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� Background and Aims Flower colour polymorphism in plants has been used as a classic model for understanding
the importance of neutral processes vs. natural selection in population differentiation. However, current
explanations for the maintenance of flower colour polymorphism mainly rely on balancing selection, while neutral
processes have seldom been championed. Iris lutescens (Iridaceae) is a widespread species in the northern
Mediterranean basin, which shows a stable and striking purple–yellow flower colour polymorphism. To evaluate
the roles of neutral processes in the spatial variation for flower colour in this species, patterns of neutral genetic vari-
ation across its distribution range were quantified, and phenotypic differentiation was compared with neutral genetic
differentiation.
�Methods Genetic diversity levels and population genetic structure were investigated through the genotyping of a
collection of 1120 individuals in 41 populations ranging from Spain to France, using a set of eight newly developed
microsatellite markers. In addition, phenotypic differentiation for flower colour was also quantified by counting
colour morph frequency in each population, and measuring the reflectance spectra of sampled individuals.
� Key Results Populations in Spain present a sharp colour transition from solely purple to solely yellow. The results
provide evidence that genetic drift through limited gene flow is important in the evolution of monomorphic popula-
tions. In contrast, most populations in France are polymorphic with both phenotypes, and the colour frequencies
vary geographically without any spatial gradients observed. A pattern of isolation by distance is detected in France,
and gene flow between adjacent populations seems to be an important factor maintaining populations polymorphic.
� Conclusions Overall, neutral processes contribute to patterns of spatial variation for flower colour in I. lutescens,
but it cannot be excluded that natural selection is also operating. An interaction between neutral processes and nat-
ural selection is suggested to explain the spatial variation for flower colour in I. lutescens.
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INTRODUCTION

Ecologists have long been intrigued by the emergence and
maintenance of polymorphism in floral traits (Weiss, 1995;
Schaefer et al., 2004). Indeed, as the pollinator visitation rate is
generally correlated with plant fitness in entomogamous species
(i.e. 80 % of plant species; Potts et al., 2010), stabilizing selec-
tion mediated by associative learning is expected to occur on
floral traits, leading to low intra-specific variation (Ashman and
Majetic, 2006; Salzmann and Schiestl, 2007; van Kleunen
et al., 2008; Dormont et al., 2010). Because flower colour (i.e.
colour of the perianth) is one of the most important cues used
by pollinators to locate flowers and to learn foraging targets
(Menzel and Shmida, 1993; Schoonhoven et al., 2007), any
flower colour variation within populations should be rapidly
lost due to directional pollinator-mediated selection (Waser and
Price, 1981; Levin and Brack, 1995; Campbell et al., 1997;
Jones and Reithel, 2001; Chittka and Raine, 2006). This may
make the maintenance of flower colour polymorphism surpris-
ing, and only a reduced number of species with a genetically
controlled flower colour polymorphism within natural popula-
tions have been observed (see Rausher, 2008).

From a historical perspective, flower colour polymorphism
has made an important contribution to the development of mod-
ern evolutionary theory, particularly because Wright (1943)
early applied his model of ‘isolation by distance’ (IBD) to
investigate spatial patterns of flower colour in Linanthus par-
ryae (Polemoniaceae). He concluded that the spatial distribu-
tion of the blue–white morphs in this species was consistent
with a random process, and he viewed this species as an
example of the drift process required for his shifting balance
theory of evolution. In contrast, subsequent observations and
experiments led Epling et al. (1960) to conclude that this vari-
ation was subject to selection, but Wright (1978) continued to
disagree. Only recently has this debate apparently been resolved
in Epling’s favour by Schemske and Bierzychudek (2001,
2007). Their results indicate that the flower colour polymorph-
ism in L. parryae is largely a product of temporal and spatial
heterogeneity in local selective pressures. So far, this is the
only case where the neutrality of flower colour polymorphism
has been seriously argued (see also Podolsky and Holtsford,
1995 for various floral traits including stigmate colour and petal
colour; Jorgensen et al., 2006 for pollen colour dimorphism).

VC The Author 2016. Published by Oxford University Press on behalf of the Annals of Botany Company.
All rights reserved. For Permissions, please email: journals.permissions@oup.com

Annals of Botany 117: 995–1007, 2016

doi:10.1093/aob/mcw036, available online at www.aob.oxfordjournals.org



Indeed, most empirical studies focusing on the maintenance
of flower colour polymorphism showed the importance of bal-
ancing selection resulting from environmental heterogeneity in
time and space (Schemske and Bierzychudek, 2001, 2007;
Arista et al., 2013) and antagonistic selection imposed by pol-
linators and herbivores (Irwin et al., 2003; Strauss et al., 2004;
see also Carlson and Holsinger, 2010 for an effect of seed
predators). These selective forces are imposed not only by pol-
linators, but also by the abiotic environment and/or animals
with antagonistic effects. This is because the flavonoid/antho-
cyanin pigments, which are responsible for flower colour in
most plants, also have pleiotropic effects on plant survival. For
example, these pigments can function in protecting plants
against damage caused by UV and visible light, in responses of
plants to abiotic stress (e.g. drought and cold) and in resistance
to attack by microbes and herbivores (reviewed in Chalker-
Scott, 1999; Harborne and Williams, 2000; Winkel-Shirley,
2002; Taylor and Grotewold, 2005; Agati et al., 2012).
Whatever the selective pressures involved, spatial segregation
among colour morphs is generally observed, and populations
are monomorphic, while neutral markers showed little genetic
differentiation among morphs (see, for instance, Streisfeld and
Kohn, 2005; Sobel and Streisfeld, 2015).

However, some species have a flower colour polymorphism
within populations. In food-deceptive species, in particular or-
chids, negative frequency-dependent selection (NFDS) medi-
ated by learning ability of pollinators is often invoked to
maintain such a polymorphism (Gigord et al., 2001). Such a
mechanism has only been formally demonstrated once (failed
to be detected by Pellegrino et al., 2005a, b; Jers�akov�a et al.,
2006; Imbert et al., 2014b for instance), and overall cannot ex-
plain variation in flower colour morph proportions among
populations (Gigord et al., 2001). For species with a genetic
control of flower colour, gene flow among populations could
contribute to a transient maintenance of polymorphism.
Likewise, any disequilibrium between gene flow and genetic
drift should lead a population to become monomorphic.

As neutrality is the null hypothesis, demonstrating its contri-
bution to any phenotypic spatial pattern is a challenge. A clas-
sical approach to demonstrate the relative roles of purely
neutral processes (i.e. drift in combination with spatially re-
stricted gene flow) and natural selection in spatial differenti-
ation of the heritable phenotypic trait is to study whether the
population distribution of the phenotypic character differs from
the neutral expectation, i.e. to compare the phenotypic differen-
tiation with the neutral genetic differentiation. In the case of
flower colour polymorphism, the spatial flower colour differen-
tiation can be estimated by Euclidean flower colour distance
between pairwise populations (e.g. Edh et al., 2007), by quan-
tifying flower colour as a quantitative trait (QST; e.g. Streisfeld
and Kohn, 2005) or by calculating the FST at the loci that are re-
sponsible for flower colour change (e.g. Schemske and
Bierzychudek, 2007; Hopkins et al., 2012); on the other hand,
neutral genetic differentiation (FST at neutral loci) has been
estimated using neutral markers such as microsatellites (see
also Sobel and Streisfeld, 2015). All published studies so far
concluded that differentiation in flower colour is driven by se-
lection, rather than neutral processes, with the only exception
of the study of Brassica cretica (Brassicaceae), an endemic spe-
cies in the Aegean island Crete. Indeed, Edh et al. (2007) found

that those populations, fixed for different colour morphs, have
been heavily influenced by genetic drift. However, in most em-
pirical experiments, the fitness differences among colour
morphs cannot be unambiguously ascribed to variation in
flower colour genes rather than to variation at linked genes (re-
viewed in Rausher, 2008). Therefore, we cannot rule out the
possibility that neutral processes could contribute to the spatial
variation in flower colour, especially in small and isolated
populations (Eckhart et al., 2006; Edh et al., 2007).

Here we investigated flower colour polymorphism in a wide-
spread species of the northern Mediterranean basin, Iris lutes-
cens Lam. Iris flowers are among the largest in the
Mediterranean flora, and most species are nectarless (Sapir
et al., 2002; Rudall et al., 2003). In southern France, the food-
deceptive I. lutescens shows a heritable and striking flower col-
our polymorphism within populations, with both purple- and
yellow-flowered individuals growing side by side without any
spatial segregation (Fig. 1; Supplementary Data Fig. S1A, B).
According to our population survey in consecutive years, the
frequency of the yellow morph (FYM) is stable over the years
(2009–2013).

The purple–yellow flower colour difference in this species is
due to anthocyanins, mainly delphanin, present in extremely
higher concentrations in purple flowers than in yellow flowers,
indicating a regulatory change in the flavonoid/anthocyanin
biosynthetic pathway (Wang et al., 2013). However, the
locus(i) responsible for this regulation change has not yet been
identified. The two colour morphs of I. lutescens do not differ
in phenology, floral scent, pollen/ovule production or any vege-
tative characteristics (Wang et al., 2013; Imbert et al., 2014a).
So far, it has only been shown that purple flowers are larger
than the yellow ones (Imbert et al., 2014b; also see the
Results). According to our previous studies, the two colour
morphs are pollinated by similar kinds of pollinators (an assort-
ment of bees, including bumble-bees), and it does not seem that
pollinators have an over-riding, innate preference for either
morph (Imbert et al., 2014a). The fitness survey in natural
populations of southern France shows that female reproductive
success of both morphs is positively correlated with FYM, at
both the population scale and the local scale, which is in contra-
diction to the NFDS hypothesis in food-deceptive species
(Imbert et al., 2014b). Therefore, the intriguing question of
how these two colour morphs are maintained in natural popula-
tions remains unanswered.

In this study, we compared phenotypic distribution and neu-
tral genetic variation to assess the importance of neutral proc-
esses in explaining the spatial variation of flower colour in
I. lutescens. First, we conducted an extensive population survey
in France and Spain to document the spatial distribution of
flower colour in I. lutescens. We measured floral morphological
traits and quantified flower colour in the populations we visited
to determine the phenotypic differentiation among populations.
We thus specifically tested for spatial segregation of FYM.
Next, we genotyped individuals sampled from natural popula-
tions at multiple microsatellite loci to examine how neutral gen-
etic variation is structured within and among populations and
colour morphs. We then compared the extent of population dif-
ferentiation in flower colour (as well as flower size) with that
of neutral loci.
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MATERIALS AND METHODS

The study species

Iris lutescens Lam. (Iridaceae) is a perennial rhizomatous spe-
cies, with a distribution range that extends from Spain through
France to Italy. The species occurs in open and dry places in
the Mediterranean region of these countries. It grows 10–30 cm
tall, with erect, sword-shaped leaves and one showy flower at
the apex of each shoot (Fig. 1). Each flower has three pendent,
bearded sepals (also referred to as falls), alternating with three
erect petals (standards). Because of the vegetative reproduction
of the underground rhizome, a genet can produce several flow-
ering stems (Supplementary Data Fig. S1B) that cannot be
distinguished.

Flowers of I. lutescens are hermaphroditic but self-incompat-
ible, and thus are totally pollinator dependent for sexual repro-
duction. Pollination is probably achieved by food deception
since the species does not produce nectar, and pollinators have
not been observed to forage for pollen. Flowering occurs in
early spring (March to early May), and no co-flowering species
is likely to represent a model in a putative mimicry system
(Imbert et al., 2014a). It is most likely that the food deception
is due to exploitation of insect perceptual biases, a model based
on innate cognitive biases of insects in particular traits

(Schaefer and Ruxton, 2009), and on exploitation of newly
emerged naive insects. The main pollinators of I. lutescens are
honey-bees (Apis mellifera), bumble-bees (Bombus spp.), and
solitary bee species of several genera (Apidae; e.g. Anthophora,
Eucera and Xylocopa). A florivorous beetle (Tropinota hirta,
Cetoniidae) is also commonly observed on flowers.
Observations in natural populations have failed to show any
preference for a particular morph in either Apoids or beetles
(Imbert et al., 2014a). Leaf herbivory is infrequent (Imbert
et al., 2014a). Neither fruit predation nor pre-dispersal seed pre-
dation has been documented so far in natural populations. Note
that apart from the yellow and purple morphs, some intermedi-
ate or extreme phenotypes (e.g. white or blue) can also be found
in natural populations, but they are very rare (see Imbert et al.,
2014a).

Population survey and sampling

A total of 41 populations were surveyed (Fig. 1;
Supplementary Data Table S1). In May 2012, we visited two
populations in southern Spain, designated ‘Cabra’ and
‘Antequera’. From March to May of 2013, we conducted a cen-
sus of 39 populations in Spain and France. For each population,
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FIG. 1. Map of the western Mediterranean basin showing locations of 41 sampled populations of Iris lutescens. Each pie chart indicates the proportion of yellow and
purple individuals in each population in 2013. The top right inset shows purple- and yellow-flowered individuals of I. lutescens. Photographs was taken by Bruce
Anderson near Montpellier, Languedoc-Roussillon region, France. The bottom right inset shows 29 populations around Montpellier in southern France. An asterisk
indicates a population only involved in neutral genetic analyses (FST calculated), and no information for flower colour reflectance and flower size is available (no

phenotypic distance calculated).
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we recorded its latitude, longitude and altitude, surveyed popu-
lation size and flower colour proportions, and sampled individ-
uals for floral morphological measurements, flower colour
phenotyping and genotyping.

Flower colour proportions were quantified with non-linear
transects, and were always done by the same experimenter
(E.I.) to reduce sampling errors. Counting points were located
at least 4 m apart along the transect, and at each point the num-
ber of yellow and purple flowers was counted within a 2 m ra-
dius. The sampling effort, i.e. the number of points per
population, depended on both population density and size. This
survey was used to estimate population size (total number of
flowering stems without information about the number of gen-
ets), and the frequency of the yellow morph (FYM) and the pur-
ple morph (1 – FYM) (see also Imbert et al., 2014b).

In each population, we haphazardly chose 30 fully blooming
flowers for floral morphological measurements. Effort was
made to distribute the sampling throughout the populations, and
no neighbouring plants (minimum distance between 1 and 5 m,
depending on the size of the population) were chosen in order
to reduce the probability of sampling the same genet. In some
small populations, or populations at the very early/late flower-
ing period when visited, fewer than 30 individuals were
sampled; for four monomorphic purple populations in Spain,
only leaves were collected for genotyping (see Fig. 1;
Supplementary Data Table S1). In polymorphic populations,
we sampled an equal number of individuals for each colour
morph, while for some populations with extremely low or high
FYM (e.g. Liausson and Croix), we sampled the rare phenotype
as much as we could (Supplementary Data Table S1). For each
individual, four morphological traits were measured
(Supplementary Data Fig. S1C): (1) flower height – from the
ground to the top of the flower; (2) flower length – distance
from the bottom of the fall to the top of the erect petal; (3) sepal
width – at the widest part of the sepal; and (4) petal width – at
the widest part of the petal. Measurements were always done
by the same experimenter (H.W.) to reduce sampling errors.
Subsequently, one petal and one leaf were collected for quan-
tifying the flower colour and genotyping, respectively. The
fresh petals and leaves were immediately desiccated in silica
gel and stored in the dark at room temperature.

Measurements and analyses of flower colour as perceived by
pollinators

The reflectance spectra of the dry petals were measured
using a JAZ-PX spectrophotometer with a pulsed-xenon light
source (Ocean Optics, Inc., Dunedin, FL, USA). Each spectrum
was recorded between 300 and 700 nm, covering the spectral
sensitivity range for most insects (Briscoe and Chittka, 2001).
The spectrometric data were then analysed with AVICOL v.6
(Gomez, 2006). As we were interested in insect pollinator re-
sponses to colour, we characterized petal colour using measure-
ments based on the properties of insect vision. Most insects
have receptors with peak sensitivities near 350 nm (UV recep-
tor), 440 nm (blue receptor) and 530 nm (green receptor)
(Briscoe and Chittka, 2001). Both purple and yellow flowers of
I. lutescens have very low reflection in the UV wavelengths
(Fig. 2), while the reflection differs more strongly in the blue

and green. We used the shape model to extract the reflectance
value at 440 and 530 nm, respectively, and calculated the ratio
between them (R440/R530), which is referred to as the reflect-
ance ratio (Frey, 2004; Campbell et al., 2012). This reflectance
ratio captures much of the variation between flowers in the
shape of the reflectance curve, and thus we used it as an index
of flower colour.

Analyses of floral morphological traits: flower size and
flower colour

First, the variation of colour among populations was exam-
ined by performing generalized linear mixed models (GLMMs)
on the four morphological variables, with colour as a fixed ef-
fect and population as a random factor. Because the four floral
morphological traits are correlated with each other, principal
component analysis (PCA) was performed on these traits to ex-
tract the multivariate index of overall flower size. The four vari-
ables were scaled prior to analyses. Linear models were then
performed on the first two principle components (PC1 and
PC2). The same linear model was also used to analyse the re-
flectance ratio of flower colour spectra.

DNA extraction and genotyping

In total, 1120 individuals from 41 populations were used to
evaluate population genetic structure. Genomic DNA was ex-
tracted from leaf tissue using the cetyltrimethyl ammonium
bromide (CTAB) method (Doyle and Doyle, 1990). Each indi-
vidual was genotyped at eight microsatellite loci specifically
designed for this study (Table 1).

The library of microsatellite markers was produced at
Genoscreen (Lille, France) by coupling multiplex microsatellite
enrichment and next-generation sequencing on 454 GS-FLX
Titanium platforms (Malausa et al., 2011). The QDD pipeline
(Megl�ecz et al., 2010) was used to select and analyse 504
sequences and design primers. Finally eight primer pairs
(Table 1) produced amplicons of the expected size and showed
polymorphism, and therefore were retained for genotyping.
PCR amplifications were performed separately for each locus
and then multiplexed for two sub-sets of loci (IcMix01,
IcMix02). In each multiplex, the primers were directly labelled
using different fluorescent dyes (Applied Biosystems, Table 1).
Microsatellites were amplified using the Qiagen multiplex PCR
kit (Qiagen) in a 10 lL reaction volume containing 0�1–0�4 lM

of each primer (Table 1) and 1 lL of genomic DNA. PCRs
were conducted using Mastercycler pro (Eppendorf) under the
following conditions: an initial denaturation step at 95 �C for
15 min; 35 cycles consisting of 30 s at 95 �C, 90 s at 60 �C and
60 s at 72 �C; finally, a supplementary extension step of 30 min
at 60 �C. A 3 lL aliquot of the diluted PCR products (1/100)
was pooled in 15 lL of HI-DITM formamide with 0�125 lL of
GeneScan-500 LIZ size standard (all Applied Biosystems).
Products were analysed in an ABI PRISM 3130XL DNA
Analyzer (Applied Biosystems) at the LabEx CeMEB sequenc-
ing platform (Montpellier, France). Fragment analyses and
scoring were carried out using GeneMapper version 5.0 soft-
ware (Applied Biosystems).
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Analyses of microsatellite polymorphism and genetic diversity

We first tested the genotypic linkage disequilibrium between
each pair of loci within each population, using the G-test avail-
able in GENEPOP 4.2 (Rousset, 2008). Multiple tests were
then corrected using Benjamini–Hochberg correction
(Benjamini and Hochberg, 1995). We also used exact tests im-
plemented by GENEPOP software to test for departure from
Hardy–Weinberg equilibrium (Rousset and Raymond, 1995).
For all the tests performed in GENEPOP, we used the default
settings. Several multilocus genetic diversity parameters for
each population, including mean number of alleles (Na),
observed heterozygosity (Ho), unbiased expected heterozygos-
ity (He) and FIS, were computed using GENETIX 4.05 (Belkhir
et al., 1996–2004). From these basic analyses (summarized in
Table 1), it appears that three loci (Icpm01, pmIc17 and
pmIc24) are likely to have null alleles (reduced number of suc-
cessful amplifications, low number of alleles per population,
high values of FIS; Table 1). Therefore, all the following ana-
lyses have been performed with and without these three loci.
While the results remained unchanged qualitatively, here we
only presented the results of the statistical analyses performed
with five loci.

Genetic differentiation and isolation by distance

Global and pairwise FST estimates were calculated following
Weir and Cockerham (1984) in GENEPOP, and tests of the
genotypic differentiation among populations were performed
using the exact G test provided by GENEPOP (Raymond and
Rousset, 1995). We then tested for IBD using a Mantel test
with 9999 permutations. The two-dimensional pairwise geo-
graphic distance matrix was created from the GPS co-ordinates
using the ‘spDists’ function available in the ‘sp’ package in R
(Bivand et al., 2013). Distances were log-transformed for all
statistical analyses following Raymond and Rousset (1995).
The pairwise FST/(1 – FST) genetic distance matrix was created
by GENEPOP.

In order to test whether flower colour is a barrier to gene
flow, genetic differentiation between the two colour groups
was further investigated by comparing within- and between-
group IBD patterns (Rousset, 1999). We chose populations
with both purple and yellow individuals growing completely
in sympatry (model assumption in Rousset, 1999), i.e. the 30
polymorphic populations, and artificially separated the
sampled purple and yellow individuals within each poly-
morphic population into two sub-populations. Pairwise FST

estimates among sub-populations were calculated, and three
IBD patterns were compared: among purple sub-populations
(within purple group), among yellow sub-populations (within
yellow group) and between purple and yellow sub-popula-
tions (between groups). If flower colour is not a barrier to
gene flow, then IBD should be observed between groups, and
the differentiation between groups should be intermediate be-
tween the genetic differentiations within each group
(Rousset, 1999); if colour is a barrier to gene flow, then the
differentiation between groups should be independent of the
distance, and the differentiation between groups should ex-
ceed within-group differentiation (e.g. Martel et al., 2003).
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Comparison between phenotypic differentiation
and genetic differentiation

From the basic expectation that neutral processes contribute
to spatial differentiation in flower colour, we predict a signifi-
cant non-linear relationship between FYM and genetic diver-
sity, the well-mixed populations (0�25� FYM� 0�75) being
more diverse than the yellow/purple dominant populations
(0�FYM< 0�25 or 0�75< FYM� 1). In other words, popula-
tions with a low value for FYM or a high value for FYM should
present lower values for diversity parameters, such as mean
number of alleles (Na) or unbiased expected heterozygosity
(He), therefore an inverted U-shaped relationship should be
observed between the FYM and multilocus genetic diversity es-
timates. Furthermore, we also expected that genetic diversity
increases with population size, as usually observed because of
the coalescence within populations. We thus fitted a polynomial
model, with population size, FYM and FYM2 as explanatory
variables, and the multilocus genetic diversity parameters as re-
sponse variables. The significant contribution of each explana-
tory variable was tested using the stepwise multiple regression
procedure.

The QST/FST approach is a long used method to compare
phenotypic differentiation and neutral genetic differentiation
(Whitlock, 2008). Because I. lutescens is a perennial spe-
cies with a very low germination rate (< 10 %) and a non-
controlled flowering stage, measuring the phenotypes in
controlled conditions for individuals of known pedigrees and
next estimating QST was not possible. Therefore, comparisons
between phenotypic differentiation and genotypic differences
were based upon Euclidean distances.

The measurement of flower colour distance between pairs of
populations was calculated as the Euclidean distance of flower
colour, i.e. the Euclidean distance between the weight-mean re-
flectance ratio [mean purple� (1 – FYM)þmean
yellow� FYM] of pairwise populations. In addition to flower
colour, we also used the PC1 as a quantitative measure of
flower size. To avoid the confounding effect of flower colour,
we removed the colour effect by computing (purple PC1 –
mean purple PC1) and (yellow PC1 – mean yellow PC1).
Using this flower size estimator, we calculated the pairwise
phenotypic distance for flower size as well.

To determine whether the neutral processes contributed to
the observed spatial distribution of flower colour and flower
size, we tested whether phenotypic distance and neutral genetic
distance (FST) increase in parallel with geographic distance. If
the observed cline in trait values is solely attributable to IBD,
phenotypic distance and FST for neutral markers should exhibit
concordant patterns of increase with geographic distance
(Storz, 2002; Streisfeld and Kohn, 2005). Following Guillot
and Rousset (2013), we did not perform partial Mantel tests.
Therefore, in addition to testing the correlation between FST

and geographic distance, we performed simple Mantel tests to
examine whether phenotypic distance is correlated with geo-
graphic distance. We also tested for a correlation between
phenotypic distance and FST. The degree of correlation can in-
form us about the importance of genetic drift and selection in
population differentiation for colour morph frequencies
(Takahashi et al., 2014).

All of the statistical analyses were performed using R soft-
ware version 3.1.0 (R Core Team, 2014). PCA was performed
using the ‘FactoMineR’ library (Husson et al., 2014). Linear
models were fitted using the ‘glmer’ function from the ‘lme4’
library (Bates et al., 2014). Mantel tests were performed with
the ‘ecodist’ library (Goslee and Urban, 2007).

RESULTS

Spatial pattern of flower colour distribution

All nine populations found in Spain were monomorphic
(Fig. 1), seven of which were purple and the two populations
close to France were yellow. In contrast, among all the 32
populations visited in France, only two were yellow mono-
morphic, and the remaining 30 populations were polymorphic,
with both purple and yellow individuals growing side by side
within each population (Fig. 1; Supplementary Data Fig. S1A,
B). The FYM in the polymorphic populations ranged from 0�02
to 0�98 (Supplementary Data Table S1), and the mean value
was 0�49.

Among all of the 41 populations surveyed, a significant posi-
tive relationship was found between the difference in FYM
(Euclidean distance) and the geographical distance (Mantel test
based on Spearman’s rank correlation, r¼ 0�28, P¼ 0�0001).
Significant correlations were also observed between the FYM
and latitude (Spearman’s rank test, r¼ 0�47, P¼ 0�002) and
longitude (r¼ 0�49, P¼ 0�001), but this pattern is largely due
to the clear separation of purple and yellow populations in
Spain (Fig. 1). When analysing populations in France alone,
none of the correlations was significant (P> 0�10).

Phenotypic variation of flower colour and flower size

Purple- and yellow-flowered individuals strongly differed in
their reflectance ratio (Table 2; for typical reflectance curves of
the two colour morphs see Fig. 2A), and variation among popu-
lations accounted for only 9�5 % of the total variance, confirm-
ing that flower colour is mainly genetically controlled.
Regarding the PCA for floral morphological traits (Table 2;
Fig. 2B), PC1 and PC2 represented 67�7 and 15�6 % of the total
variance, respectively. Co-ordinates on PC1 were highly and
positively correlated with all four measured morphological
traits (Pearson’s correlation test, r¼ 0�71 – 0�87, P< 0�0001),
and among-population variation accounted for a non-negligible
part of the total variance (44�6 %), indicating an important con-
tribution of environmental factors to phenotypic values of
flower size. Co-ordinates on PC2 were highly and positively
correlated with flower height (r¼ 0�70, P< 0�0001), but nega-
tively correlated with sepal width and petal width (r¼ –0�29
and –0�30, respectively, P< 0�0001). The variance among
populations accounted for 29�4 % of the total variance. The col-
our effect was significant for both of the two axes (Table 2),
and purple flowers were larger overall. As PC1 explained
67�7 % of the total variance in floral morphology, and factor
loadings for all the four traits measured were uniformly high
and positive, it is interpretable as an overall flower size vector.
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Microsatellite polymorphism and genetic diversity

The number of successfully scored individuals ranged from
693 for pmIc24 to 1017 for pmIc05 (Table 1). In total we ob-
tained 561 individuals with complete scoring (i.e. amplification
for all of the eight loci). The total number of alleles ranged
from 12 (pmIc24) to 42 (pmIc41), and the average number of
alleles (Na) per population varied from 5�4 (pmIc24) to 13�2
(pmIc01) (Table 1). Thirteen genotypic disequilibria out of 410
(3�2 % were significant at the 5 % level after Benjamini–
Hochberg correction, mainly occurring in small and mono-
morphic populations (CapDeCreus, Amposta, Lauret and
Lleida). We therefore treated all loci as independent.

The unbiased expected heterozygosity (He) per population
was generally high (Table 1). Three loci, Icpm01, pmIc17 and
pmIc24, showed significant heterozygote deficiency in more
than two-thirds of the populations (P< 0�05), while the other
five loci were in Hardy–Weinberg equilibrium in most popula-
tions. Overall, 40 out of 41 populations (excluding population
Llers) showed significant heterozygote deficiency
(Supplementary Data Table S2). After removing those three
loci, only 17 populations showed departure from Hardy–
Weinberg equilibrium. For the following analyses, we used

data excluding the three loci with suspected null alleles
(Icpm01, pmIc17 and pmIc24).

Genetic differentiation and isolation by distance

Microsatellite FST between populations averaged 0�08 (sig-
nificantly different from 0, P< 0�0001). Pairwise FST (41 popu-
lations, 820 pairs) ranged from 0�002 to 0�27: 818 P-values
were significantly different from 0 at the 5 % level (exact G
test). There was no genotypic differentiation between two pairs
of polymorphic populations in France: Blandas and
Montdardier (FST¼ 0�002, P¼ 0�42, 4�4 km apart), and
Vacquerolles and Saint-Paul (FST¼ 0�01, P¼ 0�06, 59�4 km
apart); whereas the largest differentiation was between the pur-
ple monomorphic population Teix in Spain and the yellow
monomorphic population Lauret in France (FST¼ 0�27,
P< 0�0001, 293 km apart).

The Mantel test indicated a significant correlation between
pairwise FST/(1 – FST) and geographic distance (r¼ 0�41,
P¼ 0�004; Fig. 3A). However, the patterns were different in
Spain and France. In France, where most populations are poly-
morphic, a significant IBD was observed (r¼ 0�51, P¼ 0�001;

TABLE 2. Summary statistics for floral traits in yellow and purple individuals sampled from the 37 natural populations

Purple morph, mean (s.d., range) Yellow morph, mean (s.d., range) P-value Population (%)

(A) Flower colour
Reflectance ratio 2�06 (0�45, 0�58–3�45) 0�64 (0�11, 0�30–0�96) <0�0001 9�5
(B) Flower size
Flower height (cm) 14�06 (4�16, 6�0–35�5) 14�23 (4�54, 6�5–33�0) 0�07 50�6
Flower length (mm) 61�33 (10�49, 29�89–1 07�12) 58�79 (10�37, 5�89–101�80) <0�001 32�5
Sepal width (mm) 23�90 (3�70, 13�37–35�29) 22�88 (3�73, 10�59–37�41) <0�0001 27�6
Petal width (mm) 26�55 (3�91, 15�10–41�19) 26�38 (3�63, 16�23–37�41) <0�05 35�2
PC1 (67�7 %) 0�14 (1�61, –4�23–6�68) –0�14 (1�67, –5�03–5�96) <0�01 44�6
PC2 (15�6 %) –0�07 (0�80, –2�79–2�78) 0�07 (0�78, –1�82–2�84) <0�0001 29�4

P-values indicate the significance of the differences between colour (fixed effect) in GLMMs. Percentage variance explained by the factor ‘population’ is
given.

The ‘Reflectance ratio’ and ‘PC1’ were used to calculate phenotypic distances for flower colour and flower size, respectively.
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Fig. 3B), and the FST between populations averaged 0�06
(s.d.¼ 0�04). In particular, most of the largest FST values were
associated with a single population: the yellow monomorphic
population Lauret (FST¼ 0�16 6 0�02 mean 6 s.d.; Fig. 3B),
indicating a genetic discontinuity between this population and
the other French populations. However, this pattern was not
observed for the second yellow monomorphic French popula-
tion (Nissan, FST¼ 0�06 6 0�03). In Spain, where only mono-
morphic populations were found, the neutral markers were
relatively highly differentiated (FST¼ 0�14 6 0�03), even
among geographically close populations (Fig. 3C).
Consistently, no IBD was detected at the between-population
level (P¼ 0�41). Finally, the FST values between French and
Spanish populations were also large (FST¼ 0�12 6 0�04, Fig.
3D). Overall, this pattern created a saturated curve for the cor-
relation between pairwise FST/(1 – FST) and geographic dis-
tance (Fig. 3A).

Genetic differentiation between the two colour groups in
polymorphic populations was further investigated by comparing
within- and between-group IBD patterns (Fig. 4). The IBD pat-
tern was significant within the purple group (slope¼ 0�017,

95 % confidence interval (CI) 0�009–0�025), within the yellow
group (slope¼ 0�025, 95 % CI 0�014–0�041) and between col-
our groups (slope¼ 0�021, 95 % CI 0�012–0�032). The three
slopes were not significantly different from each other as their
95 % CIs overlapped. The differentiation between the two col-
our groups was intermediate between the genetic differenti-
ations within each colour group (Fig. 4).

Comparison between phenotypic differentiation
and genetic differentiation

We observed an inverted-U relationship between the mean
number of alleles (Na) and FYM2, and also between unbiased
expected heterozygosity (He) and FYM2 (P< 0�0001 for both
parameters, Fig. 5). In other words, Na and unbiased He in well-
mixed populations (0�25� FYM� 0�75) were larger than those
in the purple/yellow dominant populations (Fig. 5). Note that
the same relationship was still upheld when analysing French
populations alone. However, we did not observe this relation-
ship for the observed heterozygosity (Ho) and FIS (P> 0�40).
Population size did not contribute to explain the Na and
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unbiased He (P> 0�40), and there was no confounding effect
between the FYM and population size (P> 0�49, Spearman co-
efficient of correlation).

The Mantel test indicated that pairwise distances for flower
colour were significantly correlated with both geographic dis-
tances and neutral genetic distances (FST, Table 3). For
populations in France, a significant correlation was observed
between distances for flower colour and FST (r¼ 0�20,
P¼ 0�03; Table 3), but not between colour distance and geo-
graphic distance. In contrast, for populations in Spain, where
IBD was not detected, colour distance was significantly corre-
lated with geographic distance (r¼ 0�64, P¼ 0�008; Table 3),
but not correlated with FST (Table 3). For the tests concerning
flower size, the phenotypic distance was correlated neither with
geographic distance nor with FST (Table 3).

DISCUSSION

Geographic variation among populations in phenotypic traits
provides key insights into the relative roles of neutral processes

and natural selection to population differentiation (McKay and
Latta, 2002; Takahashi et al., 2014). Therefore, a critical issue
is to determine to what extent neutral processes interact with
natural selection to explain among-population differentiation
(Eroukhmanoff et al., 2009; Runemark et al., 2010). In the pre-
sent study, we investigated the spatial variation for flower col-
our in the Mediterranean species Iris lutescens, quantified
patterns of neutral genetic variation across its distribution range
and compared the phenotypic differentiation with neutral gen-
etic differentiation. Our results provide empirical evidence that
neutral processes contribute to the flower colour polymorphism
in I. lutescens, and the overall spatial variation of flower colour
in natural populations is possibly achieved through the inter-
action between neutral processes and certain selective forces.

The striking flower colour polymorphism of I. lutescens
seems to be a peculiar, and thus intriguing case that provides in-
sights into the relative roles of neutral processes and natural se-
lection in population differentiation. In most of the published
investigations of species with flower colour polymorphism, se-
lection is found to play a predominant role in flower colour di-
vergence, and most populations are monomorphic and have
sharp geographical clines for flower colour transition (e.g.
Streisfeld and Kohn, 2005; Hopkins et al., 2012; Arista et al.,
2013), sometimes at a reduced spatial scale (Schemske and
Bierzychudek, 2007). Among the 41 natural populations of
I. lutescens surveyed, the spatial distribution of flower colour
appeared as a combination of two opposing patterns: similarly
to other studies cited above, all Spanish populations are mono-
morphic (most populations are purple while only two are yel-
low); but in France most populations are polymorphic, with a
wide range of FYM, and no detectable spatial gradient.
Maintenance of flower colour polymorphism within popula-
tions has been tentatively explained by negative frequency-
dependsnt selection resulting from pollinator behaviour in one
species of orchid (Gigord et al., 2001). However, in I. lutescens,
as observed in other species, we did not detect such pollinator-
mediated selection (Imbert et al., 2014a, b). Furthermore, such
a process could hardly explain important spatial variation for
morph proportions, as we observed in I. lutescens. From the
present study, comparing the phenotypic differentiation with
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neutral genetic differentiation, we provide evidence that neutral
processes might be partly responsible for the spatial variation in
the proportions of flower colour morph.

In this study, we considered flower colour as a quantitative
trait and used the reflectance ratio as an index of flower colour.
Although both yellow and purple morphs display a fair amount
of variation in colour intensity, the reflectance ratios differ
strongly between them, while population origin makes a trivial
contribution to the total variance. In addition, the measurements
of reflectance spectra in field-collected plants presented in this
study showed no significant difference compared with those of
the common-garden plants (Wang et al., 2013). Both results in-
dicate that flower colour difference in this species is mainly
genetically controlled, consistent with investigations in various
plant species showing that colour transition is due to modifica-
tion in the regulatory network of the flavonoid/anthocyanin bio-
synthetic pathway (Rausher, 2008). Unfortunately, the locus(i)
responsible for the genetic segregation of colour in this species
is still unknown. Furthermore, consistent with our pollinator ob-
servations (Imbert et al., 2014a), we also observed that this
flower colour differentiation does not act as a barrier to gene
flow. Therefore, it makes sense to consider that the frequency
of the yellow morph, and thus the frequency of the purple
morph, can be influenced by gene flow among populations. We
also have to interpret our data considering that different muta-
tions in the biosynthetic pathway can lead to a similar change
in colour phenotype (e.g. Quattrocchio et al., 1999).

As often observed in plant species, we also observed IBD in
I. lutescens, since the Mantel test indicated a significant correl-
ation between differentiation for neutral markers and geo-
graphic distances across the 41 sampled populations. However,
the respective roles of gene flow and drift differ between the
French polymorphic populations and the Spanish monomorphic
populations. Indeed, in France, a significant pattern of IBD is
detected at neutral loci, indicating that these populations have
reached a regional equilibrium between gene flow and drift. It
is worth noting that many pairwise combinations of populations
(80 %; 397 out of 496 pairs) are geographically close
(<200 km apart) with relatively low FST values (FST< 0�10),
indicating that gene flow occurs regularly between adjacent
populations. In contrast, we did not detect IBD for the Spanish
populations, and these populations are highly differentiated,
even though some of them are geographically very close
(<30 km apart). This result suggests that gene flow is limited
and these populations are somehow isolated from each other,

giving a potential important role to genetic drift. We note that
the Spanish populations included in this study are of reduced
population size, compared with that of the French populations
(see Supplementary Data Table S1). This probably results from
habitat fragmentation, but it remains to be fully investigated.
Restricted gene flow is also detected for the yellow mono-
morphic population Lauret, which exists as a genetic discon-
tinuity in France. However, Spanish and French populations are
not genetically separated, as the genetic differentiation between
Spanish and French populations was of the same amplitude as
that among Spanish populations only.

Compared with the polymorphic populations, the flower col-
our monomorphic populations showed increased pairwise FST

estimates, and decreased genetic diversity (Na and He). This
again supports the results from IBD analyses showing that the
monomorphic populations are isolated from other populations
and can drift independently, so flower colour polymorphism
within populations seems unlikely to occur. Edh et al. (2007)
has also reported a similar pattern in Brassica cretica: nearby
monomorphic populations show high differentiation at neutral
markers without any spatial segregation for flower colour. Our
conclusion here is in good agreement with the expectation that
random genetic drift within populations should lead to the fix-
ation of one colour morph (Gray and Mckinnon, 2007).
However, if genetic drift is the only mechanism explaining a
population being monomorphic, a random process should lead
to similar numbers of yellow and purple monomorphic popula-
tions. Nonetheless, we clearly observed a bias towards being
purple monomorphic in Spain. In addition to the present study,
23 more populations were visited across Spain in 2014, and all
of them are purple monomorphic (E. Imbert et al., unpubl. res).
In contrast, the Mantel test indicated that the phenotypic differ-
entiation for flower colour between Spanish populations is cor-
related with geographic distance, but not with differentiation
for neutral markers. This pattern could be explained by repeti-
tions of founder events, as observed during range expansion
(Slatkin and Excoffier, 2012). To detect founder effects, we
need to know the historical phylogeography of these popula-
tions, but the results presented in the current study do not pro-
vide sufficient information.

Despite the fact that our results suggest a regional equilib-
rium between gene flow and drift among the French popula-
tions, this does not fully explain why they remain highly
polymorphic with a wide range of FYM. First, gene flow should
lead to a convergence for the frequency of yellow morph at the

TABLE 3. Results of Mantel tests (r and P-value) for pairwise populations with four distances calculated: neutral genetic distance
(FST), geographic distance (ln-transformed), flower colour distance (Euclidean distance of the weight-mean reflectance ratio) and

flower size distance (Euclidean distance of the PC1 co-ordinates, see text for details)

Distance 1 Distance 2 All of the populations (37 populations) French populations only (32 populations) Spanish populations only (five populations)

r P-value r P-value r P-value

Genetic Geographic 0�51 <0�0001 0�35 0�008 –0�36 0�74
Flower colour Geographic 0�29 <0�001 0�13 0�07 0�64 0�008

Flower colour Genetic 0�29 0�001 0�20 0�03 0�10 0�31
Flower size Geographic 0�05 0�29 0�15 0�08 –0�37 0�79
Flower size Genetic 0�09 0�21 0�12 0�15 0�19 0�27

Significance is based on 9999 randomized permutations.
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regional scale, and at a long-term scale to the fixation of one
colour morph (Gray and McKinnon, 2007). However, it is
worth noting that vegetative reproduction via rhizomes could
contribute to retarding the convergence in FYM between adja-
cent populations. Also, convergence in FYM is also dependent
on the number of loci determining the colour phenotypes.
Furthermore, our previous survey in the French populations re-
vealed that female fitness is positively correlated with FYM at
both the population scale and the local scale, although the fe-
male fitness of the yellow morph does not differ from that of
the purple morph (Imbert et al., 2014b). In addition to gene
flow, factors favouring purple morphs, which might balance
yellow morph advantage as well, should be investigated. For
example, so far flower size, apart from flower colour, is the
only trait that we have found differentiated between morphs
(Imbert et al., 2014b; this study). A recent study on another
Mediterranean Iris species, Iris atropurpurea, documented an
effect of flower size on pollinator attractiveness and thus on
plant fitness (Lavi and Sapir, 2015). However, such an effect
has not been observed in Iris haynei (Lavi and Sapir, 2015) and
Iris tuberosa (Pellegrino, 2015). We also have to consider the
benefits of high anthocyanin concentration of the purple morph
in extreme environmental conditions, such as drought (e.g.
Schemske and Bierzychudek, 2001, 2007; Arista et al., 2013).

Taken together, neutral processes contribute to the spatial
variation for proportions of flower colour morph in I. lutescens,
although we cannot exclude that natural selection is also operat-
ing. Interestingly, our results imply that the Spanish and French
populations are experiencing two different mechanisms. In
Spain, gene flow is limited and genetic drift seems influential.
Therefore, the populations are somehow isolated from each
other, and flower colour polymorphism within populations
seems unlikely to occur. In France, where most populations are
polymorphic with both purple and yellow phenotypes, a pattern
of IBD has been detected, and gene flow between adjacent
populations is an essential factor maintaining populations poly-
morphic. We propose two directions for future work: first, it is
necessary to investigate the historic phylogeography of this spe-
cies, which could help to illustrate the contribution of founder
effects to the determination of flower colour in small mono-
morphic populations and flower colour variation in small poly-
morphic populations; secondly, it is necessary to investigate the
environmental heterogeneity across the distribution range of
this species. Local adaptation might be an explanation for the
sharp flower colour cline in Spain (see Arista et al., 2013), and
abiotic factors favouring the purple morph, in addition to gene
flow, might form balancing selection to maintain flower colour
polymorphism in France.

SUPPLEMENTARY DATA

Supplementary data are available online at www.aob.oxfordjour
nals.org and consist of the following. Table S1: characteristics
of the 41 populations sampled. Table S2: estimates of multilo-
cus genetic diversity for the 41 populations sampled. Figure S1:
photographs showing polymorphic populations in southern
France; and the four floral morphological traits (flower size)
measured in this study.

ACKNOWLEDGEMENTS

We thank Nicolas Siro and Julliette Pouzadoux for their help
with the DNA extraction and microsatellite genotyping.
Genotyping data used in this work were partly produced through
the technical facilities of the platform GenSeq (g�enotypage-
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