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e Premise of the study: Most studies on orchid hybrids examine separately the effects of hybridization on interactions with pol-
linators or with mycorrhizal fungi. Here, we simultaneously investigated both interactions in the mediterranean food-deceptive
Orchis simia, O. anthropophora, and their hybrid (O. xbergonii) and tested a possible breakdown of coevolution using a mul-
tidisciplinary approach.

e Methods: We compared leaf growth, seed viability, emitted scent, and mycorrhizal fungi (species and rate of infection) among
these three taxa.

e Key results: We show that leaf surface is greater in adult hybrids than in the parental species, suggesting a heterosis effect for
vegetative growth. We demonstrate that flowers of the two parental species emit well-differentiated bouquets of volatile or-
ganic compounds, while hybrids emit larger quantities, accumulating most compounds of the two parental species. However,
hybrids fail to attract pollinators and have a 10 times lower fruit set. We determined that closely related Tulasnellales are my-
corrhizal in the three taxa, suggesting that the mycorrhizal partner does not impair hybrid survival. We propose an interpreta-
tive model for O. xbergonii compared with its parents.

e Conclusions: In hybrids, carbon resources normally devoted to reproduction may be reallocated to the mycorrhizal symbiosis
as a result of the disruption of the pollination interaction in hybrids. Higher mycorrhizal infection may in turn enhance vegeta-
tive growth and scent emission. Such interplay between the two obligate biotic interactions yields new insights into hybridiza-

tion among orchids.
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Hybridization is a major mechanism in plant evolution (Waser,
2001; Hegarty and Hiscock, 2005). A significant fraction of
flowering plants are of hybrid origin (Ellstrand et al., 1996;
Rieseberg et al., 1999), and at least a quarter of plant species are
involved in hybridization and potential introgression with other
species (Mallet, 2005). Whenever parental and hybrid taxa co-
occur and bloom during overlapping periods, they may share
common pollinators and similar soil preferences, i.e., biotic and
abiotic factors (Arnold, 1997; Waser, 2001; Mallet, 2005;
Cozzolino et al., 2006). Flowering plants possess various repro-
ductive isolation mechanisms, acting before or after pollination
or even in combination (Cozzolino et al., 2004; Moccia et al.,
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2007; Raguso, 2008; Stokl et al., 2008), which limit hybridiza-
tion. For example, divergence in floral traits (different pollina-
tion syndromes) leads to attraction of different pollinators and
hence to reproductive isolation between species such as Iris
spp. (Hodges et al., 1996), Penstemon spp. (Castellanos et al.,
2004), Mimulus spp. (Ramsey et al., 2003), and numerous orchid
species (van der Cingel, 1995; Cozzolino et al., 2004; Moccia
et al., 2007; Stokl et al., 2008).

Orchids, the largest angiosperm family, are well known for
their extraordinary floral diversity associated with exquisite re-
lationships with pollinators, which act as a driving force in their
diversification (Cozzolino and Widmer, 2005). Most orchids
emit characteristic bouquets of volatile compounds, widely
varying among species in their composition. Each orchid spe-
cies has a restricted range of pollinators as result of floral mor-
phology and scent (van der Cingel, 1995; Stokl et al., 2008), a
specificity that contributes to premating isolating mechanisms
between co-occurring orchid species (van der Cingel, 1995;
Waser, 2001; Cozzolino et al., 2004; Scopece et al., 2007). In
the case of most European orchids, extensive observations over
several decades have identified confirmed pollinators, i.e.,
insects acting efficiently as pollen vectors (van der Cingel, 1995;
Schatz, 2006). Although orchids often exhibit strong ecological
isolation for pollination (van der Cingel, 1995; Cozzolino et al.,
2004), hybrids are frequent (Cozzolino and Widmer, 2005).
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Their frequent occurrence in sympatry with parental species
suggests that the latter can share pollen vectors (Schatz, 2006).
More generally, barriers preventing cross-pollination in orchids
are not completely effective (Dafni, 1987; van der Cingel, 1995;
Schatz, 2006), so that prezygotic isolation is not absolute, e.g.,
in the Mediterranean species from the genus Orchis (van der
Cingel, 1995; Aceto et al., 1999; Cozzolino and Widmer, 2005;
Schatz, 2006).

It is a matter of debate whether postzygotic barriers among
orchids are low, especially at stages immediately following fer-
tilization, or high, when considering sterility of F1 hybrids
(Moccia et al., 2007). And it is often unknown whether hybrids
have reduced fitness because their fruit set is rarely quantified.
However, although distribution patterns of orchid hybrids have
not been well studied, most of them do not seem to colonize
novel ecological niches (van der Cingel, 1995; Schatz, 2006;
Moccia et al., 2007), suggesting that they are mainly adapted to
the ecological niche of one or both parental species. In this context,
if parental species display a higher rate of pollination than hybrids,
this difference of fitness should be mainly due to maladaptation
of the hybrid in pollinator attraction. As pointed out in a few
previous studies (Nilsson, 1983; Salzmann et al., 2007; Stokl
et al., 2008), comparisons of the nature and quantity of the emit-
ted scent is one of the main ways of explaining different
degrees of pollinator attraction among hybrids and their parents.

Orchids also strongly depend on another biotic interaction:
throughout their vegetative life, orchids roots obligatorily as-
sociate with soil fungi to form mycorrhizae (Rasmussen, 1995),
which provide them with water, minerals, and sometimes even
organic compounds (Dearlaney, 2007). This symbiosis is required
for germination of orchid seeds, which are devoid of reserves
and receive all nutrients from fungi during early development
(Rasmussen, 1995). Orchid distribution is likely to be limited
by the local absence of their associated fungi (McCormick
et al., 2004). Although the benefits (or costs) of this association
for the fungus are still unclear, mycorrhizal association may be
overlooked in the diversification of orchids (Otero and Flanagan,
2006). Mycorrhizal specificity is often high in orchids, ranging
from a few genera to a single fungal species (McCormick et al.,
2004; Dearlaney, 2007; Shefferson et al., 2008). Hybrids could
display the symbionts of one or both parents or have totally dif-
ferent partners. For hybridizing Caladenia spp., Hollick et al.
(2005) showed that (1) fungi of one or both parents, depending
on the hybrid, can support germination of hybrid seeds, and (2)
these hybrids often associate with fungi genetically different
from those associated with the parents. Hollick et al., (2005)
concluded that these hybrids were thus possibly on pathways to
speciation, but their study did not explicit the level of genetic
divergence between the fungi involved, i.e., whether they are
different species or not. Up to now, no investigation has been
performed on hybrids with low fitness (e.g., due to reduced pol-
lination), whereas mycorrhizal symbiosis can be a source of
maladaptation if the parents have diverging symbiont prefer-
ences. In nonorchids at least, mycorrhizal infection is known to
positively affect plant survival and the number of seeds (Bryla
and Koide, 1990; Nuortila et al., 2004) and to influence visitation
by pollinators by modifying flower number, inflorescence size,
or nectar quantity (Gange and Smith, 2005; Cahill et al., 2008).
Mycorrhizal status may thus influence the fitness of hybrids.

The relative importance of multispecies mutualisms, and es-
pecially the link between aboveground and belowground inter-
actions, has been neglected hitherto (Strauss and Irwin, 2004;
Wolfe et al., 2005). Watermann and Bidartondo (2008) recently

SCHATZ ET AL.— BIOTIC INTERACTIONS OF A HYBRID ORCHID

1279

suggested that combining analyses of both orchids’ associa-
tions may provide greater insights into speciation. Our knowl-
edge of orchid mycorrhizal fungi and of the role of pollinators
in generating orchid diversity has increased greatly in recent
years (Cozzolino et al., 2006; Otero and Flanagan, 2006). Although
accurate assessments of the nature of the pollinator spectrum
and mycorrhizal fungi remain challenging (Watermann and
Bidartondo, 2008), some models may now allow integrated in-
vestigations. Here, we investigate how hybrids cope with their
symbionts, i.e., interact with (1) pollinators required at the re-
productive stage and (2) the mycorrhizal symbionts during veg-
etative life. Hybrid zones, where parental species and hybrids
co-occur (Cozzolino et al., 2006), are highly suitable for ad-
dressing these questions. We investigate here two food-deceptive
(nectarless) species, Orchis simia Lam. and O. anthropophora
L., which hybridize to form O. xbergonii (Nanteuil) Camus
(Fig. 1). Little is known about the identity of mycorrhizal fungi
in Orchis spp. (including the species formerly placed in the
genus Aceras). In vitro cultivation of the fungi identified two
usual taxa of orchid symbionts, Ceratobasidiales and/or Tulas-
nellales (Currah and Sherburne, 1992; Rasmussen, 1995), de-
pending on the species. Recent molecular work has supported
the association of Tulasnellales with O. militaris (Shefferson
et al., 2008) and O. anthropophora (Lievens et al., 2010), but
no data are yet available for O. simia and O. xbergonii. Con-
cerning interactions with flower-visiting insects, Schatz (2006)
established the suite of pollinators for these taxa and demon-
strated that one pollinator (the coleopteran Cidnopus pilosus
Leske [Elateridae]) shared by the two parental species performs
cross-pollination. However, pollination success in hybrids
remains very low, for unknown reasons (Schatz, 2006).

Here we compared the two parental species O. simia, O. an-
thropophora, and their hybrid O. xbergonii at the adult stage.
First, we compared among these taxa leaf growth, as proxy for
vegetative development and carbon availability, as well as seed
viability to determine the existence of a postzygotic barrier in
hybrids. Second, we examined the characteristics of the bouquet
emitted by flowers, to determine whether floral scent variations
can account for the observed differences in pollination rates
among the three taxa. Third, we investigated the identity and
abundance of mycorrhizal associates in hybrids and their parents
to determine whether lack of appropriate fungal symbionts can
alter hybrid viability or scent production.

MATERIALS AND METHODS

Species and study site—We investigated plants of O. simia, O. anthropo-
phora, two deceptive species with nectarless spurs, and their hybrid O. xber-
gonii present in natural populations on the Causse de Blandas plateau
(43°54'46N, 03°30'49E), situated 50 km north of Montpellier, France. Orchis
anthropophora (L.), previously known as Aceras anthropophorum (L.) Aiton
f., belongs to the genus Orchis (Pridgeon et al., 1997; Aceto et al., 1999;
Bateman et al., 2003), as does the other parental species O. simia. Both species
have an Atlantic—Mediterranean distribution (Great Britain to North Africa and
Iran), while the hybrid O. xbergonii has been reported in Central Europe and in
North Africa (Bateman and Farrington, 1987; Menale et al., 1996; Kretzschmar
et al., 2007). Sometimes sympatric, the two species O. simia and O. anthropo-
phora usually occur in patches with 30-200 individuals within a few square
meters (Schatz, 2006). Orchis simia starts opening flowers from the top to the
bottom, whereas O. anthropophora and their hybrid adopt the reverse (and
more classic) order; this difference does not affect the fruit set for the parental
species (Schatz, 2006). Our surveys of populations over 5 years before this
study allowed us to identify individuals with clear parental or hybrid pheno-
types. These three taxa are easily distinguishable (Fig. 1): first, flowers of
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Fig. 1.

Orchis anthropophora, O. xbergonii, and O. simia and their emitted scent. (Left) Discriminant function analysis of scent emitted by the three

taxa. This analysis was based on the relative proportions of volatile compounds in the 21 most abundant compounds emitted by the three taxa. Both
discriminant functions accounted for 99.3% of the total variance. (Right) The three taxa, in a natural situation: O. anthropophora on the left, O. simia in

the center and hybrid on the right.

O. simia are pink, while those of O. anthropophora are yellow-orange with a
purple border, and those of O. xbergonii are intermediate (Bateman and Farrington,
1987; Cozzolino and Aceto, 1994; Bournérias and Prat, 2005; Schatz, 2006;
Kretzschmar et al., 2007). Second, the spur, the “tail” of the labellum and dark
spots on the flowers are all present in O. simia, but absent in O. anthropophora
and intermediate in O. xbergonii (Bateman and Farrington, 1987; Schatz, 2005,
2006). At the study site, O. simia, O. anthropophora, and O. xbergonii displayed
distinct morphologies: they were 24.0 £ 5.6 cm, 23.0 £ 3.2 cm and 36.9 + 8.1
cmin total height; 4.4 £ 1.8 cm, 10.4 £ 2.5 cm and 8.7 £ 3.4 cm in inflorescence
height; and had 22.1 £ 8.2, 60.8 £ 21.8 and 53.0 £ 28.7 flowers, respectively
(mean = SD (SD); N = 20 individuals for each taxon; Schatz [2005]).

Leaf growth comparison—Length and width of leaves were measured for
30 individuals of each parental species and the hybrid in natural conditions (on
five individuals in each of six different populations). For each individual, all
leaves were measured (even those around the stem) and added to obtain the
individual mean of total leaf area. To estimate the area of each leaf, we used the
simple model of a lozenge, i.e., a figure with four equal sides inscribed in the
leaf for which the area corresponds to one-half the product of the maximum
length by the maximum width. We made use of six flowering individuals (those
sampled for the identification of mycorrhizal fungi) to validate this approxima-
tion. All leaves of these six individuals (two individuals for each taxon) were
used to measure their area using an mk2 area meter (Delta-T Devices, Cam-
bridge, UK) as well as to estimate their area by our method of European lozenge
approximation. No significant differences were found among measured and
estimated values (Wilcoxon test W = 23; P = 0.49), indicating that the lozenge
model can reliably approximate the leaf area. Log transformation of mean leaf
area per individual allowed us to obtain a normal distribution (Shapiro test
P =0.24). We then compared the total leaf area among the three taxa (fixed
effect) using an ANOVA (R software v.2.6.2; R Development Core Team,
2008) combined with pairwise Tukey tests for comparison of means.

Seed viability comparison—We also estimated the percentage seed viability
by viewing a sample of the minute transparent seeds (means of 405, 1365, and
1191 seeds per individual were respectively examined for 22 crosses between
two individuals of O. anthropophora, 12 crosses within O. xbergonii and 33

crosses within O. simia), produced by intraspecific hand pollination. The fruit
pods were collected 5 wk after hand pollination and dried and the seeds were
extracted. Seeds were subsequently examined under an optical microscope with
100x magnification and assigned to two mutually exclusive categories: viable
seed with one large embryo or nonviable seed with deficient embryo (i.e., small
or aborted embryos or no embryo). We analyzed differences in seed viability
between different kinds of crosses using an ANOVA combined with pairwise
Tukey tests.

Collection and analysis of volatile compounds—From randomly chosen
inflorescences in populations in the field, we sampled the volatile compounds
emitted by flowers of eight O. anthropophora plants, 10 O. simia, and 10 O.
xbergonii f. From all plants at the peak of flowering, volatile compounds were
collected by dynamic headspace adsorption. The entire inflorescence was en-
closed in a polyethyleneterephthalate (Nalophan) odor-free bag. Purified air
was blown into the bags at 400 mL-min~' and sucked out at 300 mL-min~!
through a trap containing 30 mg of Alltech SuperQ absorbant (ARS, Gaines-
ville, Florida, USA). The net influx ensured that the system was continuously
purged through the inevitable leaks and that no contaminated outside air would
enter the system. Blanks to check for potential air contamination were collected
in parallel using an empty bag. After 6 h of collection (1000 to 1600 hours), odor
traps were kept at —18°C until analysis. Trapped volatiles were eluted with 150 uL.
of dichloromethane. Two internal standards (nonane and dodecane, each at
200 ng'L~") were added to each sample for gas chromatography. Volatile com-
pounds were analyzed by injection in a CP-8741 gas chromatograph (GC) with a
flame ionization detector and in a gas chromatograph—mass spectrometer (GC-MS)
(Varian CP 5860; Varian, Palo Alto, California, USA). For both analyses an Alltech
(Deerfield, Illinois, USA) Heliflex column EC-1 (30 m, ID 0.25 mm, film thickness
0.25 um; carrier gas: helium) was used. The injector split vent was opened (1/20).
Oven temperature was programmed to remain at 50°C for 3 min, then increase by
3°C:min~! to 100°C, by 27°C-min~" to 180°C and by 6°C-min~" to 250°C. Compo-
nent identification was based on computer matching of the mass spectra with Wiley
138 and NBS 75 K libraries and on retention indices reported in the literature
(Adams, 2001) and when possible by injection of reference compounds. We con-
sidered here the proportion of individuals in which the compound was detected with
a relative abundance greater than 1% in at least one of the three taxa.
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We estimated the total quantities of volatiles produced by orchids by using
the peak areas of the two internal standards (nonane and dodecane) as a scale.
The relative proportions of the 21 most abundant compounds emitted by the
three taxa were compared using a discriminant function analysis. The standard-
ized discriminant function coefficients were used to assess the differences
among the three taxa (R software v.2.6.2). We then tested the global effect of
taxon on the relative proportion of the different volatile compounds using a
multivariate analysis of variance (MANOVA, PROC GLM, SAS v9, SAS Insti-
tute, Cary, North Carolina, USA) followed by a multiple comparison of means
(Tukey—Kramer multiple comparison tests).

Molecular identification of the mycorrhizal fungi—Mycorrhizal samples
were obtained by harvesting two individuals of each taxon on three occasions
in 2006 to account for phenological variations: 8 February (rosette stage), 3
April (growing shoot), and 10 May (flowering). Summer is a resting period
when the plant only has a globose, rootless tuber (Rasmussen, 1995). Root sys-
tems of these 18 plants were washed thoroughly and thin root sections were
observed under a light microscope to check for mycorrhizal infection. Up to
12.5 mm long root mycorrhizal fragments were harvested per plant (in some
cases, small size of the root system or low infection intensity limited the num-
ber of samples). The 190 resulting samples were kept at —80°C before molecu-
lar analysis. DNA extraction was carried out using the DNeasy Plant Mini Kit
(Qiagen S.A., Courtaboeuf, France), according to the manufacturer’s advice.
The DNA was recovered in 100 pL of distilled water. To identify the fungus,
we amplified the fungal intergenic transcribed spacer (ITS, encompassing the
ITS1, 5.8S, and ITS2 sequences) using three primer sets: ITSIF+ITS4 and
ITS1F+ITS4B (which amplify respectively most fungi and most Basidiomy-
cota [Gardes and Bruns, 1993]), and ITS1-ITS4Tul (ITS4Tul, 5'-CCGCCA-
GATTCACACATTGA-3', is specific for some tulasnelloid fungi; Selosse et al.
[2004]). PCR conditions were the same as in Selosse et al. (2002). Sequences
were obtained from both strands, using the primers used for PCR on an ABI3130x1
sequencer (Applied Biosystems, Courtaboeuf, France) using the Big Dye Ter-
minator kit. All sequence stretches that were ambiguous were pruned from the
edited sequence. Sequences were edited and aligned using the program Se-
quencher 4.7 for MacOsX from Gene Codes Corp. (Ann Arbor, Michigan, USA).
Data were deposited in GenBank (accession numbers EU583690-EU583721)
and searches for similar sequences allowing taxonomic identification were con-
ducted using the BLASTN algorithm available through the NCBI database
(http://www.ncbi.nlm.nih.gov/BLAST/index.html).

Estimation of mycorrhizal infection—Thirty randomly chosen root sections
(independent of the previous ones) were analyzed for each of the 18 individuals
under the light microscope (magnification: 200 or 600). After staining with trypan
blue (2% dilution in water), their infection level was estimated as the percentage
area of the whole root section showing hyphal pelotons in root cells. Each section
was classified in one of the five following classes, depending on the area infected:
0-20%, >20-40%, >40-60%, >60-80%, >80-100% infection. An average infec-
tion value was estimated for each individual by considering that a section in the
class x — y % had an infection intensity of (x + y)/2% (e.g., root sections 0-20% are
considered to be 10% infected for this estimation). We used an ANOVA (R soft-
ware v.2.6.2) to compare the level of infection of each taxon.

RESULTS

Leaf growth comparison between hybrids and parent
species—Leaf area was highly significantly different among
the three taxa (ANOVA; F, g; = 31.1; P < 10719). The hybrids
displayed a significantly higher leaf area than either of the two
parental species (Tukey tests: hybrid vs. O. simia: P < 1077,
hybrid vs .O. anthropophora: P < 4-10~*), whereas the leaf area
of O. simia was significantly higher than that of O. anthropo-
phora (Tukey test: P < 7-107%). Leaf area of O. simia was 1.5
times higher than that of O. anthropophora, and leaf area of the
hybrids was 2.5 higher than that of O. anthropophora.

Seed viability comparison of hybrids and parent spe-
cies—The proportions of viable to nonviable seeds in intraspe-
cific crosses did not different among the three taxa (ANOVA;
F, ¢4 =0.27; P> 0.77). Mean (+SD) values of this proportion
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were 75.4 £20.6% for O. anthropophora (N =22),75.1 £ 8.5% for
O. xbergonii (N =12) and 72.2 £ 17.9% for O. simia (N = 33).

Comparison of the bouquet of floral volatile compounds
emitted by the three taxa—The bouquets emitted by inflores-
cences of O. simia, O. anthropophora, and their hybrid, O.
xbergonii, included a total of 23 volatile compounds (Table 1).
The compounds, divided into three groups based on their bio-
synthetic pathways (Knudsen et al., 2006), are presented in
Table 1. The number of compounds produced by individuals
differed significantly among species (ANOVA, F, ,5 = 17.83;
P < 107*: O. simia (mean + SD): 19.1 + 2.3, O. anthropophora:
14.4 + 3.8, and O. xbergonii: 21.3 = 0.7). The number of com-
pounds emitted by O. simia and by O. xbergonii were not sig-
nificantly different (P = 0.13), but O. anthropophora emitted
significantly fewer compounds than O. simia (P <2 - 10~%) and
even more significantly fewer than O. xbergonii (P < 107%).

All compounds emitted by the hybrids were also produced by
at least one of the two parental species. However, the discrimi-
nant function analysis of scents emitted showed three distinct
clusters corresponding to the three taxa studied (Fig. 1). The
first discriminant function, which accounted for 60.1% of the
total variance, was mainly important for discriminating between
the two parental species (DF1: %2 = 5539, df = 50; P < 2.4
10712). The second function, which accounted for 39.2% of the
total variance, was mainly important for discriminating between
the hybrid and the parental species on the basis of the propor-
tions of common compounds (DF2: y?>=3574,df=24; P<7.4
1077). All of the 28 samples used in the discriminant function
analysis were correctly assigned to taxa.

The total quantity of volatile compounds emitted per inflo-
rescence differed significantly among species (ANOVA, F, ,s =
19.78, P < 1073) and between pairs of species (P < 103 for each
of the three comparisons). The quantities of volatile compounds
emitted by inflorescences were 157.40 + 76.64 ng-h~! for
O. xbergonii, 10.57 + 7.88 ng-h~! for O. anthropophora, and
55.13 + 37.73 ng-h! for O. simia. The total amount of scent
emitted by the hybrid was thus ~15 times higher than for
0. anthropophora, and ~3 times higher than for O. simia.

Terpenes were the most abundant compounds in the floral
bouquets of all three taxa (69.0% of the compounds for
O. anthropophora; 78.4% for O. simia and 80.2% for O. xber-
gonii). However, for O. simia and for the hybrid, the floral
scent was essentially composed of monoterpenes, whereas a
mixture of monoterpenes and sesquiterpenes in similar rela-
tive abundance was observed for O. anthropophora. Ben-
zenoid compounds had similar relative abundances in O. simia
and in O. anthropophora, while they were rare in O. xber-
gonii. Relative abundances of fatty acid derivatives de-
creased from O. anthropophora to the hybrids and to O. simia.
MANOVA analysis of the chemical profiles of the three taxa
showed a significant compound x taxon interaction (Fyy 550 =
13.33; P < 1073). Some compounds were dominant, such as
o-pinene in O. simia and in the hybrid, or B-caryophyllene,
followed by caryophylladienol, nonanal, and undecane in
O. anthropophora (Table 1). Among the 23 volatile com-
pounds identified, the relative proportions of the compounds
emitted by the hybrids were intermediate between those in
the two parental species in 13 cases, lower than in both pa-
rental species in seven cases and higher than in both parental
species in three cases. The three most frequent compounds
emitted by hybrids (a-pinene, undecane, and sabinene) ac-
counted for 64.2% of the whole bouquet.
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Mean relative proportions of compounds (£SD) in Orchis simia, O. anthropophora and O. xbergonii. Each compound included represents more

than 1% of the whole bouquet emitted by the taxon considered. Different letters after the mean value of each volatile compound indicate a significant
difference among the three taxa (Tukey—Kramer multiple comparison tests); P: overall probability of the multiple comparison test; CV: coefficient of

variation.
O. anthropophora O. xbergonii O. simia
Species P Mean = SD CvV Mean = SD CV Mean = SD CV
Fatty acid * 21.00 £ 6.04a 0.29 17.64 £ 13.35a 0.76 9.14 £3.17ab 0.35
Nonanal * 9.46 + 5.36a 0.57 0.27 £0.26b 0.95 0.10£0.11b 1.10
Undecane ns 8.72+3.82a 0.44 13.93 £ 14.10a 1.01 1.21 +1.99a 1.64
Methyldodecane * 0.07 £0.19a 2.83 1.26 £ 0.76 0.60 245+ 1.25 0.51
Alkanoid ok 2.76 + 3.84a 1.39 2.18 £1.33b 0.61 5.38£2.97c 0.55
Benzenoids e 10.02 £8.51a 0.85 2.17 £ 1.46b 0.67 12.49 £ 6.46a 0.52
Benzene acetaldehyde ok 4.87£4.78a 0.98 0.65£0.91b 1.40 3.65+5.24b 1.44
Methyl salicylate * 241£241a 1.00 0.64 £0.32 0.50 2.05+£1.24 0.61
Ethylacetophenone ok 2.74 + 4.80a 1.75 0.87 £0.45 0.51 6.79 £ 4.68 0.69
Monoterpene ok 36.73 £ 15.69a 0.43 78.81 £ 13.50b 0.17 76.67 £ 6.49b 0.08
a-Pinene ok 5.77 £ 5.96a 1.03 43.21 £ 18.56b 0.43 32.68 + 10.44b 0.32
B-Pinene ok 2.59 £ 1.35a 0.52 6.10 £ 0.45b 0.07 6.42 £ 1.25b 0.19
Sabinene ok 0.82 £ 0.86a 1.06 7.07 £ 1.55b 0.22 523+ 1.52¢ 0.29
Myrcene ns 222+ 1.57a 0.71 4.95+4.09a 0.83 545+ 1.77a 0.33
Limonene * 522+6.27a 1.20 1.22 +0.98ab 0.80 1.04 + 1.43b 1.37
1.8 cineole b 7.49 + 6.66a 0.89 0.63+£0.41b 0.64 1.46 £2.19b 1.50
Eucalyptol * 1.82 +2.26a 1.25 5.15+ 1.11ab 0.21 7.89 +1.90a 0.24
cis-Hydrate sabinene Ak 0.16 £ 0.29a 1.86 1.71 £0.27b 0.16 2.37+1.03c 0.44
Linalool oxide ns 0.32 £0.62a 1.95 0.65 £0.55a 0.84 2.64+1.10a 0.42
Linalool o Oa 4.99 + 1.95b 0.39 7.41£2.61b 0.35
a-Campholenal o 0 1.78 £0.35 0.20 2.83+1.27 0.45
m-Myrcene o 3.24 £4.00a 1.23 0.43 +£0.28b 0.65 0.26 £ 0.39¢ 1.50
Pinocarvone ok 0.66 £ 0.94a 1.41 0.36 £0.13a 0.37 0.29 £0.21b 0.73
Terpenoid * 6.42 £8.67a 1.35 0.55+0.21ab 0.39 0.71 £0.82a 1.16
Sesquiterpene o 32.24 £20.07a 0.62 1.38 £0.85b 0.62 1.70 £ 3.48b 2.05
B-Caryophyllene ok 2233+ 17.77a 0.80 1.38 £ 0.85b 0.62 1.70 + 3.48b 2.05
Caryophylladienol HAE 991 +4.6la 0.47 0b 0 0b 0

Mycorrhizal infection—Infection, showing living or decaying
pelotons, was seen on several cell layers up to the vascular bundle
(Fig. 2). Root sections from the same individual or from the same
taxon had variable infection levels, but the distribution of root
sections among the five infection classes differed significantly
among the three taxa (x> =221.3, df =8, P <2.107'6; Fig. 2). The
hybrid always had more than 20% of the section area infected.
Infection levels differed significantly among the three taxa (F,, 57 =
216.83, P < 2.107'6), and the average area infected decreased
from the hybrid to O. anthropophora and O. simia (Fig. 2). When
the three sampling dates are compared, the two parental species
showed increasing infection over time (O. anthropophora: y* =
39.7,df =6, P < 107%; O. simia: > =31.4,df =6, P < 107), while
infection level changed much less over time for the hybrid (y* =
12.9, df = 6, P = 0.044; data not shown).

Identification of the mycorrhizal fungi—In all, 65% of the
PCR amplifications were successful using the primer set
ITS1F+ITS4, whereas no PCR product was obtained using the
other primer sets. A total of 33 divergent sequences were re-
trieved (Table 2), and BLAST analysis showed that they were
all from Tulasnellales (EU583690-EU583720), with the single
exception of a sequence affiliated to Verticillium, found on a
hybrid individual (EU583721; Table 2). The latter sequence
was likely from a parasitic or symptomless endophyte and was
therefore ignored in further analysis. Because Tulasnellales
were rarely amplified by primer ITS4B and sometimes did not
amplify with primer ITS4Tul, our identification agreed well

with the PCR results. Because of high divergence among se-
quences, alignment of ITS sequences for the Tulasnellales was
not possible. Nevertheless, a threshold of 70% identity sepa-
rated these sequences into two groups, A and B (only one se-
quence from the hybrids, EU583690, did not group in A or B;
Table 2), each of which was found in association with all three
taxa. There was no evidence that fungi of either group were
more common on O. simia than on O. anthropophora (y* =
0.67,df =2, P>0.05), O. simia than on O. xbergonii (3> = 0.60,
df =2, P>0.05) or O. xbergonii than on O. anthropophora (y*> =
0.08, df =2, P > 0.05) (%2 tests with Yates correction). In addi-
tion, several sequences were more than 95% identical (groups
a—d Table 2): a was found on all taxa; » and ¢ were both found
on the two parental species, O. anthropophora and O. simia;
and d occurred on O. anthropophora only. In all, our data sug-
gested that taxonomically similar symbionts were associated
with the two parents, that symbionts of the hybrids mostly be-
longed to groups infecting the two parents, and that the fungi
associated with hybrids had less-diverse sequences than those
associated with the parents. Because only one sequence was
found twice, we did not exhaust the whole fungal diversity as-
sociated with these orchid taxa.

DISCUSSION

This study demonstrates that the hybrid displays marked
differences in comparison with its two parental species in
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Fig. 2. Mycorrhizal interactions of Orchis anthropophora, O. xbergonii, and O. simia. (Top left) Mean mycorrhizal infections of the three taxa (£SE)
(black: O. anthropophora; gray: O. xbergonii; white: O. simia); different letters indicate significant between-species differences according to one-way
ANOVA and mean comparison with Tukey—Kramer tests. (Top right) Scanning electron micrograph of O. xbergonii mycorrhizal roots with stele (s), cortex
(c) and old pelotons at collapsing stage (arrows). (Bottom) Distribution of the analyzed root sections among five infection classes (see Materials and Meth-

ods; colors as in top left).

vegetative traits, floral odor traits, and the rate of mycor-
rhizal infection, but not in the identity of its associated myc-
orrhizal fungi. Such a multidisciplinary approach has never
applied, to our knowledge, to hybrid orchids, although pol-
lination and mycorrhizal symbioses are both likely to strongly
shape their biology and evolution (Waterman and Bidartondo,
2008). Examining both associations in the same study al-
lowed us to propose a general model of development and
interactions in these hybrids. This study yields new insights
into the hybridization process and the factors that allow or
limit gene flow (Rieseberg et al., 1999; Waser, 2001; Cozzolino
et al., 2004).

Bougquet emitted by flowers and consequences for pollina-
tion—In orchids, hybrid morphology (Dafni and Ivri, 1979;
Schatz, 2005; Cozzolino et al., 2006) and genetics (Aceto et al.,
1999; Chung et al., 2005; Moccia et al., 2007) have received
more attention than volatile compounds emitted by flowers of
hybrid individuals. This aspect of hybridization is still poorly
studied (see Salzmann et al., 2007). Floral volatiles have a ma-
jor role in attracting insects for deceptive species (Borg-Karlson,
1990; Salzmann et al., 2007). All volatile compounds emitted
by O. xbergonii hybrids are emitted by at least one of the paren-
tal species. Such similarity among floral odors has already been
observed in other hybrids among Orchis (Salzmann et al., 2007,
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TaBLE 2. GenBank accessions, taxonomic identity, and frequency of
fungal symbionts found on the roots of Orchis anthropophora,
O. xbergonii, and O. simia. Tulasnellales were grouped according to
ITS sequence identity, at a threshold of 70% (groups A and B) or 95%
(groups a—d).

Similarity group Number of occurrences on

Accession 70% 95%

O. anthropophora  O. xbergonii  O. simia
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B. Schatz, unpublished data) or among other European orchids
(Nilsson, 1983; Stokl et al., 2008), and even in nonentomophil-
ous species from other families, such as oaks (Schnitzler et al.,
2004). Moreover, substantial variation in the relative propor-
tions of the different volatile compounds was observed within
each of the three taxa studied, which may limit the ability of
pollinators to discriminate unrewarding orchids, as previously
observed in other cases of hybridization among Orchis spp.
(Johnson et al., 2004; Salzmann et al., 2007).

Interestingly, O. xbergonii hybrids emit larger quantities of
volatiles than parental species. To our knowledge, such a het-
erosis effect was never observed before. In previous studies,
hybrids and parental species have been shown to emit similar
quantities of volatile compounds, i.e., in O. mascula L., O. pau-
ciflora Tenore and their hybrid (Salzmann et al., 2007) or in
Platanthera bifolia L., P. chlorantha Custer, and their hybrid
(Nilsson, 1983). Moreover, the relative proportions of volatile
compounds emitted by O. xbergonii hybrids are greater than
those emitted by each of the parents for 10 of 23 compounds, in
contrast with other orchids, for which the mean relative propor-
tions for most of the compounds emitted by hybrids are inter-
mediate compared with the parental species (Nilsson, 1983;
Salzmann et al., 2007; Stokl et al., 2008). The bouquet of
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O. xbergonii is marked by two particularities, i.e., larger emit-
ted quantities and different relative proportion for several com-
pounds. These two differences offer a potential explanation for
the observed absence of effective pollinators in hybrids (Schatz,
2006). Certain volatile compounds reaching higher concentra-
tions in hybrids could even act as repellents for pollinators, a
possibility that could be tested in further experiments because
the bee-pollinated orchid may repel flies and vice versa. Con-
versely, benzenoids were significantly lower (about 5-fold) in
hybrids, whereas they their levels are intermediate in another
orchid hybrid (Salzmann et al., 2007). They are known to be
involved in the attraction of pollinators, notably in orchids (Huber
et al., 2005; Salzmann et al., 2006). Among benzenoids, methyl
salicylate is frequent in plants and often involved in defense
responses (Knudsen et al., 2006; Schatz et al., 2009), whereas
ethylacetophenone is often present in orchid scent (Knudsen
et al., 2006). Such a potential role of benzenoids in pollinator
attraction may also constitute an explanation of the observed
absence of effective pollinators in hybrids (Schatz, 2006).

Differences in morphology (total height, height of inflores-
cence, floral color, and morphology, see Materials and Meth-
ods) and scent emission allow discrimination of the insects of
the three taxa. The respective roles of these two cues should be
the subject of future experiments. However, such a distinction
certainly explains the differences observed in the suite of effec-
tive pollinators (Schatz, 2006). As a result, the fruit set in hy-
brids is 10 times lower than in the two parental species, over
several years (Schatz, 2006; B. Schatz unpublished data). Simi-
larly, the fruit set of another orchid hybrid (Anacamptis morio
L. x A. papilionacea L.) was significantly lower than in its pa-
rental species (Moccia et al., 2007). However, in that study the
fruit set of the hybrid was almost 30% in some populations,
whereas in our case the mean fruit set of O. xbergonii never
exceeded 8.1% (Schatz, 2006). The low fruit set of O. xber-
gonii was not caused by reduced fertility because hand pollina-
tion experiments have shown that this hybrid is potentially as
fertile as its parents (Schatz, 2006). Otherwise, estimations of
seed viability after controlled intraspecific pollination did not
differ among the three taxa and were very similar to the propor-
tion of 72.7% of viable seeds previously observed during a gen-
eral study on 29 orchid species (Scopece et al., 2007).

The two parental species displayed pollination syndromes
that are well differentiated, because effective and confirmed
pollinators differ between the two parental species—with the
exception of the beetle Cidnopus pilosus, which is responsible
for the cross-mating that produces hybrids (Schatz, 2006). We
conclude that the distinct traits displayed by O. xbergonii hybrids,
i.e., its general morphology and scent, represent a pollination
syndrome inefficient for the attraction of pollinating insects
(Schatz, 2006) and especially of the parental pollinators.

Mycorrhizal diversity in hybrids and parents—Beyond the
pollinators required for reproduction, a second set of biotic
partners, mycorrhizal fungi, is required for germination and
survival of orchids. How do hybrids fare in this interaction?
Our data indicate two important conclusions. First, all mycor-
rhizal fungi identified belong to Tulasnellales, a large, common
group of orchid mycorrhizal fungi with highly divergent ribo-
somal DNA sequences (Rasmussen, 1995) that have already
been recorded in O. militaris L. (Shefferson et al., 2008) and
recently in O. anthropophora (Lievens et al., 2010). The latter
study also found other rarely occurring taxa (Thelephoraceae,
Cortinariaceae), perhaps because the authors cloned PCR
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products, or as a result of differences in study sites. Similar
fungi (and even one identical ITS sequence) occurred in the two
parents, perhaps due to the close phylogenetic positions of the
two parental species (Aceto et al., 1999). Hybrids had very
closely related fungi, suggesting that the mycorrhizal interac-
tion does not constrain hybrid germination and survival.

Tulasnellales taxonomically similar to the symbionts of both
parents allow hybrids to germinate and establish mycorrhizae,
and these fungi obviously occur at the sites where the parents
grow. Similarly, in the genus Caladenia, Hollick et al. (2005)
showed that fungi of one or both parents can support the germi-
nation of hybrid seeds. These authors reported significant genetic
divergence among fungi of hybrids and parents, using amplified
fragment length polymorphisms (AFLPs). Because the fungal
species were not identified, it is unknown whether the variation
observed was at the intraspecific or interspecific level; simi-
larly, in our study, most Tulasnellales ITS sequences differed
between hybrids and parents (Table 2), but we don’t know
whether this reflects intraspecific or interspecific differences. The
use of different markers in both studies limits further compari-
son. It would be interesting to check, comparing a larger number of
species and identifying the associated fungal species, whether
hybrids in orchids are restricted to parental species having simi-
lar mycorrhizal fungi, or whether some orchid species pairs associ-
ated with unrelated fungal species can produce hybrids that find
partners capable of supporting their germination.

A second important result is that infection is higher and more
constant over the year in hybrids, as compared with parental
species, in which the infection level is lower and increases from
spring to early summer. In Orchis spp., the rootless, resting
stage in summer is followed by growth of roots that undergo
inoculation in autumn, mostly relying on the plant’s stored re-
serves. The progressive increase in infection level of individuals
of the parental species over the year may be linked to increased
availability of photosynthate after leaf expansion. Assuming
that the orchid provides carbon to its fungi, as recently demon-
strated for Goodyera repens L. (Cameron et al., 2006), orchid
reserves derived from these photosynthates may allow develop-
ment of the autumnal inoculum. Compared with the parental
species, the hybrid again shows heterosis for fungal coloniza-
tion. A possible interpretation is that hybrids cannot control the
growth of the mycorrhizal fungus: balance of the symbiosis in
parental species is a result of a long coevolution that could
break down during hybridization (Frenkel et al., 2010), exactly
as observed here for pollinators. However, the good develop-
ment of hybrids (leaf parameters and height, see Materials and
Methods and Schatz [2005]) does not support that the fungi be-
have in a parasitic way or that hybrids lose their adaptations to
avoid over-exploitation of carbon by the fungus. Alternatively,
the higher level of mycorrhizal infection in hybrids could be
explained by greater availability of reserves in spring (discussed
later), which may account for the higher infection early in the
annual cycle, and/or for greater leaf growth (e.g., greater leaf
area), which may also provide a more abundant supply of carbon
to mycorrhizal fungi.

The identity of the fungi allowing seed germination in these taxa
of Orchis remains unknown. Considering in vitro germination ex-
periments conducted with Orchis spp. (reviewed in Rasmussen
[1995]) and the usual persistence of fungi allowing germination as
mycorrhizal associates in adults (McCormick et al., 2004), it can
be speculated that Tulasnellales identical to those shown in this
study to form mycorrhizal associations with adult plants are
involved, but this remain to be rigorously demonstrated.
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Ecological consequences of hybridization in O. xbergonii—
The main interest for examining both associations was to build
a model of the lifestyle of this hybrid orchid. Here, we offer a
tentative model, the most parsimonious one, derived from the
correlations observed among data, as a testable hypothesis of
interplay between above- and belowground mutualisms for fu-
ture work on this or other hybrids (Fig. 3). Previous studies
showed that mycorrhizal fungi can alter reproductive traits in
most higher plant species (Koide and Dickie, 2002): more pre-
cisely, a below- to aboveground link was observed, with reduc-
tion in mycorrhizal infection resulting in decreased floral
attractiveness and pollination (Gange and Smith, 2005; Wolfe
et al., 2005; Cahill et al., 2008). Congruently, in O. xbergonii,
increased mycorrhizal infection correlated with greater emis-
sion of volatile compounds, but, due to unsuccessful pollinator
attraction, this did not improve the seed set.

We additionally speculate a second above- to belowground link,
where disruption of pollination interactions, by reducing invest-
ment in seed production, allows improved mycorrhizal infec-
tion in hybrids. Orchis xbergonii displayed significantly higher
values for total leaf area and mycorrhizal infection level, and
Schatz (2005) reported similar trends for total height, number
of leaves, and length of leaf. Interestingly, the three taxa were
sorted in the same order (O. xbergonii > O. simia > O. anthro-
pophora, except for mycorrhizal infection in parental species).
We suggest that reducing allocation of resources to fruit pro-
duction in hybrids may contribute to greater vegetative growth
(Fig. 3) and higher accumulation of reserves in tubers, allowing
faster vegetative growth in early spring. In particular, higher
carbon availability could enhance mycorrhizal infection, at the
beginning of the growing season, due to accumulated reserves,
as well as later in the season, due to the larger total leaf areas
(and so probably higher photosynthesis) and avoidance of fruit
cost. Although disruption of coevolution with the fungus may
be the reason for increased mycorrhizal infection, the modified
carbon budget allows the higher fungal cost in hybrids.

Observed differences among taxa are proportionally similar
for the total leaf area and the level of mycorrhizal infection (O.
simia and O. anthropophora, respectively, have 60% and 40%
of the total leaf area of O. xbergonii at comparable stages of
development, and 57.5% and 33.5% of its level of infection).
However, no proportional relationship exists between the total
leaf area and the quantity of volatile compounds emitted (val-
ues obtained for O. simia and O. anthropophora, respectively,
represent 33.3% and 10% of values obtained for O. xbergonii).
Indeed, production of volatile compounds at levels typical of
natural populations may not be energetically costly (Borg-
Karlson, 1990; Grison-Pigé et al., 2001), perhaps explaining
the lack of correlation between quantities of volatile compounds
emitted and the leaf area. Thus, in hybrids, reduced fruit costs
may allow a larger total leaf area. Both parameters may in turn
allow a higher level of mycorrhizal infection; a connection be-
tween the higher emission of volatile compounds and the higher
carbon supply is possible, but not necessary. Further experi-
ments are required to test this, notably by measuring accumu-
lated reserves and rates of mycorrhizal infection and emission
of volatile compounds in hand-pollinated hybrids (pollinated
over several years) that would not avoid fruit costs. Moreover,
our resulting model (Fig. 3) should be interpreted with great
caution, because we did not directly assess (1) photosynthetic
activity, (2) carbon flux to roots, or (3) reserves in the tubers at
the end of the growing season. The model also should be tested
on other hybrids before any generalization can be made.
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Fig.3. A model for biological interactions and metabolism in Orchis xbergonii, as compared with the parental species. Black lines: functions expected
in mycorrhizal, insect-pollinated O. anthropophora and O. simia; red crosses: functions disrupted in O. xbergonii; thick gray lines: flux and positive effects

expected to be higher in O. xbergonii than in its parents.

Essential conditions for speciation by hybridization (Arnold,
1997) are that the hybrid (1) exploits an ecological niche, either
the parental one or a totally new one, and (2) produces a suffi-
cient number of seeds for its ecological maintenance (as much
as parental species in the case of sympatry). For O. xbergonii,
association with mycorrhizal fungi very similar to the parental
ones allows vegetative survival, at least during the first genera-
tion. We have no data on the presence of F2 (or later) genera-
tions, a point worthy of further analysis using molecular tools
(Moccia et al., 2007). However, the mycorrhizal symbiosis
imposes no constraints on the fate of hybrids, while the lack of
pollinators appears to strongly limit their fitness. The coexis-
tence of O. xbergonii with its parents suggests that this hybrid
is a short-term by-product of the hybridizing behavior of a
unique and common pollinator (Schatz, 2006).

Conclusion—Food-deceptive strategies in orchids are associ-
ated with few pollinator species (Johnson et al., 2004). Thus, selec-
tion against hybridization may be important (Dafni, 1987; Johnson
et al., 2004; Schatz, 2006), as exemplified by O. xbergonii, which
is unattractive to pollinators. In this context, hybrids are a by-product
of food deception, as suggested in other cases of hybridization be-
tween unrewarding species in Orchis (Cozzolino and Widmer, 2005;
Cozzolino et al., 2006). Long-term surveys of hybrids and compar-
ative studies in other species (van der Cingel, 1995; Bateman et al.,
2003; Schatz, 2006; Moccia et al., 2007) are required to clarify the
simultaneous roles of the two obligate orchids’ mutualisms in the
fate of individual hybrids. In this study, disruption of the pollina-
tion interaction probably reallocated resources from reproduction
to the mycorrhizal interaction, suggesting that interplay between
the two interactions shapes the evolution of hybrids and limits hy-
bridization to vigorous, but unfertile F1 hybrids.

LITERATURE CITED

ACETO, S.,P. CAPUTO, S. CoZZOLINO, L. GAUDIO, AND A. MORETTI. 1999.
Phylogeny and evolution of Orchis and allied genera based on ITS
DNA variation: Morphological gaps and molecular continuity.
Molecular Phylogenetics and Evolution 13: 67-76.

Apams, R.P.2001. Identification of essential oil components by gas chro-
matography/mass spectroscopy. Allured Publishing, Carol Stream,
Illinois, USA.

ARNOLD, M. L. 1997. Natural hybridization and evolution. Oxford
University Press, New York, New York, USA.

BATEMAN, R. M., AND O. S. FARRINGTON. 1987. A morphometric study
of xOrchiaceras bergonii (Nanteuil) Camus and its parents (Aceras
anthropophorum (L.) Aiton f. and Orchis simia Lamarck) in Kent.
Watsonia 16: 397-407.

BATEMAN, R. M., P. M. HOLLINGSWORTH, J. PRESTON, L. Y1-Bo, A. M.
PRIDGEON, AND M. W. CHASE. 2003. Molecular phylogenetics and
evolution of Orchidinae and selected Habenariinae (Orchidaceae).
Botanical Journal of the Linnean Society 142: 1-40.

BoRG-KARLSON, A. K. 1990. Chemical and ethological studies of pollination
in the genus Ophrys (Orchidaceae). Phytochemistry 29: 1359—1387.
BOURNERIAS, M., AND D. PRAT. 2005. Les orchidées de France, Belgique,

et Luxembourg. Parthénope, Biotope Press, Meze, France.

BryLA, D., AND R. T. KoIDE. 1990. Regulation of reproduction in wild
and cultivated Lycopersicon esculentum Mill. by vesicular-arbuscular
mycorrhizal infection. Oecologia 84: 74-81.

CaHILL, J. R., E. ELLE, G. R. SMITH, AND B. H. SHORE. 2008. Disruption
of a belowground mutualism alters interactions between plants and
their floral visitors. Ecology 89: 1791-1801.

CAMERON, D. D., J. R. LEAKE, AND D. J. READ. 2006. Mutualistic myc-
orrhiza in orchids: Evidence from plant—fungus carbon and nitrogen
transfers in the green-leaved terrestrial orchid Goodyera repens. New
Phytologist 171: 405-416.

CASTELLANOS, M. C., P. WILSON, AND J. D. THoMsON. 2004. ‘Anti-
bee’ and ‘pro-bird’ changes during the evolution of hummingbird



August 2010]

pollination in Penstemon flowers. Journal of Evolutionary Biology
17: 876-885.

CHUNG, M. Y., J. D. NAsoN, AND M. G. CHUNG. 2005. Patterns of hy-
bridization and population genetic structure in the terrestrial orchids
Liparis kumokiri and Liparis makinoana (Orchidaceae) in sympatric
populations. Molecular Ecology 14: 4389-4402.

CozzoLINO, S., AND S. ACETO. 1994. Morphological and molecular
characterization of XOrchiaceras (Nanteuil) E.G. Cam. Giornale
Botanico Italiano 128: 861-867.

CozzoLINoO, S., S. D’EMERICO, AND A. WIDMER. 2004. Evidence for
reproductive isolate selection in Mediterranean orchids: Karyotype
differences compensate for the lack of pollinator specificity.
Proceedings of the Royal Society of London, B, Biological Sciences
271:259-262.

CozzoLINO, S., A. M. NARDELLA, S. IMPAGLIAZZO, A. WIDMER, AND
C. LEXER. 2006. Hybridization and conservation of Mediterranean
orchids: Should we protect the orchid hybrids or the orchid hybrid
zones? Biological Conservation 129: 14-23.

CozzoLINoO, S., AND A. WIDMER. 2005. Orchid diversity: An evolution-
ary consequence of deception? Trends in Ecology & Evolution 20:
487-494.

CURRAH, R. S., AND R. SHERBURNE. 1992. Septal ultrastructure of some
fungal endophytes from boreal orchid mycorrhizas. Mycorhizal
Research 96: 583-587.

DAFNI, A. 1987. Pollination in Orchis and related genera: Evolution from
reward to deception. /n J. Arditti [ed.], Orchid biology: Reviews and
perspectives, 4th ed.), 79—104. Cornell University Press, Ithaca, New
York, USA.

DAFNI, A., AND Y. IVrL. 1979. Pollination ecology of, and hybridiza-
tion between, Orchis coriophora L. and O. collina Sol. ex Russ.
(Orchidaceae) in Israel. New Phytologist 83: 181-187.

DEARLANEY, J. W. D. 2007. Further advances in orchid mycorrhizal re-
search. Mycorrhiza 17: 475-486.

ELLSTRAND, N. C., R. WHITKUS, AND L. H. RIESEBERG. 1996. Distribution
of spontaneous plant hybrids. Proceedings of the National Academy
of Sciences, USA 93: 5090-5093.

FrRENKEL, O., T. L. PEEVER, M. I. CHILVERS, H. O. ZKILINC, C. CAN, S.
ABBO, D. SHTIENBERG, AND A. SHERMAN. 2010. Ecological genetic
divergence of the fungal pathogen Didymella rabiei on sympatric wild
and domesticated Cicer spp. (chickpea). Applied and Environmental
Microbiology 76: 30-39.

HobpGEs, S. A., J. M. BURKE, AND M. L. ARNOLD. 1996. Natural forma-
tion of Iris hybrids: Experimental evidence on the establishment of
hybrid zones. Evolution 50: 2504-2509.

HUBER, F. K., R. KAISER, W. SAUTER, AND F. P. ScHIESTL. 2005. Floral
scent emission and pollinator attraction in two species of Gymnadenia
(Orchidaceae). Oecologia 142: 564-575.

GANGE, A. C., AND A. K. SMITH. 2005. Arbuscular mycorrhizal fungi in-
fluence visitation rates of pollinating insects. Ecological Entomology
30: 600-606.

GARDES, M., AND T. D. BRUNS. 1993. ITS primers with enhanced specific-
ity for basidiomycetes-application to the identification of mycorrhizae
and rusts. Molecular Ecology 2: 113-118.

GRISON-PIGE, L., J. L. SALAGER, M. HOSSAERT-MCKEY, AND J. Roy.
2001. Carbon allocation to volatiles and other reproductive compo-
nents in mal Ficus carica (Moraceae). American Journal of Botany
88:2214-2220.

HeGArTY, M. J., AND S. J. Hiscock. 2005. Hybrid speciation in
plants: New insights from molecular studies. New Phytologist 165:
411-423.

HoLrrick, P. E., R.J. TAYLOR, J. A. MccomB, AND K. W. DixonN. 2005. If
orchid mycorrhizal fungi are so specific, how do natural hybrids cope?
Selbyana 26: 159-170.

JoHNSON, S. D., C. I. PETER, AND J. AGREN. 2004. The effects of nectar
addition on pollen removal and geitonogamy in the non-rewarding
orchid Anacamptis morio. Proceedings. Biological Sciences 271:
803-809.

Koipg, R. T., AND I. A. Dickik. 2002. Effects of mycorrhizal fungi on
plant populations. Plant and Soil 244: 307-317.

SCHATZ ET AL.— BIOTIC INTERACTIONS OF A HYBRID ORCHID

1287

KNUDSEN, J. T., R. ERIKSSON, J. GERSHENZON, AND B. STAHL. 2006.
Diversity and distribution of floral scent. Botanical Review 72:
1-120.

KRrRETZSCHMAR, H., W. Eccarius, AND H. DIETrRICH. 2007. The or-
chid genera Anacamptis, Orchis, Neotinea: Phylogeny, taxonomy,
morphology, biology, distribution, ecology and hybridisation.
EchinoMedia Verlag, Burgel, Germany.

LIEVENS, B., S. vAN KERCKHOVE, A. JusTg, B. P. A. CAMMUE, O.
HonNAY, AND H. JACQUEMYN. 2010. From extensive clone librar-
ies to comprehensive DNA arrays for the efficient and simultaneous
detection and identification of orchid mycorrhizal fungi. Journal of
Microbiological Methods 80: 76-85.

MALLET, J. 2005. Hybridization as an invasion of the genome. Trends in
Ecology & Evolution 20: 229-237.

McCormick, M. K., D. F. WHIGHAM, AND J. O’NEIL. 2004. Mycorrhizal
diversity in photosynthetic terrestrial orchids. New Phytologist 163:
425-438.

MENALE, B., R. NAazzAro, G. PELLEGRINO, AND G. CapuTO. 1996.
Morphological and molecular characterization of Aceras anthropo-
phorum x O. simia hybrids. Delpinoa 37-38: 73-84.

Moccia, M. D., A. WIDMER, AND S. CozzoLiNo. 2007. The strength of
reproductive isolation in two hybridizing food-deceptive orchid spe-
cies. Molecular Ecology 16: 2855-2866.

NiILssoN, L. A. 1983. Processes of isolation and introgressive interplay
between Platanthera bifolia (L.) Rich and Platanthera chlorantha
(Custer) Reichb. (Orchidaceae). Botanical Journal of the Linnean
Society 87: 325-350.

NUORTILA, C., M. M. KYTOVvIITA, AND J. TUOMIL. 2004. Mycorrhizal sym-
biosis has contrasting effects on fitness components in Campanula
rotundifolia. New Phytologist 164: 543-553.

OTERO, J. T., AND N. S. FLANAGAN. 2006. Orchid diversity—Beyond
deception. Trends in Ecology & Evolution 21: 64-65.

PRIDGEON, A. M., R. M. BATEMAN, A. V. Cox, J. R. HAPEMAN, AND M. W.
CHASE. 1997. Phylogenetics of subtribe Orchidinae (Orchidoideae,
Orchidaceae) based on nuclear ITS sequence. 1. Intergeneric relation-
ships and polyphyly of Orchis sensu lato. Lindleyana 12: 89—109.

R DEVELOPMENT CORE TeEAaM. 2008. R: A language and environment
for statistical computing [computer program]. ISBN 3-900051-07-0.
R Foundation for Statistical Computing, Vienna, Austria. Website
http://www.r-project.org.

RaGuso, R. A. 2008. Wake up and smell the roses: The ecology and
evolution of floral scent. Annual Review of Ecology, Evolution, and
Systematics 39: 549-569.

RAMSEY, J., H. D. BRADSHAW, AND D. W. SCHEMSKE. 2003. Components
of reproductive isolation between the monkeyflowers Mimulus lewisii
and M. cardinalis (Phrymaceae). Evolution 57: 1520-1534.

RasMUSSEN, H. N. 1995. Terrestrial orchids: From seeds to mycotrophic
plant. Cambridge University Press, Cambridge, UK.

RIESEBERG, L. H., J. WHITTON, AND K. GARDNER. 1999. Hybrid zones
and the genetic architecture of a barrier to gene flow between two
sunflower species. Genetics 152: 713-727.

SALzZMANN, C. C., A. BROwWN, AND F. P. ScHIESTL. 2006. Floral scent
emission and pollination syndromes: Evolutionary changes from food
to sexual deception. International Journal of Plant Sciences 167:
1197-1204.

SALZMANN, C.C.,S.CozzoLINO, ANDF.P. ScHIESTL. 2007. Floral scentin
food-deceptive orchids: Species specificity and sources of variability.
Plant Biology 9: 720-729.

ScHATZ, B. 2005. Comparative analysis between two orchids and their
hybrid. In A. Raynal-Roques and A. Roguenant [eds.], Proceedings
of the 18th World Orchid Conference, Dijon, France, 2005, 433-439.
Naturalia Publications, Turriers, France.

ScHATZ, B. 2006. Fine scale distribution of pollinator explains the oc-
currence of the natural orchid hybrid xOrchis bergonii. Ecoscience
13: 111-118.

ScHATz, B., C. DJIETO-LORDON, L. DORMONT, J.-M. BESSIERE, D.
McKEY, AND R. BLATRIX. 2009. A simple, non-specific chemical
signal mediates defence behaviour in a specialised ant—plant mutual-
ism. Current Biology 19: 361-362.



1288

SCHNITZLER, J. P., R. STEINBRECHER, I. ZIMMER, D. STEIGNER, AND M.
FLADUNG. 2004. Hybridization of European oaks (Quercus ilex x
Q. robur) results in a mixed isoprenoid emitter type. Plant, Cell &
Environment 27: 585-593.

ScopPeCE, G., A. MusaccHIO, A. WIDMER, AND S. CozzoLriNo. 2007.
Patterns of reproductive isolation in Mediterranean deceptive orchids.
International Journal of Organisms and Evolution 61: 2623-2624.

SELOSSE, M. A., G. ScappaTIcCl, A. FAccio, AND P. BONFANTE. 2004.
Chlorophyllous and achlorophyllous specimens of Epipactis mi-
crophylla (Neottieae, Orchidaceae) are associated with ectomy-
corrhizal septomycetes, including truffles. Microbial Ecology 47:
416-426.

SELOSSE, M. A.,M. WEIss, J. L. JANY, AND A. TILLIER. 2002. Communities
and populations of sebacinoid basidiomycetes associated with the
achlorophyllous orchid Neottia nidus-avis (L.) L.C.M. and neighbour-
ing tree ectomycorrhizae. Molecular Ecology 11: 1831-1844.

SHEFFERSON, R. P., T. KuLL, AND K. TALL 2008. Mycorrhizal interac-
tions of orchids colonizing Estonian mine tailings hills. American
Journal of Botany 95: 156—164.

AMERICAN JOURNAL OF BOTANY

STOKL, J., P. M. SCHLUTER, T. F. STUESSY, H. F. PAULUS, G. ASSUM, AND
M. Ayasse. 2008. Scent variation and hybridization cause the dis-
placement of a sexually deceptive orchid species. American Journal
of Botany 95: 472-481.

STRAUSS, S. Y., AND R. E. IRWIN. 2004. Ecological and evolutionary con-
sequences of multispecies plant—animal interactions. Annual Review
of Ecology and Systematics 35: 435-466.

VAN DER CINGEL, N. A. 1995. An atlas of orchid pollination—European
orchids. Balkema, Rotterdam, Netherlands.

WASER, N. M. 2001. Pollinator behaviour and plant speciation: Looking
beyond the “ethological isolation* paradigm. /n L. Chittka and
J. D. Thomson [eds.], Cognitive ecology of pollination, 318-335.
Cambridge University Press, Cambridge, UK.

WATERMAN, R. J., AND M. 1. BipArRTONDO. 2008. Deception above, de-
ception below: Linking pollination and mycorrhizal biology of or-
chids. Journal of Experimental Botany 59: 1085-1096.

WoLFrE, B. E., B. C. HusBanD, AND J. N. KLiRONOMOS. 2005. Effects
of a belowground mutualism on an aboveground mutualism. Ecology
Letters 8: 218-223.



