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Introduction

Colour polymorphisms are widespread in both animals and
plants (Weiss, 1995; Bond, 2007). Why different colour
morphs have evolved, and how they are maintained in pop-
ulations have long intrigued ecologists. In particular, many
flowering plants show substantial intraspecific variation in
floral colour (Weiss, 1995; Galen, 1999; Warren & Mac-
kenzie, 2001). Current explanations for polymorphism in
floral signals most frequently rely on the key role of insects
through pollinator-mediated selection: insects use diverse
floral signals (lower colour, odour, size and shape) to detect
and select the flower species they visit in search of rewards
(Chittka & Raine, 2006). For example, colour polymor-
phism (Brown & Clegg, 1984; Jones & Reithel, 2001),
flower height (Dickson & Petit, 2006) and variation in
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Summary

e How floral colour polymorphism can be maintained in evolutionary time is still
debated. In rewardless orchids, it is unknown whether rare white-flowered morphs
differ in scent chemistry from pigmented morphs, and whether such intraspecific
variation in floral signals may have an impact on reproductive success.

e We compared the chemical composition of floral volatiles emitted by white-
and purple-flowered morphs of Orchis mascula, and recorded the fruit set of both
colour morphs. We also used white ping-pong balls to mimic white-flowered mor-
phs in field bioassays.

e We found that colour polymorphism was not associated with floral odour poly-
morphism. Surprisingly, when populations of purple-flowered plants included a
few white-flowered individuals, the fruit set of the purple morph increased signifi-
cantly (from 6 to 27 %), while that of the white morph remained low. We obtained
the same fourfold increase in fruit set when using ping-pong balls as visual lures,
demonstrating the association between colour variation and fruit set, and the key
role of visual signals in pollinator attraction.

e Our results are incompatible with negative frequency-dependent selection, a
hypothesis invoked to explain colour polymorphism in other rewardless orchids.
We propose several hypotheses to explain the maintenance of white morphs in O.
mascula.

floral scent (Knudsen, 2002; Raguso ez al., 2003; Majetic
et al., 2009) have been reported to be associated with vari-
ous pollinator preferences. More recently, it has been pro-
posed that intraspecific variation of floral traits may also
reflect multiple and conflicting selection pressures, involv-
ing not only pollinators but also herbivore-protection strat-
egies, local abiotic conditions or indirect selection via
pleiotropic effects (Warren & Mackenzie, 2001; Schemske
& Bierzychudek, 2007; Coberly & Rausher, 2008).
Whether pollinators are the primary selective agents influ-
encing floral polymorphism, or whether such polymor-
phisms are driven mainly by nonpollinator agents of
selection, remains under debate (Strauss & Whittall, 2006;
Rausher, 2008).

Orchids present a great diversity of floral characters asso-
ciated with animal pollination. Approximately one-third of
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all orchid species achieve pollination through food decep-
tion; that is, lowers contain no nectar or other rewards but
resemble or mimic floral signals of rewarding plants to
atcract pollinators (Jersakova er al., 2006a). Consequently,
variation in floral traits is expected to be high in food-
deceptive orchids, because pollinators will learn to avoid
common unrewarding floral phenotypes (Schiestl, 2005;
Jersakova et al., 2006a). After visiting flowers that did not
offer a nectar reward, insects have been observed to fly
greater distances or to switch to flowers with different form
or colour characters (Smithson & MacNair, 1997). Because
frequent floral morphs are more quickly recognized and
avoided by pollinators, rare morphs could gain a selective
advantage by being more frequently visited and pollinated.
This rare-morph advantage through negative frequency-
dependent selection (NFDS) has been hypothesized to
explain the maintenance of floral polymorphism in reward-
less orchids, at least for colour traits (Smithson & MacNair,
1997; Gigord et al., 2001). For example, in Dactylorhiza
sambucina, frequencies of the yellow- and red-coloured
morphs have been shown to reflect pollinator preference for
the rare colour morph (Gigord er al., 2001). However, col-
our polymorphism in this species has also been recently
explained by other hypotheses (Jersakova ez al., 2006b;
Smithson ez al., 2007). Regarding another important floral
signal, olfactory cues, variation in floral scent composition
at individual or population levels has also been reported in
some orchid species (Moya & Ackerman, 1993; Schiestl
et al., 1997; Salzmann & Schiestl, 2007). However, to what
extent colour and odour polymorphism may influence
reproductive success remains poorly understood.

Among the wide range of colour variants in orchid flow-
ers, the occurrence of rare hypochromic inflorescences (pale
morphs and even entirely white flowers) has long intrigued
ecologists. Many orchid species occasionally show a few
white-flowered individuals within natural populations of
the common-coloured morph (Weiss, 1995; Bournérias &
Prat, 2005). In other plant families, where white-coloured
flower morphs have been observed, pollinators have been
shown to discriminate among colour morphs, and insect
behaviour can thus explain, at least partly, differential
reproductive success of the colour morphs (Waser & Price,
1981; Brown & Clegg, 1984; Stanton ez al., 1989; Odell
et al., 1999; Jones & Reithel, 2001; Raguso et al., 2003).
However, it remains unclear whether the presence of white
flowers is simply the result of repeated spontaneous muta-
tions or inbreeding, or whether pollinator-mediated selec-
tion may have contributed to maintenance of hypochromic
morphs. In orchids, the behavioural responses of pollinators
to white inflorescences within populations of a coloured
morph, and the possible consequences for plant reproduc-
tive success, have been poorly investigated (Koivisto ez al,
2002; Ackerman & Carromero, 2005). It is also unknown
whether such white orchid flowers differ from coloured
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morphs in their production of olfactory signals. Recent
studies examining the floral scent composition of different
colour morphs in polymorphic plant species have reported
consistent flower colour—flower scent associations (Flamini
et al., 2002; Majetic et al, 2007; Salzmann & Schiestl,
2007). In particular, in diverse plant families, white flower
morphs have been shown to clearly differ in scent chemistry
from coloured morphs (Olesen & Knudsen, 1994; Zucker
et al., 2002; Raguso ez al., 2003; Li er al., 2006; Majetic
et al., 2007). For example, light- or white-coloured flowers
have been reported to emit more benzenoid compounds
than other colour morphs, and this has been hypothesized
to be an adaptation maximizing attraction of night-flying
moth pollinators (Raguso ez al., 2003). Because volatile aro-
matic compounds and anthocyanin-derived pigments
responsible for flower coloration both originate from the
same phenylpropanoid biosynthetic pathway, Zucker et 4.
(2002) and Majetic ez al. (2007) hypothesized that colour—
scent associations in flowers may result from particular bio-
chemical processes, by which flavonoid precursors of flower
pigmentation in blocked biosynthetic pathways may be
converted into volatile aromatic compounds.

For these reasons, effects of floral colour and odour sig-
nals have to be considered together in studies of pollinator
attraction and plant reproductive success (Majetic et al.,
2009). In recent reviews, Raguso (2008a,b) emphasized that
food-deceptive plants primarily use visual cues to elicit pol-
linator behaviour, not because odour is unimportant, but
rather because of how odour—colour combinations are
learned. He also stressed the importance of taking into
account behavioural interplay between visual and olfactory
components of floral phenotype, in order to develop a more
integrated understanding of how pollinators experience
flowers and shape their evolution (Raguso, 2008a).

The ‘early purple orchid’, Orchis mascula L., is a food-
deceptive orchid distributed throughout Europe which typi-
cally exhibits red-purple flowers. However, rare white-flow-
ered individuals can be regularly observed within pop-
ulations of purple-flowered ones. According to the NFDS
hypothesis proposed for rewardless orchids (Gigord ez al,
2001), we would expect differences in the reproductive
success between the two O. mascula colour morphs: avoid-
ance of the common purple morph by deceived pollinators
would lead to more frequent visitation and pollination of
the rare morph, conferring a selective advantage to the
white morph. In this study, we addressed the following
questions: first, is there a flower scent—flower colour associa-
tion for the two O. mascula morphs; secondly, does repro-
ductive success differ between the two colour morphs; and
thirdly, if there is a difference in reproductive success, how
do floral signals influence this parameter? Is the colour dif-
ference alone important? Based on our results, we offer new
arguments to explain tentatively the maintenance of rare
white-flowered plants in orchids.
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Materials and Methods

Study sites and organism

The experiments were carried out in two different sites in a
mountainous area of south-central France. The first site was
located ¢. 70 km north of Montpellier, on the Causse du
Larzac, an extensive limestone plateau (43°53'N, 3°15’E,
740 m altitude). The second site was situated on the Causse
du Blandas, another calcareous plateau 10 km from the first
site (43°55’N, 3°29°E, 710 m altitude). In each site, we sur-
veyed several patches of O. mascula individuals, each of
which consisted of ¢. 20-100 individuals and was separated
by at least 50 m (usually 300 m or more) from the nearest
neighbouring patch. In this study, and because most patches
were very distant from each other, each patch of 20-100
individuals was considered as a ‘population’.

Orchis mascula L. is a perennial nonrewarding orchid spe-
cies, widely distributed in Europe, western Asia and north-
ern Africa. Inflorescences generally consist of five to 20
purple flowers. In some populations, a few white-lowered
individuals occur mixed with the purple-flowered individu-
als. O. mascula flowers are pollinator-dependent (Nilsson,
1983; B. Schatz, unpublished) and are visited and polli-
nated by bumblebees (Bombus spp.), cuckoo bumblebees
(Psithyrus spp.), solitary bee species of several genera (Eu-
cera, Nomada, Andrena, Apis) and a chafer beetle (Cetonia
aurata) (Nilsson, 1983; Bournérias & Prat, 2005; Cozzoli-
no er al., 2005). Flowering occurs early in spring, and O.
mascula is known to exploit newly emerged insect pollina-
tors, suggesting that pollination in this species is effected
mainly by visits of naive, inexperienced insects (Nilsson,
1983; Van der Cingel, 1995). Increased pollinator abun-
dance in the vicinity of nectariferous coflowering species
(Van der Cingel, 1995; Johnson et al., 2003) is unlikely to
be an important factor in the reproductive success of O.
mascula, as in our study sites very few other plants were
observed to grow and flower during the early period of flow-
ering of O. mascula.

Floral volatiles

Sampling of floral volatiles Floral volatiles were monitored
using solid-phase microextraction (SPME), a nondestruc-
tive, solvent-free sampling technique permitting the sam-
pling of volatiles in situ on living plant individuals. A total
of 36 O. mascula individuals were randomly selected and
sampled for scent collection between 11:00 h and 16:00 h.
We sampled four individuals of each colour morph in each
of the sites 1 and 2 during 2006, and 10 individuals of each
colour in site 2 during 2007. The period of floral volatile
sampling in situ was defined with respect to both the flower-
ing period and the period of maximum activity of insects
during the day, that is, between 11:00 and 16:00 h.
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Sampling by SPME was performed using 65 pum
polydimethylsiloxane/divinylbenzene (PDMS-DVB) fibres
(Supelco, Sigma-Aldrich, Bellefonte, PA, USA). The whole
inflorescence was enclosed in a bag made from polyethylene
terephthalate (Nalophan; Kalle Nalo GmbH, Wursthiillen,
Germany), a nonreactive plastic. After the equilibration
time, the fibre was introduced with a manual holder into
the Nalophan bag containing the inflorescence. The fibre
was exposed for 45 min in close proximity (2 cm) to flow-
ers. For each sampled population of O. mascula individuals,
a control bag was also sampled: an SPME fibre was inserted
into an empty Nalophan bag, in order to monitor volatiles
from the air surrounding the plant.

Gas chromatography-mass spectrometry of floral
volatiles

Gas chromatography-mass spectrometry of floral volatiles
(GC-MS) analyses of the SPME extracts were performed
using electronic impact ionization mode on a Varian Saturn
(Varian, Palo Alto, CA, USA) 2000 ion trap spectrometer,
interfaced with a Varian GC CP-3800 apparatus. The
Varian CP-3800 was equipped with a 1079 split-splitless
injector (260°C) and a 30 m X 0.25 mm X 0.25 pm film
thickness ID WCOT CPSil-8CB fused silica capillary col-
umn (Chrompack, Bergen op Zoom, the Netherlands),
with helium as carrier gas (1 ml min_l), and programmed
2 min isothermal at 50°C, then 50 to 220°C at 4°C min™".
Mass spectra were recorded in electronic impact (EI) at
70 eV, and identified by comparison with data of the NIST
98 software library (Varian, Palo Alto, CA, USA). Floral
volatiles were identified based on retention time of external
standards, and with GC-MS analyses. Peaks were quantified
using Star Chromatography Software (Varian, Palo Alto,
CA, USA). The relative importance of each compound was
expressed with respect to total volatiles in order to compare
the volatile profile of the samples.

Data analysis

The chemical compositions of floral volatiles from purple-
and white-flowered  O. mascula were compared using
principal-component analysis (PCA, covariance matrix,
STATBOX 6.6; Logi Labo, Paris, France). Relative propor-
tions of compounds emitted by whole inflorescences were
used for these multivariate analyses and only the com-
pounds which accounted for > 1% of total volatiles were
included in these analyses. We then tested the effect of
colour and population on the relative proportion of vola-
tile compounds using a multivariate analysis of variance
(MANOVA, PROC GLM, type 3, SAS V9.1; SAS, Cary,
USA) followed by univariate (i.e. sequential) analyses on
each dependent wvariable to test which compounds
contributed to the overall significance in this analysis
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(Stevens, 1992) with Sidak’s corrections for multiple com-
parisons.

Measuring reproductive success

Natural fruit set The total numbers of white- and purple-
flowered individuals were counted in the two sites to estab-
lish the proportion of each colour morph within each
observed population of O. mascula individuals. The repro-
ductive success of plants was assessed by comparing the
mean fruit set among populations of three types, all within
an area of ¢. 2 ha: (i) 12 natural populations with only pur-
ple-flowered individuals (7 = 255); (ii) 14 natural popula-
tions of purple-flowered individuals together with a few
white-flowered individuals (7 = 258); and (iii) 13 experi-
mental populations with only purple-flowered individuals
occurring naturally (7 =292) and to which white lures
mimicking white-flowered individuals were added (see next
paragraph below). In all populations and for each individ-
ual, at the end of April (4 wk after placing the visual lures
in the experimental populations) we counted the number of
mature fruits and the total number of flowers in each inflo-
rescence, to establish the fruit set. Individual fruit sets were
pooled for each of the three types of populations (popula-
tions of pure purple plants; populations of mixed
white/purple plants; populations including visual lures), as
fruit set values were not significantly different within a pop-
ulation type. In this study, the fruit set was used to estimate
plant fitness, but further experiments will need to consider
seed viability or seed germination as well. To test for the
effect of the three types of populations on the number of
flowers per inflorescence and fruit set values, we performed
a Poisson regression analysis of these data with a log link
function (Genmod analysis; SAS v9.1).

Use of white lures The role of visual cues in pollinator
attraction to O. mascula flowers was estimated by using
visual lures during field bioassays. We used white ping-
pong balls to mimic white-lowered morphs within a popu-
lation of purple-flowered individuals. This white, spherical
standardized object is roughly similar in size to an O. mas-
cula inflorescence. Each white ping-pong ball was fixed on
a wire supporting a shaft made of dark green metal,
adjusted so that the height of the lure was equal to the
mean height of surrounding O. mascula purple inflores-
cences. We placed these lures within populations of pur-
ple-flowered individuals (one lure for 22 +5 purple-
flowered individuals) at frequencies similar to the mean
natural frequency of white inflorescences recorded in mixed
populations (one white-flowered individual for 21.7 + 9.8
(mean + SD) purple-flowered individuals). The popula-
tions of purple plants used for this experiment were
selected at random within all the populations of only pur-
ple-flowered individuals. Visual lures were placed at
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random within each sampled population, at the very begin-
ning of the flowering period, and were left during the
whole flowering period.

We measured the exact distance between each purple
individual and the nearest white individual or white lure, in
order to estimate whether proximity to a white morph
affects the probability that a purple individual is pollinated.
For each 20 cm distance class, we used a Mann—Whitney
U-test to compare the reproductive success of purple-
flowered individuals in the two different situations, that is,
in populations with white individuals or lures and in pure
purple populations.

Results

Chemical composition of floral volatiles

The volatile profile of O. mascula inflorescences showed
very little variation between the two colour morphs. A total
of 61 volatile compounds were identified in the floral vola-
tiles of O. mascula: 51 and 43 compounds, respectively,
were detected in the volatile emissions from purple-flowered
and white-flowered individuals (Table 1). In both colour
morphs, the volatile profile was largely dominated by ter-
pene products: 27 of the 43 compounds (62.8%) in the
white-morph emissions, and 34 of the 51 compounds
(66.6%) in the purple-morph emissions were terpene prod-
ucts. The major components (> 10% of the profile) in both
morphs were (E)-ocimene, limonene, (Z)-3-hexenyl acetate,
and linalool. No difference was observed between popula-
tions for the same colour morph.

A few qualitative differences were observed between the
two colour morphs. Eighteen compounds were found only
in the volatile emissions from purple inflorescences, while
10 other compounds present in volatiles from white inflo-
rescences were not detected in any of the purple samples.
All these ‘specific’ components were found only as traces
(< 1%) and were found only in a few individuals (fewer
than half of the individuals for each colour morph). Half of
the compounds found exclusively in white-morph volatiles
originated from the shikimic pathway (five of the 10 com-
ponents specific to white inflorescences, e.g. methyl cinna-
mate), whereas all compounds specific to purple-morph
profiles were related to the two other (lipid and terpenoid)
pathways.

A PCA analysis conducted on the relative proportions of
the most abundant compounds (compounds occurring at
> 1% in the profile) showed no clear separation between the
volatiles from the two colour morphs (Fig. 1). Three com-
ponents — (E)-ocimene, linalool and limonene — explained
68% of the variance. Considering the compounds observed
in both colour morphs, the overall composition of the bou-
quet (20 compounds) did not differ significantly between
the two colour morphs and among populations (MANOVA

New Phytologist (2010) 185: 300-310
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Table 1 Mean composition of Orchis mascula floral volatiles
Purple (n = 18) White (n = 18)

Compound RT Mean SE (@Y (@] Mean SE cv (@)
Fatty acid derivatives
(2)-3-hexenol 6.20 0.65 0.63 0.78 4 1.26 0.42 0.37 12
Methylheptenone 10.61 3.49 1.93 1.03 10 4.16 1.20 0.59 13
Decane 11.24 - - - - 0.88 0.88 0.94 4
(2)-3-hexenyl acetate 11.74 7.46 2.44 0.89 16 14.20 3.89 1.03 17
Octatrienal 13.86 0.28 0.28 0.53 3 - - - -
Methyl octanoate 14.82 0.53 0.39 0.54 4 - - - -
Methyl caprilate C6 14.97 0.1 1.00 3.02 3 - - - -
2-Decanone 15.18 - - - - 0.22 0.22 0.47 2
(2)-hexenyl butyrate 17.44 1.44 0.59 0.49 9 0.29 0.14 0.26 11
Octatrienone 17.63 0.12 0.12 0.35 5 0.77 0.77 0.88 7
Hexenyl valorate 17.71 0.16 0.16 0.40 2 - - - -
Dimethyl octadiene diol 23.50 0.34 0.34 0.58 3 - - - -
Methyl caprate C10 23.97 0.93 0.31 0.32 6 - - - -
Alcanal 24.75 0.17 0.15 0.36 4 - - - -
Methyl dodecanoate 28.04 0.37 0.37 0.61 6 - - - -
Cyclopentanol (derived) 28.17 0.83 0.83 0.91 5 0.36 0.36 0.60 8
Methyl laurate 28.24 1.32 1.32 1.15 5 0.90 0.90 0.95 7
Benzenoids
Acetophenone 13.8 0.64 0.49 0.61 9 2.68 1.33 0.81 14
2-Phenylethanol 14.74 0.93 0.64 0.66 12 1.86 1.59 1.17 13
Phenyl ethanol 15.42 - - - - 0.29 0.29 0.54 3
Cinnamaldehyde 17.25 - - - - 0.87 0.35 0.38 8
4-Phenylbutanone 23.51 - - - - 0.36 0.17 0.28 7
Methyl cinnamate (Z) 23.72 - - - - 0.89 0.61 0.65 4
Methyl cinnamate (E) 24.14 - - - - 0.15 0.11 0.28 4
Terpenoids
a-Pinene 8.29 2.52 0.64 0.40 17 4.12 0.78 0.38 18
Sabinene 9.61 2.89 0.67 0.39 17 3.41 0.65 0.35 17
B-Pinene 9.98 2.55 0.76 0.48 15 3.84 1.91 0.97 13
Myrcene 11.19 3.88 1.220 0.62 16 5.23 2.00 0.87 18
Limonene 11.59 11.67 4.26 1.25 16 12.88 2.74 0.76 16
1.8-Cineole 11.75 3.95 2.86 1.44 13 3.52 0.75 0.40 17
(2)-ocimene 11.77 2.35 0.50 0.33 17 1.87 0.52 0.38 16
(E)-ocimene 12.17 26.68 7.20 1.39 15 16.30 3.60 0.89 17
B-Terpineol 12.80 0.73 0.43 0.50 8 0.30 0.16 0.29 5
Sabinene hydrate 13.13 0.12 0.83 2.40 4 0.29 0.29 0.54 10
Linalool oxide 13.71 4.75 1.27 0.58 17 9.30 2.20 0.72 18
Linalool 14.15 13.15 5.89 1.62 17 3.46 0.78 0.42 17
Allo-ocimene 1 15.13 2.52 0.86 0.54 9 1.74 0.71 0.54 12
Dimethyloctatetraene 15.24 - - - - 0.73 0.58 0.68 3
Allo-ocimeéne 2 15.56 0.53 0.22 0.30 10 0.62 0.23 0.29 6
4-Oxoisophorone 15.76 0.65 0.47 0.58 3 0.35 0.27 0.46 7
Terpinene-4-ol 16.01 0.82 0.69 0.76 3 - - - -
p cymen-8-ol 16.87 0.12 0.12 0.35 2 - - - -
Cinerone 17.12 0.75 0.75 0.87 4 0.38 0.38 0.62 6
Pinocarvone 16.16 0.61 0.49 0.63 8 0.48 0.33 0.48 2
Hydroxy cineole 16.30 0.55 0.55 0.74 5 - - - -
Carvone 16.76 0.36 0.36 0.60 2 - - - -
Pinocarveol 17.45 0.18 0.18 0.42 9 0.78 0.53 0.60 5
a-Terpineol 17.63 1.19 0.52 0.48 10 1.39 0.48 0.41 14
Terpenyl acetate 18.65 0.81 0.81 0.90 5 - - - -
Hydroxy linalool 21.43 - - - - 0.79 0.79 0.89 5
Thujopinene 22.15 0.17 0.13 0.32 2 - - - -
a-Copaene 23.67 0.22 0.22 0.47 3 - - - -
f3-Bourbonene 23.99 0.44 0.38 0.57 8 0.13 0.72 2.00 3
f-Caryophyllene 25.13 0.23 0.19 0.40 5 0.26 0.28 0.55 5
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Purple (n = 18) White (n = 18)
Compound RT Mean SE cv (@) Mean SE cv (@)
Trans-o-bergamotene R 25.44 0.15 0.13 0.34 5 1.12 0.71 0.67 2
B-Farnesene 25.62 1.38 0.79 0.67 4 - - - -
Geranylacetone 25.95 - - - - 0.89 0.44 0.47 3
Germacrene D 26.87 0.84 0.84 0.92 5 - - - -
a-Curcumene 26.98 0.72 0.50 0.59 9 0.50 0.42 0.59 5
a-Muurolene 27.56 0.69 0.69 0.83 2 0.73 0.73 0.85 6
a-Longipinene 0.12 0.83 2.40 8 0.84 0.58 0.63 3
3-Cadinene 27.98 0.47 0.47 0.69 3 0.55 0.47 0.63 7
(E.E)-a-farnesene 28.18 0.23 0.18 0.38 7 - - - 7

Values are expressed as a percentage relative to total volatile compounds.

RT, retention time; SE, standard error; CV, coefficient of variation; O, occurrence (i.e. the number of individuals in which the compound was

detected; the total of sampled individuals for each colour morph is 18).

analysis: /] 3, = 0.08, P = 0.78, and /5 3, = 1.08, P = 0.35,
respectively). For most compounds, there was considerable
variation among individuals of each colour morph. For
example, the concentration of (E)-ocimene varied from 0 to
81.3% of the profile between the purple-morph individuals,
and from 0 to 47.7% between the white-morph individuals.
(Z)-3-hexenyl acetate, limonene, a-pinene, linalool, linalool
oxide and methyl heptenone also showed very large
differences in their relative proportions among orchid
individuals, within each of the two morphs.

Reproductive success

White morphs were consistently rare; the observed frequen-
cies of white-flowered individuals, calculated by considering
all the populations, including pure purple populations, were
1.03% in site 1 in 2006 (7 = 1563), and 0.87 and 0.91% in
site 2in 2006 (7 = 1145) and 2007 (7 = 1324), respectively.
In other neighbouring populations, white-flowered indivi-
duals never accounted for > 1.4% of the population
(B. Schatz, pers. obs.). Plant density within a population was
not significantly different between populations of pure
purple individuals and populations of mixed-colour indivi-
duals (Student’s test, P = 0.97). The mean number of flow-
ers per inflorescence was significantly different between the
two colour morphs (% = 7.6; d.f. = 1, P = 0.006), and was
11.95 + 0.89 (mean = SE) in the purple-coloured morph
(n = 805) and 14.55 + 0.15 in the white-coloured morph
(n = 21; the small sample size is to the result of the low
frequency of this morph within the studied populations).

A total of 805 orchid individuals and 11 709 flowers
were surveyed to evaluate fruit set. For the three types of
population, the average fruit set of purple-flowered individ-
uals was 6.16 + 0.40% (mean + SE) in populations with
only purple-flowered individuals, 27.22 + 1.38% in popu-
lations displaying a few white-flowered individuals, and
26.35 £ 1.20% in populations with white lures (Fig. 2).
The mean number of fruits produced per inflorescence was
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significantly different among these three types of population
(Genmod, XZ = 44.68, d.f. = 2, P< 0.0001). Fruit sets of
purple-flowered individuals were not significantly different
in the populations with white flowers or with experimental
lures (3% = 0.00; d.f. = 1, P> 0.99), but fruit sets in both
these kinds of populations were more than four times
higher than that of purple-flowered individuals in popula-
tions where the latter comprised the sole morph
(7% = 32.93; d.f. = 1, P<0.001). The average fruit set of
white-flowered individuals (7 = 13) was 6.67 + 2.11%,
which was not significantly different from those of purple-
flowered individuals in populations where they were the
sole morph (% = 0.02; d.f. = 1, P = 0.88).

Fruit set of purple individuals was highly significantly
dependent on whether they were near a white-flowered
individual or a white lure (Fig. 3). This effect was signifi-
cant for plants at distances of between 10-20 ¢m and 150—
160 cm from the white individual or lure (Fig 3). The effect
was similar in naturally polymorphic populations and in
experimental populations with lures, except for the 110-
120 cm and 130-140 cm distance classes (which were the
only distance classes in which fruit set of purple individuals
was significantly different between these two kinds of popu-
lation; Mann—Whitney U-test, P < 0.01). Within the range
of 10-160 cm, fruit set also decreased with increasing dis-
tance from the white individual or lure. Maximum mean
fruit sets were observed at 10-20 cm, reaching 43.9% in
naturally polymorphic populations and 47.4% in experi-
mental populations with white lures.

Discussion

Three important and surprising results emerge from this
study; first, colour polymorphism was not associated with
very marked differences in floral scents, in contrast to
studies in other plant species (Majetic et al., 2007; Salz-
mann & Schiestl, 2007); secondly, the presence of rare
white-flowered morphs of O. mascula resulted in increased

New Phytologist (2010) 185: 300-310
www.newphytologist.org



306 "Research

(a)
60
50
[ J
40 e
g 0 °
8
~ 20
|5
5 10 ]
% 20 °
A [ ]
§ o —o—A.—Aﬂ ; = o @
2 A&A ) [ ]
8 10 A
2 °
£ A A
o —20 AA
[ J
-30
-40 [ J

0
-40 -30 20 -10 O 10 20 30 40 50 60 70
Principal component 1 (48%)

(b)
1
Linalool
*
0.8 * 1
(Z2)-hexenyl butyrate
0.6
<
® 0.4
-
o
=
o
«= 0.2 (2)-ocimene
d=> o-pinene  1.8—cineole *
< * * 2—phenylethanol A”0*0CIme.ﬂe 1
8_ 0 | { . Myrcene B-farnesene, |
+ + + -t > + +—
g Linalool oxide. . Me‘hwhem"none?\/lethyl laurate (E)-ocimene
o (2)-3-hexenyl ®4 (2)-3-hexenol
®©-0.2 acetate  Sabinene , ® Acetophengne
% B-pinene
£
=
a 0.4
*
0.6 a—terpineol
¢ Limonene
-0.8

-
-1 —08 —06 -04 02 0 02 04 06 08 1

Principal component 1 (48%)

Fig. 1 (a) Principal-component analysis (PCA) of Orchis mascula flo-
ral volatiles emitted by inflorescences of purple morph (closed cir-
cles) and by inflorescences of the white morph (open triangles); (b)
Factor loadings of the main volatile compounds from O. mascula
flowers.

reproductive success of neighbouring purple-flowered indi-
viduals in mixed purple/white populations; and thirdly,
visual signals, rather than olfactory signals, were responsible
for increased pollinator visitation of purple individuals.

Influence of floral signals on reproductive success

As reported in previous studies (Nilsson, 1983; Van der
Cingel, 1995; Jacquemyn ez al., 2008), the overall average
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fruit set of O. masculawas low (mean fruit set 6%), both for
purple-morph individuals in pure purple populations and
for white-morph individuals. Surprisingly, our study
showed that the presence of co-occurring white-flowered
individuals led to significantly higher reproductive success
of nearby purple-flowered individuals (mean fruit set 27%),
while white-flowered plants themselves had the same low
fruic set (6%). These results are incompatible with the
hypothesis of NFDS frequently assumed to explain floral
colour polymorphism in nonrewarding orchids (Gigord
et al., 2001), as we found that the presence of the rare white
O. mascula morph resulted in an advantage for the common
purple morph.

Do differences in olfactory cues provided by the two O.
mascula colour morphs help to explain differences in the
number of pollinator visits to purple and white morphs?
Floral volatiles emitted by the two O. mascula colour mor-
phs showed no clear differences in chemical composition.
Most volatile compounds were common to both purple and
white inflorescences, and their relative proportions were
similar in the two. The few qualitative differences detected
between the two morphs involved minor compounds that
were present in only few individuals and in very low
amounts. Our results deviate from those of recent studies
that have found flower colour—flower scent associations,
with different colour morphs in polymorphic species show-
ing different floral scent profiles (Olesen & Knudsen, 1994;
Flamini et al., 2002; Zucker et al., 2002; Salzmann & Schi-
estl, 2007). Interestingly, white-coloured flower morphs
have been reported in other systems to emit volatile blends
clearly different from that of the purple morph (e.g. by
emitting more benzenoid products (Li ez al., 2006; Majetic
et al., 2007)). We also found a larger number of aromatic
compounds in the volatiles of white morphs, in O. mascula
(Table 1), as well as in other orchid species showing
white/purple floral polymorphism (L. Dormont & B.
Schatz, unpublished). Because of the high variability of O.
mascula floral volatiles (Table 1; Nilsson, 1983; Salzmann
et al., 2007a) and the absence of significant differences
between purple and white morphs, we hypothesize that
odour signals from O. mascula flowers probably do not help
pollinators to distinguish between the two colour forms.
However, further olfactory tests (e.g. GC-EAD experiments
that examine pollinator responses to the minor compounds
specific to each colour morph) are needed to explore in
greater detail whether there is any variation in the olfactory
cues for pollinators between purple and white morphs.

It seems reasonable to expect that visual signals alone
probably play the key role in colour morph discrimination
by insects in this case. Our experiments with visual lures
confirmed this presumption: the presence of white ping-
pong balls that mimic white O. mascula inflorescences
enhanced the reproductive success of purple-flowered indi-
viduals located near the white lure. The effect was virtually
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identical in magnitude (fruit set increased from 6 to 27%),
whether the nearby white-coloured object was an O. mascu-
la inflorescence or a ping-pong ball. This last result demon-
strates that the association in nature between presence of
white flowers and increased seed set is causal, and not the
result of some unmeasured abiotic or biotic factor that
simultaneously increases seed set and affects flower colora-
tion. Also, in four populations of mixed white/purple
plants, the white inflorescences were experimentally re-
moved from the populations; we observed in these popu-
lations low fruit set for all purple-flowered individuals,
similar to those recorded in natural populations of pure
purple-morph plants (B. Schatz, unpublished).

Two main questions emerge from these results: why did
the presence of white-flowered O. mascula result in increas-
ing pollinator visits to nearby purple-flowered plants; and
how can we explain the maintenance of the rare white
morph, which was less frequently visited and pollinated
than the purple morph?

Role of the white/purple colour contrast in pollinator
attraction

Many authors have reported differences in reproductive suc-
cess between floral colour morphs. In particular, in plant
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species where rare white-flowered individuals occur in pop-
ulations dominated by coloured flowers, white flowers are
often less frequently pollinated than coloured flowers, and
consequently have lower reproductive success (Waser &
Price, 1981; Brown & Clegg, 1984; Odell ez al., 1999). All
these studies deal with species that produce nectar rewards
for floral visitors. The absence of reward in O. mascula low-
ers may have a dramatic effect on pollinator behaviour.
After visiting a flower without nectar, bumblebee pollina-
tors have been observed to switch between colour morphs
and to orient to flowers with distinct colour characters
(Smithson & MacNair, 1997; Gigord ez al., 2001). The
presence of contrasting colours within single populations
has also been shown to be an attractive signal for bumble-
bees (Spaethe er 4/, 2001; Lunau er al, 2006). It seems
plausible to suppose that after unrewarding visits to purple
flowers, naive pollinators probably avoid homogeneous
populations of purple flowers, and may then preferentially
orient to a different colour or to a colour contrast such as a
mix of white and purple flowers. Our results with white
ping-pong balls fit this hypothesis: the presence of an artifi-
cial colour contrast that mimics the white/purple colour
contrast of natural mixed populations led to increased visi-
tation of those populations compared with pure purple
populations. The use of visual lures showing no colour
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contrast (purple- or dark green-coloured ping-pong balls
placed within pure purple populations) had no effect on the
reproductive success of neighbouring purple O. mascula (R.
Delle-Vedove, unpublished). Moreover, we demonstrated a
clear effect of the distance from the white flower or lure on
the fruit set of purple individuals. Fruit set decreased with
increasing distance from the white flower or lure, strongly
supporting our hypothesis that increased visitation of pur-
ple individuals resulted from the presence of a colour-con-
trasted object (inflorescence or lure). This effect was
significant at distances of 10~160 c¢m from the white object,
resulting in increased fruit set of most purple individuals
within a population (¢. 80-90% of the total individuals).

Maintenance of the rare white-flowered O. mascula

Another question remains unanswered: how can the main-
tenance of rare white inflorescences be explained in evolu-
tionary time? Is the presence of rare white-flowered O.
mascula merely the product of repeated spontaneous muta-
tions, or is it a consequence of pollinator-mediated selection
that maintains the frequency of the white morph at a value
greater than can be explained by repeated mutations? Spon-
taneous mutations affecting floral pigmentation genes, and
which may produce white-flowered variants, have been
reported to explain the presence of low frequencies (0.1%,
on average, in these studies) of white individuals in natural
populations of pigmented flowers (Waser & Price, 1981;
Epperson & Clegg, 1987; Levin & Brack, 1995). In
O. mascula, however, the frequency of white-flowered vari-
ants in the whole population (1%) is ¢. 10 times higher than
that observed in these studies, and it is unlikely that such
high frequencies could be the result of repeated spontaneous
mutations alone. Moreover, the deceptive strategy helps to
reinforce the key role of pollinators in plant reproductive
success, and we also demonstrated by using visual lures that
floral colour had a dramatic effect on reproductive success
through pollinator-imposed selection.

If recurrent mutation alone cannot explain the persis-
tence of white-flowered morphs, then what mechanisms
can? Three plausible hypotheses can be suggested: if expres-
sion of white flowers is a recessive trait, white-flowered mor-
phs, and the attendant phenomena we observed, may be
unselected secondary consequences of inbreeding; white-
flowered morphs may persist because they have higher male
fitness; white-flowered morphs are maintained by kin selec-
tion, increasing the fruit set of nearby, and related, purple-
flowered individuals. Each of these hypotheses will be
discussed in turn.

One hypothesis to explain the maintenance of the white
morph in O. mascula is that it is a consequence of inbreed-
ing. Self-fertilization in flowers is likely to produce more
homozygotes, including more homozygotes of the white
recessive allele (Clegg & Durbin, 2000), and higher
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inbreeding rates (either through selfing or through biparen-
tal inbreeding) might thus produce higher frequencies of
white-flowered individuals. Although the frequency of
white-flowered genotypes may be reduced through deleteri-
ous pleiotropic effects of colour genes (Coberly & Rausher,
2008), some recessive alleles producing white genotypes
(e.g. the a allele in Ipomoea purpurea) have been shown in
some cases to have a transmission advantage that can
increase their frequency (Fehr & Rausher, 2004). In this
context, possible specific advantages of the homozygous
white-flowered genotypes in some micro-environmental
conditions are likely to reduce fitness differences between
the two O. mascula colour morphs.

The presence of white-coloured flowers might also be
explained by a greater male reproductive success of the
white morph. Because many pollinator species are attracted
to the white colour or to a colour contrast including white
(Chittka & Raine, 2006; Lunau et 2/, 2006), it can be
hypothesized that pollinators may primarily visit the white
O. mascula morph in a mixed population of white/purple
morphs, resulting in a higher rate of pollinia removal for
the white morph. However, preliminary records of pollinia
removal in O. mascula showed that male fitness, estimated
by the rate of pollinia removal, did not differ between the
two morphs (B. Schatz & L. Dormont, unpublished).

Another possible explanation for the maintenance of
white O. mascula variants is kin selection. Kin selection
refers to individuals increasing their inclusive fitness (i.e. the
sum of direct fitness and indirect fitness effects through
impact on the fitness of social partners) through behaviour
or other traits that increase the fitness of related individuals
(Hamilton, 1964). In O. mascula, the presence of white-
flowered variants might be regarded as an adaptation that
benefits the purple-flowered relatives of white-flowered
morphs, rather than providing a direct benefit to white-
flowered individuals. The postulated mechanism of kin
selection could work only if the neighbouring individuals
that benefit from proximity to a white-flowered individual
are related to it. Spatial genetic structure, with aggregation
of related individuals, has already been demonstrated in
populations of other species of the genus Orchis (Chung
et al., 2005). The mechanism we postulate in O. mascula
could thus be plausible. This population structure, upon
which kin selection depends, could also lead to high levels
of inbreeding, which, as seen earlier in this section, could
produce the homozygous white-flowered individuals essen-
tial for the kin-selection mechanism.

Whatever the process involved, the increase of fruit set of
pigmented flowers in the vicinity of white-flowered variants
in O. mascula represents a new mechanism different from
those that have so far been postulated to maintain colour
polymorphism in plants. We are currently examining the
hypotheses discussed — for example, by analysing the genetic
relatedness of individuals within O. mascula populations
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and by conducting parallel studies in other orchid species
on the effects of white inflorescences on the reproductive
success of individuals within the population.
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