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Many regional floras contain a high proportion of recently introduced plant species. Occasionally,
hybridization between an introduced species and another species (introduced or native) can result in
interspecific gene flow. This may occur even in instances where the F1 hybrid shows very high sterility,
but occasionally produces a few viable gametes. We provide examples of gene flow occurring between
some rhododendrons recently introduced to the British flora, and between an introduced and native Sene-
cio species. Neutral molecular markers have normally been employed to obtain evidence of interspecific
gene flow, but the challenge now is to isolate and characterize functional introgressed genes and to deter-
mine how they affect the fitness of introgressants and whether they improve adaptation to novel habitats
allowing introgressants to expand the range of a species. We outline a candidate gene approach for isolating
and characterizing an allele of the RAY gene in Senecio vulgaris, which is believed to have introgressed
from S. squalidus, and which causes the production of ray florets in flower heads. We discuss the effects
of this introgressed allele on individual fitness, including those that originate directly from the production
of ray florets plus those that may arise from pleiotropy and/or linkage.
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1. INTRODUCTION

Plant species are often geographically isolated from their
relatives due to past vicariance or long-distance dispersal
events that were important precursors of divergence. In
the past, such geographically disjunct species may have
eventually gained contact with related species if, for
example, changes in global climate or geology opened cor-
ridors for migration across what had previously been
impenetrable barriers. Other plant species may occur in
close geographical proximity to their relatives, but be eco-
logically isolated from them. In these cases, natural dis-
turbance could either decrease the effectiveness of
ecological barriers or curtail them. Under both sets of cir-
cumstances, opportunities for hybridization would
increase between plants that were previously isolated from
each other, provided that they had not diverged to an
extent that cross-pollination never occurs and/or viable
and fertile F1 offspring are never produced.

The likelihood of contact occurring between species
that were previously geographically or ecologically isolated
from each other has risen dramatically in recent times due
to human activities (Mooney & Cleland 2001). The devel-
opment of world trade and international travel, in parti-
cular, has led to plants being introduced either
intentionally or accidentally to parts of the world far from
where they are native. In addition, landscape modification
due to agriculture and urbanization has resulted in mass-
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ive habitat disturbance and the breakdown of ecological
barriers. It is not surprising, therefore, that a region such
as the British Isles, which has been a centre for world trade
for over 500 years, and which has a landscape largely
altered by humans, possesses a flora containing many
recently introduced species and numerous interspecific
hybrids (Stace 1975, 1997; Abbott 1992; Preston et al.
2002; Williamson 2002).

The New atlas of the British & Irish flora (Preston et al.
2002) shows that approximately half of the species that
compose this flora are native and the other half are intro-
duced (table 1). If these values are adjusted to include
only those species found in more than 50 of the 2837
10 km squares surveyed, then the proportion of intro-
duced species is reduced to approximately one-third of the
total, with ca. 25% of all species comprising those intro-
duced in the last 500 years. Among the hybrids in the
British Isles flora listed by Preston et al. (2002), 87 are
the product of hybridization between a native and an
introduced species while 26 originated from crosses
between two alien species. These values are reduced to 22
and 2, respectively, when only hybrids present in more
than fifty 10 km squares are considered.

Although interspecific hybridization is frequently
recorded in the plant kingdom, it tends to be restricted to
particular taxa. For example, hybrids are present in 34%
of families and 16% of genera that comprise the British
Isles flora, while in Hawaii these values fall to 16% and
6%, respectively (Ellstrand et al. 1996). At present, there
is no information on how often a hybridization event is of
considerable evolutionary significance, resulting, for
example, in interspecific gene flow—introgression
(Rieseberg & Wendel 1993)—the origin of stabilized
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Table 1. Number and proportion of native and introduced species in the British and Irish flora (after Preston et al. 2002).

all speciesa species present in more than fifty 10 km squares

total number of species 2711 2010
native species 1363 (50.28%) 1324 (65.87%)
native/alien species 44 (1.62%) 42 (2.09%)
introduced species: 1304 (48.10%) 644 (32.04%)

archeophytes 149 (5.05%) 146 (7.26%)
neophytes 1155 (42.60%) 498 (24.78%)

a Based on a survey of 2837 10 km squares covering the whole of the British Isles. Archeophytes were introduced before AD 1500;
neophytes were introduced after AD 1500. Native/alien species is a group in which species could not be accurately categorized as
either native or introduced.

introgressants recognized as varieties or subspecies in the
recipient species (Abbott 1992), or the origin of a stable
hybrid species through allopolyploidy (Soltis & Soltis
1993, 1999) or homoploid hybrid speciation (Arnold
1997; Rieseberg 1997). Although there may often be no
consequences beyond F1 formation, detailed investigation
of some plant groups has revealed that all or several of the
above evolutionary consequences of interspecific hybridiz-
ation have occurred (e.g. in Helianthus (Rieseberg et al.
1990; Rieseberg 1997), Iris (Arnold 1993, 2000) and
Senecio (Abbott & Lowe 1996; Abbott et al. 2000, 2002)).
Such hybrid products may exhibit high invasiveness as
reflected by an ability to colonize rapidly areas closed to
parents (Ellstrand & Schierenbeck 2000).

Identifying hybrid taxa and reconstructing their ancestry
is most successfully done if they are of relatively recent
origin. New hybrid derivatives are expected to combine
the genes of their parents to varying degrees, and not to
have diverged genetically such that they contain genes not
found in either parent. If the history of hybridization and
its products is recent and documented, it is easy to rule
out alternative evolutionary scenarios for why a taxon
might appear to combine the genes of its putative parents,
but is not in fact hybrid. Such misidentification could
result from convergent evolution or symplesiomorphy, i.e.
the joint sharing of ancestral traits (Rieseberg et al. 1990).
In the latter case, it is often not possible to distinguish
between whether a putative ancient hybrid taxon is indeed
hybrid or the ancestor of the putative parents without
undertaking a phylogenetic analysis of related species and
determining which taxa are ancestral.

We focus on two recent examples of hybridization and
gene flow in the British flora that involve species that were
intentionally introduced for cultivation. The first of these
concerns hybridization between some introduced rhodo-
dendrons, while the second concerns the evolutionary
consequences of hybridization between an introduced and
a native species of Senecio. Both examples represent sys-
tems worthy of future detailed investigation that should
lead to improvements in our present understanding of the
process of interspecific gene flow in plants. Although there
are many examples of introgressive gene flow recorded in
flowering plants (Rieseberg & Wendel 1993), we remain
ignorant of how often the process is adaptive, i.e. has
increased the fitness of the introgressed species in its
indigenous habitat and/or allowed it to increase its range
by invading new habitats (Lewontin & Birch 1966). In
addition, we currently have no detailed information on the
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molecular genetics and development of introgressed traits
that alter phenotype and affect fitness. We also consider,
therefore, some approaches for isolating and characteriz-
ing genes that control introgressed traits, and the need to
examine whether such introgressed genes are adaptive.

2. HYBRIDIZATION AND GENE FLOW BETWEEN
RHODODENDRONS INTRODUCED TO THE

BRITISH ISLES

Rhododendron ponticum is a species widely cultivated in
the British Isles. It is native to the area south of the Black
Sea (i.e. the Caucasus, northern Turkey and the southeast
corner of Bulgaria), and also to a small part of the Leb-
anon and three small areas in the Iberian Peninsula, i.e.
southwest Spain, and southern and central Portugal
(Jessen et al. 1959; Cross 1975). The species was first
introduced into the British Isles for cultivation in 1763
from southwest Spain (Curtis 1803; Coats 1963), but sub-
sequent introductions have certainly occurred, of which
some were from the Black Sea area (Curtis 1803; Loudon
1838). Cultivated material of R. ponticum was soon
recorded growing wild in the British Isles and is now
extensively naturalized in these islands (Preston et al.
2002). It is currently recognized as a threat to native com-
munities (e.g. in Killarney, southwest Ireland (Turner &
Watt 1939; Cross 1981; Kelly 1981); Snowdonia, North
Wales (Thomson et al. 1993); the Lake District, northwest
England, and the west Highlands of Scotland (see also
Williamson 2002)) and is a pest of forestry (Brown 1953,
1954; Simons 1988). A comparative survey of cpDNA
RFLPs in naturalized material of R. ponticum sampled
from wild populations throughout the British Isles, and
also from native material in Turkey and the Iberian Penin-
sula, has revealed that 99% out of 260 British accessions
examined were of Iberian origin, i.e. possessed cpDNA
haplotypes found in Iberian but not Turkish material
(Milne & Abbott 2000). Moreover, 89% had a cpDNA
that characterized native material from southern Spain
while 10% had a cpDNA unique to Portuguese material.
The remaining 1% of accessions examined possessed the
cpDNA of other introduced rhododendron species that
are cultivated in the British Isles, but which have never
escaped to the wild. This last finding indicates that R. pon-
ticum is partly introgressed with the cpDNA of other rho-
dodendron species introduced into the British Isles.

Further evidence that naturalized R. ponticum material
is partly introgressed with genes from other introduced
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rhododendrons emerged from a survey of nuclear rDNA
RFLPs. Based on cpDNA and rDNA RFLPs combined,
it was evident that 27 British accessions (ca. 10% of the
total sample) were intogressed with genes from Rhododen-
dron catawbiense, a species native to North America and
known to be more cold tolerant than native R. ponticum
(Davidian 1982; Nilsen 1991). Interestingly, these intro-
gressed accessions were significantly more abundant in
Britain’s coldest region, eastern Scotland, than elsewhere,
implying that the introgression may have been adaptive
favouring an extension of the distribution of R. ponticum
to parts of the British Isles to which material from the
Iberian Peninsula was not preadapted. However, this
association could simply reflect the chance release of intro-
gressed material into this region rather than being indicative
of adaptive introgression. Further research is required to
distinguish between these two possibilities.

If variation throughout the nuclear genome were sur-
veyed, rather than only that within the rDNA region, it is
feasible that gene introgression from R. catawbiense and
perhaps other introduced rhododendrons might be shown
to be more widespread than has been recorded so far. Cer-
tainly, many British accessions of R. ponticum that contain
neither the cpDNA nor rDNA of R. catawbiense express
morphological traits characteristic of the species, therefore
indicating that they are introgressed despite the current
absence of molecular evidence. For example, ovary hair,
which is absent from native material of R. ponticum, but
present in R. catawbiense, was shown to occur to some
degree in almost half of the accessions surveyed (41 out
of 83) from Scottish wild populations of R. ponticum
(Milne & Abbott 2000). Further analysis of R. ponticum
would be worthwhile to determine how widespread
introgression is in introduced material and whether it is
adaptive.

3. THE EVOLUTIONARY CONSEQUENCES OF
HYBRIDIZATION BETWEEN AN INTRODUCED

AND A NATIVE SENECIO IN THE BRITISH ISLES

Hybridization between Senecio squalidus (Oxford rag-
wort, 2n = 20) and S. vulgaris (groundsel, 2n = 40) occurs
very rarely in the wild in the British Isles (Marshall &
Abbott 1980) and produces initially a highly sterile trip-
loid F1 hybrid (2n = 30), or very occasionally a fertile
tetraploid F1 (Lowe & Abbott 2000). Senecio squalidus was
introduced to the British Isles from Sicily, in the early
eighteenth century (Harris 2002). After a period of culti-
vation in gardens at Oxford and nearby, it was seen grow-
ing on walls and waste sites in Oxford by the end of the
eighteenth century and has subsequently spread to many
parts of the British Isles over the past 200 years (Abbott
1992; Preston et al. 2002). It now frequently co-occurs
with the native S. vulgaris on disturbed ground, usually
in urban areas and, very occasionally, hybrids are formed
between the two species at such sites (Marshall & Abbott
1980). Although the triploid hybrid is highly sterile it pro-
duces some viable gametes, probably with balanced chro-
mosome numbers, i.e. x = 10, 20 or 30. There is good
evidence that three new stable hybrid taxa have evolved
in the British Isles from the cross between S. vulgaris and
S. squalidus during the past 170 years. These are as fol-
lows: (i) a variant form of S. vulgaris, named S. vulgaris
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var. hibernicus Syme, which was first recorded in Britain
in 1832 (Abbott 1992) and is now found at many
locations in the British Isles, although it is more common
in Wales, the Midlands and southern parts of England
than elsewhere (figure 1a). This variant produces radiate
capitula (flower heads) containing an outer whorl of
female ray florets in addition to a complement of her-
maphrodite disc florets. It contrasts with S. vulgaris var.
vulgaris, which produces discoid capitula containing only
hermaphrodite disc florets. (ii) A tetraploid hybrid species,
S. eboracensis Abbott & Lowe, first recorded in the British
Isles at York in 1979 (Irwin & Abbott 1992) and still
restricted to that locality (figure 1b). This species is inter-
mediate to the two parent species in a range of morpho-
logical traits, but possesses some novel characters (Irwin &
Abbott 1992; Lowe & Abbott 2003). (iii) An allohexaploid
hybrid species, S. cambrensis Rosser, first discovered in
Britain in 1948 near Wrexham, Wales (Rosser 1955) and
since recorded at other sites in Wales as well as in Edin-
burgh (figure 1b). This species is also morphologically
intermediate, but again possesses some novel traits
(Rosser 1955; Lowe & Abbott 1996). The Edinburgh
population has recently been reported to have become
extinct, but Welsh populations continue to thrive
(Abbott & Forbes 2002).

Evidence to support an introgressive origin of the radi-
ate variant of S. vulgaris (i.e. var. hibernicus) is based on
an ability to artificially resynthesize plants with similar
morphology after backcrossing the hybrid to S. vulgaris
(Ingram et al. 1980; Lowe & Abbott 2000). In addition,
an allozyme marker, which is present at high frequency in
S. squalidus but is absent from native allopatric popu-
lations of S. vulgaris, occurs at an intermediate frequency
in the radiate variant (Abbott et al. 1992). Artificial resyn-
thesis and allozyme markers also provide evidence for S.
vulgaris and S. squalidus being the parents of the tetraploid
S. eboracensis (Irwin & Abbott 1992; Lowe & Abbott
2000), and the hexaploid S. cambrensis (Weir & Ingram
1980; Ashton & Abbott 1992). The parentage of S. cam-
brensis has also been confirmed by the results of a survey
of chloroplast and nuclear rDNA RFLPs (Harris &
Ingram 1992; Lowe & Abbott 1996).

It is expected that the allohexaploid S. cambrensis should
contain the genomes of both parents and therefore exhibit
a complete additive genetic profile. By contrast, we cur-
rently have no precise idea of the expected genomic contri-
butions of the parents to the other two hybrid taxa,
although morphology indicates that there should be a
larger proportion of the S. squalidus genome in S. ebora-
censis than in S. vulgaris (var. hibernicus). To obtain infor-
mation on the genomic contributions of parents to the
three different Senecio hybrid taxa, we have undertaken a
preliminary survey of the presence/absence in these taxa
of a suite of RAPD and ISSR markers that are diagnostic
of S. squalidus and S. vulgaris var. vulgaris. We present the
results of this study in the next section.

4. GENOMIC COMPOSITION OF HYBRID
DERIVATIVES OF SENECIO SQUALIDUS AND

SENECIO VULGARIS

RAPD and ISSR markers that distinguish S. squalidus
from S. vulgaris var. vulgaris were sought from a sample
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(a) (b)

Figure 1. The distributions of three recently originated hybrid taxa of Senecio vulgaris ´ S. squalidus in the British Isles: (a)
Senecio vulgaris var. hibernicus and (b) S. eboracensis (x) and S. cambrensis. For S. vulgaris var. hibernicus and S. cambrensis, each
dot represents at least one record in a 10 km square of the National Grid. Pre-1950 (open circles); 1950 onwards (filled
circles) mapped by the Biological Records Centre, Centre for Ecology and Hydrology.

of 10 individuals of S. squalidus and 18 individuals of S.
vulgaris var. vulgaris. Individuals of S. squalidus and S. vul-
garis were grown from seed collected from six and five
different populations, respectively, with populations of S.
vulgaris chosen because they were geographically isolated
and therefore unlikely to be introgressed with germplasm
of S. squalidus and other Senecio taxa investigated in the
current study (table 1). A previous screen of a large num-
ber of RAPD and ISSR primers produced a set of 19 pri-
mers that appeared suitable for the analysis proposed
based on reliable amplification and level of polymorphism
in S. squalidus (James 1999).

DNA extracts from the individuals of S. squalidus and
isolated S. vulgaris were surveyed for species diagnostic
markers using this set of 19 primers. Protocols for DNA
extraction and RAPD/ISSR amplification and resolution
followed broadly those of Comes & Abbott (2001) and
are described in detail by James (1999). Twelve S. vulgaris
var. vulgaris marker bands and nine S. squalidus marker
bands were identified for 10 of the 19 primers employed.
Sequences (59-39) of these 10 primers were RAPDS:
primer A9, GGGTAACGCC; primer C2, GTGAGG
CGTC; primer C5, GATGACCGCC; primer C20, ACT
TCGCCAC; primer F12, ACGGTACCAG; primer G5,
CTGAGACGGA; primer G6, GTGCCTAACC; primer
G12, CAGCTCACGA; primer H7, CTGCATCGTG;
ISSR: primer 8, AGAGAGAGAGAGAGAGC. Presence
or absence of parent diagnostic marker bands was exam-
ined in varying numbers of individuals of (i) S. vulgaris
var. hibernicus; (ii) S. vulgaris var. vulgaris that co-occurred
with var. hibernicus or S. eboracensis in mixed populations
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of the two variants; (iii) S. eboracensis; and (iv) S. cam-
brensis, using the same 10 primers and laboratory proto-
cols as before (see table 2 for locations from which
material was sampled). The results (table 3) showed that
all 12 bands that were diagnostic of isolated S. vulgaris
var. vulgaris were present in S. vulgaris var. hibernicus and
co-occurring S. vulgaris var. vulgaris. These bands were
also present in the majority of S. cambrensis individuals
surveyed apart from one band, C5-500, which was present
in Welsh material, but absent from all plants of Edinburgh
S. cambrensis examined. By contrast, three S. vulgaris
bands (C5-750, F12-1000, G12-400) were absent from
all individuals of S. eboracensis examined. Out of the S.
squalidus diagnostic marker bands surveyed, none was
present in either S. vulgaris var. hibernicus or co-occurring
var. vulgaris, seven occurred in S. cambrensis and six were
found in S. eboracensis. One of the two markers not present
in S. cambrensis was found in S. eboracensis.

The main conclusion drawn from these results is that
the amount of S. squalidus genome present in S. vulgaris
var. hibernicus must be considerably smaller than that
present in either S. eboracensis or S. cambrensis. In fact, the
RAPD and ISSR markers provided no evidence for var.
hibernicus being introgressed. This is not wholly unexpec-
ted, as the two variants of S. vulgaris are very similar mor-
phologically (Irwin & Abbott 1992). Consequently, very
few genes of S. squalidus are likely to have been intro-
gressed into S. vulgaris to produce var. hibernicus. By con-
trast, the tetraploid S. eboracensis may contain most of the
genome of S. squalidus and consequently less of the
genome of S. vulgaris.
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Table 2. Locations from where Senecio material was sampled for RAPD and ISSR analysis.
(Numbers in brackets are the number of individuals surveyed per locality. Where two taxa were sampled from the same locality,
the first number in brackets is the number of individuals surveyed for the first taxon listed for that locality.)

species locality latitude longitude

S. vulgaris var. vulgaris Tomintoul, Moray, Scotland (3) 57.14 N 03.29 W
Letham, Angus, Scotland (3) 56.36 N 02.42 W
Glenluce, Scotland (2) 54.45 N 04.44 W
Puffin Island, Wales (5) 53.13 N 04.09 W
Aberffraw, Wales (5) 53.09 N 04.34 W

S. vulgaris var. hibernicus Edinburgh, Scotland (5), (5) 55.58 N 03.07 W
and S. vulgaris var. vulgaris St Helens, England (2), (3) 53.23 N 02.45 W

Brymbo, Wales (2), (3) 53.04 N 03.03 W
Birmingham, England (3), (5) 52.25 N 01.54 W
Cork, Ireland (5), (5) 51.55 N 08.27 W
Cardiff, Wales (5), (4) 51.25 N 03.09 W
Bristol, England (5), (5) 53.53 N 01.04 W

S. eboracensis and S. vulgaris York, England (10) (5) 53.53 N 01.04 W
S. cambrensis, Edinburgh Leith, Edinburgh, Scotland (21) 55.58 N 03.07 W
S. cambrensis, Welsh Mochdre, Wales (5) 53.15 N 03.47 W

Ffrith, Wales (1) 53.05 N 03.04 W
Southsea, Wales (3) 53.03 N 03.02 W
Wrexham, Wales (4) 53.02 N 03.00 W

S. squalidus Kirkcaldy, Scotland (2) 56.08 N 03.10 W
Hull, England (1) 53.40 N 00.18 W
Norwich, England (2) 52.40 N 01.20 E
Oxford, England (2) 51.45 N 01.09 W
Cardiff, Wales (2) 51.24 N 03.08 W
Portland Bill, England (1) 50.28 N 02.26 W

Rather surprising was the absence of a complete addi-
tive marker profile in S. cambrensis. Typically, this species
lacked two of the nine S. squalidus marker bands, while
Welsh material of the species also lacked one S. vulgaris
band. The absence of some parental markers from S. cam-
brensis might be caused by certain markers not being
entirely diagnostic of a parent species, and because the
species has originated on at least two separate occasions.
Welsh and Edinburgh material of S. cambrensis are known
to have originated independently of each other (Ashton &
Abbott 1992; Harris & Ingram 1992). Consequently, the
presence of the C5-500 band in Welsh, but not Edin-
burgh, material of S. cambrensis might be due to different
S. vulgaris parent genotypes being involved in the separate
origins of the species at the two locations. Alternatively,
diagnostic marker bands of parents may have been lost
from S. cambrensis due to rapid genomic change, which is
believed to occur in new allopolyploids more commonly
than previously assumed (Soltis & Soltis 1999, 2000). A
third possibility is that band absence is due to the effect
of ploidy upon competition processes in RAPD-PCR reac-
tions (Wolff & Peters-Van Rijn 1993; Weising et al. 1995).
Because S. cambrensis contains a larger genome than S.
squalidus, it is expected to possess more sites of 100%
sequence similarity to a particular primer. Therefore,
bands amplified with a degree of primer to priming-site
mismatch in S. squalidus might not be amplified in S. cam-
brensis.

The study reported here is preliminary with regard to
the sample sizes of the two parent taxa for which diagnos-
tic markers were sought and the number of such markers
detected. A more detailed comparative analysis of the gen-
omic compositions of these hybrid taxa is now required to
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obtain more accurate results and to detect what pro-
portion of the S. squalidus genome has been introgressed
into S. vulgaris var. hibernicus. This will require the con-
struction and alignment of genomic maps for each hybrid
taxon and its parents using a large number of dominant
and co-dominant molecular markers.

5. FINDING INTROGRESSED GENES THAT MATTER

Molecular markers have proved to be extremely useful
in determining whether a species is introgressed with
genes from another species (e.g. Rieseberg et al. 1990;
Martinsen et al. 2001). However, once introgression is
proved, the challenge is to isolate and characterize the
genes that control the development and expression of
introgressed traits and to determine how these affect the
fitness of introgressed individuals. Most molecular mark-
ers are assumed to be neutral to the effects of selection
and can be used to map segments of chromosome that
contain genes that directly affect fitness. Such segments
of chromosome may affect the expression of a continuous
trait, in which case they are referred to as QTLs. Alterna-
tively, they may contain major genes that affect phenotype.
Several laboratories are currently attempting to isolate and
characterize introgressed genes that control what may be
adaptive traits using mapping populations generated from
inter- and intraspecific crosses (Rieseberg et al. 2000;
Arnold 2000).

An alternative approach to the same problem is to use
‘candidate’ genes. A large number of genes that control
the development and expression of diverse traits in model
plants such as Arabidopsis thaliana, Antirrhinum majus and
Zea mays are becoming available as ‘candidates’ for con-
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Table 3. Presence (1) or absence (2) of markers diagnostic of S. vulgaris and S. squalidus in hybrid derivatives of the two species.
(Abbreviations: W, Welsh material; Ed, Edinburgh material.)

S. cambrensis
S. vulgaris S. vulgaris S. vulgaris

band size vulgaris hibernicus vulgarisa S. eboracensis W Ed S. squalidus
primer (bp) (n = 18) (n = 27) (n = 35) (n = 10) (n = 13, 21) (n = 10)

S. vulgaris var. vulgaris diagnostic markers
C2 1000 1 1 1 1 1 1 2

C5 750 1 1 1 2 1 1 2
C5 500 1 1 1 1 1 2 2

C20 850 1 1 1 1 1 1 2
C20 450 1 1 1 1 1 1 2

F12 1000 1 1 1 2 1 1 2

G5 850 1 1 1 1 1 1 2
G6 800 1 1 1 1 1 1 2

G12 1400 1 1 1 1 1 1 2
G12 400 1 1 1 2 1 1 2

H7 750 1 1 1 1 1 1 2

18 1100 1 1 1 2 1 1 2

S. squalidus diagnostic markers
A9 600 2 2 2 1 1 1 1

C5 1400 2 2 2 1 1 1 1

C5 800 2 2 2 1 1 1 1
C20 900 2 2 2 2 1 1 1

G5 550 2 2 2 1 2 2 1
G5 400 2 2 2 1 1 1 1

G6 1400 2 2 2 2 2 2 1

G12 800 2 2 2 1 1 1 1
H7 950 2 2 2 2 1 1 1

a S. vulgaris var. vulgaris co-occurring with var. hibernicus or S. eboracensis.

trolling similar traits in ‘non-model’ plant species. We are
currently using a candidate gene approach to isolate and
characterize the gene(s) controlling the production of radi-
ate versus discoid flower heads in S. vulgaris. In the course
of doing this we hope to prove that the gene(s) controlling
presence of ray florets in the heads of S. vulgaris var. hib-
ernicus has been introgressed from S. squalidus. The
chances of such an approach succeeding increases when
the trait of interest is under the control of one or very few
genes of major effect.

Trow (1912) demonstrated that the presence/absence
of ray florets in flower heads of S. vulgaris is under single
gene control with the radiate condition dominant to the
discoid condition. Heterozygotes are distinguished by the
possession of ray florets with rays approximately half the
length of those produced by the radiate homozygote.
Consequently, the alleles at this locus (henceforth called
RAY ) exhibit co-dominance, and have an additive effect
on ray length. Ingram & Taylor (1982) showed that the
radiate versus discoid flower head type in S. squalidus is
also under single gene control.

The radiate capitulum in Senecio, with a central disk of
symmetrical (actinomorphic) disk florets surrounded by
peripheral asymmetrical (zygomorphic) ray florets
resembles, to some extent, the cen phenotype of A. majus.
In this Antirrhinum mutant, the central terminal flower is
radially symmetrical and the axillary flowers that surround
it are zygomorphic. In both cases, the activation of genes
controlling floral asymmetry seems to be restricted to a
peripheral region around the inflorescence apex. In cen
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this gives rise to all of the axillary flowers, while in radiate
capitula it produces just the outermost florets (Coen et
al. 1995).

This similarity between cen and the radiate capitulum
type suggests that similar genes may be involved in con-
trolling development of asymmetrical flowers in both of
them (Coen et al. 1995). One of the genes known to con-
trol dorsoventral asymmetry in A. majus is cycloidea (cyc;
Luo et al. 1996). Cyc is a member of the TCP gene family
and is thought to function as a DNA-binding protein and
a transcription factor (Cubas et al. 1999a; Cubas 2002).
It has been proposed that production of zygomorphic
wild-type Antirrhinum flowers is dependent on cyc activity
establishing an axis of dorsoventral asymmetry. Activity is
predicted to be greatest in the dorsal regions of the floral
meristem and to decline towards the more ventral regions;
this would account for the fact that flowers in cyc mutants
are ventralized (Coen & Nugent 1994; Luo et al. 1996,
1999).

Asymmetrical flower structure is thought to have
evolved independently many times (Stebbins 1974;
Coen & Nugent 1994; Donoghue et al. 1998). Plants with
actinomorphic instead of zygomorphic flowers, termed
peloric mutants, have been described in several species in
addition to Antirrhinum and it is likely that cycloidea homo-
logues are controlling dorsoventral asymmetry in all of
them (but see Donoghue et al. 1998). Genetic analysis of
the naturally occurring peloric mutants in Linaria vulgaris,
for example, has shown that the mutation is controlled by
cyc-like genes (Cubas et al. 1999b). It is also speculated
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that cyc-like genes may be performing a similar function
in Saintpaulia velutina and Sinningia speciosa (Citerne et al.
2000). Therefore, it is reasonable to suggest that develop-
ment of the ray floret in Senecio is controlled in a similar
manner (Coen & Nugent 1994). We are currently using
the polymorphism for radiate versus discoid capitula in S.
vulgaris to test the theory that the ray gene in this species
is a cycloidea homologue. If this theory proves to be cor-
rect, we shall determine whether the cycloidea homologue
that produces ray florets in capitula of S. vulgaris var. hib-
ernicus has been introgressed from S. squalidus. The homo-
logue in both of these taxa would be expected to have an
identical sequence and function.

The candidate gene approach could be widely adopted
for isolating and characterizing introgressed genes that
control important traits. However, as emphasized earlier,
this approach is most likely to be successful where the trait
of interest is under the control of one or a few genes that
have a major effect on phenotype. Another method that
can be used for isolating introgressed genes of importance
involves the utilization of microarrays for monitoring sim-
ultaneously the expression of hundreds to thousands of
genes in different tissues of an organism (Brown &
Botstein 1999). This provides a powerful approach for
identifying introgressed genes and determining how they
might affect the differential expression of ‘host’ genes in
the recipient plant. Microarraying the genomes of donor,
recipient and introgressed taxa under diverse conditions
that relate to the natural environments in which they grow
will identify which genes are differentially expressed and
may, therefore, indicate which introgressed genes are
adaptive.

6. DETERMINING WHETHER INTROGRESSION IS
ADAPTIVE

Isolating and characterizing the genes controlling intro-
gressed traits is only a step in determining whether such
traits are adaptive and therefore whether a particular
example of introgression is adaptive (Lewontin & Birch
1966). Next, it has to be demonstrated whether such traits
raise the fitness of the introgressed taxon in its native habi-
tat and/or allows it to invade new habitats. In many cases
this is not easy to do, owing to problems associated with
tight linkage between the gene(s) of interest and other
introgressed genes, and also pleiotropy, which indepen-
dently or in combination may affect the expression of a
wide range of different traits simultaneously.

It is of interest that the introgressant taxon, S. vulgaris
var. hibernicus, has spread rapidly in the British Isles since
it was first recorded in 1832 (figure 1a), indicating that
the radiate condition increases the fitness of an individual
in its native habitat. However, the manner in which this
trait affects the fitness of an individual is not fully resolved,
and appears complex. Marshall & Abbott (1982, 1984a)
showed that in wild polymorphic populations, the radiate
morph has a higher maternal outcrossing rate (6–36%)
than the discoid morph (1–15%). This is because pistillate
ray florets exhibit greater outcrossing than hermaphroditic
disc florets (Marshall & Abbott 1984b), and because radi-
ate plants are more attractive to pollinators (Abbott &
Irwin 1988). The higher outcrossing rate of the radiate
morph places it at an immediate disadvantage to the
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highly selfing discoid morph in polymorphic populations,
due to the ‘cost of outcrossing’ that results from the
inherent transmission advantage of a selfing gene relative
to an outcrossing gene (Fisher 1941; Maynard Smith
1978). Thus, one direct effect of the introgressed trait is to
lower the fitness of radiate relative to non-radiate plants!

Studies of factors that may counter this disadvantage
and be responsible for the spread of the radiate morph
have shown that it frequently produces more seeds per
plant relative to the discoid morph both in the wild and
under controlled conditions (Oxford & Andrews 1977;
Abbott 1985). This difference is not due to inbreeding
depression in the discoid morph (Abbott 1985) and is nor-
mally of sufficient magnitude to cause the radiate morph
to spread to fixation in a population, at least in theory
(Marshall & Abbott 1987). However, in certain popu-
lations, there is no difference in seed production between
the two morphs or the difference is reversed (Abbott 1985;
Marshall & Abbott 1987; Abbott & Horrill 1991). Oxford
et al. (1996) have shown that associations in natural popu-
lations between flower head morphs and a suite of devel-
opmental, morphological and reproductive characters are
largely due to genetic linkage in some populations, and
linkage disequilibrium between the ray locus and unlinked
loci in other populations. They have argued that linkage
disequilibrium would be established at the time of the
introgressive origin of the radiate morph and will be main-
tained over a number of generations due to low levels of
outcrossing between the two morphs in the wild. How-
ever, ultimately, genetic linkages will be broken, linkage
equilibrium generated and only associations due to plei-
otropy maintained.

Abbott et al. (1998) reported that the radiate and dis-
coid morphs of S. vulgaris consistently differ in their ger-
mination behaviour, with the radiate morph producing a
greater proportion of seed showing delayed germination.
It is not known whether this consistent association results
from tight genetic linkage or pleiotropy. However, it is not
due to any difference between seed produced by ray and
disc florets of radiate plants as both types exhibit similar
germination behaviour. The difference in germination
behaviour between the radiate and discoid morphs greatly
affects their relative fitness under different conditions in
the wild. When mortality of early-germinated seedlings is
high, the radiate morph holds advantage, whereas the dis-
coid morph has a much higher relative fitness under con-
ditions of low mortality of early-germinated plants (Abbott
et al. 1998).

Detailed investigation of the establishment of the radi-
ate variant of S. vulgaris in the British Isles suggests that
complex genetic and ecological factors are involved. It is
feasible that the establishment and maintenance of this
morph are largely dependent on its recurrent formation
by introgressive hybridization, the type of associations
between flower head type and fitness characters generated
by this process and maintained over numerous gener-
ations, and the opposing force of the ‘cost of outcrossing’.

7. CONCLUSIONS

Over the past 500 years, opportunities for hybridization
to occur between plant species that were previously geo-
graphically and/or ecologically isolated from each other
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have risen dramatically. The introduction of plant species
by humans, either intentionally or accidentally, to sites
where they are non-native has been an important factor in
this. Hybridization between introduced species or between
introduced and a native species can lead to important
evolutionary consequences including interspecific gene
flow (introgression). Molecular markers have frequently
been used to demonstrate introgression, but now the chal-
lenge is to isolate and characterize the genes that control
introgressed traits, and to demonstrate when introgression
is adaptive. QTL analysis, use of candidate genes and
microarrays are three approaches that can be used for isol-
ating and characterizing introgressed genes. Determining
whether such genes improve the adaptation of the recipi-
ent species to its own or a novel habitat remains an
important challenge, and will require detailed examination
of the conditions that favour the spread of such genes in
the wild. Although we have focused on the situation where
introgression of genes controlling a specific trait could
improve the adaptation of the recipient species, it should
be emphasized that introgression may also improve adap-
tation in subtly different ways. For example, hybridization
and introgression can create variation due to transgressive
segregation that may allow adaptation to novel or unique
habitats (Rieseberg et al. 1999), or raise the fitness of the
recipient species by purging genetic load. Future detailed
examination of these aspects together with those discussed
at length in the present paper, will lead to a much
improved understanding of the importance of introgress-
ive hybridization in plant evolution.
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Discussion
R. Vinkenoog (Department of Biology and Biochemistry,

University of Bath, Bath, UK). Senecio jacobaea in The
Netherlands has two varieties—with and without ray flor-
ets. The distribution of these in chalk-rich and chalk-poor
dunes suggests a link with fitness.

R. J. Abbott. I am aware of the presence of these two
varieties of S. jacobaea and their European distribution. I
was not aware of them occurring on different types of
dune. It would be of interest to determine the underlying
basis of this association.

R. Vinkenoog. Senecio jacobaea may be another good
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model for the CYC-like gene control of ray floret pro-
duction.

R. J. Abbott. I have thought of this. It is a logical step
to examine the influence of CYC-like genes on ray floret
production in other Senecio once such control is fully
established in Senecio vulgaris.

Z. J. Chen (Department of Soil and Crop Science, Texas
A&M University, TX, USA). Is it possible that CYC-like
genes are epigenetically modified, which contributes to
flower variation?

R. J. Abbott. This has been demonstrated in Linaria
vulgaris (see Cubas et al. 1999b). It will be of interest to
examine this possibility in Senecio.

GLOSSARY

cpDNA: chloroplast DNA
ISSR: inter simple sequence repeat
QTL: quantitative trait locus
RAPD: randomly amplified polymorphic DNA
RFLP: restriction fragment length polymorphism


