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a b s t r a c t

Floral scents are important signals for communication between plants and pollinators. Several studies
have focused on interspecific variation of these signals, but little is known about intraspecific variation
in flower scent, particularly for species with wide geographic distributions. In the highly specific mutu-
alism between Ficus species and their pollinating wasps, chemical mediation is crucial for partner
encounter. Several studies show that scents, i.e. blends of volatiles, are species-specific, but no studies
address interpopulation variation of scents in fig pollination mutualisms, which often have broad geo-
graphic distributions. In this study, using absorption/desorption headspace techniques, we analyzed var-
iation in floral scent composition among three populations of each of two widely distributed Asian Ficus
species. We identified more than 100 different volatile organic compounds, predominantly terpenes. In
both species, significant differences were found between scent bouquets of East Asian and Indian popu-
lations. These differences are discussed in relation to geographical barriers that could disrupt gene
exchange between these two areas, thereby isolating Indian populations from those of Eastern Asia.

� 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Volatile organic compounds (VOCs) emitted by plants often
mediate interactions between plants and animals, as for example
in many pollination systems (reviewed by Raguso (2008)) and
other mutualistic interactions, such as animal-mediated seed dis-
persal (Borges et al., 2008; Hodgkison et al., 2007) and ant/plant
protection mutualisms (Schatz et al., 2009). Among the different
classes of compounds-fatty acid derivatives, benzenoids and terp-
enes-the last-named group is the largest, with the widest assort-
ment of structural types (Degenhardt et al., 2009). Floral
bouquets are usually mixtures of numerous components, varying
among species in their composition, blend ratio, and overall con-
centrations (Raguso, 2008). In specific pollination mutualisms,
such differences in floral scents, and in animal responses to them,
contribute to reproductive isolation between closely related sym-
patric species (Levin et al., 2001).

Contrary to interspecific variation, variation among popula-
tions of a single species in production of floral scent has been stud-
ied only very recently and in a limited number of examples
(Dötterl et al., 2005b; Füssel et al., 2007; Hossaert-McKey et al.,
2010; Ibanez et al., 2010; Knudsen, 2002; Majetic et al., 2009;

Schlumpberger and Raguso, 2008; Svensson et al., 2005). In a few
cases, no interpopulation differences in floral scents were found
(Dormont et al., 2010; Knudsen, 2002), or only quantitative differ-
ences could be observed (Svensson et al., 2005). However, in most
studies, consistent interpopulation differences in floral scent have
been reported (Azuma et al., 2001; Schlumpberger and Raguso,
2008). Why floral volatiles vary among different populations of
the same plant species remains poorly understood. Intraspecific
variation has been notably explained by hypotheses such as re-
laxed selective pressure, genetic drift, introgression of scent traits
through hybridization, pleiotropic effects of plant defense on scent
biosynthesis, or phenotypic plasticity resulting from edaphic or cli-
matic differences (Raguso, 2008). Another explanation is that not
all compounds contribute to the signal used by the pollinator,
and only compounds without a signalling function are variable
(Dötterl et al., 2006; Mant et al., 2005). In the literature, the two
most frequently proposed explanations are (i) relaxed selection
pressure on floral scents as visual cues assume an important role
in pollinator attraction (Azuma et al., 2001; Ellis and Johnson,
2009), and (ii) the occurrence of different pollinators in different
geographic areas, as in the case of species visited by a spatially
variable set of generalist pollinators (Schlumpberger and Raguso,
2008). The extent to which selection on specificity of the plant-
insect interaction leads to selection pressure on scent production
is unclear. For example, different populations of Echinopsis
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ancistrophora (Cactaceae), pollinated by a broad spectrum of
insects, were shown to emit different floral scents that attracted
different pollinators (Schlumpberger and Raguso, 2008). But sur-
prisingly, in the case of the interaction between Yucca and their
pollinating moths (Tegeticula yuccasella and Tegeticula cassandra),
in which specificity is high (but not complete), no difference of
scent appeared among populations of Yucca filamentosa pollinated
by different yucca moths (Svensson et al., 2005).

However, none of the cases mentioned above are entirely spe-
cies-specific. Interpopulation variation of floral scents has never
been investigated in obligatory, strictly species-specific pollination
mutualisms (Hossaert-McKey et al., 2010). We can expect that in
highly specific interactions, in which scents promote partner
encounter, stabilizing selection should tightly constrain interpopu-
lation variation of scent. Indeed, selection pressure could lead to
strong conservatism of scents over a wide geographic scale, allow-
ing the specific pollinator to recognize its host throughout its
range, which can be quite large if the pollinator is a good disperser
and often encounters host individuals a long distance from where
it was born (Ahmed et al., 2009; Zavodna et al., 2005). The objec-
tive of the present study was to test whether intraspecific variation
of scent exists in a highly specific plant-insect pollination interac-
tion, the fig/fig wasp mutualism.

The genus Ficus (Moraceae) comprises about 800 species, most
of them living in the intertropical region. The pollination of Ficus
inflorescences (the fig or syconium) is carried out solely by agaonid
wasps (Hymenoptera:Chalcidoidea:Agaonidae), which reproduce
inside the figs. The relationship between Ficus and agaonid wasps
is obligate for both partners and generally species-specific [one
fig species is pollinated by one species of wasp [(Janzen, 1979;
Wiebes, 1979); but see (Cook and Rasplus, 2003)]. In such a
close-knit nursery pollination mutualism, the encounter between
partners is a crucial step for the continuity of the life cycle of each
partner. In tropical forests, where several Ficus species can live in
sympatry, partner encounter is particularly problematic and re-
quires specific chemical signals for each species pair. Several stud-
ies have shown that different species of Ficus emit clearly distinct
chemical messages to attract only their specific pollinating wasp
(Grison-Pigé et al., 2002b; Grison et al., 1999; Hossaert-McKey
et al., 2010; Song et al., 2001). Behavioral evidence was also found
for specific fig pollinator attraction to host volatiles (Chen et al.,
2009; Grison-Pigé et al., 2002a; Hossaert-McKey et al., 1994;
Proffit and Johnson, 2009; Song et al., 2001).

In general, variation in plant traits involved in pollinator attrac-
tion would be expected only when the most effective pollinators in
each population exhibit divergent sensory preferences (Ellis and
Johnson, 2009), even if some scent variation can be in part condi-
tioned by phenotypic plasticity, in response to environmental var-
iation on a large geographic scale, as shown in the family
Brassicaceae (Majetic et al., 2009). In fig/fig wasp interactions,
where (i) the plant is generally pollinated by only one pollinator
species throughout its distribution, and (ii) scent is known to be
responsible for the attraction of the obligate mutualistic partner,
the interpopulation variation of the olfactory message might be
limited (Hossaert-McKey et al., 2010). Indeed, a change in floral
scents could disrupt partner recognition, leading to a drastic reduc-
tion in fitness of both partners. In this study, we examined the var-
iation of floral scents emitted at receptivity in two Ficus species,
one monoecious and one dioecious, and investigated variation
among three Asian populations of each species. Our aim here is
to test the hypothesis that, even on large geographical scales, the
scent of both studied species is species-specific and invariant
among populations. To our knowledge, this study is one of the rare
ones (Svensson et al., 2005) to examine interpopulation variation
in chemical signals in a pollination mutualism that is both obliga-
tory and specific.

2. Results and discussion

A total of 114 different VOCs, including six unidentified com-
pounds, were found in the bouquets emitted by receptive figs
(i.e. those at the developmental stage ready to be pollinated) of
these two species. The 108 identified VOCs belong to four different
classes of compounds, including 25 monoterpenes, 59 sesquiter-
penes, 10 benzenoids and 14 fatty acid derivatives. In the bouquets
of Ficus racemosa individuals, we found 57 different VOCs, and in
those of Ficus hispida 94 compounds (37 VOCs were common to
both species; see major compounds for both species in Table 1).
Most of these volatile compounds are quite common in floral
scents (Knudsen et al., 2006). Only 51 VOCs had a mean relative
proportion in the bouquet higher than 1% (respectively 10 VOCs
for F. racemosa and 45 for F. hispida).

2.1. Interspecific variation in floral scents

To test if each species had a particular blend of VOCs allowing
reproductive isolation of sympatric species in our highly specific
system, we performed multivariate analyses on our dataset of rel-
ative abundance of each compound for each individual of the two
species. The PCA (Principal Component Analysis) showed a separa-
tion of the scents emitted by receptive figs of the two species
(Fig. 1a). This difference between the two species was confirmed
by the MANOVA performed on the coordinates (two first compo-
nents) of the PCA (F(15;91) = 11.42; p < 0.0001. Furthermore, the
species effect was highly significant in the MANOVA performed
on the relative abundance dataset (Wilks’s Lambda [‘‘species ef-
fect’’]: F(19;17) = 7.95; p < 0.0001). Eleven different VOCs are respon-
sible for this interspecific variation of scents (see Table 1). These
results confirm previous studies showing that the chemical signals
emitted by different Ficus species are sufficiently distinct to allow
specific attraction of their own pollinating wasps (Chen et al.,
2009; Grison-Pigé et al., 2002b; Grison et al., 1999; Proffit and
Johnson, 2009). Indeed, in the case of sympatric species, the differ-
ences between species bouquets may be reinforced by selection
pressure reducing the frequency of mistakes by the pollinating
wasps and scents may act as a barrier to host shifts (Chen et al.,
2009; Proffit et al., 2009). Moreover, our results are in agree-
ment with previous studies on odour extracts of receptive figs of
F. hispida (Proffit et al., 2008, 2009) where similar VOCs have been
identified. However, our results differ from those presented in Song
et al. (2001). That study used solvent extraction, a technique that
recovers not only volatile compounds emitted by figs, but in addi-
tion chemicals present in the superficial cell layers of the plant. Our
study, as well as those of Proffit et al. (2008, 2009) based on dy-
namic headspace extraction, reported only volatile compounds,
which are potentially detectable by pollinators and other animals
at distance.

2.2. Intraspecific variation in floral scents

In this very specialized pollination system, we examined
whether the blends of VOCs emitted by receptive figs of these
two Ficus species vary over a large geographic scale. We first per-
formed MANOVAs on our global dataset on relative abundance of
each compound in different populations of each species (VOCs > 1%
for each species), testing for a population effect. There was signif-
icant variation among populations of a single species in scents
emitted by receptive figs (Wilks’ Lambda [‘‘population within spe-
cies effect’’]: F(76;69) = 5.62; p < 0.0001). Most of the compounds
contributing to interpopulation differentiation are monoterpenes
and sesquiterpenes (Tables 2 and 3). In fact, previous studies on
fig/fig wasp interactions showed that volatiles from these two
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Fig. 1. PCA analysis on relative abundance of VOCs produced by receptive figs of: (a) Ficus racemosa and F. hispida together (first component explains 68% and second
component 28% of the total variation observed). (b) Ficus racemosa from three populations (first component explains 68%, and second component 11% of the total variation
observed). (c) Ficus hispida from three populations (first component explains 55% and second component 15% of the total variation observed).

Table 2
Relative abundances of VOCs from the bouquet of Ficus racemosa receptive figs for which interpopulation variation was
significant (LS means comparisons).

trans-b-Ocimene cis-3-Hexenyl acetate cis-b-Ocimene Bicyclogermacrene

China 72.54 ± 15.51 (a) 0.00 ± 0.00 (a) 7.21 ± 3.98 (a) 0.00 ± 0.00 (a)
Thailand 59.24 ± 11.57 (a) 0.55 ± 0.79 (a) 5.99 ± 1.74 (a) 4.86 ± 4.70 (b)
India 34.59 ± 18.40 (b) 14.99 ± 17.09 (b) 0.71 ± 1.74 (b) 0.00 ± 0.00 (a)

Different letters in parantheses within a column indicate significant differences between populations at p < 0.05.

Table 3
Relative abundances of VOCs from the bouquet of Ficus hispida receptive figs for which interpopulation variation was
significant (LS means comparisons).

trans-b-Farnesene b-Sesquiphellandrene d-Cadinene Germacrene A

China 16.12 ± 8.49 (a) 3.11 ± 1.36 (a) 0.26 ± 0.43 (a) 4.02 ± 3.14 (a)
India A 0.00 ± 0.00 (b) 0.12 ± 0.28 (b) 2.41 ± 1.33 (b) 0.11 ± 0.24 (b)
India B 0.38 ± 0.5 (b) 0.00 ± 0.00 (b) 2.63 ± 1.68 (b) 0.41 ± 0.55 (b)

a-Pinene c-Terpinene Limonene

China 1.99 ± 2.11 (a) 0.00 ± 0.00 (a) 3.18 ± 3.67 (a)
India A 5.41 ± 2.52 (b) 4.60 ± 3.85 (b) 11.57 ± 9.77 (b)
India B 2.52 ± 1.28 (a) 0.18 ± 0.36 (a) 0.48 ± 0.48 (a)

Different letters in parantheses within a column indicate significant differences between populations at p < 0.05.
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chemical classes are the major compounds in scents of most Ficus
species (Gibernau et al., 1998; Grison-Pigé et al., 2001; Proffit et al.,
2008), even if some systems are mediated by benzenoids (Chen
et al., 2009). In Fig. 2, which illustrates variation of different classes
of volatile compounds among populations of each species, some
interpopulation differences appear clearly. The most striking is
the significant variation of mean proportions of monoterpenes
among F. racemosa populations. Indeed, for differences between
mean proportions of monoterpenes in Indian and Chinese popula-
tions, Indian and Thai populations and Chinese and Thai popula-
tions, the results of Wilcoxon tests were respectively (S = 45.00;
p = 0.0043), (S = 27.00; p = 0.0048) and (S = 66.00; p = 0.0055).

To study interpopulation variation in greater detail, the two
Ficus species were then examined independently. The PCA per-
formed on relative abundance of VOCs emitted only by F. racemosa
(Fig. 1b) did not show clear differentiation among populations.
Nevertheless, the scents produced by individuals from southern In-
dia were relatively distinct compared to those produced by the two
other populations (northern Thailand and southern China). A
MANOVA performed on the same F. racemosa VOCs dataset (but
including only those with mean proportion >1%) showed that the
population effect was significant (Wilks’ Lambda: F(18;22) = 3.95;
p = 0.0014). Four VOCs contributed to this interpopulation differ-
ence: bicyclogermacrene, for which relative proportions were
significantly different in bouquets of the Thai population com-
pared to those of both Chinese and Indian populations, and trans-
b-ocimene, cis-b-ocimene and cis-3-hexenyl acetate, for all of
which relative proportions were significantly different between
scents of Indian figs and those of both Thai and Chinese popula-
tions (see Table 2). The last of these compounds was totally absent,

or present in very low quantity, in bouquets from Thai and Chinese
populations but present in scents of most F. racemosa individuals
from Indian populations. This is quite surprising since this com-
pound, a typical green leaf volatile, is known in other plants to
be induced by damage from herbivory (Pichersky and Gershenzon,
2002), and to act as a repellent against herbivores or as a parasitoid
attractant. For F. racemosa, the significant differences between
scents of receptive figs from Indian populations and those of figs
from populations in the two other Asian regions sampled also re-
sulted from the variation of trans-b-ocimene. This volatile com-
pound is present in lower proportion in the bouquets from the
Indian population than in bouquets from populations of the two
other regions. Interestingly, quantities of the isomer cis-b-ocimene
varied in a similar manner. Consequently, selection on one of these
compounds as part of the signal also acts on the presence (and
quantity) of the second one. The much higher proportion of
trans-b-ocimene in the bouquets might mean that selection is act-
ing principally on this compound, or alternatively might simply re-
flect the chemical instability of cis-b-ocimene. In fact, most
documented cases suggest a 10:1 ratio or more of trans:cis isomers
in floral scents (Arimura et al., 2004; Flamini et al., 2004). Bicyclog-
ermacrene is the only VOC showing significant differences in pro-
portion between the fig bouquets from the Thai population and
those of populations from the two other Asian regions. Despite this
last difference, globally, scents of receptive figs from Chinese and
Thai populations of F. racemosa were not significantly different
(Wilks’ Lambda: F(9;6) = 3.49; p = 0.0709).

In the case of the second species, F. hispida, the PCA performed on
the relative contribution of the different compounds in scents emit-
ted by receptive figs (Fig. 1c) shows that the VOCs emitted by figs
from both Indian populations were relatively similar, and could be
separated from the VOCS emitted by figs of the population from
South China. A MANOVA performed on the same VOCs dataset
(but including only compounds with mean proportion >1%)
showed that the population effect was significant (Wilks’ Lambda:
F(22;12) = 11.72; p < 0.0001). This result is explained by the signifi-
cantly different proportions of four compounds [trans-b-farnesene,
b-sesquiphellandrene, d-cadinene and germacrene A] between
scents of Chinese F. hispida and those of both Indian populations
(see Table 3). Surprisingly, three compounds (a-pinene, c-terpinene
and limonene) showed significantly different proportions between
fig scents of one Indian population (India A, Agumbe) and those of
both Indian B (Kudremukh) and Chinese populations, although
scents from the Indian A population are graphically not distinct
from those of the Indian B population (Fig. 1c). An interesting point
here is the contribution of trans-b-farnesene to interpopulation dif-
ferences. This compound is one of the major compounds of the bou-
quet (about 25% for some individuals), although at the same time,
quantities of cis-b-farnesene and (trans,trans)-a-farnesene are very
low. The biosynthesis of these three compounds is linked (Schnee
et al., 2002), and we can thus hypothesize that the presence of
trans-b-farnesene may be highly selected, or, as explained above
for cis-b-ocimene, the quantity of trans-b-farnesene might simply
reflect the chemical instability of cis-b-farnesene. Nevertheless,
the presence of both d-cadinene and germacrene A suggests that
two different pathways (corresponding to two types of initial cycli-
zation reactions of farnesyl cation) are engaged here for the biosyn-
thesis of trans-b-farnesene (Degenhardt et al., 2009), further
supporting the hypothesis that its presence may be highly selected.

2.3. Geographical variation in scents of receptive figs: incipient
allopatric speciation?

These results show that even in an obligate specific mutualism,
where the emitted scent is species-specific, interpopulation varia-
tion can occur at large geographic scales. The mutualistic pollinator

Fig. 2. Mean relative abundances by species and populations of chemical classes of
volatile compounds emitted by Ficus racemosa and F. hispida.
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should be able to adapt to such variation in the species-specific
scent. Consequently, divergence in scent and in pollinator response
to it could lead to allopatric speciation. Indeed, recent studies on
spatial genetic structure of F. racemosa (using microsatellite mark-
ers), are consistent with such a scenario. Indian populations are
genetically distinct from populations of the rest of continental Asia,
whereas within India and within continental Asia, genetic differen-
tiation was very limited (Alvarez et al., 2010). For the wasp pollina-
tor of this species, morphological observations suggest that Indian
wasps are somewhat different from all the others, in contrast to
wasps from the rest of continental Asia which form one genetic en-
tity (Kobmoo et al., 2010). Fewer genetic data are available for dioe-
cious Ficus. However, recent results showed strong isolation by
distance in several dioecious fig species, including F. hispida (Dev
et al., in press), as well as the existence of different species or sub-
species of the pollinating wasp of this species in India and East Asia
(A. Cruaud, unpublished data). Over the wide range of our study, the
Eastern Ghats, for example, might have acted as a physical barrier
that initiated a breakdown in gene flow, and consequently a process
of incipient allopatric speciation (Rajagopalan et al., 1997). In our
case, for both studied species, the major differentiation we observed
is between scents in Indian fig populations and those elsewhere in
Asia. The results of genetic and phylogeographic studies suggest
that geographic barriers (present or past) may have led as well to
the observed discontinuities in scent variation.

Interestingly, our results are very different from those found in
another nursery pollination mutualism where interpopulation var-
iation of scent has been investigated, the Yucca/yucca moth inter-
action (Svensson et al., 2005). These authors demonstrated that
the scents were similar among populations even when pollinators
were different. In another study on scent variation in a nursery pol-
lination system, the case of Trollius and its pollinating flies, Ibanez
et al. (2010) also found some geographical variation of scent, but
with large overlap in scent samples among the populations. How-
ever, in both of these studies, the geographic distances covered are
much lower than in our fig study. Moreover, specificity in these
other nursery pollination systems is less strict than in fig/fig wasp
interactions. Consequently, in both of these studies, pressure for
scent constancy and probability of occurrence of geographical bar-
riers are both lower than in our case.

Alternatively, geographic variation in scent could concern only
compounds not used by the pollinator to localize its host, as has
been shown in Silene latifolia and Salix species (Dötterl et al.,
2005a,b, 2006; Füssel et al., 2007). While genetic data thus provide
strong arguments in favor of incipient speciation in our fig/fig wasp
example, further experiments are necessary to draw conclusions.
GC-EAD tests and coupled behavioral experiments with fig wasps
are necessary to determine whether global fig scent and com-
pounds used as cues by the wasps show a similar pattern of inter-
population variation.

3. Concluding remarks

Our work shows that even in a highly specific obligate mutual-
ism, where the odour emitted by the plant is necessary and pre-
ponderant in its specific partner attraction, the scent can be
constant over large geographical scales, but may vary if geograph-
ical barriers occur. Indeed, these latter may disrupt gene flow,
which could lead to an incipient speciation process. However, geo-
graphic variation in scent within each of the species studied here
remains less than that between species, so that in each population,
specificity with respect to other sympatric fig/pollinator pairs is
preserved. Coupled physiological and behavioral experiments
would enable determining whether the VOCs principally contrib-
uting to geographical differentiation are compounds that actually

contribute to the olfactory signal that pollinators detect and find
attractive, or whether such variation is possible due to plasticity
in the olfactory response of the pollinator.

4. Experimental

4.1. Plant material

We studied the scents of two broadly sympatric Asian Ficus spe-
cies: F. hispida Linnaeus (section Sycocarpus) and F. racemosa Lin-
naeus (section Sycomorus). F. racemosa is pollinated by
Ceratosolen fusciceps Mayr (Chalcidoidea, Agaonidae), and F. hispida
by Ceratosolen solmsi marchali Mayr (Chalcidoidea, Agaonidae),
(http://www.figweb.org). F. hispida, a (gyno)dioecious species, is
a short free-standing fig usually found along streams. F. racemosa,
a monoecious species, is a large tree up to 30 m high that grows
mainly in moist valleys or along rivers. All individuals used were
wild, i.e. non-planted trees. For F. racemosa, Indian samples came
from the campus of the Indian Institute of Science (12�580 N,
77�350 E), Bangalore, Karnataka State, and Thailand samples from
the Khao Yai region (14�240 N, 101�220 E). Both species were sam-
pled from wild populations in Xishuangbanna Tropical Botanical
Garden (XTBG) in Yunnan, China (21�550 N, 101�150 E). For Indian
samples of F. hispida, half were collected in Agumbe, Shimoga Dis-
trict (13�300 N, 75�50 E), and the other half in Kudremukh, Chik-
magalur District of Karnataka state in the Western Ghats of India
(13�150 N, 75�70 E). These two Indian sites are separated by
75 km. In each study site, the availability of trees with figs at the
right stage was often quite low due to variable phenology and
low density of fig trees. This sometimes limited the number of
trees we could sample. We were able to sample the scents from
22 individuals of F. racemosa (6 from India, 5 from China and 11
from Thaïland) and 19 individuals (males only) of F. hispida (6 from
India A (Agumbe), 7 from India B (Kudremukh) and 6 from China).

4.2. Collection of volatiles

To collect the scent of receptive figs, pre-receptive figs were iso-
lated from pollinators using mesh bags. Fig floral stages were esti-
mated by their physical characteristics. For example, an open
ostiole and attraction of pollinators to the outside of the bag are
both signals showing that a fig is receptive.

The scent of receptive figs of both F. hispida and F. racemosa was
collected using the same dynamic headspace technique (Proffit
et al., 2009; Raguso and Pellmyr, 1998). Sampling was conducted
for 3 h, from 12:00 to 15:00, during the peak of odour emission.
Receptive figs were enclosed in a polyethylene terephtalate
(Nalophan�) bag. A glass cartridge (1/400 OD Borosilicate tubing)
filled with 30 mg of Porapak� Q (or Alltech super Q) adsorbent
was connected to the bag. During odour collection, air was passed
through the filter at a rate of 300 ml/min. Air purified with charcoal
cartridges was also blown into the bag (entrance flux: 400 ml/min).
Controls with empty bags were also performed. After collection,
the filter was eluted with 150 ll of dichloromethane and the
extracts were stored at �18 �C.

4.3. Chemical and data analysis

The extracts were analyzed in a CP-3800 (Varian Inc., Palo Alto,
CA) gas chromatograph with an FID detector coupled with a Saturn
2000 mass spectrometer (Varian). For each of both gas chromatog-
raphy (GC) and mass spectrometry (MS), a CP-SIL 8CB low bleed
MS Varian column (30 m, ID 0.25 mm, film thickness 0.25 lm), he-
lium carrier gas (at 1 ml min�1), and injection in a split mode at 1:4
ratio were used. The temperature of the two injectors was 200 �C.
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The oven temperature programme for the analysis was: injection
at 50 �C and maintained at that temperature for 3 min, then
ramped by 3 �C min�1 to 100 �C, by 2.7 �C min�1 to 140 �C, by
2.4 �C min�1 to 180 �C and by 6 �C min�1 to 250 �C. The tempera-
tures of the different parts of the mass spectrometer (transfer-
liner, manifold and trap) were 250, 80 and 170 �C. These analyses
were performed at the ‘‘Plate-Forme d’Analyses Chimiques en
Ecologie’’ (platform for chemical analyses in ecology) of ‘‘IFR 119
Montpellier Environnement Biodiversité’’.

Compound identification was based on matching of the mass
spectra with NIST 98 MS and Adams (2007) and on confirmation
by comparison of RI with libraries and published data (Adams,
2007). Identification of some compounds was confirmed by com-
parison of both mass spectrum and GC retention indices with those
of standards (see Table 1). We used the MS data to identify the
VOCs, and the FID data for their quantification.

For the statistical analysis of the chemical blend, we ran Princi-
pal Component Analysis (PCA, covariance matrix, Stat Box v6.3) to
compare patterns of scent composition of receptive figs between
the two species and among populations. For these multivariate
analyses, we used the relative amounts (percentages) of the com-
pounds which represented at least 1% of the total compound emis-
sion. This restriction is appropriate here, because in mutualisms
such as fig/fig wasp interactions that have undergone long periods
of coevolution, selection pressures should have led to high levels of
signal compounds to facilitate encounter as suggested by Hossaert-
McKey et al. (2010). To confirm or invalidate the results of the PCAs,
we then performed on the same dataset a multivariate analysis of
variance followed by a multiple comparison of means (SAS v9:
manova, proc glm, and LSMEANS with Tukey–Kramer multiple
comparison tests; predictor ‘‘population within species’’). The
MANOVA also included univariate (i.e. sequential) analyses on each
dependent variable (relative amount of each VOC) to test which
compounds contributed to the overall significance of the statistical
analysis (Stevens, 1992). We also analyzed the variation among
populations of mean proportions of compound classes, comparing
populations two by two, by using the nonparametric Wilcoxon test.

For this study, we worked on the relative amounts of VOCs only.
As previously reported (Proffit et al., 2008), even a single species in a
single site may emit a different global amount at different periods of
the year. Variable abiotic constraints among geographical scales,
and at different periods of the year, mean that comparisons between
global amounts of VOCs produced by figs in different sites and at dif-
ferent seasons would not have been relevant for this study.
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