow between native and invasive gene pools of
Cytisus scoparius

Gene flow from invasive to native species is now recog-

nized as widespread (see, e.g., Burgess et al. 2005; Pren-

tis et al. 2007; Kellner et al. 2012; Balao et al. 2015 and

recently reviewed in Todesco et al. 2016). However, few

studies demonstrate gene flow between conspecific

invasive alien and native gene pools (but see, e.g., Sal-

tonstall 2002). This is most likely due to the difficulty in

identifying good study cases as the nature of the inva-

sion is cryptic, and the prevalence of this process

remains unknown. Our results outline a scenario where

native C. scoparius in a vulnerable heathland is sur-

rounded by invasive, heavy flowering C. scoparius lead-

ing to massive gene flow from the invasive to the

native gene pool. The invasive C. scoparius most likely

originates from large-scale introductions during the last

50–60 years. Besides being used for soil improvement

owing to the ability of C. scoparius to fix nitrogen (Foga-

rty & Facelli 1999), the introduced tall types have been

promoted widely in western Denmark to provide food

and shelter for animals (Schl€atzer 1965). B€ocher &

Larsen (1958) suggested that native and invasive types

already hybridized in the 1950s at some localities in

western Denmark, but clear documentation has been

lacking until now. In the present study, we find that

hybridization between the two gene pools is frequent

and that the invasive genome has already been intro-

gressed into individuals in the heathland to a large

extent (Fig. 3b). We observe a hybrid swarm with com-

plex genomic compositions where hybrids were not

limited to the first generation, indicating a large poten-

tial for gene transfer between the two gene pools. We

estimated the onset of hybridization to be 3.27 genera-

tions ago, which corresponds to 10 years using a gener-

ation time of three years (Parker 1997; Table 1). This is

somewhat later than the assumed time of introduction.

However, the generation time may be longer on the
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Fig. 6 Spatial genetic structure among individuals of Cytisus

scoparius in the heathland measured as kinship coefficients at

distance classes up to 300 m. The solid line indicates the

observed kinship values for all heathland plants, and the

upper and lower 95% confidence intervals are displayed as

broken lines. (a) Estimates based on nuclear markers (SNPs

and microsatellites). (b) Estimates based on plastid markers.

Table 2 Genetic characteristics (microsatellites and SNPs) of

Cytisus scoparius from heathland and invaded areas

N NA Ne Ho He FIS

Microsatellites

Heathland Mean 180.8 16.20 5.50 0.67 0.74 0.09

SE 0.58 4.02 1.96 0.05 0.06 0.03

Invasive Mean 65.4 14.20 5.41 0.59 0.75 0.21

SE 0.40 2.40 1.83 0.04 0.06 0.03

SNPs

Heathland Mean 181.1 1.97 1.40 0.24 0.26 0.06

SE 0.45 0.03 0.04 0.02 0.02 0.02

Invasive Mean 65.1 2.00 1.45 0.26 0.29 0.10

SE 0.37 0 0.04 0.02 0.02 0.03

N = sample size, NA = number of alleles per locus, Ne = effec-

tive number of alleles per locus, Ho = observed heterozygosity,

He = expected heterozygosity, FIS = fixation index.
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poor, sandy soils and the age of the invasive population

at the study site is unknown. Furthermore, a lag phase

for the establishment and spreading of the introduced

type can be expected (Aikio et al. 2010). In New Zeal-

and, C. scoparius had a lag phase of 97 years (Aikio

et al. 2010). Our results are in line with B€ocher & Larsen

(1958) and suggest a history of hybridization and intro-

gression dating back several generations. A similar sce-

nario has been observed in Eucalyptus with a long

history of gene flow between the species E. aggregata

and E. rubida (Field et al. 2011).

Gene flow between native and invasive gene pools is
asymmetric and pollen-mediated

Our results suggest more gene flow from the invasive

gene pool into the heathland than the other way around

(Figs 3 and 4). Forty-one (22%) individuals in the heath-

land had an ancestry membership coefficient (Q) above

0.5 (invasive genome), whereas only one individual

(1.5%) in the invaded area had a Q-value below 0.5 (na-

tive genome). Asymmetric gene flow from invasive to

native species has long been recognized as a potential

threat to native species (Rhymer & Simberloff 1996) and

demonstrated in several studies (e.g. Burgess et al. 2005;

Prentis et al. 2007; also reviewed in Todesco et al. 2016).

Nevertheless, only few studies have detailed how asym-

metric gene flow creates extinction threat to native spe-

cies (Ayres et al. 2004; Zika 2006; Balao et al. 2015).

Differences in fecundity or female fitness between local

and invading populations can play an important role in

determining the direction and magnitude of introgres-

sion (Anttila et al. 1998). In C. scoparius, the plants of

the invading type developed more flowers and seed

pods compared to plants of the native type (Fig. 7b),

which increases the potential for gene flow into the

heathland from adjacent dense stands of invasive indi-

viduals. Other factors may have contributed to asym-

metric gene flow, including different pre- and

postzygotic mechanisms. Postzygotic mechanisms could

include selection (Lexer et al. 2005), demographic pro-

cesses (Currat et al. 2008) or the relative abundance of

parent species (Cianchi et al. 2003). Prezygotic mecha-

nisms may include asymmetric genetic incompatibility

as has been studied in Quercus (Bacilieri et al. 1996;

Olrik & Kjaer 2007), but such factors are more likely to

play a role at the species level than at the lower taxo-

nomic level investigated here. As invading C. scoparius

is predominantly associated with fertile soils in farms

surrounding heathlands, it is possible that the poor

sandy soil in heathlands prevents seedling establish-

ment of invading types. More research is needed to

clarify whether there is ongoing selection against seeds

from the invasive type driven by differences in soil

composition.

The fact that the majority of individuals in the heath-

land have the native plastid haplotype suggests that

gene flow from the invaded area into the heathland

occurs almost entirely through pollen. Excellent exam-

ples of interspecific invasion through pollen-mediated

gene flow are given by Potts & Reid (1988) for two

Eucalyptus species and Petit et al. (2004) for two species

of Quercus. Our estimate of the sevenfold increased

range of pollen dispersal compared to seed dispersal

can explain the high proportion of plants in the heath-

land scored to be pure introduced genotypes (Q > 0.9)

that nevertheless had the native plastid haplotype. This

suggests that the genomes of these individuals originate

from generations of continuous introgression from inva-

sive to native heathland populations through pollen

flow. Malo (2004) found that seed dispersal by gravity,

ballistics and ants in C. scoparius is only 5–10 m per

generation. Therefore, the sevenfold increase in pollen

dispersal compared to seed dispersal may reach pollen

flow distances of 35–70 m in the heathland, which is in

line with an average pollination distance of 64 m (with

occasional pollen movement of several hundred metres)

found in a Danish study of the insect pollinated Malus
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sylvestris (Larsen & Kjaer 2009). A few individuals in

the heathland containing plastid haplotypes represent-

ing invasive C. scoparius were found at two sites close

to the border to the invaded area. These might be the

result of a few seed introductions followed by mating

with plants of the native type reducing their Q-values.

This suggests that demographic and fecundity differ-

ences, rather than incompatibility mechanisms per se,

create the observed asymmetric introgression in C. sco-

parius.

The large number of individuals in the heathland

with a Q-value above 0.5 indicates that there are mecha-

nisms reinforcing gene flow within the heathland

between individuals with high level of ancestry in the

invasive gene pool. This can be a result of more effi-

cient pollination from individuals with high level of

ancestry in the invasive gene pool, possibly also in com-

bination with transgressive segregation of invasive

traits, giving hybrids an advantage in establishment

and survival. Both have been invoked as explanations

for asymmetric gene flow (Anttila et al. 1998; Rieseberg

et al. 1999, 2003; Latta et al. 2007; Field et al. 2011).

Eventually, these individuals will serve as stepping

stones for introgression from the invasive genome, and

over time the native heathland C. scoparius runs a high

risk of being swamped.

In a previous study, Rosenmeier et al. (2013) identi-

fied a population in Villingerød that consisted of inva-

sive types based on one plastid and five nuclear SSR

markers. We re-analysed two individuals from this pop-

ulation and both contained the native plastid haplotype

(Brandes et al., unpublished). It is known from the liter-

ature that C. scoparius has been growing there for at

least 150 years (Buchwald 2008), and it is tempting to

speculate that a former native population in this area

has been eradicated through swamping by the invasive

C. scoparius, leaving only traces of the native type in

form of the native plastid haplotype. This is particularly

worrisome, as it may be an omen of what is also

expected to happen with the native heathland popula-

tion in our study and possibly other native heathland

populations.

Genome invasion alters the phenotype

We found that the invading genome appears to change

the phenotype of its carriers, leading to a tall, slender

growth form compared to pure native individuals in

the heathland that phenotypically are short and wide.

Because of the higher fecundity of such tall plants

(Fig. 7b), we expect the presence of a positive feedback

process, whereby hybridized plants in the heathland

obtain increased fitness and therefore contribute dispro-

portionally more to the next generation. This would

explain the reinforcement of gene flow from the inva-

sive gene pool because individuals with high invasive

genome content in the heathland act as stepping stones,

further increasing gene flow and thus speeding up the

introgression process. A similar scenario has been

described in Spartina, where the invader S. alterniflora

threatens to swamp the native S. foliosa through supe-

rior male fitness, which contributes to increased seed

set in native (introgressed) individuals (Anttila et al.

1998).

As an example of a major invasive species, C. scopar-

ius is of interest because of the potential adverse effect

on the native flora both at the species and subspecies

level. The spread of a species outside its native range

and its potential consequences on the native flora is

easy to detect, but the effects of dispersal and intro-

gression of non-native genome into native gene pools

are in most cases difficult to study. However, intro-

gression of introduced C. scoparius into native popula-

tions can be detected based on the distinct genetic

clusters congruent with phenotypic differences, where

the change in phenotypes can have important ecologi-

cal implications for local vegetation and associated

fauna. Our data indicate that pure native individuals

in the heathland had a height/width ratio of 0.5 com-

pared to 1.3 among pure invasive individuals in the

heathland (see Fig. 7a). The potential for changes in

the heathland is therefore substantial if the short and

wide native C. scoparius individuals are replaced by

tall and slender individuals as a result of genomic

invasion. In another study, we found that dense stands

of invasive C. scoparius reduced the amount of dwarf

shrubs in a heathland in Norway (Brandes et al.,

unpublished). Specific studies quantifying the ecologi-

cal consequences of introgression in invaded areas are

needed, and future studies that compare sites with

variable degrees of introgression are therefore impor-

tant. Of further importance is to study the fitness of

introgressed plants compared to plants of the pure

native type in more detail. Comparison of selective

advantages at different zygotic and sexual stages can

be based on a combination of in situ studies supported

by genetic markers and transplanting experiments with

controlled crosses. In this sense, C. scoparius may prove

to be an important model species that can contribute

to the general understanding of the cryptic parts of

invasive ecology.

The future for native Cytisus scoparius

We show that native and invasive C. scoparius most

likely have a long history of hybridization and intro-

gression in the vulnerable heathland. Indications of

seed flow into the heathland, which possibly could
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have been facilitated by humans, are limited in this

area. However, efficient gene flow via pollen from

sources outside the heathland in combination with

backcrossing to individuals of the invasive phenotype

and high invasive genome content in the heathland

makes management challenging. Removal of plants

with the tall, slender phenotype in the heathland is

likely to reduce the frequency of highly introgressed

individuals, but caution should be taken that such

operations and disturbance do not lead to unintended

seed dispersion into the heathland by machines or

humans. We expect to find similar unidirectional

introgression at other localities where the two types

meet. Removal of invaders from surrounding areas is

important, but will require large amounts of resources

and repeated efforts because seeds from the seed bank

can germinate in disturbed areas. Again, special cau-

tion must be taken to ensure that such activities do

not lead to seed dispersal of the invasive type into

vulnerable areas, as limited natural seed dispersal

capacity may be the major obstacle for seeding plants

to spread rapidly into neighbouring heathlands. At

present, we predict that we will see an increased

degree of swamping of the native gene pool in the

future. For in situ conservation, it will be important to

identify those native populations that are still comfort-

ably isolated by distance from invasive types. Any

invasive types in the vicinity of such genomically con-

served populations must be removed. Genomic inva-

sion of the native C. scoparius may have more than

genetic consequences. Negative ecological conse-

quences may also occur in the form of a changing

landscape, species composition and ecosystem func-

tioning of heathlands.
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