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Abstract. We investigated patterns of volatiles of
several allopatric and sympatric species of the Ophrys
fusca group and one species of the O. mammosa/
sphegodes group pollinated by either Andrena
nigroaenea or A. flavipes, using electrophysiology
(gas chromatography coupled with electroantenno-
graphy; GC-EAD) and chemical analyses. We found
52 GC-EAD active compounds, mainly saturated
and unsaturated hydrocarbons with chain lengths of
21 to 31, aldehydes, an ester, and an acid. Based on
the relative proportions of all GC-EAD active
compounds, the investigated species were compared
using various statistical methods (ANOVA, principle
component analyses, discriminant function analyses
and cluster analyses). Our results show that Ophrys
species with the same pollinator — independent of
their phylogenetic relationship — use the same vola-
tiles for pollinator attraction. Differences between
the species mainly involve different quantitative
patterns of volatiles. Our results are in congruence
with previous studies that showed different odour
bouquets to be responsible for the specific attraction
of different pollinators and that alkanes and alkenes
are most important for pollinator attraction.

Key words: Pollination by sexual deception,
pollinator attraction, floral odour, GC-EAD,
Orchidaceae, Andrena, Ophrys.

Introduction

Sexual deception of male bees is one of the
most remarkable mechanisms of pollination
and is exclusive to the Orchidaceae (Dafni
1984, Ackermann 1986, Nilson 1992). It has
been documented in Australia (Peakall 1990),
South America (van der Pijl and Dodson 1966,
Singer 2002), South Africa (Steiner et al. 1994)
and Europe (Kullenberg 1961, Kullenberg and
Bergstrom 1976, Paulus and Gack 1990a).
Ophrys orchids grow mainly around the Med-
iterranean (Europe, Northern Africa, Middle
East), but are also common in central and
northern Europe (Delforge 2001). They are
pollinated mostly by bees (Andrenidae, An-
thophoridae, Colletidae, Megachilidae, and
Apidae) as well as by predatory and parasitic
wasps (Sphecidae and Scoliidae) and occasion-
ally by beetles (Scarabaeidae, Kullenberg 1961,
1973; Borg-Karlson 1990; Paulus and Gack
1990a).

Ophrys flowers imitate the pollinators’
females in shape, colour and, most impor-
tantly, in scent; males of the pollinating bees
are lured to the flowers by olfactory signals
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and optical cues. Once the male lands on a
flower, close-range semiochemicals elicit sexual
behaviour similar to that released by the
female’s sex-pheromone, and the males try to
copulate with the flower labella (Kullenberg
1961). This phenomenon was first described by
Pouyanne (1917) and is a classical example of
odour communication, which is reasonably
well understood today (Bergstrom 1978;
Schiestl et al. 1999, 2000; Ayasse et al. 2000,
2003). Pollination in Ophrys is usually highly
specific, with only a single pollinating species
visiting each Ophrys species. Only in rare cases
is pollination performed by a few closely
related species (Kullenberg 1961, 1973; Paulus
and Gack 1986, 1990a, 1994). The highly
specific Ophrys—pollinator relationship repre-
sents the main mechanism of reproductive
isolation between the often intercrossable
Ophrys species (Bergstrom 1978, Ehrendorfer
1980, Paulus and Gack 1990a).

The complex species-specific bouquets of
semiochemicals released by Ophrys flowers
often consist of more than 100 different
volatile compounds (Borg-Karlson et al.
1985, 1987; Ayasse et al. 2000). Several inves-
tigations have shown that only certain subsets
of all the compounds produced by Ophrys
flowers are important to release pseudocopu-
latory behaviour in the males (Kullenberg and
Bergstrom 1976; Tengo 1979; Borg-Karlson
1990; Schiestl et al. 1999, 2000; Ayasse et al.
2003). Schiestl et al. (1999) found that only 14
compounds of the Ophrys sphegodes bouquet,
namely alkanes and alkenes, are responsible
for releasing copulation attempts in Andrena
nigroaenea males. These 14 compounds were
found in similar proportions both in extracts
of the O. sphegodes flower labella and in cuticle
surface extracts of virgin pollinator females. In
the orchids O. fusca and O. bilunulata Schiestl
and Ayasse (2002) showed that only slight
differences in the relative proportions of alk-
anes and alkenes induce species-specific attrac-
tion of pollinators, while almost all the
compounds are produced by both species.

In this study, we investigated five species of
the O. fusca-complex (Delforge 2001, Foelsche

and Foelsche 2001). The name O. fusca Link
s.l. was originally used for only one species in
the whole Mediterranean basin, but more
detailed investigations showed that there are
at least 29 species, some of them difficult to
distinguish by morphological traits (Delforge
2001, Paulus 2001). In these species, genetic
isolation is mediated by different pollinator
species. Plants flower in spring and usually
bear two to six flowers.

Many species of the O. fusca-group are
pollinated by males of Andrena bees. A. nigro-
aenea and A. flavipes are two of the most
common species of this genus. Both species
occur sympatrically, and females nest in sandy
soil. A. flavipes is bivoltine with one generation
in spring and a second generation in late
summer (Schmid-Egger and Scheuchl 1997).
In their search for females, males of both species
patrol along typical landmarks and around the
nests of the females (Westrich 1989).

Three of the investigated species, O. bilunu-
lata Risso, O. israelitica Baumann & Kiinkele
and O. africana G. & W. Foelsche, are polli-
nated by A. flavipes Panzer (Paulus 2001).
O. bilunulata was described to occur in the
whole Mediterranean basin, but in the present
literature, it is split into several species
with distinct distributions (Delforge 2001):
0. africana, O. leucadica Renz, O. funerea
Viviani and O. obaesa Lojacono; the name
O. bilunulata is currently only used for plants
that occur in the northwestern Mediterranean
basin (Paulus 1988, 2001). Furthermore,
according to morphometric analyses of the
flowers, O. africana is supposed to be identical
with O. gazella (Tunesia) and O. caesiella
(Malta) (Foelsche and Foelsche 2004). Conse-
quently, all of them should be placed as
geographical subspecies of O. bilunulata.
Unfortunately, the whole Ophrys-systematics
and, above all, nomenclature differ greatly
according to different authors (Renz 1929;
Baumann and Kiinkele 1982, 1986, 1988;
Delforge 2001; Paulus 2001). Two investigated
species, O. fusca and O. sitiaca Paulus, C. & A.
Alibertis are pollinated by A. nigroaenea Kirby
(Paulus 2001). We also investigated O. herae
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Hirth & Spaeth, which is part of the O.
mammosa/sphegodes-group in Greece (Del-
forge 2001). O. herae is pollinated by A.
nigroaenea, but it places the pollinia on the
head of the pollinator, while all species of the
0. fusca-group place their pollinia on the tip of
the bees’” abdomen. Therefore it can co-occur
sympatrically with O. fusca and O. sitiaca
without risk of hybridisation.

Except for two species (Schiestl and Ayasse
2002), it is unknown whether allopatrically
occurring Ophrys species that have the same
pollinator also use the same compounds for
pollinator attraction. Using electrophysiologi-
cal methods in combination with gas-chroma-
tography (GC-EAD), as well as gas
chromatography in combination with mass
spectrometry (GC-MS), we compared the GC-
EAD active volatile signals of allopatrically
and sympatrically occurring Ophrys species
visited by identical pollinator species.

The objectives of this study were to deter-
mine:

1) whether Ophrys species with the same
pollinator use the same volatile compounds in
quantitatively identical blends to attract their
pollinators; 2) how the blends of volatiles differ
among Ophrys species that have different
pollinators; 3) whether the chemical composi-
tion of volatiles can provide information on
the phylogenetic relationship between the spe-
cies in the O. fusca group.

Materials and methods

Sample collection. Ophrys plants were collected at
four different sites (Table 1). Single floral labella

were extracted in either 500 or 1000 pl pentane
(depending on the size of the labellum) for 48 h,
after which the labella were removed and the
extract samples stored in the freezer at —20°C.
Before chemical analyses, the samples were con-
centrated to 70 ul, and 1 pg octadecane (C18) was
added to each sample as internal standard.

Males of A. nigroaenea and A. flavipes were
collected at the Institute of Zoology in Vienna and
near Oberweiden in Lower Austria.

Gas chromatography and Electrophysiology
(GC-EAD). Gas chromatography with electroan-
tennographic detection (GC-EAD) was used to
detect which of the volatile chemicals of the Ophrys
flowers are perceived by the male bee’s antennae.
For each EAD the tip of an excised antenna was cut
off and the antenna mounted between two glass-
electrodes filled with insect ringer. The electrode at
the antenna’s base was grounded via an Ag-AgCl
wire and the electrode at the tip of the antenna was
connected via an amplifier to a signal interface
board (Syntech, Hilversum, Netherlands) of a PC.
One pl of the extract was injected splitless into a gas
chromatograph HP6890 (Hewlett-Packard, Palo
Alto, CA) at 50°C. After 1 min the split valve was
opened and the temperature increased by 10°C
min~! up to 310°C. The GC was equipped with a
DBS capillary column (30m x 0.32mm i.d. J&W)
and a FID, and helium served as the carrier gas. The
effluent was split (variable outlet splitter (SGE,
Darmstadt, Germany); split ratio FID:EAD =1:3)
and the outlet for the EAD was placed in a cleaned
and humidified airflow that was directed over the
male bee’s antenna. The outlet was heated (310°C)
to avoid condensation of the effluent in the cooler
airflow. EAD and FID signals were recorded
simultaneously on a PC running a GC-EAD
program (Syntech, Hilversum, Netherlands).

GC-EAD runs were obtained with O. sitiaca
and O. herae using antennae of A. nigroaenea, and

Table 1. Investigated Ophrys species with their corresponding pollinators, and sample collection

information

Species Pollinator Sample Site Date N
0. fusca A. nigroaenea Majorca Feb. 1998 9

0. sitiaca A. nigroaenea Crete Feb. 2001 15
0. bilunulata A. flavipes Majorca Mar. 1998 13
0. africana A. flavipes Tunisia Feb. 1996 11
0. israelitica A. flavipes Israel Mar. 2001 13
0. herae A. nigroaenea Crete Feb. 2001 13
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with O. israelitica using antennae of A. flavipes. For
each Ophrys species, approximately 10 runs were
performed. EAD peaks were termed “‘active” when
they could be recorded in at least 50 percent of the
runs at exactly the same retention time. GC-EAD
active compounds were identified by performing
GC-EAD runs using reference substances based on
GC-MS analysis (with samples of O. sitiaca and
O. herae). Absolute amounts of the biologically
active compounds were calculated using HP Chem-
Station software (Hewlett-Packard, Palo Alto,
CA). The electrophysiologically active compounds
of O. fusca and O. bilunulata have already been
described by Schiestl and Ayasse (2002).

Gas chromatography (GC). The Ophrys labella
extracts were analysed using a HP5890 Series II
gas-chromatograph (Hewlett-Packard, Palo Alto,
CA), equipped with a DB5 capillary column (30 m
*0.32 mm i.d.) and helium as the carrier gas. One
pl of the sample was injected splitless at 120°C.
After 1 min the split valve was opened and
temperature increased by 4°C min~' up to 290°C.

Structure elucidation of individual compounds
was based on GC-MS analysis (VG70/250 SE
instrument, Vacuum Generators, Manchester, Eng-
land, linked to a HP 5890 gas chromatograph;
condition as mentioned above). Mass spectra were
compared with those reported in the literature (Mc
Lafferty and Stauffer 1989) and gas chromato-
graphic retention times (coinjection) with those of
authentic reference samples. Double bond positions
in unsaturated compounds were assigned according
to Buser et al. (1983) and Dunkelblum et al. (1985).

Statistics. Statistical analyses were conducted
according to Ayasse et al. (2000). To determine
possible differences and similarities between species
or groups of species visited by different pollinators,
we used relative proportions of the GC-EAD active
compounds. Statistical analyses were performed
with arc-sinus transformed data and four datasets,
namely hydrocarbons, alkanes, alkenes/alkadienes
and non-hydrocarbons. To reduce the number of
variables, a principle component analysis (PCA;
varimax rotation) was performed. Resulting prin-
cipal components with an eigenvalue above one
were used for discriminant function analysis
(DFA). Two DFAs were performed for each data
set, one with the Ophrys samples grouped by
species, the other with the samples grouped by
pollinator. The standardized discriminant function
coefficients and the factor loadings after varimax

rotation were used to assess the importance of
individual compounds. We considered a compound
to have a high factor loading if the loading was
above 0.5. Hierarchical cluster analyses (Wards
Method) were calculated with the discriminant
scores. Cluster analyses were performed with group
means of discriminant functions and for separate
samples. Means of relative amounts of alkanes and
alkenes were tested for significant differences with
an ANOVA (Analysis of Variance, Tamhane post
hoc test). All statistics were performed with SPSS
7.5 (SPSS 1997).

Results

Biologically active compounds. We found 46
peaks, comprising 52 chemical compounds, to
be active in the simultaneous recordings of
FID and EAD signals. Some of the samples
were contaminated with silicones. These con-
taminations coeluted with some of the GC-
EAD active peaks (X1, X2, X3, X5, X9, X13,
(Z2)-9-nonacosene) that were, therefore, ex-
cluded from further analyses and not listed in
Table 2. In O. sitiaca we registered 25 peaks
consisting of 28 active compounds (Table 2,
Fig. 1a), in O. herae 31 peaks comprising 37
compounds (Table 2, Fig. 1b). The highest
number of active compounds was found in
0. israelitica, with 39 compounds in 36 peaks
(Table 2, Fig. 1c). Although most of the
electrophysiologically active compounds were
present in all investigated Ophrys species, they
did not always trigger EAD responses. GC-
EAD runs with reference compounds showed
that this was due to the low concentration of
these compounds in the bouquets of certain
investigated species.

The biologically active compounds identi-
fied were mainly hydrocarbons, namely hene-
icosane to heptacosane (C21-C27), alkenes
C25 to C31 showing the double bond at
positions 7, 9, 11 to 14, and alkadienes C27,
C29, and C31 (unknown double-bond posi-
tions). Among the non-hydrocarbons, alde-
hydes (chain lengths 9 to 26) were active, as
were also nonanoic acid and one wax-type
ester, 2-nonyl hexadecanoate (unknown enan-
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tiomeric composition, Table 2). Fourteen elec-
trophysiologically active compounds could not
yet be identified. In all investigated Ophrys
species alkanes and alkenes released the stron-
gest reactions in male antenna (Fig. la—c).
The relative proportions of active alkanes,
alkenes and non-hydrocarbons of all investi-
gated species are shown in Table 2. Alkanes
were dominated by the uneven numbered

A) O. sitiaca (A. nigroaenea) 3

B) O. herae (A. nigroaenea) 3

w

C) O. israelitica (A. flavipes)

=
.2

111

tricosane, pentacosane and heptacosane. Alk-
enes present in the highest proportions in the
samples were (£)-heptacosenes (double bond
positions 13, 12, 11, 9) and nonacosadiene.
Most of the non-active compounds belong
to the same chemical classes as the active
compounds and differences were mainly in the
chain lengths and the double-bond positions
(Ibarra 2002). Further non-active compounds
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have been identified as fatty acids and esters of
fatty acids.

Interspecific variation in the odour bou-
quets. Three principal components (PCs) with
an eigenvalue above one explained 84.4% of
the total matrix variance in alkanes. The first
PC was mainly associated with C23, C25, C26
and C27, the second PC with C22 and C24,
and the third PC with C21.

In the PCA performed with alkenes/alk-
adienes, three PCs with an eigenvalue above
one explained 71.1% of variance. The first PC
was associated with alkenes and alkadienes of
higher carbon chain lengths (C27 and C29),
the second and third PC were mainly linked
with alkenes/alkadienes C25 and C27 (different
double-bond positions than in the first PC).

The PCA based on all hydrocarbons gen-
erated 16 PCs, five of them with an eigenvalue
above one, explaining 81.2% of variance. In
the first PC, three alkanes (C23, C24, and C25)
and four alkenes/alkadienes C27 and C31 had
the major factor loadings. The second PC was
mainly associated with alkenes C27 and C29,
the third PC was associated with C27-diene,
docosane and heptacosadiene. In PC four the
short-chain alkane C21 and alkenes/alkadienes
C25, C27, and C29 had the main factor
loadings. The fifth PC was linked with trico-
sane and hexacosane.

In the non-hydrocarbons, six PCs with an
eigenvalue above one explained 74.0% of the
total variance; 23 PCs were needed to explain
all the variance. The high number of PCs
compared to the other compound classes
indicates a higher variance in non-hydrocar-
bons. Most of the PCs were mainly associated
with aldehydes.

Species-dependent and pollinator-dependent
bouquets of volatiles. A comparison with a
discriminant function analysis (DFA), based
on the factor scores of the PCs for alkanes,
showed significant differences between species.
Of all cases 94.6% (79.9% at cross-validation,
c.v.) were categorized to the correct species by
three significant discriminant functions (DF 1:
x>=242.1, df=15, p<0.001, DF2: x*=134.8,
df=8, p<0.001, DF3: x*=50.0, df=3,

p<0.001). Standardized canonical discrimi-
nant function coefficients and factor scores
showed that PC one and two, representing all
alkanes except heneicosane, were relevant for
separation by species. A further DFA
(x*=82.6, df=3, p<0.001) for separation by
pollinator was significant as well, and the
differences were mainly in the concentrations
of the short-chain alkanes C21, C22, and C24.
93.2% (93.2% at c.v.) of the flowers were
classified correctly according to the pollinating
bee.

In a DFA based on alkenes/alkadienes,
62.2% (52.7% at c.v.) of the cases were
classified to the correct species (DFI:
x*=148.4, df=15, p<0.001, DF2: x*=43.1,
df=8, p<0.001, DF3: x*=6.2, df=3,
p=0.102). In a further DFA (x°=85.2,
df=3, p<0.001), 90.5% (89.2% at c.v.) of
the cases were classified according to the
pollinating bee. Standardized canonical discri-
minant function coefficients and factor scores
showed that the differences between species
visited by different pollinators are based on the
relative amounts of alkenes C27 and C29 and
alkadienes C29 and C31. Therefore, patterns
of alkenes/alkadienes are most important for
separating Ophrys species pollinated by differ-
ent pollinators.

When all hydrocarbons were included to
perform a DFA by species (DF1: x*=319.9,
df=25, p<0.001, DF2: x*=182.5, df=16,
p<0.001, DF3: x*=99.6, df=9, p<0.001,
DF4: x*=26.2, df=4, p<0.001, DF5:
x*=0.3, df=1, p=0.557), 94.6% (90.5% at
c.v.) of all cases were correctly classified. The
first discriminant function explaining 57.8% of
the variance had the highest standardized
canonical discriminant function coefficients
on PCs two and four of the PCA. Therefore,
all alkenes and four alkanes were most impor-
tant for separating the Ophrys species. The
second function explained an additional 21.0%
and had the highest coefficient on PC three of
the PCA. Of all cases 100% (100% at c.v.)
were correctly classified to their pollinator. All
variance was explained by one discriminant
function (x*=134.0, df=5, p<0.001), which
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had the highest coefficients on PCs two and
four of the PCA (same as in the DFA by
species).

A DFA based on the non-hydrocarbons
could classify 89.2% (85.1% at c.v.) of all cases
to the correct Ophrys species (DF1: x> =324.8,
df=30, p<0.001, DF2: x*=179.5, df=20,
p<0.001, DF3: x*=88.2, df=12, p<0.001,

DF4: x*=29.5, df=6, p<0.001, DF5:
x*=114, df=2, p<0.01). Standardized
canonical discriminant function coefficients
and factor scores of the first two discriminant
functions, explaining 84.9% of variance,
showed nearly all found aldehydes to be
important for separating the Ophrys species.
The separation by pollinator was correct at
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<
Fig. 3. Similarity in the patterns of hydrocarbons in
the floral scent among the investigated Ophrys
specimen. We used discriminant function scores to
perform cluster analyses using Ward’s method. In the
underlying DFA samples were grouped by Ophrys
species. Individuals of species with the same pollinat-
ing bee species are grouped together in the two main
clusters. However, two individuals of O. fusca,
although pollinated by A. nigroaenea, are placed in
the cluster of the specimen pollinated by A. flavipes.
Within each cluster, individuals of a single species are
not always completely separated into their own
cluster

In a cluster analysis performed with the
relative proportions of alkanes, based on the
means of discriminant functions, Ophrys spe-
cies with the same pollinator were clustered
neither according to their pollinator nor to the
phylogenetic relationship of the species
(Fig. 2a). In a cluster analysis performed with
relative proportions of alkenes/alkadienes, all
Ophrys species pollinated by the same bee
species were put in the same clusters (Fig. 2b).
Within the cluster of species pollinated by
A. flavipes, O. bilunulata and O. africana, were
placed in a common subcluster. The cluster of
all species pollinated by A. nigroaenea showed
a subcluster containing O. fusca and O. herae.

In a cluster analysis based on all hydrocar-
bons, species were again grouped according to
their pollinators (Fig. 2c). Within the main
cluster containing Ophrys species pollinated by
A. flavipes, O. bilunulata and O. africana were
combined in a common cluster. Among all
A. nigroaenea-pollinated Ophrys species, the
two species belonging to the O. fusca group
formed a single cluster. O. herae, part of the
0. mammosa/sphegodes-group, was placed
separately.

In the dendrogram resulting from a cluster
analysis performed with non-hydrocarbons
(aldehydes, esters, acids) and calculated with
means of discriminant functions for species,
neither the species with the same pollinator nor
the species of the O. fusca-group formed a
common cluster (Fig. 2d). Only the closely
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related species O. bilunulata and O. africana
formed a subcluster.

With the dataset of all hydrocarbons, a
cluster analysis with values of the discriminant
functions for single cases resulted in a dendro-
gram with two main clusters, each containing
almost all cases of Ophrys species with the
same pollinator (Fig. 3).

Only one sample of O. africana was placed
with the samples of Ophrys species pollinated
by A. nigroaenea. Within the main cluster of
Ophrys specimen pollinated by 4. flavipes, all
samples but one of O. israelitica were put in a
single cluster. A further cluster contained all
samples of O. bilunulata and O. africana.
Separation of these two species in subclusters
was not perfect, with four wrongly placed
samples. Within the cluster of A. nigroaenea-
pollinated Ophrys species, the samples of
O. herae formed their own subcluster with
one misplaced sample of O. sitiaca. Some of
the samples of O. sitiaca formed their own
subcluster, while some others were put in a
common cluster with samples of O. fusca.

Discussion

Electrophysiologically active compounds. Some
of the compounds that triggered GC-EAD
responses in the present study have been
shown to be active in earlier investigations
too (all alkanes, six alkenes and two aldehydes;
Schiestl et al. 2000, Schiestl and Ayasse 2002).
In a comparison of electrophysiologically
active compounds in the labella extracts of
0. fusca and O. bilunulata, Schiestl and Ayasse
(2002) found 16 peaks comprising 19 com-
pounds, while here we registered 46 peaks
comprising 52 chemical compounds. One
reason for the higher number of compounds
might be the higher number of Ophrys species
included in our analyses. An alternative expla-
nation, however, could be the improved EAD
technique we used. As a consequence of
employing a variable outlet splitter and direct-
ing a large part of the compounds onto
the antennae, we found a higher intensity in
the EAD responses. Furthermore, we used

make-up gas to direct the volatiles to the
antennae. This results in less peak broadening
and in a reduction in both residence time and
condensation of compounds in the transfer
line. This yields sharper and more intense
EAD peaks (Schiestl and Marion-Poll 2002).

In comparison to former investigations
(Schiestl and Ayasse 2002), we did not find
farnesol and farnesyl hexanoate in our sam-
ples. Both compounds were found to be
produced by pollinated flowers of O. spheg-
odes. Bioassays showed a repellent effect on
Andrena males, whereby they guide pollinators
away from pollinated flowers of an inflores-
cence (Schiestl and Ayasse 2001). However, the
floral scents we investigated were collected
from unpollinated flowers, which in O. spheg-
odes produce farnesol and farnesyl hexanoate
only in trace amounts (Schiestl and Ayasse
2001). Furthermore, it has not yet been studied
whether the species we investigated here also
produce farnesol and farnesyl hexanoate after
pollination like O. sphegodes.

Compounds important for pollinator attrac-
tion. In certain species of Andrena bees, alk-
anes and alkenes are most important for
eliciting mating behaviour in males (Schiestl
et al. 1999, Ayasse et al. 2001) and conse-
quently are used by Ophrys flowers to attract
Andrena males for pollination (Schiestl et al.
1999, 2000). Furthermore, it has been found
that different species of Ophrys pollinated by
different bee species attract their pollinators by
different patterns of more or less the same
hydrocarbons and not by qualitatively differ-
ent volatiles (Schiestl and Ayasse 2002). Our
results here support these findings in the
following ways: 1) Alkanes and alkenes in
Ophrys species that have the same pollinator
occurred in very similar proportions, and the
same hydrocarbons triggered receptor poten-
tials in the male antennae. Furthermore, the
antennae of both investigated pollinator spe-
cies, A. nigroaenea and A. flavipes, showed
reactions to most of the odour compounds.
Only three alkenes in the samples of O. israeli-
tica that were EAD active on the antennae of
A. flavipes did not release EAD signals in
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antennae of A. migroaenea. 2) In the DFA
performed with hydrocarbons, there was a
highly significant separation of plant speci-
mens grouped by the pollinators and all cases
were correctly classified to their pollinating
species. 3) In a cluster analysis performed with
the GC-EAD active non-hydrocarbons (alde-
hydes, ester, acid), neither species with the
same pollinator nor species of the O. fusca-
group formed a common cluster (Fig. 2d).
Non-hydrocarbons may have a function in
influencing flower visitation behaviour in order
to increase the reproductive success of a plant,
as was shown in previous studies for O. spheg-
odes (Ayasse et al. 2000), which is also
pollinated by males of A. nigroaenea.

However, one question that remains is which
of these hydrocarbons are most important for
pollinator-specific attraction? According to our
investigations, the patterns of alkenes were
almost identical in all species with the same
pollinator, and differed in species with different
pollinators, indicating their importance for pol-
linator attraction. This hypothesis is supported
by former investigations (Schiestl et al. 2000). In
bioassays performed with synthetic mixtures,
the alkenes elicited copulation attempts in males
of A. nigroaenea, whereas alkanes stimulated
less intense reactions like approaches towards
odour impregnated dummies.

The standardized canonical discriminant
function coeflicients and factor scores of the
DFA can be used to assess the importance of
individual compounds in separating Ophrys
species by pollinators. A high importance of a
single hydrocarbon would show this hydrocar-
bon to be pollinator specific. Accordingly we
found saturated and unsaturated hydrocar-
bons C24 to C27 to play a key role in the
statistical separation of Ophrys by pollinator.
Whether these hydrocarbons are decisive in
species-specific attraction of the different poll-
inators remains to be proven in bioassays.

Phylogenetic relationship and convergent
evolution of pollinator attracting scent. There
are several cases of sympatrically and allopat-
rically occurring Ophrys species with the same
pollinators (Paulus and Gack 1990a, Paulus

2001). However, it is unclear so far whether
these Ophrys species attract pollinating males
with identical compounds, and whether this
represents a convergent evolution of pollina-
tor attracting scent or is a result of the
phylogenetic relationship. The solvent extracts
of O. fusca, O. sitiaca and O. herae, all
pollinated by A. nigroaenea, contained the
same alkanes and alkenes in almost identical
bouquets and released the same response in
the male antennae. In our cluster analyses
performed with GC-EAD active hydrocarbons
or alkenes, O. fusca, O. sitiaca and O. herae
always formed a common cluster, although
O. herae belongs to the O. mammosa/spheg-
odes -group and is therefore less related to
O. fusca and O. sitiaca than for example
O. bilunulata and O. israelitica (Bateman 2001,
Soliva et al. 2001).

According to current systematics (Delforge
2001), all species of the O. fusca group should
have been placed within one cluster, indepen-
dent from the pollinating bee species. Even in
our cluster analyses performed with non-
hydrocarbons that do not have a function in
pollinator attraction (Ayasse et al. 2000), the
results were not in accordance with the phy-
logenetic relationship. Our cluster analyses
based on hydrocarbons or alkenes showed
that the similarity of floral scent is in congru-
ence with the pollinator species and not with
the phylogenetic relationship. Therefore, we
postulate a convergent evolution of pollinator-
attracting scent as was found in the case of
0. sphegodes and O. fusca (Schiestl et al. 2000,
Schiestl and Ayasse 2002).

Because of this convergent evolution, che-
motaxonomic investigations within the genus
Ophrys should be preferably performed with
floral volatiles that are not GC-EAD active
and that do not have a function in pollinator
attraction. Otherwise, the similarity of species
would be dependent on their pollinator and is
not based on the genetic similarity of species.

Hybrid origin of Ophrys species. A prezyg-
otic isolation mechanism based on the selective
attraction of males of only one pollinator
species prevents pollen loss and increases
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reproductive success (Ayasse et al. 2000). The
investigations by Schiestl and Ayasse (2002)
showed that changes in the relative propor-
tions of only a few compounds may be
sufficient to attract a new pollinator species,
which could lead to the sympatric formation of
a new species (Paulus and Gack 1990a) or to
hybridisation, which may be another mecha-
nism initiating speciation. Within the genus
Ophrys, hybrid populations are well known
and have been frequently described (Ehren-
dorfer 1980). For several species within the
O. fusca-group a hybridogenic or introgressive
origin has been proposed (Paulus 1988, Paulus
and Gack 1990b), one of these is O. sitiaca,
which was included in our study.

Ophrys sitiaca is endemic to Crete and
other eastern Aegean islands and, according
to Paulus (1988), the plants resemble an
intermediate between O. omegaifera and
O. fusca. On Crete, O. omegaifera occurs in
sympatry with O. sitiaca, while the possible
second parental species, O. fusca, does not
occur there. Consequently O. fusca may have
been displaced by O. sitiaca. In the cluster
analyses based on all hydrocarbons, all but
one specimen of O. sitiaca and O. fusca were
placed in the same cluster (Fig. 3). Further-
more, our confusion matrix of the DFA
indicated that one specimen of O. fusca should
be placed in the group of O. sitiaca, and two
specimens of O. sitiaca should be placed with
O. fusca. There are two possible explanations
for these patterns: 1) The similarity we found
in the floral scent of O. fusca and O. sitiaca is
based on a hybrid origin of O. sitiaca, and the
two specimen have genes in common that are
involved in the synthesis of the investigated
scents. 2) The similarity in floral scent is based
on convergent evolution of the odour signals
responsible for attracting A. nigroaenea males.
We prefer the first explanation, because O. sit-
iaca shows morphological traits and colour-
ation of both parental species. Only an
analysis using neutral genetic markers (Soliva
et al. 2000, 2001; Soliva and Widmer 2003)
could verify a hybrid origin of O. sitiaca.
However, it is so far not known to what

extend neutral genotypic and phenotypic var-
iation in floral scent is correlated in orchid
populations.

Conclusion and future investigations. Our
investigations have shown that allopatric and
sympatric Ophrys species with the same polli-
nator — independent of their phylogenetic
relationship — use the same volatiles in very
similar proportions for pollinator attraction.
Therefore, the odour bouquet of an Ophrys
species is under pollinator mediated stabilising
selection and quantitative differences in scent
between species with the same pollinator are
probably driven by selection rather then
genetic drift. Negative frequency dependent
selection in response to odour learning in
deceptive systems may favour variability of the
pollinator attracting signal within orchid pop-
ulations (Moya and Ackermann 1993, Ayasse
et al. 2000, Gigord et al. 2001) and Ayasse
et al. (2000) found considerable odour varia-
tion within O. sphegodes populations. This
variation may cause hybridisation and specia-
tion, if the odour might by chance resemble the
sex pheromone of another species. Hybrids
that attract a new pollinator that is not
attracted by the parental species would suc-
cessfully reproduce, being reproductively iso-
lated from other sympatrically occurring
plants, and the new odour would be estab-
lished by stabilising selection. To answer the
question of speciation by hybridisation, anal-
yses of floral scent and plant material from the
same individuals are needed to answer the
issue of hybrid occurrence. In conclusion,
future investigations with molecular tech-
niques and chemical analyses in combination
with behavioural experiments and electrophys-
iology will help to clarify the potential hybrid
origin of Ophrys populations and may dem-
onstrate processes of sympatric speciation.
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