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Opinion
Glossary

Allopatric: refers to the geographic separation of different populations.

Assignment method: any of several related statistical methods using genetic

information to ascertain population membership of individuals.

Barcoding: the use of short, standardised DNA sequences to quickly and easily

identify and discover species.

Cellular automata: discrete models consisting of a regular grid of cells, each in

one of a finite number of states; the state of a cell is a function of the states of

neighbouring cells in the previous generation, and every cell has the same

updating rule.

Diagnostic: in taxonomy, a marker or trait is said to be diagnostic if it presents

different character states in different taxa.

Effective population size: the number of breeding individuals in an idealised

population that would show the same amount of genetic drift or the same

amount of inbreeding as the population under consideration.

Essentialism: in philosophy, the view that, for any specific kind of entity, there

is a set of permanent and unalterable characteristics or properties that any

entity of that kind must possess.

Gene circulation: movement of genes among populations due to the combined

effects of dispersal and selective processes.

Gene flow: movement of genes among populations due to dispersal

processes.

Hitchhiking: the process by which a neutral allele increases in frequency

because it is linked to a beneficial allele under positive selection.

Introgression: the permanent incorporation of genes from one set of

differentiated populations into another.

Neutral model: a model in which genetic drift predominates and where

selective effects can be ignored, generally because selection coefficients are

small relative to population size.

Parapatric: refers to populations living in nearby geographic areas.

Philopatry: the tendency for an animal to breed in the vicinity of its birthplace.

Polyphyly: when a group does not include the most recent common ancestor

of all its members.

Positive selection: darwinian selection resulting in the increased frequency of a

beneficial mutation (i.e. a mutation characterised by a positive selection

coefficient).

Selective sweep: rapid increase in frequency of a genomic region under

positive selection, resulting in its spread across the species range.

Sex-biased dispersal: refers to an imbalance in the dispersal behaviour of the

males and females of a species, leading to a markedly higher dispersal of one

of the two sexes (i.e. male-biased or female-biased dispersal).

Speciation: evolution of reproductive barriers as well as phenotypic, beha-

vioural and genetic differences between populations, eventually leading to

distinct species.

Surfing of alleles: refers to the spread of an allele by the wave of advance of a
A defining feature of species is that their constituting
populations are connected by gene flow. However, inter-
specific gene flow (introgression) can affect species
integrity. If some genome components were less prone
to introgression than others, they should be particularly
suitable to delimitate species. Recent simulation studies
have predicted a negative correlation between intra- and
interspecific gene flow, suggesting that markers associ-
ated with the most dispersing sex should better delimi-
tate species. A review of studies of introgression in
species with sex-biased dispersal largely confirms this
prediction. Hence, species delimitation should be more
effective with markers experiencing high levels of gene
flow, a simple but not widely appreciated prediction.

Introduction
Species delimitation, the methodological problem of iden-
tifying the boundaries between a set of species and there-
fore inferring the number of extant species, is an old issue
that has recently attracted renewed attention [1,2].
Species are a cornerstone of biology, ecology and conserva-
tion, so their correct delimitation is essential, as illustrated
by the surge of interest in barcoding approaches [3–6].
When selecting genetic markers for delimiting species,
researchers have mostly focussed on their variability
(e.g. [7]). A neglected criterion is the level of gene flow
experienced by the markers. This is surprising because
gene flow is a defining feature of species (see Box 1), and its
role in species cohesion has been recently reiterated [8,9].
Moreover, due to the prevalence of sex-biased dispersal
[10], different DNA regions are subject to varying levels of
gene flow as a consequence of their mode of inheritance
(biparental, maternal or paternal). It seems therefore logi-
cal to consider the effect of gene flow and not only mutation
rate or effective population size when selectingmarkers for
species identification and delimitation. In this paper, we
suggest and attempt to test the idea that genome com-
ponents experiencing high rates of gene flow should be
better suited for species delimitation than those experien-
cing low rates of gene flow, in part because high rates of
intraspecific gene flow can prevent introgression.

High gene flow markers to delimitate species?
The challenge in molecular taxonomy is to distinguish
species that have low levels of genetic divergence, either
because speciation is recent or because the species con-
tinue to exchange genes. Although it is legitimate to try to
Corresponding author: Petit, R.J. (petit@pierroton.inra.fr).

386 0169-5347/$ – see front matter � 2009 Els
detect introgressed individuals using appropriate markers
(see Ref. [11] for a comparison of existing methods to detect
hybrids), identifying reproductive entities using genome
components that introgress less readily than the rest of
the genome (andhencemight not be appropriate tomeasure
admixture) is equally relevant. At first view, if there were a
positive correlation between intraspecific and interspecific
gene flow, the use of markers experiencing low rates of
intraspecific gene flow would seem appropriate for species
delimitation. However, recent demo-genetic studies inves-
tigating the joint dynamics of genetic and demographic
range expansion.

Sympatric: refers to populations living in the same geographic areas.
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Box 1. Gene flow and the biological species concept

According to Mayr’s biological species concept, species are defined

as ‘groups of actually or potentially interbreeding natural popula-

tions, which are reproductively isolated from other such groups’

([81], p. 120). Gene flow is not explicitly mentioned in this definition

but it is nevertheless of central importance, as made clear later by

Mayr [82], pp. 521–522): ‘[t]he steady and high genetic input caused

by gene flow is the main factor responsible for genetic cohesion

among the populations of a species.’ Since its formulation, the

biological species concept has had to face two opposite criticisms:

that there is too little intraspecific gene flow to hold all populations

together [83,84] and too much interspecific gene flow to keep each

species apart [40]. In addition, Beurton [42] argued that gene flow is

not only insufficient to keep species together but also conceptually

impotent in bringing cohesion. However, he suggested that a

combination of positive selection and gene flow, which he named

‘gene circulation,’ could result in cohesion through time and space

as a consequence of new positively selected alleles successively

spreading across the species range. This is supported by simula-

tions showing that even when gene flow is minimal across species

ranges, collective evolution is possible for traits under positive

selection [8]. Another recent simulation study based on cellular

automata further shows that species can emerge spontaneously

in space and persist side by side in a homogeneous environment.

This self-organising process is caused by a form of disruptive

selection: On one hand, outbreeding depression (the decreased

fitness of the progeny of a cross between divergent parents) results

in a selective pressure to establish barriers to gene flow. On

the other hand, there is selection for cross-compatibility within

species, to avoid the deleterious consequences of outbreeding

depression ([85]; see Figure I). Species individuality is therefore

achieved dynamically, thereby supporting the verbal model of

Beurton [42]. This view of species can be seen as an answer to the

critiques that the biological species concept results in a new kind of

essentialism [86] and that gene flow cannot account for species

cohesion [87].

Figure I. Parapatric speciation in a homogeneous environment caused by gene

flow limitation. This figure presents the genetic structure obtained following a

simulation based on cellular automata, starting with uniform conditions, as

described in Ref. [85]. The existence of genetically homogeneous geographic

entities (corresponding to the different colours) within which individuals are

interfertile indicates that cohesion is actively preserved within the newly emerged

species. Individuals are located on an 800 � 800 cell grid, with 20% empty spaces

located at random. They mate with each other to produce the next generation. All

genomes start off identical, and genetic diversity arises through mutation.

Dispersal is restricted, resulting in isolation by distance; moreover, there is a cost

to mating between divergent genomes (outbreeding depression). False colours are

used to depict genetic clustering on the simulated grid. The scattered cells in dark

blue represent unoccupied cells or cells from which genomes were sampled that

were not connected to any cluster. Each other colour represents a set of individuals

with genome sequences that are identical at more than 40% of their nucleotide

sites. Using this threshold helps identify different species with different colours.

Courtesy of Guy Hoelzer and Rich Drewes.
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processes have shown exactly the contrary: the rate of
introgression should be most often negatively correlated
with the rate of intraspecific gene flow [12]. The rationale
is the following. Most species ranges are dynamic. If a
species expands its range and meets a closely related
species with which reproductive barriers are still incom-
plete, asymmetric introgression will take place from the
local species to the colonising species [13]. However, if
there is sufficient intraspecific gene flow among popu-
lations of the colonising species, genetic drift will be
reduced and introgressed alleles will be less likely to
increase in frequency by chance in the colonising species
([12]; see Box 2). Hence, the more intraspecific gene flow
there is, the less interspecific gene flow is expected. This
rather counterintuitive finding supports the idea that
markers experiencing high rates of intraspecific gene flow
should be preferred for species delimitation.

Testing the prediction
To evaluate the relevance of this prediction, we compiled
data on rates of introgression for at least two types of
markers having different modes of inheritance (i.e. mito-
chondrial DNA [mtDNA], sex chromosomes or autosomes).
We focussed on wild species for which sex-biased dispersal
had been established or could be inferred. Three animal
classes were considered, mammals (where many species
have male-biased dispersal [10,14]), birds (where many
species have female-biased dispersal [10,15]) and insects
(where both cases can be found). Only those cases where
the different markers provided discordant results were
retained (i.e. when some markers were more introgressed
than others). We considered examples involving named
species but also subspecies or even chromosomal races, as
long as some partial sterility barrier was shown to exist.
The results of our literature search, which is not meant to
be exhaustive, are summarised in Table 1. We report 16
‘female-biased’ and 21 ‘male-biased’ examples, involving
studies of 11 bird, 14 mammal and 12 insect species. We
predicted that markers associated with the least-disper-
sing sex should be more introgressed and therefore less
diagnostic for species, subspecies or race identification.

The results strongly support our expectation (Table 1;
Box 3). In all 16 studies of species with female-biased
dispersal, involving most birds, some insects and one
mammal, nuclear markers are more introgressed than
mtDNAmarkers and are thus less diagnostic. By contrast,
in 17 out of 19 studies of species characterised by male-
biased dispersal (mostly studies of mammals but also some
387



Box 2. Role of intraspecific gene flow in modulating introgression

Factors that affect the frequency of hybridisation and subsequent

introgression include disturbance (reviewed in Ref. [88]) and

colonisation (e.g. [89]). Both factors seem to result in the disruption

of normal patterns of matings, perhaps owing to the rarity of

conspecific mates [90]. Colonisation in particular can result in

massive introgression of genes of the local species into the genome

of the colonising species [12]. However, no prediction has been

formulated so far regarding which genes are more likely to

introgress when two closely related species meet. It is important to

realise that two species that come into contact might greatly differ

demographically, for instance when an immigrating species, which

experiences rapid demographic growth, meets with an already

established species at demographic equilibrium. During the expan-

sion of a species, genetic drift occurs at the wavefront, where

populations are still at low density. Alleles of the colonising

populations can ‘surf’ on the wave of advance, reaching high

frequencies and occupying large areas, even if they have no selective

advantage [91]. Because any allele can surf, there is a competition

among all alleles present at the edge of the wavefront for surfing. If

the colonising species can interbreed with a local species, alleles

originating from the local species will also be able to surf and reach

high frequencies in the colonising species. However, if gene flow is

high among populations of the colonising species, introgressed

genes will compete for surfing with genes migrating from the

interior of the wavefront, making it less likely that introgressed genes

will surf and reach high frequencies. As a consequence, introgression

will remain limited, suggesting that high rates of intraspecific gene flow

can efficiently mitigate introgression (Figure I).
Figure I. Schematic representation of the role of intraspecific gene flow in

mitigating introgression between a colonising and a local species. In this

scenario, the blue species progressively colonises the territory of a local species

(in red). The course of the colonisation is displayed from top to bottom.

Interbreeding (vertical arrows) can occur locally between species, and

populations from the same species can exchange migrants (horizontal double

arrows). The left column (1a–1e) corresponds to a case with low gene flow resulting

(1e) in massive introgression of local red alleles in the lastly colonised regions due

to recurrent introgression events and the surfing of introgressed alleles. The right

column (2a–2e) corresponds to the high gene flow case, where introgression of red

alleles is limited by intraspecific gene flow among populations of the colonising

species (persistence of the colonising blue alleles through time).
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of insects and one of birds), nuclear markers are less intro-
gressed and hence more diagnostic than mtDNA markers.
This agreement with our prediction is remarkable given
thatmtDNAandnuclearDNAgenomesdiffernot only in the
rate of gene flow they experience (correlated to the extent of
sex-biased dispersal) but also in their effective population
size [16]. If we consider only uniparentally inherited mar-
kers with contrasted modes of transmission, where the
situation is symmetric in this respect, the trend remains
the same: markers on the paternally inherited Y chromo-
some are more differentiated between species than mater-
nally inherited mtDNAmarkers in eight out of nine species
with male-biased dispersal (all mammals). Unfortunately,
we did not find cases of species with female-biased dispersal
where maternally inherited and paternally inherited mar-
kers had been studied to test the opposite prediction.

In plants, seed dispersal is often considerably less effec-
tive than pollen dispersal [17]. Therefore, maternally
inherited organelle markers (chloroplast DNA [cpDNA]
or mtDNA) that are only dispersed by seeds should be
more frequently introgressed and hence of more limited
taxonomic value than nuclear markers. This is actually a
well-established result [18]. In fact, when seed dispersal is
particularly limited, patterns of cpDNA variation are
often more influenced by geography than by taxonomy
(e.g. [19–21]). Conifers are of special interest because their
chloroplast and mitochondrial genomes have opposite
388
modes of inheritance: mtDNA is typically maternally
inherited and cpDNA paternally inherited [22]. This
situation allows for a direct comparison between two
organelle genomes experiencing contrasted rates of gene
flow. In keeping with our prediction that introgression is
negatively correlated with intraspecific gene flow, species
limits in conifers are more congruent with patterns of
cpDNA variation than with patterns of mtDNA variation
in all cases reported to date [23].

Other interpretations of marker-specific rates of
introgression
Haldane’s rule [24], which states that ‘when in the off-
spring of two different animal races one sex is absent, rare,
or sterile, that sex is the heterogametic sex,’ is the most
frequent explanation for the heterogeneity of introgression
rates at markers with contrasted modes of inheritance,
because it implies that markers transmitted only by the
heterogametic sex will be less introgressed. Our survey
included 17 cases where the female is the heterogametic
sex (ZW, birds and Lepidoptera) and 20 cases where the
male is heterogametic (XY or XO) or haploid. In 7 out of
these 37 cases (1 bird, 1 mammal and 5 insect species
pairs), the heterogametic sex was not the sex dispersing
most. In all 7 cases, interspecific differentiation was better
predicted by dispersal than by chromosomes. Moreover,
among the 30 remaining cases, there were some examples



Table 1. Relative rates of introgression at different markers in species with sex-biased dispersal

Speciesa Family Heterogametic

sex

Introgression

rateb,c
Refs

With female-biased dispersal

Imperial eagles Aquila adalberti-A. heliaca Accipitridae Female nucl>mt [47]

Spotted eagles Aquila clanga-A. pomarina Accipitridae Female nucl>mt [48]

Flycatchers Ficedula hypoleuca-F.albicollis Muscicapidae Female nucl>mt [49]

Hippolais warblers Hippolais icterina-H. polyglotta Sylviidae Female nucl>mt [50]

Large white-headed gulls Larus argentatus spp. Laridae Female nucl>mt [51]

Manakins Manacus candei-M. vitellinus Pipridae Female nucl>mt [52]

Lazuli and indigo buntings Passerina amoena-P. cyanea Cardinalidae Female nucl>mt [53]

Chiffchaffs Phylloscopus brehmi-P. collybita Sylviidae Female nucl>mt [54]

Willow warbler and chiffchaff Phylloscopus trochilus-P. collybita Sylviidae Female nucl>mt [55]

Golden- and blue-winged warblers Vermivora chrysoptera-V. pinus Parulidae Female nucl>mt [56]

Chimpanzee Pan t. troglodytes-P. verus Hominidae Male nucl>mt=Y [57]

Heliconius butterflies Heliconius cydno-H. melpomene Nymphalidae Female nucl>mt [58]

Tree weta Hemideina thoracica chromos. races Anostostomatidae Male XO nucl>mt [59]

Admiral butterflies Limenitis a. arthemis-L. a. astyanax Nymphalidae Female nucl>mt [60]

Water striders Limnoporus dissortis-L. notabilis Gerridae Male nucl>mt [61]

Swallowtails Papilio machaon-P. hospiton Papilionidae Female nucl>mt [62]

With male-biased dispersal

Gadwall and falcated ducks Anas strepera-A. falcate Anatidae Female mt>nucl [63]

Goats and wild relatives Capra sp. Bovidae Male mt>Y [64]

Red-backed voles Eothenomys andersoni-E. smithii Cricetidae Male mt>nucl>Y [65]

Hares Lepus timidus-L. europaeus-L. granatus Leporidae Male mt>nucl [66]

African elephants Loxodonta africana-L. cyclotis Proboscidea Male mt>Y=nucl [67]

Long-tailed and Rhesus macaques Macaca fascicularis-M. mulatta Cercopithecidae Male Y>nucl>mt [31]

Sulawesi macaques Macaca nemestrina ssp. Cercopithecidae Male mt>nucl [68]

House mouse Mus m. musculus-M. m. domesticus Muridae Male mt>nucl>Y=X [26]

Mouse-eared bats Myotis myotis-M. blythii Vespertilionidae Male mt>nucl [38]

Mule and white-tailed deers Odocoileus hemione-O. virginianus Cervidae Male mt>Y=nucl [25]

European rabbit Oryctolagus c. cuniculus-O. c. algirus Leporidae Male nucl>mt>Y [69]

Common shrew Sorex araneus chromos. races Soricidae Male mt>Y [70]

Ground squirrels Spermophilus sp. Sciuridae Male mt>Y=nucl [71,72]

Chipmunks Tamias ruficaudus-T. amoenus Sciuridae Male mt>nucl [73]

Bark beetles Aphanarthrum glabrum-A. subglabrum Curculionidae Male mt>nucl [74]

Carabid beetles Carabus sp. Carabidae Male mt>nucl [75]

Common yellow butterfly Eurema hecabe colour types Pieridae Female mt>nucl [76]

Tiger moths Grammia sp. Noctuidae Female mt>nucl [77]

Blue butterfly Lycaeides m. melissa-L. m. samuelis Lycaenidae Female mt>nucl [78]

Damselflies Mnais costalis-M. pruinosa Calopterygidae Male XO mt>nucl [79]

Sawflies Neodiprion leconti group Diprionidae Male haploid mt>nucl [80]
aBirds are shown in yellow, mammals in green and insects in blue.
bAbbreviations: mt, mtDNA markers; nucl, nuclear markers; Y, Y chromosome markers.
cOrange indicates that introgression at mtDNA is lower than at nuclear or Y chromosome markers, and grey indicates that introgression at mtDNA markers is larger than at

nuclear or Y chromosome markers.
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where Haldane’s rule could not explain patterns of intro-
gression (e.g. [25]; see Box 3). Hence, the level of intras-
pecific gene flow seems a better predictor of rates of
introgression than Haldane’s rule, even if asymmetric
sterility barriers could sometimes play a role in generating
differences in introgression rates across markers.

It has also been argued that organelle markers should
introgress more easily than nuclear markers because they
are less likely tohitchhikewith a regionunder selection that
prevents introgression. If true, this mechanism should hold
for any typeof organism,butmtDNAwas found to introgress
less easily than nuclear DNA markers in most birds and in
some insect species (Table1).Nevertheless, this explanation
could account for some of the discrepancies between obser-
vations and predictions of the intraspecific gene flowmodel,
for instance in the house mouse, where selection on the X
and Y chromosomes has been inferred [26].

Poor taxonomic resolution can be caused not only by
introgression but also by the retention of ancestral poly-
morphisms in descendant species [27]. In that case as
well, markers experiencing less gene flow should be less
diagnostic, for two reasons [23,28]. First, the effective size of
a subdivided population is larger than that of a random
matingpopulationwiththesamecensussize [29].Therefore,
ancestral lineageswill be lost bydrift less rapidlyatmarkers
experiencing low levels of gene flow. Second, limited gene
flowprecludes selective sweepswithin species, which can be
important in establishing or maintaining differences be-
tween species (see Box 1). In contrast with the model of
introgressionduringrangeexpansion,whichpredictshigher
introgression in the colonising species [13], models of reten-
tion of ancestral polymorphism and of successful spread of
variants within species do not account for asymmetries in
the distribution of variation between the colonising and the
local species, except by chance.

A higher propensity for genome components subject to
low gene flow to introgress is only expected when species
havecolonised regionswhere relatedspecies alreadyexisted
([12]; see Box 2). This will be the case if the species have
evolved in allopatry and are nowat least partly sympatric or
if they form moving hybrid zones [30]. Although these
situations should have frequently occurred, there might
389



Box 3. Contrasted introgression of mtDNA and nuclear DNA in bats Myotis and in birds Hippolais

We illustrate here two case studies (taken from Table 1), one on bats

and one on birds, where researchers have detected diametrically

opposite patterns of introgression at mtDNA and nuclear markers. We

attribute this difference to the opposite patterns of dispersal of the

two sexes in the corresponding species.

Widespread mtDNA introgression in Myotis bats

The two sibling mouse-eared bat species Myotis myotis and M. blythii

(Figure Ia) occur in sympatry over wide areas of Southern and Central

Europe, with M. blythii, originating from Asia, representing the latest

coloniser. Morphological and ecological evidence show that the two

species constitute differentiated groups. Gene flow is highly male

biased in these bats as in most mammal species [10]. Berthier et al.

[38] studied mtDNA and nuclear diversity in sympatric and allopatric

populations of both species. European M. blythii share multiple

identical mtDNA haplotypes with M. myotis, whereas allopatric Asian

M. blythii individuals have very divergent mtDNA sequences,

suggesting that the mitochondrial genome of the European M. blythii

had been replaced by that of M. myotis. By contrast, both species

remain well differentiated at nuclear markers in mixed nursery

colonies. Hence, the results fit well with our expectation that in

species with male-biased dispersal, mtDNA markers should intro-

gress more readily than biparentally inherited nuclear markers.

Lack of mtDNA introgression in Hippolais birds

Hippolais icterina and H. polyglotta are two morphologically similar

European warblers (Figure Ib). However, they are easily discriminated

by wing characteristics and song. In this genus, males are highly

territorial and females are the dispersing sex, as in most bird species

[10]. In Western Europe, H. polyglotta has expanded north- and

eastward at the expense of H. icterina over the past 40 years. Secondi

et al. [50] have investigated the genetic structure of both species in

this moving contact zone. They found no instances of cross-species

transmission of mtDNA but detected clear signal of nuclear introgres-

sion, with higher levels of introgression in the expanding species, as

predicted by previous simulation studies [12,13]. There was no

evidence for Haldane’s effect, as hybrids of both sexes were found.

Altogether, the findings fit well with our prediction that in species

with female-biased dispersal, nuclear markers should introgress more

readily than maternally inherited mtDNA markers.

Figure I. Two pairs of sibling species showing opposite patterns of sex-biased dispersal and introgression. (a) Lesser mouse-eared bat (Myotis blythii) (left) and greater

mouse-eared bat (Myotis myotis) (right). (b) Icterine warbler (Hippolais icterina) (above) with melodious warbler (H. polyglotta) (below). Photographs by Paolo

Debernardi and Ferran López.

Opinion Trends in Ecology and Evolution Vol.24 No.7
be situations where species have only recently established a
stable hybrid zone. In such a case, the more intuitive pre-
diction that intra- and interspecific gene flow must be
positively correlated could hold. This appears to be the
case in one of the two exceptions that we detected in our
survey (Table 1). In a hybrid zone betweenRhesusmacaque
and long-tailedmacaque (twospecies characterisedbymale-
biased dispersal), there is evidence for Y chromosome but
not for mtDNA introgression [31]. It appears that onlymale
Rhesus macaques move into the range of long-tailed maca-
ques, thereby accounting for the massive introgression of Y
chromosomes, which totally replaced local Y chromosomes
without a large impact on the global phenotype of the long-
tailed macaque. This unusual process might have been
facilitated by the low density of the long-tailed macaque
population [32] and the generally low male effective popu-
lation sizes in macaques [33].
390
Perspectives for species delimitation
Our counterintuitive prediction that markers experiencing
more intraspecific gene flow should have more difficulty in
crossing species barriers seems to apply broadly. Alterna-
tive explanations for observed differences in introgression
rates among markers have less explanatory power, even
though they might be valid in specific cases. The model we
propose does not rely on selective processes, and should
therefore be considered as a null neutral model that could
be useful for hypothesis testing. It should be confirmed by
future experimental studies and cross-species compari-
sons. In particular, fish, amphibians and reptiles could
represent valuable additional systems to validate the
model, owing to the diversity of behaviours and of sex-
determiningmechanisms in these groups. Amore systema-
tic use of multiple markers with different modes of inheri-
tance and a better knowledge of sex-specific dispersal [34]
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should help increase the power of future comparative
studies, but some conclusions regarding species delimita-
tion can already be drawn.

Our findings should help explain controversial results of
past taxonomic efforts aiming at delimitating species with
different molecular markers. For instance, organelle DNA
sequences have proved particularly useful in delimiting
taxonomically problematic species in Lepidoptera [3] and
birds [4,5], whereas being much less successful in flies [35],
beetles [6], grasshoppers [36] or plants [37]. Taking into
account the level of gene flow experienced by mtDNA or
cpDNA markers in these different organisms could help
explain these observations.

Clearly, the results presented here caution against
the use of uniparentally inherited markers for species
delimitation when they are inherited only from the
least-dispersing sex. By contrast, markers inherited from
the highest-dispersing sex were shown to better differen-
tiate hybridising taxa. However, we do not advise the use of
markers from a single uniparentally inherited genome for
species delimitation, even if they experience high levels of
gene flow. Despite their potential advantages, they still
represent a single realisation of evolution, from which it
would be risky to derive strong conclusions regarding
species status. Multilocus assignment methods (e.g.
[38,39]) have considerably more power and can also inform
on individual admixture coefficients. Although all unlinked
markers having the same mode of inheritance should
experience similar rates of gene flow, selection can greatly
modify the expected patterns of allelic frequencies within
and between species. In particular, some markers might
have experienced selective sweeps within species ([40]; see
Box 1). Suchmarkers, if selected against in the background
of related hybridising species, should provide the most
powerful tools to delimitate species (e.g. [41]). This
expands our argument that high gene flow sensu lato (rapid
gene circulation sensu Beurton [42]; see Box 1) is the key to
effective species delimitation. As a consequence, we pro-
pose that multiple unlinked high gene flow markers,
coupled with the use of model-based assignment methods,
represent the best option to efficiently delimitate species.
However, a single marker might represent a cost-effective
approach for barcoding projects of taxonomically already
well-described species [43], provided that it is inherited
through the sex dispersing most.

Perspectives for studies of speciation
The ideas reported in this paper emerged while studying
the demo-genetic processes taking place during species
interactions in the context of range shifts and expansions.
Our findings suggest that previously assumed relation-
ships between intra- and interspecific gene flow were
seriously misleading, because they did not take into
account the spatial and dynamic aspects of species hybrid-
isation. The process we have outlined here provides a
mechanistic basis for the recent observation that hybrid-
isation fails to cause taxonomic problems despite its fre-
quent mention as the primary cause of ‘fuzzy’ species
boundaries in plants [44]. The new paradigm proposed
here should help explain why species integrity can be
maintained in the face of extensive interspecific gene
flow (e.g. [45,46]), leading us to reconsider the role of gene
flow in speciation. The negative correlation we observe
between levels of intra- and interspecific gene flow and
the realisation that high rates of gene flow within species
promotes rapid monophyly at the species level indicate
that enhanced gene flow is beneficial for the maintenance
of species and their cohesive evolution. By contrast,
reduced gene flow might represent a threat to species
integrity. These results thus raise the question of the
existence of selective processes actively promoting gene
flow within species (see Box 1).
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