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ABSTRACT

e The lock and key hypothesis assumes that male and female genitalia match in a unique

system to prevent interspecific crosses. This hypothesis is largely investigated in ani-
mals, while there is a distinct lack of studies on plants. Nevertheless, we expect the lock
and key hypothesis could apply to plants with complex floral morphologies, such as
orchids.

Here we apply a comparative approach to examine the variation of floral functional
traits in food- and sex-deceptive orchids. To understand if a specific deception strat-
egy is related to a specific variation in floral traits evaluated the variation in sterile and
fertile traits among species and subsequently examined the correlations between male
and female reproductive organs of the same species with the aim of investigating the
role of the lock and key hypothesis in deceptive orchids.

Our results show that the functional morphology of fertile traits plays a pivotal role in
limiting gene flow in species that grow in sympatry. In particular, it was observed that
the Reproductive Standardisation Index (RSI) is significantly different in the two pol-
lination strategies and that the correlation between pollinarium length and stigmatic
cavity length is stronger in food-deceptive species when compared to the sex-deceptive
species.

These results reveal that the lock and key hypothesis contributes to maintain boundaries

in plants with very complex floral morphology.

INTRODUCTION

The lock and key hypothesis assumes that species-specific
morphological matching between male and female genitalia
promotes prezygotic reproductive isolation between closely
related species. The biological concept of species is based on
one or more barriers that, at different levels, affect the gene
flow, leading to the rise of reproductive isolation mechanisms
(RIM) between populations, promoting speciation (Dobzhan-
sky 1937; Mayr 1943; Lussu et al. 2018). In animals, the lock
and key hypothesis compares the female genitalia to a lock and
male genitalia to a key: the combination of the key with the
correct lock leads to successful coupling (Shapiro & Porter
1989; Coyne & Orr 2004). What emerges is that barriers are
essential for successful coupling and, in order to define a given
barrier, it is necessary to fulfil two conditions: first the male
and female reproductive organs must match, second the corre-
lation between the morphology of the two sexes should be
expressed (Masly 2012). This hypothesis has been investigated
actively in sympatric and parapatric animal species (Schick
1965; Tanabe & Sota 2008), and several recent investigations
have shown that this mechanism contributes to retain repro-
ductive isolation as, for instance, in the millipede genus Para-
fontaria (Xystodesmidae; Tanabe & Sota 2008).

In angiosperms, a large specialisation of floral traits is often
associated with a dominance of prezygotic barriers compared
to postzygotic barriers, where their co-occurrence leads to the
maintenance of species boundaries (Darwin 1862; Phillips et al.

2017). Although a highly specialised pollination strategy allows
benefits and a reduction in pollen loss, it also has different neg-
ative side effects, such as an increasing risk of extinction
(Waser 1996).

In flowering plants, studies on the role of mechanical isola-
tion as a prezygotic barrier are often associated with ethological
investigations on pollinators (Grant 1994; Jersakova et al.
2009). Grant (1994) identified two different conditions of
mechanical isolation: in the first, plant species isolation is
maintained by adopting different pollinators; in the second,
plant species share the same pollinators but allocate pollen to
different parts of a pollinator’s body. The astonishing diversity
of Orchidaceae is accompanied by the precise morphology of
floral traits (Dressler 1993; Rudall & Bateman 2002) that make
these plants unique and immediatly recognisable. Orchid flow-
ers are often described as having adaptive attractions to differ-
ent pollinators (Cozzolino & Widmer 2005; Vandewoestijne
et al. 2008). Many authors have investigated the role of the
perianth in pollinator attraction, reproductive isolation or spe-
ciation and concluded that morphological and chemical traits
often contribute to limit gene flow between orchid species
(Dafni 1983; Dressler 1993; Cozzolino & Widmer 2005). Little
is known, however, about the occurrence and the relevance of
the lock and key hypothesis in orchids. The majority of orchids
offer some kind of reward to their pollinators but nearly one-
third rely on deceptive strategies (Cozzolino & Widmer 2005;
Jersakova et al. 2009). In her review on food deception,
Jersakova et al. (2009) described the mechanical barrier as “the
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lock and key system whereby pollinarium adheres to orchid
stigmata means that orchids can easily share pollinators with
other plants without losing pollen to their stigmata.”

Food-deceptive orchids are, in this context, particularly
interesting because they mimic traits such as colours, scents or
spurs typical of species that offer a reward (Peter & Johnson
2006a; Scopece et al. 2009), or mimic a well-defined rewarding
species (Johnson 2000; Anderson & Johnson 2005), devising
interesting mechanisms to prevent the pollinator from discov-
ering their deception. Usually, food-deceptive orchids are gen-
eralist mimicks and are often pollinated by a variety of
pollinators (Robertson 1928), then prezygotic barriers are very
labile when they occur in sympatry. Pollinators are mainly
naive insects, recently emerged individuals or those that
explore different nectar resources (Dafni 1983; Cozzolino &
Widmer 2005).

In sex deception, plant species attract insects (especially
males) by imitating shapes, colours and molecules secreted by
sexually mature females (Paulus 2006). This relationship is very
often species-specific, thus many orchid species are pollinated
by one or a few closely related insect species (Gogler et al.
2009, 2015; Dormont et al. 2014), hence they usually display
Batesian mimickry. Several studies have confirmed that sex
deception strongly limits the gene flow also between closely
related species, representing a strong and precise prezygotic
barrier (Cortis ef al. 2009; Vereecken et al. 2011; Xu et al. 2012;
Whitehead & Peakall 2014; Gogler et al. 2009, 2015; Lussu et al.
2018). The European genus Ophrys was used by Grant (1994)
to name a very precise condition of the ethological mechanism.

In this study, we investigate the role of the lock and key
hypothesis as RIM in orchids. In particular, we hypothesise that
the sizes of the stigmatic cavity and size of the pollinarium
could covary because of their ecological role in reproduction.
Accordingly, their correlation is expected to be stronger in gen-
eralist orchids than in those species that adopt more specialised
deception. Using a morphological and functional approach in
eight sympatric orchid species as sample for the two deception
strategies, we addressed the following questions: (i) do fertile
and sterile traits vary within each deception strategy? Since
deceptive plants prevent pollinators from associating the floral
traits with the deception, we hypothesised that in food-decep-
tive species, sterile traits will vary more than the fertile ones
because visual traits (perianth) are primarily involved in this
deception strategy. (ii) Are pollinaria and the stigmatic cavity
morphologies correlated — does the sexual deception show a
stronger correlation; and (iii) is there a morphological corre-
spondence between stigmatic cavity and pollinarium promoted
by natural selection?

MATERIAL AND METHODS

For this study we selected eight of the most representative
Mediterranean widespread and unrewarding orchid species
with overlapping phenology and distribution. We have
excluded from this study endemic taxa or poorly ethologically
studied species ascribed to phylogenetically unresolved clades.
We compiled a list of eight species, four representative of the
food-deception strategy and four representative of the sex-
deception strategy (for a complete list of species, see Table S1).
In order to avoid individuals affected by hybridisation or intro-
gression phenomena we have selected only samples from
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isolated populations. The data gathering was conducted during
the blooming season of 2017 in Sardinia (Italy): food-deceptive
orchids are the first to bloom, reaching a peak between March
and April, in contrast sex-deceptive orchids have a tendency to
bloom later, peaking between April and May. For each species,
20 plants were randomly chosen and one fresh, healthy, mature
and undamaged flower from each plant was collected. Length
of stigmatic cavity and pollinarium were measured in the field
after removing the flower from the plant. In the absence of
information about caudicle movement after removal of the
pollinarium, its length was measured after 2.5 min, the neces-
sary time for the caudicle to bend into the ideal position (Dar-
win 1862; Peter & Johnson 2006b). Pollinaria were extracted
with an inoculating loop and their lengths measured from the
base of the viscidium to the top of the pollinium. After remov-
ing the pollinarium, each flower was preserved in 70% ethanol
solution. In the laboratory, dissections were conducted under a
stereoscopic microscope, then petals, sepals and labellum were
digitised on graph paper. For each trait, length, width and area
were measured using Image] (https://imagej.nih.gov/ij/). Fit-
ness was calculated following the formula: W = no of fruits/no
of flowers (Tremblay 2011).

In order to compare the intraspecific relationship between
the stigmatic cavity length and the pollinarium length, we pro-
pose the Reproductive Standardisation Index (RSI) as the ratio
between stigmatic cavity length and pollinarium length. To
assess the difference within and between food- and sex-decep-
tive groups, we calculated means, SD and coefficients of varia-
tion. ANOVA was performed to assess differences in RSI
between and within pollination strategy. To test the hypothesis
that plant functional traits differ between the two deception
strategies, we performed a permutational multivariate ANOVA
(PERMANOVA; Anderson 2001) by testing the simultaneous
response of all the measured traits, only the fertile traits and
only the sterile traits, comparing the food- versus sex-deceptive
groups. We used Euclidean distance on standardised data, 999
unrestricted permutations of raw data using correct per-
mutable units; the pair-wise tests were corrected for multiple
comparison. Pearson correlation coefficient were calculated to
estimate morphological relationship between male and female
traits within each strategy and the relationship between RSI
and fitness. Significance was assessed with a generalised linear
model with binomial distribution and logit link; fitness (W)
was used as response variable and fertile traits and RI as inde-
pendent variables. All the statistical analyses were performed
using R Studio (R Core Team, 2017).

RESULTS

We examined 160 flowers over the duration of this study.
Within sterile traits, intraspecific variation of the labellum is
generally more variable than the other floral traits (Table 1).
Coefficients of variation of sterile traits are 0.14 in food-decep-
tive strategy and 0.26 in the sexually-deceptive strategy. On the
other hand, coefficients of variation of fertile traits are 0.29 and
0.12 in the food-deceptive strategy and sexually-deceptive
strategy, respectively (Fig. 1). Details of each species are shown
in Table SI. PERMANOVA showed that the deception strat-
egy is significant in generating differences between plant func-
tional traits among individuals (Total traits F(; ;ss) = 28.4,
P <0.001; Sterile traits F(; ;53 = 35.95, P < 0.001; Fertile traits
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Table 1. Means + SD and coefficients of variation for plant functional traits
in food- and sex-deceptive strategies in orchids.

Food-deceptive Sexually-deceptive

strategy strategy
Mean SD cv Mean SD cv
Fertile traits

Stigmatic cavity 293 041 0415 245 046 0.9
length
Stigmatic cavity 254 025 0.10 2.71 0.81 0.30
width
Stigmatic cavity area 7.68 1.42 0.20 6.72 263 0.39
Pollinarium length 326 031 0.09 330 054 0.16
Mean 0.14 0.26
RSI 0.90 0.14 0.15 0.75 0.13 0.7

Total of fertile traits 2.40 1.07 0.44 2.31 1.08 047
Sterile traits

Labellum height 11.39 1.13 0.1 10.18 1.50 0.15
Labellum width 12.60 1.36 0.1 11.05 1.85 0.17
Labellum area 114.44 21.03 0.19 114.25 32408 0.28
Left sepal length 10.71 0.98 0.09 9.21 1.00 0.22
Left sepal width 495 0.70 0.14 4.88 1.04 0.21
Dorsal sepal length 9.65 095 0.10 8.42 1.40 0.17
Dorsal sepal width 419 053 0.13 4.82 113 023
Left sepal length 1049 099 0.10 9.13 209 023
Left sepal width 4.95 0.52 0.1 4.91 1.15 0.23
Right petal length 8.64 0.70 0.08 5.17 1.62 0.31
Right petal width 3.05 039 0.13 2.03 062 030
Left petal length 8.42 0.92 0.1 5.22 1.61 0.31
Left petal width 3.01 0.42 0.14 2.03 0.60 0.30
Mean 0.12 0.24

Total of sterile traits 6.85 3.74 0.54 558 2.84 0.51

F(1,158) = 5.54, P < 0.001). Considering RSI, statistically signifi-
cant differences between the two deception strategies were
detected (F(1,155) = 24.8, P <0.001). Generally, the results
showed a significant correlation between stigmatic cavity
length and pollinarium length in the same species (r = 0.546,
P <0.001), a tendency that was confirmed at the pollination
strategy level (Fig. 2), but no correlation was detected between
RSI and fitness (P > 0.05).

At the family level, multivariate analysis shows that there is
evidence that RI, stigmatic cavity length and pollinarium length
are significant predictors of fitness. Moreover, when decoupled,
no statistical support was detected in the sex-deceptive strategy,
while in the food-deceptive strategy stigmatic cavity length and
pollinarium length were both found to affect fruit set.

DISCUSSION

Reproductive Isolation Mechanisms (RIM) are fundamental to
the biological concept of species because they limit gene flow
and maintain species boundaries (Dobzhansky 1937). To date,
several RIM have been identified in plants, with Orchidaceae
being one of the most emblematic families in pollination biol-
ogy. In this study, we have analysed features of the intra- and
interspecific variation of floral functional traits in food- and
sexually-deceptive orchids, evaluating whether these matched
the predictions of the lock and key hypothesis and if it is more
expressed in one of the two considered strategies. The lock and
key hypothesis has been largely supported in animals, especially
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insects, but poorly studied in plants. In the present work, sev-
eral lines of evidence support the validity of this hypothesis also
for orchids.

Based on the idea that flowers of deceptive Mediterranean
orchids vary in different traits, such as flower colour, to pre-
vent the association of floral traits and duplicity (Anderson
2001; Ackerman et al. 2011; Stejskal et al. 2015), we hypothe-
sised that trait variance might differ between the two strategies.
Generally, variation in sterile traits was found to be larger than
variation of the fertile portions. We found that the trait with
the highest variance in both strategies is the area of the label-
lum. In orchids, the labellum plays a key role in pollinator
attraction (Bell et al. 2010) because, in both strategies, it is
directly involved in plant—pollinator communication in order
to avoid geitonogamy. In sexually-deceptive species the label-
lum is involved in scent production and its morphology is a
trigger for pseudocopulation, thus even significant changes in
its morphology might not be relevant as related to chemical
communication with the pollinators, in fact even a small label-
lum is able to produce the scent necessary to attract pollinators
and induce pseudocopulation. A large intra-individual variance
in labellum size might play a complementary role to fragrance
and colour variability (Dormont et al. 2014) in avoiding the
recognition of deception and so promoting outcrossing.
Indeed, in the food-deceptive strategy, adopting a high varia-
tion in colour and floral scent (Dormont et al. 2014) could
avoid pollinators learning to easily recognise deception.
Although several pollinators are generally recorded for these
species, e.g. Anacamptis longicornu (Poir.) R. M. Bateman,
Pridgeon & M. W. Chase, stabilising selection on floral traits
might be related to the most frequent and efficient species
(Stebbins 1970). Different evolutionary processes, such as dis-
ruptive, fluctuating or frequency-dependent selection, have
been identified in the maintenance of intraspecific variations in
sterile traits (Wright 1943; Gigord eral. 2001; Turelli et al.
2001; Frey 2004; Rausher 2008). However, in both deceptive
strategies, it has also been reported that this variation may also
be retained through genetic mechanisms in combination with
other selective agents (Rakosy et al. 2017; Xu et al. 2012). Our
study was founded on comparison of the variation in sterile
and fertile traits, and identification of factors that mantain
intraspecific morphological variation of sterile traits might be
possible through accurate manipulation experiments.

The core of the lock and key hypothesis is the size corrispon-
dence between male and female genitalia. Our results show a
positive correlation between stigmatic cavity and pollinarium
length in both strategies, although this correlation was stronger
in food-deceptive species. We hypothesised a size correspon-
dence between pollinarium and stigmatic cavity in orchids due
to their special plant-insect relationship and their unique
flower morphology. There is no study, to our knowledge, that
specifically analyses the lock and key combination in these
plants. Although there was a general low variability in floral
traits, our results showed a correlation between pollinarium
and stigmatic cavity sizes and differences between food- and
sexual-deception strategies. In plants with complex flower
structures, such as orchids, mechanical isolation represents a
barrier and our findings are congruent with the fact that an
interaction between other mechanisms of reproductive isola-
tion prevent hybridisation. In the most specialised species, e.g.
the sexually-deceptive Ophrys, a powerful tool that retains
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Fig. 1. Visualisation of the correlation between pairs of fertile traits, fitness and RSI. Coefficients of variation for each pair of variables are presented. Blue
values are for food-deceptive strategy, orange for sexually-deceptive strategy, black values for the two strategies together. W, fitness; RSI, Reproductive
Standardisation Index; CsL, stigmatic cavity length; ScW, stigmatic cavity width; PL, pollinarium length.

Pollinarium length

o T T T T 1
0 1 2 3 4 5

Stigmatic cavity length

Fig. 2. Correlation among the length of the stigmatic cavity versus pollinarium length in the two deceptive strategies: in food-deceptive strategy (blue) the
correlation is higher than in sexually-deceptive strategy (orange).

boundaries is the floral volatile compounds that attract one or in which prezygotic barriers are weaker, boundaries are
only a few pollinators (Ayasse et al. 2000; Cozzolino & Widmer  retained by postzygotic barriers such as different chromosome
2005; Gogler et al. 2015). In contrast, in food-deceptive species, =~ number or reduced hybrid fitness. We did not find any
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significant selection to promote the lock and key correlation.
Given the potential importance of this relationship, no signifi-
cant selection on these traits is surprising. Nevertheless, the fact
that we did not find any statistically significant association
between RSI and fruit set does not mean that a trait is not
under selection. It has been reported that speciation is rapid
when selection is significant; in orchids this has been identified
in the diversification of the genus Ophrys in which pollinator-
mediated selection can drive diversification in a short period of
time (Breitkopf et al. 2015; Lussu et al. 2018). We might con-
clude that perhaps the stigmatic cavity and pollinarium are not
under strong selection if compared to those traits involved in
the deception strategies. It would be interesting in the future to
study this correlation over time, observing the fitness variation
in different years, while also considering the effect of annual
fluctuations in environmental variables.

We have demonstrated the role of morphological differ-
ences in pollinarium and stigmatic cavity in reproductive
isolation in orchid species with complex floral morphologies
and elaborated pollination strategies. Our results help to

Comparison of floral traits in orchids with two different pollination strategies

elucidate the importance of the lock and key hypothesis for
reproductive isolation among orchids. In general, more
examples of natural selection on species with complex floral
traits, such as in Orchidaceae or Asclepiadaceae (Muola et al.
2011), are necessary to evaluate the role of floral morphol-
ogy in retaining species boundaries. Possible future investi-
gations should focus on comparative studies, examining
hybrid fecundity, their floral compounds and seed vitality in
sympatric species.

SUPPORTING INFORMATION

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

Table S1. Biological characteristics of species and locality of
populations studied.

Table S2. Plant functional trait measures of food-deceptive
species investigated.

Table S3. Plant functional trait measures of sexually-
deceptive species investigated.
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