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Pollinator-mediated selection has been suggested to play a major role for the origin and maintenance of the species diversity in
orchids. Sexually deceptive orchids are one of the prime examples for rapid, pollinator-mediated plant radiations, with many
species showing little genetic differentiation, lack of postzygotic barriers, but strong prezygotic reproductive isolation. These
orchids mimic mating signals of female insects and employ male insects as pollinators. This kind of sexual mimicry leads to
highly specialised pollination and provides a good system for investigating the process of pollinator-driven speciation. Here,
we summarise the knowledge of key processes of speciation in this group of orchids and conduct a meta-analysis on traits that
contribute to species differentiation, and thus potentially to speciation. Our study suggests that pollinator shift through changes
in floral scent is predominant among closely related species in sexually deceptive orchids. Such shifts can provide a mechanism for
pollinator-driven speciation in plants, if the resulting floral isolation is strong. Furthermore, changes in floral scent in these orchids
are likely controlled by few genes. Together these factors suggest speciation in sexually deceptive orchids may happen rapidly and

even in sympatry, which may explain the remarkable species diversity observed in this plant group.

1. Introduction

The species diversity in the orchid family is extraordinary.
There are more than 20 000 species in the orchid family [1],
representing about 10 percent of angiosperm species. The
remarkable floral forms found among orchids have always
fascinated botanists and evolutionary biologists. Orchid
species richness and the spectacular diversity of plant-
pollinator interactions provide an exceptional opportunity
for the study of pollinator-driven speciation. There is more
and more evidence suggesting that pollinators play a major
role in the generation of novel floral forms and the mainte-
nance of species diversity in orchids [2, 3]. Sexually deceptive
orchids are particularly suitable for investigating pollinator-
driven speciation, because of their specialised pollination
system. Here, using sexually deceptive orchids as examples,
we systematically review what is known about the process
of pollinator-driven speciation, examine the key factors that
are essential for speciation processes, and discuss the possible
modes of speciation in this orchid pollination system. In
particular, we focus on the scenario of ecological speciation
with gene flow.

Many theoretical analyses have suggested that three
factors are of major importance in the process of ecological
speciation: (i) disruptive selection, (ii) the strength of
reproductive isolation, and (iii) the genetic basis of traits
underlying reproductive isolation and traits under natural
selection [4, 5]. For reasons detailed below and discussed
elsewhere [2], nonadaptive speciation is unlikely to play
a major role in the diversification of the well-investigated
genera of sexually deceptive orchids, Ophrys and Chiloglottis.
In this review, we therefore focus on these three factors in
sexually deceptive orchids.

2. Sexually Deceptive Orchids

Pollination by deception is very common in orchids (about
one third of orchids are deceptive) [1, 6], with sexual
deception as an especially intriguing variety. Sexually decep-
tive orchids mimic the mating signals of female insects
and employ male insects as pollinators, inducing them to
engage in mating behaviour and pseudocopulation [7-9].
The chemical mimicry of sex pheromones of pollinator



females has been suggested to play a major role in this
process [8—13]. Because insect mating signals are usually very
specific [14], pollinator attraction by sexual deception is also
very specific, each orchid only attracting one or very few
insect species [15—17]. This specific pollinator attraction can
therefore act as a reproductive barrier and prevent gene flow
among species [7, 17-22].

Pollination by sexual deception is mostly found in
orchids from Australia, Europe, South Africa, and South
America [23-27]. However, sexual deception has recently
been reported for the daisy Gorteria diffusa, the first
confirmed case outside of Orchideceae [28], indicating
that this pollination mechanism may be more common
than previously thought [29]. Among the different sex-
ually deceptive orchids, the two best-studied genera are
Chiloglottis (Diurideae) in Australia, and Ophrys (Orchideae)
in Europe. In Chiloglottis, there are more than 30 species
that are pollinated mostly by thynnine wasps of the genus
Neozeleboria [15, 30-32]. In Ophrys, most of the more than
200 species are pollinated by species representing different
genera of solitary bees, while a few species are pollinated by
species of solitary wasps, flies, and beetles [17, 33, 34].

Although sexually deceptive orchids have been suggested
to be a spectacular example of ecological speciation (with or
without gene flow), few studies have systematically investi-
gated key factors like selection and reproductive isolation.
Instead, most studies have focused on mechanistic aspects of
floral mimicry [8, 9, 35] or phylogenetic patterns [36, 37].
Here, we critically review the process of ecological speciation
with gene flow for two orchid systems with sexual mimicry.
Additionally, we conduct a meta-analysis focusing on traits
that differ among closely related orchid species. For our
meta-study, we extracted and combined data from previous
studies on orchid phylogeny [22, 37], pollinator informa-
tion [34], and phenotypic traits [33, 38]. We considered
only species for which all three types of information is
available. Pairwise species comparisons of phenotypic traits
and geographic distribution [33, 38] within monophyletic
groups, both within Ophrys and Chiloglottis [22, 37], were
performed, because reproductive isolation and selection is
required to prevent gene flow within these groups. Since
the potential for speciation through hybridisation has been
reviewed previously [35], we will not discuss this aspect here.

3. Pollinator-Mediated Selection in
Sexually Deceptive Orchids

In angiosperms, floral and species diversity is thought to be
driven by pollinator-mediated selection because of pollen
limitation [39]. Pollen limitation has been shown in most
flowering plants [3, 39-42]. In orchids, many pollination
studies suggest that pollen limitation is widespread in the
whole family [24, 43—45]. This is especially true for deceptive
orchids [46], because pollinator learning may reduce polli-
nator visitation [47, 48]. Therefore, pollinators can impose
strong selection on floral traits by mediating reproductive
success and outcrossing [49]. Since morphology, sensory
preferences, and behaviour differ among pollinator insects,

International Journal of Ecology

selection imposed by them may lead to different adaptations
[21, 49-51]. Floral traits involved in plant-pollinator inter-
actions, such as phenology, scent, colour, and morphology,
are likely under pollinator-mediated selection, since they
are directly associated with pollination success (Figure 1)
[2]. However, only one study has hitherto quantified pheno-
typic selection in a sexually deceptive orchid [52]. Another
interesting yet noninvestigated aspect is density-dependent
selection, a potential driver of pollinator shifts in this
group of plants. Below, we summarise the traits likely
under selection and highlight important targets for future
investigations.

Pollinator-mediated selection on floral phenology can be
seen as the need for synchronisation between flowering time
and emergence time of pollinators [23, 48]. Because of their
pollinators’ ability to learn to avoid deceptive flowers [53],
most sexually deceptive orchids are probably predominantly
pollinated by naive male insects [54]. This may impose
strong selection on the flowering time of orchids. In other
words, the flowering time of different orchid species can be
regarded as an adaptation to the optimal time of pollinator
activity. From our meta-study, about 8-10% of closely
related species pairs of sexually deceptive orchids did not
overlap in floral phenology (counted from Table S1 available
online at doi:10.1155/2012/285081), suggesting disruptive
selection on floral phenology among closely related orchid
species. However, most species pairs do overlap in flowering
time, the average degree of flowering time overlap being 59%
and 47%, in Ophrys and Chiloglottis, respectively (Table 1).

In most sexually deceptive orchids, floral scent, which
mimics the sex pheromones of female pollinators, has been
suggested to be the main attractant of pollinators [8, 9,
20]; it is therefore likely to be under pollinator-mediated
selection. Indeed, in both Ophrys and Chiloglottis, floral scent
composition is driven towards their pollinators’ preferences
in both quantity and quality [8, 9, 11-13, 15, 20, 55].
Furthermore, direct scent manipulation experiments showed
that changing floral scent can dramatically reduce or increase
pollinator visitation ([22] and Xu et al. unpublished data).
Selection on floral scent is likely to be divergent among
closely related species, which attract different pollinators
with different floral scent compositions. In Chiloglottis, 95%
of closely related species pairs produce a different type of flo-
ral scent and are pollinated by different pollinators (Table 1).
The same is true for Ophrys, where 98% of closely related
species pairs attract different pollinators (Table 1), most
likely by the use of different floral odour bouquets [12, 17—
20, 55-59].

Despite the importance of floral scent, floral colour
and/or floral display may also play a role for effective pol-
linator visitation. In many species of Ophrys and Chiloglottis,
the floral labellum (a modified petal) resembles the visual
pattern of pollinator females, indicating that pollinators
may use this visual signal to locate the flowers at short
distance [38, 48]. Although it appears different to human
eyes, the labellum of the Australian sexually deceptive
orchid Cryptostylis is effectively identical in coloration to its
pollinator females [60]. Many Ophrys labella may mimic the
wings of a pollinator female with their shiny surface [16].
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FIGURE 1: Summary of floral traits involved in plant-pollinator interaction. The left flow-chart shows the sequence of floral traits involved
in pollination, whereas the right side shows the divergence of these traits between closely related species pairs in sexually deceptive orchids.
Dark squares refer to Ophrys; grey squares to Chiloglottis. Floral trait data were extracted from Table 1 and Table S1; error bars represent
standard error.

TaBLE 1: Summary of comparisons of floral traits, distribution, and pollinators among closely related species pairs in Ophrys and Chiloglottis.
Data on floral labellum, flowering time, and altitude range distribution are presented as mean (+ standard deviation). Data on distribution,

floral scent, and pollinators are presented as mean value.

Number of Overlap in labellum Overlap in Overlap in habitat: Overlap in Overlap in floral ~ Overlap in
Genus species-pairs length (%) flowering time (%) Altitude (%) habitat: Area (%) scent (%) pollinators (%)

compared [33, 38] (33, 38] (33, 38] [33, 38] [22] [34]
Ophrys 213 42.6 (+31.7) 59.0 (+31.2) 83.0 (+19.2) 53 N/A 2
Chiloglottis 38 429 (+32.1) 47.4 (+34.6) 35.1 (+32.5) 74 5 6

In long-horned bee-pollinated Ophrys species, the perianth
colour and/or contrast with background can affect the short-
range detectability of Ophrys flowers to their pollinators [61—
63]. However, this does not appear to be the case in a Colletes
cunicularius-pollinated Ophrys species [57], suggesting that
the role of colour and/or display on pollinator attraction may
vary among different pollinators and visual systems. In our
metastudy, we did not include floral colour, because most
descriptions of floral coloration are based on observations
by human eyes and not on insect vision models.

After the pollinator has landed on a flower, floral
morphology such as labellum shape, size, and texture may
have a strong influence on pollinator behaviour. In orchids,
precisely removing and delivering pollinia is highly depen-
dent on the match of shape and/or size of the pollinators’
body and the floral labellum [48]. The significant correlation
between pollinator body length and labellum length found
in different Ophrys species clearly suggests that pollinator-
mediated selection on floral labellum size is strong [48,
52, 64]. Selection imposed on floral labellum size may



be disruptive, since the body size of pollinators may vary
considerably from each other. Indeed, the average overlap
in floral labellum length among closely related species is
only 43% in both Ophrys and Chiloglottis (Table 1), which
suggests divergent selection on floral labellum size among
closely related species.

4. Reproductive Isolation in
Sexually Deceptive Orchids

Reproductive isolation among closely related sexually decep-
tive orchid species is mainly due to floral isolation, a form
of pollinator-mediated prepollination reproductive isolation,
while the postpollination reproductive barriers tend to be
effectively absent or weak [21, 49] (but see [13]). For
example, the closely related sympatric species O. exaltata,
O. garganica, and O. sphegodes attract different solitary
bees, Colletes cunicularius, Andrena pilipes, and Andrena
nigroaenea, respectively, and the lack of pollinator sharing
leads to a highly effective barrier to gene flow in this case,
although interspecies hand pollination experiments yielded
normal seed set [18]. Interestingly, this apparent lack of
postpollination reproductive barriers appears to be common
in both Ophrys and Chiloglottis [22, 65, 66].

Since reproductive isolation in sexually deceptive orchids
is mainly (if not only) mediated by floral isolation, the
strength and stability of floral isolation are critical for
pollinator-driven speciation. Although the hypothesis that
floral isolation may effectively prevent gene flow between
closely related species and thus drive speciation was already
suggested halfa century ago [16, 67], it was only recently that
the strength of floral isolation was quantitatively measured
in situ between species of the O. sphegodes group [18]. The
results indicated that floral isolation among closely related
species is very strong, with an isolation index higher than
0.98 [18]; a similar pattern was also found in another,
unrelated Ophrys group (Gervasi and Schiestl, unpublished
data), indicating that strong floral isolation is probably
common in Ophrys. In Chiloglottis, pollinator behavioural
tests on several sympatric species in different populations
showed no cross-attraction, likewise suggesting strong floral
isolation in this system [30, 66]. Furthermore, population
genetic studies in both Ophrys and Chiloglottis suggest that
floral isolation can effectively prevent gene flow between
species in sympatry [18, 19, 66, 68—70].

Other studies based on genetic and phylogenetic analysis
showed low genetic divergence among species in Ophrys and
concluded that floral isolation might not be strong enough
to prevent gene flow between species in sympatry [37, 71,
72]. However, low genetic divergence among species can be
explained by different scenarios, such as recent radiations
resulting in the retention of ancestral polymorphism [70].
Therefore, low genetic divergence among species cannot be
taken as strong evidence of weak floral isolation per se.
For a better understanding of the strength and variability
of floral isolation, in situ measurements of floral isolation
or systematic pollinator preference tests in more groups
and populations over several years, or rigorous tests for
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hybridisation using molecular markers, are needed [73].
Furthermore, studies comparing neutral markers versus
markers under disruptive selection will be important to shed
light on the detailed mechanisms of speciation.

Floral isolation among closely related species of sexually
deceptive orchids is either due to different pollinator attrac-
tion (ethological isolation) or different floral phenology
(temporal isolation). Although mechanical isolation among
species of the Ophrys sections Pseudophrys and Ophrys is
evident [67, 74, 75], these groups are not closely related to
each other and thus mechanical (morphological) isolation
is unlikely to play an important role in their radiation
(see discussion below). The key trait involved in ethological
isolation is floral scent [21, 22, 56].

Ophrys flowers produce a complex mixture of more
than 100 chemical compounds. Among these compounds,
saturated and unsaturated hydrocarbons, that is, alkanes and
alkenes, are responsible for pollinator attraction in many
species [9, 11, 12, 18, 76]. Their specificity is due to quantita-
tive variation in various alkenes with different double-bond
positions and carbon chain lengths [9, 18, 19, 76, 77]. How-
ever, there are also some Ophrys species that employ only
a few unusual chemical compounds for specific pollinator
attraction. For example, in O. speculum, pollinator attraction
can be achieved by the mixture of only eight compounds,
in which two enantiomers of 9-hydroxydecanoic acid act
as key substances [78]. Such signalling with few, specific
chemical compounds is more common in Chiloglottis. Here,
specific pollinator attraction is achieved by a single unusual
compound (called “chiloglottone”) [8] or simple blends of
chemically related chiloglottones [8, 22].

Besides floral scent, floral phenology and floral mor-
phology may also play a role in floral isolation among
closely related species. Some species pairs show no overlap
in flowering time in sympatry, (e.g., O. iricolor and O.
mesaritica on Crete [69, 79]). Among such species pairs,
floral phenology may act as a strong reproductive barrier.
However, as most closely related species pairs (~90%) of
sexually deceptive orchids do overlap in their flowering times
to a certain degree, floral phenology alone is usually not the
primary reproductive barrier. Differences in floral labellum
length between closely related species pairs may contribute
to mechanical reproductive isolation as well. However, due
to pollinator movements during mating attempts, variation
in labellum morphology alone might not provide a strong
barrier to gene flow. To better understand the evolutionary
patterns of the respective reproductive barriers in sexually
deceptive orchids, direct quantitative measurements of the
contributions of different floral traits to reproductive isola-
tion are needed.

5. The Genetic Basis of Reproductive
“Barrier Traits” that Are under Pollinator-
Mediated Divergent Selection

Understanding the genetic basis and complexity of divergent
traits involved in reproductive isolation is important for
understanding the process of pollinator-driven speciation,
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since they basically constitute “automatic magic traits” [80].
Flowering time and flower morphology are likely to be com-
plex genetic traits controlled by multilayered developmental
genetic pathways that are still poorly understood in orchids
[81]. Floral odour and coloration are likely formed by
biosynthetic pathways that appear to be relatively conserved
[21, 81]. In both Ophrys and Chiloglottis, the pollinator-
attractive scent compounds are probably derived from fatty
acid intermediates [35, 77, 82]. Scent is a key trait for specific
pollinator attraction and thus may be both important for
reproductive isolation and subject to divergent selection, as
changes in scent may directly cause pollinator shifts.

The number of genes underlying species differences in
flower colour and odour has been suggested to be low [21].
For example, pollinator specificity among some species of
Ophrys is linked to the double-bond position in a series
of straight-chain alkenes, the bioactive pseudopheromone
produced by the plants [18, 19]. The alkenes are likely
synthesised from few saturated (e.g., Cj6 and C;s) fatty acids,
and the introduction of the double-bond in these precursor
compounds by stearoyl-ACP desaturase (SAD) enzymes
is thought to lead to an orchestrated change in double-
bond position in the downstream biosynthetic products
[77]. Indeed, the alkene double-bond position in different
Ophrys species is associated with changes in expression
and possibly also activity of desaturases. For example,
higher expression levels of SAD2 lead to the presence of
higher amounts of 9- and 12-alkenes in Ophrys sphegodes
[77]. Likewise, in sexually deceptive orchids with simple
bioactive volatile chemistry such as Chiloglottis, a simple
genetic basis underlying changes in scents and pollinator
attraction has been hypothesised [22]. This seems especially
plausible since most chiloglottones differ only in minor
chemical modifications of a common structure. Thus, it
seems that changes at few regulatory or structural genes are
likely sufficient for changing traits that lead to changes in
pollinator attraction in sexually deceptive orchids, favouring
the view that changes in only a few genes of large effect rather
than many genes of small effect can make speciation more
likely. It should be noted, however, that although studies of
molecular gene function may support this view, experiments
to quantitatively assess the size of a gene’s phenotypic effect
in the field are necessary to test this hypothesis. For example,
trait manipulation in the field or direct manipulation of gene
expression via virus-induced gene silencing (VIGS) [81, 83]
would allow testing the effect of a candidate gene on plant-
pollinator interactions. Moreover, another caveat is that the
apparent simplicity of a candidate trait based on existing
evidence may be misleading due to the inherent detection
bias of current approaches.

6. The Process of Pollinator-Driven
Speciation in Orchids

A key element of pollinator-driven speciation is that changes
in pollinators are linked to reproductive isolation. While
such pollinator shifts can in principle be brought about by
a wide variety of floral trait changes, the importance of

odour signals for pollinator attraction in sexually deceptive
orchids makes floral scent the prime candidate for mediating
pollinator shifts. Disruptive selection on odour phenotypes
would lead to species divergence following an ecological
speciation process [84, 85]. Since such odour traits may have
a simple genetic basis [21, 22, 77, 81], this may also be a
process of speciation with gene flow (or, “genic speciation”)
[86—88]. Here, divergence occurs in spite of gene flow,
while selection on a few loci in the genome is responsible
for differences in pollinator attraction among species. The
creation of population subdivision by pollinator-mediated
selection may then lead to a buildup of larger islands of
divergence in the genome brought about by an effective
reduction of recombination, a process termed divergence
hitchhiking [89-91]. At the same time, it should be noted
that many orchid species have not reached the point where
significant postmating barriers have accumulated [18, 65].
Opverall, speciation by pollinator shift in sexually deceptive
orchids may frequently be consistent with ecological specia-
tion processes with gene flow.

The possibility for pollinator shifts is limited by the
local availability of potential pollinators, which is subject to
geographical variation, often referred to as the geographical
pollinator mosaic [3]. The pollinator mosaic provides a route
to allopatric and parapatric divergence scenarios [3], which
are as applicable to sexually deceptive orchids as they are
to other plants. However, unlike in many other pollination
systems, sympatric speciation appears plausible in sexually
deceptive systems [17, 19, 20, 22, 35, 69], the credibility
of which is strengthened by the combination of strong
floral isolation, divergent selection, and possibly a simple
genic basis for species differences in this system. Molecular
data suggesting gene flow among sympatric species (e.g.,
[72]) have been taken as evidence against pollinator-driven
speciation in sympatry [3]. However, (i) it is often difficult
to distinguish between current gene flow and ancestral
polymorphism [92, 93], and (ii) gene flow itself is consistent
with genic and ecological speciation processes [86-88]. This
also highlights the difficulty researchers face to conclusively
demonstrate sympatric speciation, requiring the combined
study of population genetics (or genomics), phylogeny,
biogeography, and data on the strength and genetic basis of
reproductive barriers between sibling species.

Ecological speciation processes with gene flow are not
only consistent with sympatric modes of speciation, but
also the local nature of species divergence implies that spe-
ciation processes may often result in progenitor-derivative
species patterns rather than strict sister species relationships.
Progenitor-derivative speciation (or “quantum speciation”)
denotes the evolution of a new lineage (the derivative)
from a source population (the progenitor) without affecting
the progenitor [94-99]. Since pollinator shifts are not
expected to change pollinator specificity in the source pop-
ulation, progenitor-derivative patterns are a likely outcome
of pollinator-driven speciation in sexually deceptive orchids,
with some genetic data supporting such scenarios [69, 70].
Despite the potential for sympatric and progenitor-derivative
speciation, it remains to be seen whether these modes
of speciation are common in sexually deceptive orchids,



our current knowledge being limited by the resolution of
phylogenetic reconstructions among closely related sexually
deceptive orchids (e.g., [37]).

7. Conclusions and Future Directions

Sexually deceptive orchids provide an exceptional study
system for pollinator-driven speciation in plants. Our critical
review and meta-analysis of traits in closely related sexually
deceptive orchid species pairs suggest that pollinator shifts
through changes in floral traits, especially floral scent, may
be the main mechanism for speciation in this plant group.
Such speciation through pollinator shift may happen rapidly
and even in sympatry, if floral isolation is strong and floral
trait changes are controlled by few genes. Therefore, to
understand the detailed process of speciation in sexually
deceptive orchids, it is necessary to identify the genetic basis
of key floral traits and quantify their contributions to plant-
pollinator interaction. Furthermore, to better understand
the speciation patterns in this plant group, it would be
important to evaluate their likelihood in a theoretical model
under biologically plausible conditions based on empirical
data [100, 101]. Such an integrative theoretical framework
is still missing but is urgently needed to truly understand
pollinator-driven speciation.
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