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Abstract
Local adaptation to contrasting biotic or abiotic environments is an important evolutionary
step that presumably precedes floral diversification at the species level, yet few studies
have demonstrated the adaptive nature of intraspecific floral divergence in wild plant
populations. We combine a population-genomic approach with phenotypic information on
floral traits to examine whether the differentiation in metric floral traits exhibited by 14
populations of the southern Spanish hawk moth-pollinated violet Viola cazorlensis reflects
adaptive divergence. Screening of many amplified fragment length polymorphism (AFLP)
loci using a multiple-marker-based neutrality test identified nine outlier loci (2.6% of the
total) that departed from neutral expectations and were potentially under selection. Generalized analysis of molecular variance revealed significant relationships between genetic
distance and population divergence in three floral traits when genetic distance was based
on outlier loci, but not when it was based on neutral ones. Population means of floral traits
were closely correlated with population scores on the first principal coordinate axis of the
genetic distance matrix using outlier loci, and with the allelic frequencies of four of the outlier
loci. Results strongly support the adaptive nature of intraspecific floral divergence exhibited
by V. cazorlensis and illustrate the potential of genome scans to identify instances of adaptive
divergence when used in combination with phenotypic information.
Keywords: adaptive divergence, AFLP, floral differentiation, gene flow, genome scan, population
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Introduction
Local adaptation to contrasting environments, both biotic
and abiotic, is an important evolutionary step that presumably
precedes floral diversification at the species level (Galen
2000; Patterson & Givnish 2004; Johnson 2006). Studies of
intraspecific geographical differentiation in floral features
and its potential adaptive nature are therefore crucial
for understanding the linkage between the micro- and
macroevolution of floral traits (Herrera et al. 2006; Hodgins
& Barrett 2008), yet few investigations have so far provided
reliable evidence for adaptive intraspecific differentiation
in floral traits (review in Herrera et al. 2006). This gap in our
knowledge probably reflects the challenging difficulties
associated with proving that floral divergence among
conspecific populations of wild plants is adaptive, i.e. is the
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outcome of variable selection acting on genetically determined floral traits (e.g. Schemske & Bierzychudek 2007).
This applies particularly to species with long generation
times, for which common-garden experiments and quantitative genetics approaches using experimental crossing
schemes are prohibitive because of the time needed. Recent
technological and analytical advances, however, provide
unprecedented opportunities to circumvent the difficulties
posed by long-lived species for testing hypotheses on
adaptive floral divergence.
Genomic approaches can be used to identify functional
genetic polymorphisms that are related to phenotypic
traits of interest (Storz 2005; Vasemägi & Primmer 2005).
Among the various research strategies available for dissecting
functionally important genetic variation, the ‘populationgenomic approach’ (Black et al. 2001) is particularly suitable
for the analysis of adaptation processes in natural populations of non-model organisms (Vasemägi & Primmer 2005).
By genotyping large numbers of markers in individuals
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taken from one or more populations, it is possible to identify
genomic regions that exhibit deviant patterns of variation
relative to the rest of the genome, due to the effects of selection
(Black et al. 2001; Luikart et al. 2003). The populationgenomic approach is a ‘bottom-up’ strategy, whereby the
genetic basis of adaptation can be considered directly at the
genome level without prior knowledge about the phenotypes or the selectively advantageous genes (Vasemägi &
Primmer 2005). In the present study on adaptive floral
divergence of the southern Spanish, endemic, hawk mothpollinated violet Viola cazorlensis, we complement the
population-genomic approach with information on population means for metric floral traits, some of which have
been previously shown to be subject to selection (Herrera
1990a, 1993). In this way, we illustrate the powerful analytical
possibilities afforded by genome scans when used in
combination with associated phenotypic data. In the next
section, we outline the steps followed to address the focal
question of this paper, namely whether intraspecific,
among-population variation in mean floral traits in V.
cazorlensis reflects essentially random, non-adaptive phenotypic variation as previously hypothesized by Herrera
(1990b) or conversely, whether it most likely reflects
adaptive floral divergence mediated by selection. To our
knowledge, this is the first study adopting a populationgenomic approach to investigate the adaptive nature of floral
divergence among populations of an animal-pollinated
plant in the wild, and also one of the few attempts so far at
elucidating adaptive divergence in plant populations by
combining a genome scan with information on population
differences in phenotypic traits.

and genetic distances based on neutral loci. In case the
gamova analysis should reveal some overall association
between genetic background based on outlier loci and
population trait means, then an additional step (iv) will
examine genotype-phenotype relationships across populations using ‘band-based’ and ‘allele-frequency-based’
AFLP analytical strategies (Bonin et al. 2007).
In the first step, a population-genomic approach will be
used to distinguish putative loci subject to selection from
neutral ones (Luikart et al. 2003). Selection perturbs patterns
of genetic variation relative to those expected under a
standard neutral model. While all the loci across the genome
are expected to respond similarly to demography and neutral
history of populations, including genetic drift and gene
dispersal, a few among them will exhibit the signature
of adaptive genetic differentiation caused by selection.
Scanning the patterns of DNA polymorphisms at the
genomic level through genotyping numerous random loci
spread over the entire genome of individuals in several
populations, will thus enable to identify ‘outlier’ loci that
behave differently from the rest, presumably because of
direct or indirect (through linkage) selection. When a locus
shows extraordinary levels of genetic differentiation across
populations in comparison with other loci, this can be
interpreted as evidence of positive selection (Beaumont &
Nichols 1996; Vitalis et al. 2001; Luikart et al. 2003; Bonin
et al. 2006). Because AFLP genotyping allows for both a
large number of markers and an accurate assessment of
baseline levels of neutral genetic variation across the whole
genome, AFLP markers are particularly suitable to the
population genomics approach (Bonin et al. 2007; Meudt &
Clarke 2007).

General procedure
We adopt here the following analytical sequence: (i) a
genome scan will be performed to distinguish putative loci
subject to selection from neutral ones, based on typing
individual plants from distinct populations using a large
number of amplified fragment length polymorphism (AFLP)
markers; (ii) on the basis of results obtained in (i), loci will
be split into two non-overlapping subsets, ‘selected’ and
‘neutral’ ones, and separate matrices of pairwise population
genetic distances will be obtained for each group; and (iii)
the generalized analysis of molecular variance (gamova)
method proposed by Nievergelt et al. (2007) will be applied
to explore the relationship across populations between
divergence in mean floral phenotype and divergence in
genetic features as measured with genetic distance.
Separate gamova analyses will be conducted for the
selected and neutral loci subsets. Support for adaptive
floral divergence will be obtained if some significant
relationship across populations is found between phenotypic differences in floral traits and genetic distances based
on selected loci, but not between differences in floral traits
© 2008 The Authors
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Materials and methods
Study species
Viola cazorlensis (Violaceae) is a perennial, suffruticose violet
endemic to a few contiguous limestone mountain ranges in
southeastern Spain, where it occurs in small, discrete
populations associated with rocky outcrops, cliffs and
‘islands’ of sandy soils originating from heavily weathered
dolomitic limestone between 900 and 2100 m elevation
(Herrera 1993). In the Sierra de Cazorla, where the present
study was conducted (see below), the species commonly
occurs in widely disjunct, discrete, local populations varying
in size from a few dozen to, quite rarely, a few thousand
reproductive individuals, separated by several km of
unsuitable habitat (various types of coniferous and mixed
forest) (Herrera 1993). The flowers have pinkish-purple
corollas and are characterized by a long and thin spur
(mean length = 25.0 mm, range 8–42 mm; Herrera 1993),
the longest for all European species in its genus. At all
populations investigated in the Sierra de Cazorla over
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1987–2007 by the first author, flowers are pollinated by a
single species of long-tongued (mean proboscis length =
26.4 mm), day-flying hawk moth (Macroglossum stellatarum,
Sphingidae) (Herrera 1993). Although flowers are selfcompatible and may occasionally produce some fruits in
absence of any pollinators, the activity of pollinators is
essential for fruit to set (Herrera 1990a). The plants lack
vegetative multiplication, and all reproduction takes place
by seed. The seeds lack special dispersal mechanisms and
are myxospermous. When moistened, the seeds develop a
mucilaginous, sticky coat which after drying glues them to
the substrate and precludes further movement. Detailed
information on the ecology of V. cazorlensis can be found in
Herrera (1990a, b, 1993).

Table 1 Primer combinations used, number of markers (loci)
obtained in the size range 150–500 base pairs, and observed
polymorphism level, in the amplified fragment length polymorphism (AFLP) analysis of the 14 Viola cazorlensis populations
considered in this study

Study area and methods

*A locus was considered polymorphic if at least one individual in
the sample showed a variant score.

Floral characteristics were studied in the spring of 1988 in
18 populations of V. cazorlensis from the Sierra de Cazorla
(Jaén province, southeastern Spain). Populations were
distributed over an area of approximately 16 × 30 km, at
elevations between 850–1860 m above sea level. Thirty
flowers were collected from each population, taking a
single flower from each of 30 randomly chosen plants. A
detailed analysis of patterns of among-population variation
in morphometric floral traits based on this sampling was
presented by Herrera (1990b), where additional details on
methods can be found. For the purposes of the present
study, we considered among-population variation in the
length of the floral peduncle, floral spur (straightened),
and the upper, middle and lower petal blades (see Fig. 1 in
Herrera 1990b for details on these measurements), using
the populations means for these characters reported by
Herrera (1990b). V. cazorlensis flowers have two long filiform
nectaries originating from the posterior staminal filaments
and extending back into the spur. The length of the longest
nectary was also included in the floral morphometric traits
considered here. Means of all these floral traits were shown
by Herrera (1990b) to differ significantly among populations.
The 18 localities studied by Herrera (1990b) in 1988 were
revisited in June 2006 for collecting leaf material for genetic
analyses. We were unable to locate again four of the original
sampling sites. At each of the remaining 14 sites, fresh leaf
material was collected from 12–15 reproductive plants. V.
cazorlensis is an endangered, legally protected species. Since
removal of vegetative parts may have negative effects on
the subsequent reproductive success of individuals, we
sampled a relatively small number of individuals at each
site (mean ± SD = 13.4 ± 2.2 plants/site) to minimize the
impact of collections on local populations. Leaves were
placed in small paper envelopes and dried immediately at
ambient temperature in sealed containers with abundant
silica gel. V. cazorlensis plants are very long-lived, and populations are characterized by slow adult plant turnover. At

Primer combination

Number of
markers

% polymorphic*

1. EcoRI-AGA/MseI-CTT
2. EcoRI-AGC/MseI-CTC
3. EcoRI-AGG/MseI-CTG
4. EcoRI-ACT/MseI-CTA
5. EcoRI-AGG/MseI-CAT
6. EcoRI-AGC/MseI-CTT
7. EcoRI-AGG/MseI-CAA
8. EcoRI-ACA/MseI-CTT

74
47
41
38
36
45
44
44

94.6
91.5
90.2
92.1
91.7
97.8
97.7
95.5

one of the sites sampled in 1988 that has been monitored
annually since as part of other studies, 80% of a total of 75
reproductive individuals tagged in 1988 were still alive in
2006. We are confident that, at each site, leaf samples
collected in 2006 for genetic analyses came from approximately the same individuals sampled in 1988 for the study
of floral morphometry.

Genomic DNA extraction and analysis
Dried leaf material was homogenized to a fine powder
using a Retsch MM 200 mill. Total genomic DNA was then
extracted from approximately 35 mg of ground leaf material
using DNeasy Plant Mini Kit (Qiagen), following the
manufacturer’s protocol. DNA concentration of extracts
was estimated by running electrophoreses of 5 μL aliquots
on 0.8% agarose gels. The AFLP analysis was performed
essentially as originally described by Vos et al. (1995), with
modifications involving the use of fluorescent dye-labelled
selective primers following Applied Biosystems (2005).
Restriction-ligation was conducted using EcoRI/MseI
endonuclease mixture and double-stranded adaptors. A
total of 12 EcoRI + 3/MseI + 3 primer pairs were first screened
for selective amplification in a pilot study conducted on a
random subsample of 15 individuals from three widely
spaced populations. The eight primer pairs providing the
most reliable, consistently scorable results were finally chosen
(Table 1). Each individual plant sampled was fingerprinted
using these eight combinations. Fragment separation
and detection was made using an ABI PRISM 3100 DNA
sequencer. The presence or absence of each marker in each
individual plant was scored manually by visualizing
electrophoregrams with GeneMapper 3.7 software.
Several precautions were taken to avoid the appearance
of spurious patterns. Samples were processed haphazardly
© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd

A D A P T I V E F L O R A L D I V E R G E N C E I N V I O L E T S 5381

Fig. 1 Plot of FST values against heterozygosity estimates
generated with dfdist. Each point corresponds to an AFLP
marker (N = 341). The three lines represent the 0.05, 50% (median)
and 99.95% percentiles of the simulated distribution of neutral
expectations (with FST = 0.0719) based on 106 realizations. The nine
outlier loci at a significance level of P < 0.0005 are shown as filled
dots, and associated numerals denote the corresponding locus
number. Loci 63 through 80 were generated from primer
Combination 2, and loci 220 through 255 from primer
Combination 6 (see Table 1 for primer combinations).

with regard to population of origin. All scoring was done
‘blindly’ by the same person (PB), who during the process
lacked any information on the populations of origin of
individual samples, including geographical location, ecological characteristics of the site, or average floral features.
Although we did not formally evaluate error rates, we are
confident that our protocol should lead to scoring errors
being randomly distributed across individuals and populations, which renders it extremely unlikely that the significant associations found in this study [i.e., linking AFLP
profiles (both band- and allele-frequency-based), geographical
provenance and mean floral traits] represent spurious artefacts derived from systematic and/or unintentional human
biases arising during sample processing and scoring.
Furthermore, since scoring errors are expected to add just
random noise to our data, their effects would fall on the
conservative side, tending to obscure underlying biological
patterns. Fragment-size homoplasy commonly associated
with AFLP markers (Vekemans et al. 2002) can introduce
biases in estimates of population-genetic differentiation
and the detection of loci subject to selection (Caballero et al.
2008). Since the magnitude of these biases is expected to be
greatest in the small fragment-size classes (Caballero et al.
2008), we ignored markers smaller than 150 bp.

Data analyses
Outlier loci were identified in the AFLP data set using the
program dfdist (available at http://www.rubic.rdg.ac.uk/
© 2008 The Authors
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~mab/stuff/), which is based on the principle that genetic
differentiation between populations is expected to be
higher for loci under divergent selection than for the rest
of the genome (Beaumont & Nichols 1996; Beaumont &
Balding 2004). The version of dfdist used (30 January 2008)
analyses dominant markers and implements the Bayesian
method of Zhivotovsky (1999) to estimate allelic frequencies
from the proportion of recessive phenotypes (AFLP marker
absent). A global analysis was done for all the populations
sampled using 14 demes. Outlier loci were identified by
plotting FST against heterozygosity under the assumption
of Hardy–Weinberg equilibrium. Significance values were
obtained by generating a null distribution of FST values
based on 106 simulated loci, with a mean FST similar to the
trimmed mean FST calculated from the empirical distribution.
The trimmed mean FST was computed by removing the
25% highest and lowest FST values observed in the
empirical dataset and is used as an estimate of the average
‘neutral’ FST uninfluenced by outlier loci (Beaumont &
Nichols 1996; Bonin et al. 2006).
The performance of the dfdist method to identify outlier
loci depends decisively on choosing the ‘correct’ baseline
FST, since this influences the quantiles of the simulated null
distribution of FST conditional on heterozygosity, and
consequently the likelihood of identifying a given locus
(i.e. an empirical FST value) as an outlier (Caballero et al.
2008). In addition, overall FST values calculated by dfdist
can exaggerate the differentiation associated with one or a
few populations, thus inflating the level of population
differentiation for a given locus and artificially increasing
its chances of being taken as an outlier. To cross-check the
reliability of the outlier loci identified with dfdist, we
computed a separate set of FST estimates using the hierarchical Bayesian procedure of Beaumont & Balding (2004;
see also Balding 2003) as implemented in the bayesfst
software (available at http://www.reading.ac.uk/statistics/
genetics/software.html). This method adopts a regression
approach and combines information over loci and populations in order to simultaneously estimate FST at every
locus in each population. We simulated 2500 values from
the posterior distribution of FST using the full regression
model (i.e. including the locus, population, and locus ×
population effects) and the program’s default settings.
From these simulated values, we obtained an average
FST and its associated ‘P-value’ for every locus, as
defined by the proportion of simulated outputs yielding locus effects < 0 (see Beaumont & Balding 2004 for
details).
Another potential shortcoming of the dfdist approach
for identifying outlier loci is the possibility of obtaining an
unknown number of false positives (i.e. committing type-I
errors; Luikart et al. 2003; Bonin et al. 2007). This risk,
however, can be considerably reduced by using a sufficiently conservative significance level (Beaumont & Balding
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Fig. 2 Relationships between the population means of the three floral traits revealed by gamova to be significantly related to differences in
genetic divergence measured using outlier loci (Table 3), and the population scores on the first axis (PC1) from a principal coordinates
analysis of the FST matrix for outlier loci. Each point corresponds to a population. Lines are nonparametric regressions (cubic splines) fitted
to the data. Spearman rank correlation coefficients (rs) and significance levels (P) are also shown.

2004; Caballero et al. 2008), as done here by adopting an
α = 0.0005. To corroborate this presumption, the likelihood
of our results being ‘contaminated’ by some false-positive
outlier loci was examined directly by applying Storey &
Tibshirani’s (2003) q-value method for estimation of false
discovery rates to the set of P-values for individual loci
provided by dfdist. In the present context, the q-value
obtained for a given locus is the expected proportion of
false positives incurred for the whole dataset when that
particular locus is considered as an outlier. The expected
proportion of false positives in our results was obtained by
calculating the q-values for all loci and thresholding them
at P = 0.0005. The qvalue package was used for computations (Storey & Tibshirani 2003).
FST matrices of pairwise genetic distances between
populations were computed separately for outlier and
neutral loci with the program aflpsurv 1.0 (Vekemans
et al. 2002), using Zhivotovsky’s (1999) Bayesian method
with non-uniform prior distribution of allele frequencies
and assuming Hardy–Weinberg proportions. This method
provides estimates of differentiation close to the real value
even for moderate-to-small samples per population, as
those used here (Bonin et al. 2007: Fig. 2 therein). Each of
the FST matrices was then regressed on the population
means for the six metric floral traits considered, using
the gamova method proposed by Nievergelt et al. (2007),
which provides a flexible regression-based extension of the
analysis of molecular variance (Excoffier et al. 1992). Gamova
is particularly suited to identifying and characterizing the
strength of relationships and genetic variations between
populations and variables collected on the same populations
(e.g. phenotypic traits, population-level features, environmental parameters). The strength of the relationship between
genetic background and floral characters was explored by
running matrix regressions for the six floral traits consid-

ered using the web-based gamova tool available at http://
polymorphism.scripps.edu/~cabney/cgi-bin/mmr.cgi
(Nievergelt et al. 2007). Permutation tests based on 10 000
repetitions were used to assess the statistical significance of
the relationships.
For those floral traits whose among-population variation
was found significantly related to genetic background, the
nature of the relationship was further explored using two
complementary approaches based, respectively, on ‘bandbased’ and ‘allele-frequency-based’ strategies (Bonin et al.
2007). The first method involved relating population
character means to population mean scores on the first
two axes from a principal coordinate analysis (PCA) of
the genetic distance matrix based on outlier loci, as implemented in genalex 6.1 (Peakall & Smouse 2006). The second
approach involved seeking significant relationships across
populations between floral character means and allelic
frequencies of the dominant allele of each outlier loci, as
estimated with aflpsurv.
Inferences on population genetic structure obtained
from the subset of neutral loci alone will be more reliable
than if the whole set of loci were used, since in this latter
case even a few non-neutral outlier loci subject to selection
can substantially bias estimates of genetic structuring and
gene flow (Luikart et al. 2003). Patterns of genetic structuring
were explored by applying the structure 2.2 program to
the subset of neutral loci. This program uses Bayesian
methods to infer population structure and generate posterior probabilities of assignment of individuals to each of a
given number of populations (K) without prior information
on the number of locations at which the populations were
sampled (Pritchard et al. 2000; Falush et al. 2003). Version
2.2 of structure provides a full implementation of the
admixture model with correlated allele frequencies (the ‘F’
model of Falush et al. 2003) for dominant markers (Falush
© 2008 The Authors
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et al. 2007; Pritchard et al. 2007). We performed 25 replicates
of each simulation with K = 1–14, with a burn-in of 30 000
and 70 000 post burn-in Markov chain Monte Carlo
(MCMC) iterations, assuming admixture and correlated
allele frequencies. The most likely number of populations
represented in our sample (optimal K) was determined by
examination of the estimates of model log likelihood [log P
(X|K), Ln P(D) in the program output] for K = 1–14. As
shown below, our results departed noticeably from the
monotonically increasing relationship ordinarily relating
Ln P(D) and K, so the approach of Evanno et al. (2005)
based on the rate of change of Ln P(D) with increasing K
could not be applied to our data.
Additional evidence on genetic structuring was obtained
by examining the relationship between population pairwise
FST computed for the set of neutral loci against geographical
distance (Hutchison & Templeton 1999, and references
therein). This analysis was mainly aimed at determining
the relative importance of drift and gene flow in determining
genetic structuring, rather than at elucidating spatial patterns
of genetic variation. Untransformed FST and distance values
were used in the analysis to allow a direct comparison
between our results and the various theoretical scenarios
proposed by Hutchison & Templeton (1999). Statistical
significance of the FST-distance relationship was assessed
using the Mantel test as implemented in genalex 6.1.

Results
Levels of polymorphism
A total of 369 AFLP fragments (loci) in the range 150–500 bp
could be unambiguously scored from the eight primers
combinations for the 188 plants sampled. There was little
variation among primer combinations in both the number
of scorable loci and levels of polymorphism, the latter
being particularly high for all combinations (range = 90.2–
97.8%, Table 1). Loci that were monomorphic for the entire
data set (N = 17), and those that were present in < 1%
or > 99% of individuals (N = 11), were excluded from all
subsequent analyses. Seven plants that continued to
produce noisy sequencer electrophoregrams for some
primer combinations after running the analyses several
times, were also excluded from the sample. Our final data
set consisted of a total of 181 individuals, each scored for
presence/absence of 341 polymorphic loci. All individuals
exhibited unique AFLP profiles.

Outlier loci
The joint expected neutral distribution of FST against
heterozygosity was simulated with dfdist using 14 demes
and a weighted mean of FST = 0.0719 over the 341 loci. Nine
loci (2.6% of the total) fell outside the 99.95% confidence
© 2008 The Authors
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Table 2 Comparison of estimates of FST and associated P-values
obtained using dfdist and the Bayesian regression method
implemented in bayesfst for the nine loci that were identified by
dfdist as being under selection (Fig. 1). Loci numbers as in Fig. 1
dfdist

bayesfst

Locus

FST

P-value

FST

P-value

63
67
72
80
220
225
246
249
255

0.395
0.348
0.299
0.496
0.298
0.475
0.416
0.314
0.561

< 10–6
< 10–4
0.0003
< 10–6
0.0003
< 10–6
< 10–6
0.0002
< 10–6

0.376
0.366
0.301
0.396
0.286
0.467
0.368
0.286
0.582

0.0002
0.0013
0.003
0.0002
0.0004
0.0002
0.0002
0.0004
0.0002

interval constructed from the simulated distribution (Fig. 1).
All these outlier loci exhibited FST values significantly
greater than expected, ranging 0.298–0.561 (Table 2; mean
FST ± SE = 0.400 ± 0.031), and are therefore likely to be
under directional selection or linked to a locus under
selection. The remaining 332 loci, unlikely to be subject to
selection, exhibited considerably smaller levels of differentiation (mean FST ± SE = 0.0267 ± 0.0035). All the outlier
loci revealed by dfdist were also highly significant outliers
when the Bayesian regression method of Beaumont &
Balding (2004) implemented in bayesfst was applied to
our dataset (Table 2). The FST values obtained by the two
methods were very similar and linearly correlated (Table 2,
r = 0.926, N = 9, P = 0.0004), which denotes that the high
levels of population differentiation associated with the
nine outlier loci were independent of computation method
and underlying model.
The maximum estimated q-value among all P-values less
than or equal to α = 0.0005 was 0.011. This figure represents
the expected probability of occurrence of false positives
when all loci with P < 0.0005 are considered to be significant, as we did in Fig. 1 and the preceding paragraph. In
view of this small q-value, we conclude that it is very
unlikely that there is any false positive among the nine loci
identified as outliers.
The nine outlier loci were non-randomly distributed
among primer combinations. Six of the eight combinations
used did not produce any outlier loci, while the other two
combinations produced all the outlier loci detected.
Combination 2 produced four outliers (loci 63–80, Fig. 1),
or 9.3% of its polymorphic loci. Combination 6 produced
five loci (loci 220–255, Fig. 1), or 11.4% of its polymorphic
loci (see Table 1 for combination codes). The observed
variation among primer combinations in the proportion of
polymorphic loci that exhibited outlier behaviour was
highly significant (P = 0.0005, Fisher’s exact test).
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Table 3 Results of the generalized analyses of molecular variance (gamova) testing for relationships between population differences in
mean values of floral traits and genetic distance between populations, conducted separately for the sets of neutral and outlier loci.
Significant and nearly-significant P-values are shown in bold type
Neutral loci (N = 332)

Outlier loci (N = 9)

Floral trait (length)

Pseudo-F

Proportion
of variance

P-value

Pseudo-F

Proportion
of variance

P-value

Peduncle
Spur
Upper petal
Middle petal
Lower petal
Nectary

1.79
1.64
1.46
1.15
1.23
1.06

0.13
0.12
0.11
0.09
0.09
0.08

0.16
0.19
0.25
0.37
0.33
0.42

5.45
5.57
7.14
2.44
3.23
2.05

0.31
0.32
0.37
0.17
0.21
0.15

0.009
0.013
0.005
0.111
0.056
0.153

Table 4 Spearman-rank correlations (rs) across populations (N = 14) between floral character means and the estimated frequencies of the
dominant allele for each of the nine outlier loci. Loci numbers as in Fig. 1. Only the three floral traits shown by the gamova to be significantly
related to genetic divergence between populations in outlier loci were subjected to this analysis. Primer combination codes as in Table 1.
Significant and nearly-significant correlation coefficients are shown in bold type
Locus (Primer combination; AFLP marker size, bp)
Floral trait
(length)
Peduncle
Spur
Upper petal

rs
P-value
rs
P-value
rs
P-value

63 (2; 157) 67 (2; 182) 72 (2; 219) 80 (2; 279) 220 (6; 205) 225 (6; 248)

246 (6; 318)

249 (6; 380)

255 (6; 497)

– 0.260
0.37
– 0.269
0.35
– 0.363
0.20

0.710
0.004
0.793
0.0007
0.714
0.004

0.371
0.19
0.424
0.13
0.433
0.12

0.697
0.006
0.631
0.016
0.666
0.009

0.040
0.89
–0.176
0.55
–0.236
0.42

–0.339
0.24
–0.167
0.57
–0.284
0.32

0.103
0.72
–0.035
0.90
–0.233
0.42

Relationship between genetic and floral phenotypic
divergence
Two separate FST distance matrices between populations
were obtained using neutral and outlier loci, and gamova
matrix regressions were then run relating each of these
matrices to the vectors of population means for the six
floral traits considered. Results are summarized in Table 3.
None of the regressions between mean floral traits and the
genetic distance between populations based on neutral loci
approached statistical significance. In contrast, three of the
regressions of floral traits with genetic distance between
populations based on outlier loci were statistically significant (length of peduncle, spur and upper petal), and a
fourth (length of lower petal) was marginally significant.
Figure 2 depicts the relationships between population
means of the three floral traits revealed by gamova to be
significantly related to genetic divergence in outlier loci
(peduncle, spur and upper petal length) and population
scores on the first axis from the principal coordinates analysis of the FST matrix for outlier loci (Principal component
1, PC1). The three relationships are statistically significant,

0.521
0.056
0.697
0.006
0.692
0.006

0.502
0.068
0.719
0.004
0.625
0.017

with around 50% of the among-population variance in
floral trait means being accounted for by the multilocus
genetic background described by PC1. The three floral
dimensions vary in unison with PC1, increasing linearly
across populations with increasing PC1. No significant
relationship was found between any population trait mean
and population scores on the second axis from the PCA
(P > 0.65 in all cases).
Results of the rank correlations relating variation
among populations in mean peduncle, spur and upper
petal length and estimated allelic frequencies for each of
the nine outlier loci are shown in Table 4. There was a highly
significant concordance between the three floral traits in
their correlations with the allelic frequencies of the different
outlier loci (W = 0.952, P < 0.004, Kendall’s concordance test).
Irrespective of the floral trait considered, trait-allelefrequency correlations were positive and statistically significant
for loci 220, 225, 246 and 255, and statistically nonsignificant for loci 63, 67, 72, 80 and 249. As an example of the
significant relationships between mean floral traits and
allelic frequencies summarized in Table 4, Fig. 3 plots these
relationships for locus 246.
© 2008 The Authors
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Fig. 3 Relationships between the population means of the three floral traits revealed by gamova to be significantly related to differences in
genetic divergence measured using outlier loci (Table 3), and the estimated population frequencies of the dominant allele of locus 246. Each
point corresponds to a population. Lines are nonparametric regressions (cubic splines) fitted to the data. See Table 4 for significance levels
of trait-allele frequency correlations.

Fig. 4 Mean (±SE) model log likelihood (Ln P(D)) over 25 runs of
structure for each K-value from 1 to 14. Runs used a burn-in
of 30 000 and 70 000 post burn-in Markov chain Monte Carlo
(MCMC) iterations, assuming admixture and correlated allele
frequencies.

Genetic structure based on neutral loci
Genetic structure was investigated by applying structure
to the AFLP data matrix for the set of 332 neutral loci in the
181 individuals assayed. Results are summarized in Fig. 4
as a plot of mean model log likelihood (Ln P(D)) against K.
The relationship is essentially flat up to K = 10, with LnP(D)
subsequently decreasing up to K = 14. This variation pattern
departs from the monotonic increase from K = 1 up to the
optimal K that is theoretically expected, and is commonly
found, when individuals are structured into distinct
genetic groups (Pritchard et al. 2000, 2007; Evanno et al.
2005). Of particular interest is the decline of mean LnP(D)
© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd

Fig. 5 Relationship between pairwise FST and geographical
distance for the 14 populations of Viola cazorlensis studied. The
line shown is the ordinary least-squares regression (y = 0.051 –
0.00033x). Significance level of the regression, as determined using
a Mantel test with 10 000 permutations, and proportion of
variance explained are also shown.

over the interval from K = 1 (–25 784) through K = 2
(–25 884) to K = 3 (–26 012). Following Falush et al. (2003) and
Pritchard et al. (2007), and given that K = 1 is the smallest
value of K that captures the major structure in our data, the
most parsimonious explanation for the structure results
summarized in Fig. 4 is that there is a lack of genetic
structuring (based on neutral loci) in the sample of
individuals studied, despite their coming from 14 widely
spaced locations.
In concordance with the previous finding, no statistically
significant relationship was found at the spatial scale of this
study between population pairwise FST based on neutral
loci and geographical distance (Fig. 5). Pairwise FST values
were similarly low over the whole range of between-site
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distances represented in our sample (range = 0.8–22.6 km).
The scatter of points around the fitted regression was
also similarly narrow over the whole range of distances
sampled (Fig. 5).

Discussion
Genetic diversity and structure
Plants with restricted distributions typically exhibit low
genetic diversity at the species level (Cole 2003). In addition,
fragmentation into isolated, discrete demes composed of
relatively few individuals contributes to a depletion of
overall genetic diversity (Ellstrand & Elam 1993). With fewer
than 150 known local populations scattered over an area of
∼750 km2, and the vast majority of them consisting of < 100
adult plants (CMH, unpublished results), Viola cazorlensis is
a perfect example of a rare plant with a small geographical
range and heavily fragmented, small local populations.
Fragmentation does not stem from anthropogenic
disturbance, but it is instead the natural consequence of
specialization on a scarce habitat type (isolated limestone
outcrops and dolomitic sand patches), which is discontinuously distributed amid a sea of fairly undisturbed but
ecologically unsuitable habitat (pine and oak forests).
Given its ecological characteristics, it was unexpected to
find that V. cazorlensis harbours so much genetic variation,
as denoted by the extensive polymorphism exhibited by all
AFLP markers (90–98%). Species-level percent polymorphism for AFLP markers is considerably higher in
V. cazorlensis than in central European Viola species with
fragmented populations but much broader geographical
distributions (23–72%; Ciešlak et al. 2006; Eckstein et al.
2006), and higher also than in other western Mediterranean
narrow endemics (53–69%; Juan et al. 2004; Vilatersana
et al. 2007). This apparent anomaly should be related to
another unanticipated result of this study, namely the
absence of spatial structuring of neutral genetic variation.
As discussed below, the populations of V. cazorlensis
studied apparently belong to a single panmictic unit and
are interconnected by extensive gene flow. The effective
size of the V. cazorlensis population is thus probably much
greater than one would expect from exclusively considering
the small size of local subpopulations. This would greatly
reduce the incidence of drift, the main factor responsible for
the loss of species-level genetic diversity in rare plants with
small and fragmented populations (Ellstrand & Elam 1993).
When applied to simulated or real data with an underlying
genetic structure, the structure admixture model with
correlated allele frequencies led to a monotonic increase of
model log-likelihood from K = 1 up to some optimal K-value
that represents the number of distinct genetic subpopulations
in the sample of individuals (Falush et al. 2003; Evanno
et al. 2005; Pritchard et al. 2007). Our results for neutral loci

in V. cazorlensis depart noticeably from this pattern by
showing a shallow decline of model log-likelihood (log
P(X|K)) with increasing K. This pattern of variation of log
P(X|K) replicates that theoretically expected for a single
panmictic population under the ‘F’ model (Falush et al. 2003:
Table 1 therein). Our structure results should therefore be
best interpreted as denoting that, despite their discreteness
and spatial isolation, all local populations of V. cazorlensis
sampled for this study actually behave as a single panmictic
unit. This interpretation is further strengthened by the analysis
of the relationship between population pairwise geographical
and genetic distance based on neutral loci. At the spatial
scale of this study, which roughly encompasses one-third
of the whole distribution range of V. cazorlensis, we failed to
find a significant relationship between population pairwise
FST and geographical distance suggestive of isolation by
distance. Instead, levels of genetic differentiation (based on
neutral loci) between populations were independent of
geographical distance and consistently low over the entire
range of distances sampled, and there was not much scatter
of the points around the fitted regression line. This pattern
matches a Case II scenario in Hutchison & Templeton’s
(1999) theoretical classification, corresponding to a situation
of lack of regional drift–gene flow equilibrium because of
the overwhelming predominance of gene flow over drift.
Our results provide compelling evidence that populations
of V. cazorlensis have been recently interconnected by extensive gene flow, a finding that disproves Herrera’s (1990b)
tentative suggestion of limited gene flow among populations of this species. The alternative explanation, that the
species was formerly more abundant and continuously
distributed in the region, and that its present rarity and
fragmented distribution is the outcome of recent disturbances or habitat loss, is implausible, given the species’
strict ecological specialization on a geomorphologically
and edaphically defined habitat type whose abundance and
distribution should vary little historically. Seed dispersal
presumably contributes little to gene flow in V. cazorlensis,
since seeds and fruits lack special mechanisms for dispersal
and the myxospermy of seeds actually behaves as an
anti-dispersal device (Grubert 1974). Extremely far-reaching
pollen dispersal, in contrast, will most likely account for
extensive gene flow. The hawk moth Macroglossum stellatarum, the only pollinator of V. cazorlensis, is a strong flier
well-known for its long-distance migratory habits (Pittaway
1997–2008). Abundant migratory waves of M. stellatarum
have been frequently observed in the Sierra de Cazorla,
coincident with the time of V. cazorlensis flowering (CMH,
unpublished observations 1987–2007). The abundance,
wandering behaviour and strong flight capacity of migrating
hawk-moth individuals can contribute to regularly dispersing the pollen of V. cazorlensis among populations
widely apart, but proving this hypothesis will require
further investigation.
© 2008 The Authors
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Outlier loci
The general strengths and limitations of the populationgenomic approach to identifying loci subject to selection,
including those specific to AFLP markers, have been
thoroughly considered in several recent reviews (Luikart
et al. 2003; Beaumont & Balding 2004; Nielsen 2005; Storz
2005; Bonin et al. 2006, 2007; Caballero et al. 2008). We will
not discuss our results in this context, except to remark on
two methodological aspects that can affect the conclusions
of genomic scans like the present one, namely the choice of
an adequate statistical significance level and the use of a
sufficient number of AFLP primer combinations.
In our study, the dfdist analysis revealed nine AFLP loci
(2.6% of the total investigated) departing from neutral
expectations and thus potentially under selection. This
proportion falls in the range reported by previous AFLPbased genomic scans (3.2%, Wilding et al. 2001; 8%, ScottiSaintagne et al. 2004; 1.0%, Bonin et al. 2006; 3.2%, Smith
et al. 2008). Nevertheless, the probability level set in our
study to consider loci as outliers (α = 0.0005) was considerably more restrictive than those used by these and other
investigations (α = 0.05 or 0.01; Caballero et al. 2008). Had
we used the more liberal α = 0.01 or α = 0.05 in the dfdist
analysis, the proportion of loci with FST values significantly
greater than neutral expectations would have risen to 17
(5.0%) and 24 (7.0%), respectively (results not shown). This
may suggest that the proportion of non-neutral loci is actually
greater in V. cazorlensis than in other species studied so far
with AFLP markers, but also that earlier studies using less
restrictive α’s include an unknown fraction of false positives. In our study, the q-values associated with α = 0.01
and α = 0.05 are 0.199 and 0.596, respectively, which
implies very high false discovery rates and a definite
expectation of obtaining a non-trivial number of false
positives (∼3 and ∼15, respectively), had a more liberal
significance level been chosen. Our results for V. cazorlensis
thus empirically confirm the conclusions of Caballero et al.
(2008) based on simulations and show the critical importance of choosing sufficiently conservative significance
levels for making the right inferences on the proportion of
selective loci in the genome.
The nine loci that were most likely linked to genes under
the influence of directional selection were non-randomly
distributed among primer combinations. All were obtained
from only two combinations (Combination 2 and 6), while
the remaining six combinations produced none. Similar
non-random distribution and clustering of outlier loci on
particular AFLP-primer combinations have been found in
other studies (Campbell & Bernatchez 2004; Scotti-Saintagne
et al. 2004). The observation that AFLP loci from a given
primer combination are often not distributed randomly
among chromosomes (Peng et al. 2000; Strommer et al. 2002;
Rogers et al. 2007) has led to the hypothesis that outlier loci
© 2008 The Authors
Journal compilation © 2008 Blackwell Publishing Ltd

can sometimes be clustered across a few linkage groups
(Campbell & Bernatchez 2004). The concordant variation
across localities of the allelic frequencies of outlier loci
found in this study, as denoted by the concordance of their
correlations with population means for floral trait, is
compatible with that interpretation. The non-random
distribution of outlier loci among primer combinations
is important from a practical viewpoint (Campbell &
Bernatchez 2004). If the likelihood of detecting loci showing
the signature of selection in an AFLP-based genome scan is
contingent on the primer combinations used, then it becomes
particularly important to use as many different primer
combinations as possible to obtain an unbiased sample of
the genome and a reliable estimate of the frequency
of selected loci. In a similar vein, the observation that
AFLP markers obtained with different restriction enzymes
differ in their patterns of distribution within and among
chromosomes or linkage groups (Castiglioni et al. 1999;
Scotti-Saintagne et al. 2004; Rogers et al. 2007) also suggest
that more informative sets of outlier loci could be identified
if AFLP-based genome scans were to use a broader variety
of restriction enzymes.

Adaptive floral divergence
The finding of significant relationships linking variation
in outlier loci and variation in environmental and/or
phenotypic characteristics provides evidence that, despite
its correlative nature, it is crucial to support both the
non-neutral nature of the loci concerned and the adaptive
nature of the environmental or phenotypic divergence with
which their variation is associated (Wilding et al. 2001;
Luikart et al. 2003; Campbell & Bernatchez 2004; Bonin
et al. 2006). Our results prove particularly strong in this
respect. For three metric floral traits, the gamova analysis
revealed significant relationships between multilocus
population-genetic distance and divergence in phenotypic
characteristics when genetic distance was based on outlier
loci, but not when it was based on neutral ones. The
disparity between the gamova results for outlier and
neutral loci is an important aspect of our results, and one
lending particular support to the interpretation that
population phenotypic divergence was the result of
selection. If roughly similar correlation patterns between
phenotypic and genetic distances had been obtained for
both sets of markers, then factors other than selection could
also account for them (e.g. variation in population history
affecting equally to neutral and adaptive polymorphisms).
The interpretation of adaptive floral divergence is further
strengthened by the band-based and allele-frequency-based
analyses of relationships across populations between mean
phenotypes and genetic characteristics. Variation among
populations in mean peduncle, spur and upper petal length
were closely related to both the population scores on the
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first axis of the PCA, and the allelic frequencies of five out
of nine outlier loci. Taken together, these findings lead us to
conclude that the differences among V. cazorlensis population in metric floral traits have a genetic basis and reflect
local adaptations arisen through divergent selection. This
conclusion disproves Herrera’s (1990b) hypothesis that floral
variation among these populations reflects random local
differentiation due to genetic drift following the infrequent
founding of populations by a few initial colonizers and
subsequent restricted gene flow. The two hypothesized
premises that prompted that suggestion, namely restricted
gene flow between populations and a predominant role of
drift in determining genetic structure and phenotypic variation, have also been disproved by this study. Recently,
Schemske & Bierzychudek (2007) have similarly shown that
spatial differentiation of flower colour in the desert plant
Linanthus parryae most likely reflects the action of natural
selection rather than genetic drift and restricted gene flow as
originally envisaged by Wright (1943). In both V. cazorlensis
and L. parryae, strong selective forces – and not genetic drift
as previously hypothesized – seem responsible for maintaining intraspecific differentiation in floral traits in the
face of extensive gene flow.
It is not possible at present to ascertain the selective
agents and mechanisms of selection ultimately responsible
for adaptive floral divergence in V. cazorlensis, or to establish whether the size of floral parts are actually the targets
of selection. It must be noted, however, that pollinatormediated selection on components of flower size and
shape, including two of the traits shown here to exhibit
adaptive divergence among populations (upper petal and
peduncle length), has been demonstrated in one of our
study populations (Herrera 1990a, 1993). Although all populations studied are similar in having the same pollinator,
the strength of selection on particular floral traits and/or
the shape of the trait-specific fitness functions can be
geographically variable, as found for other species with
relatively constant pollinators (Maad & Alexandersson
2004; Rey et al. 2006). Furthermore, and perhaps more
importantly, other biotic and abiotic factors in addition to
pollinators can exert direct or indirect selection on floral
features (e.g. water stress, resources, herbivores; Galen 2000;
Herrera 2000, 2005; Rey et al. 2006). Consistent betweenpopulation differences in the shape, sign or strength of
selection exerted by one or more of these factors on metric
floral traits or some pleiotropically linked characters could
ultimately give rise to adaptive floral divergence despite
the constancy in pollinator composition across populations.
Studies are currently underway to examine these possibilities for V. cazorlensis.
Despite the remarkable lack of spatial genetic structuring
and extensive levels of gene flow among populations of V.
cazorlensis revealed by the analyses based on neutral loci,
nine loci exhibited strong non-neutral signatures and were

presumably selected or linked to selected regions of the
genome. Our study joins an increasing number of investigations based on genome scans of plants and animals that
demonstrate considerable within-genome heterogeneity in
‘permeability’ to gene flow: differentiation is maintained in
a small portion of the genome, while extensive gene exchange
continues to prevent divergence at most loci (Wilding et al.
2001; Campbell & Bernatchez 2004; Emelianov et al. 2004;
Scotti-Saintagne et al. 2004; Minder & Widmer 2008; Smith
et al. 2008). As discussed by these and other authors,
within-genome patchiness in susceptibility to the homogenizing effect of gene flow has important implications, for
example, for divergence-with-gene-flow models, the genic
concept of speciation and the long-running debate on the
relative importance of allopatric and parapatric modes of
speciation (Wu & Ting 2004). When genome regions resistant
to gene flow are associated with phenotypic traits that may
directly influence mating system and sexual reproduction,
as it happens with the floral features considered in this
study, then initial adaptive divergence can facilitate the
appearance of reproductive isolation, for instance via
divergent shifts in pollinators (Bradshaw & Schemske
2003), thus setting the stage for incipient speciation.

Conservation implications
Apart from the implications in relation to speciation, withingenome heterogeneity in levels of population differentiation
is also important because, for a given set of populations,
neutral and adaptive genetic diversity can be organized
very differently, and estimates of genetic differentiation
based on neutral loci can differ widely from those obtained
using selected loci – or those linked to selected loci (reviewed
in Luikart et al. 2003). These are two critical aspects when
conservation efforts of endangered species base their
decisions on genetic data from sets of neutral genetic
markers or on mixtures of markers containing an unknown
but presumably overwhelming proportion of neutral ones.
Our results for the endangered V. cazorlensis illustrate the
potential perils involved very well. The FST estimates for
either the whole set of 341 loci (0.072) or the 332 neutral loci
alone (0.027) would lead to the deceptively reassuring
conclusions: (i) that each local population harbours nearly
all genetic diversity (∼95%) of this endangered species; (ii)
that a few local extinctions would have little impact on
species-level genetic diversity; and (iii) that extinct
populations could be easily restored by importing genetically
similar individuals from other populations. Nevertheless,
the FST estimate obtained from the nine outlier loci (0.400)
provides quite a different picture: (i) only about 60% of
total genetic diversity occurs within populations; (ii) a
substantial amount of (presumably) adaptive genetic
variation would be lost following even a few local
population extinctions; and (iii) such extinctions would
© 2008 The Authors
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imply the irreplaceable loss of locally-adapted genotypes.
Similar contrasts between FST estimates with and without
outlier loci seem to be widespread (Luikart et al. 2003), and
local adaptation in the face of population-level genetic
homogeneity assessed with neutral markers is known for
other rare, endangered plants (McKay et al. 2001). Extraordinary caution should thus be exercised when genetic
differentiation estimates based on neutral loci are used to
inform critical conservation decisions. By affording at least
a tentative dissection of genetic markers into neutral and
(presumably) selected ones, and allowing the formulation
of hypotheses on the levels of local adaptation of populations of endangered species, the population-genomic
approach can also contribute to better inform management
decisions in conservation biology.
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