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† Background and Aims A report is made on a new species of Clusia related to C. sellowiana that dominates the
vegetation of the Nouragues inselberg in French Guiana. The focus is on the pollination biology and on the remark-
able relationship of this plant species to Amazonina platystylata, its cockroach pollinator. This appears to be only the
second record of pollination by cockroaches.
† Methods Pollination ecology was investigated by combining morphological studies, field observations and
additional experiments. Floral scent was analysed by gas chromatography–mass spectrometry. The role of
acetoin, the major component of the scent of this species of Clusia, in attracting pollinators was examined in
field attraction experiments. The ability of cockroaches to perceive acetoin was investigated by electroantennography
(EAG).
† Key Results The Clusia species studied produces seeds only sexually. Its nocturnal flowers are visited by crickets,
ants, moths and cockroaches. A species of cockroach, Amazonina platystylata, is the principal pollinator. The reward
for the visit is a liquid secretion produced by tissues at the floral apex and at the base of the ovary. Although the
cockroaches have no structures specialized for pollen collection, their body surface is rough enough to retain
pollen grains. The cockroaches show significant EAG reactions to floral volatiles and acetoin, suggesting that the
floral scent is a factor involved in attracting the cockroaches to the flowers.
† Conclusions The results suggest that the plant–cockroach interaction may be quite specialized and the plant has
probably evolved a specific strategy to attract and reward its cockroach pollinators. Acetoin is a substance involved
in the chemical communication of several other cockroach species and it seems plausible that the plant exploits the
sensitivity of cockroaches to this compound to attract them to the flowers as part of the pollination syndrome of this
species.

Key words: Clusia, cockroaches, acetoin, pollination, floral scent, floral reward, plant–animal interaction, inselberg,
French Guiana, Amazonina platystylata.

INTRODUCTION

Diversification of angiosperms is associated with pollination
by animals, in particular insects (Eriksson and Bremer,
1992). Co-evolution can promote specialized foraging beha-
viour, consequently leading to changes in both floral and
insect traits. There are four orders of insect pollinators
whose association with plants is often evident in the floral
traits: Coleoptera, Diptera, Hymenoptera and Lepidoptera
(Faegri and van der Pijl, 1979). Pollination by species of
other insect groups is poorly known, mostly because the
flowers and insects involved are small and inconspicuous
but very likely also because of preconceived notions about
the mechanisms of ‘proper pollination’. Members of these
other insect orders probably serve as pollinators far more
often than has been inferred. This study presents a unique pol-
lination system from tropical South America where a possibly
new species of shrub, Clusia aff. sellowiana (Clusiaceae), is
pollinated by cockroaches (Blattodea). Cockroaches are an
ancient group of insects comprising several thousand

described species (Mackeras, 1970; Grandcolas, 1996;
Beccaloni and Eades, 2007). Plant material, including floral
resources, form part of the diet of many cockroach species
(Perry, 1978; Schal et al., 1984). Therefore it would seem
that cockroaches have the potential to act as pollinators, but
so far cockroach pollination has been described only once:
in Uvaria elmeri (Annonaceae) in Malaysia (Nagamitsu
and Inoue, 1997).

Clusia (Clusiaceae) is a Neotropical genus of trees, shrubs
and hemi-epiphytes comprising close to 300 described
species, the vast majority of which are dioecious. The
genus is remarkable for its diverse floral morphology, occur-
rence of crassulacean acid metabolism, and unusual adap-
tations in terms of plant–pollinator relationships (Maguire,
1979; Bittrich and Amaral, 1997; Gustafsson, 2000; de
Mattos and Lüttge, 2001; Gustafsson and Bittrich, 2002;
Scarano, 2002; Lüttge, 2007). Most previous studies of the
pollination biology of Clusia have concerned species that
produce floral resin as a pollinator reward. This is an other-
wise very rare adaptation to attract pollinators. The resin
serves as a floral reward for certain groups of bees that use* For correspondence. E-mail vlasakb@gmail.com
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it for nest construction. In addition, pollen and nectar have
been described as floral resources in other species of Clusia
(Martins et al., 2007).

The species of Clusia under study is known only from
inselbergs of French Guiana. These monolithic rock outcrops
represent a unique type of dry habitat with a harsh micro-
climate and plant species’ composition quite distinct from
that of the surrounding vegetation. The plant communities
of the inselbergs are rich in specialized life forms and
include many endemic species (Porembski and Barthlott,
2000). The isolation of the plant communities provides an
opportunity to study species reproduction and survival in
naturally fragmented ecosystems (Franceschinelli et al.,
2006).

We explore the breeding system and flowering phenology
of Clusia aff. sellowiana and examine the relationship with
its pollinator. This relationship bears several notable
characteristics: (1) the plant species under study is a
member of a family that is known for specialized relation-
ships with its pollinators; (2) the pollinators belong to
ancient insect group for which a role in pollination has
been noted only once before; and (3) the plant–insect
relationship is described from an isolated environment of
a tropical inselberg. This study presents data suggesting
that Clusia aff. sellowiana uses a unique strategy to
attract cockroach pollinators, and the degree of specializ-
ation in this plant–cockroach relationship is discussed.

MATERIAL AND METHODS

Study site

The study was undertaken on the Nouragues inselberg, a
massive granitic outcrop in the Nouragues Natural Reserve,
French Guiana (4850 N, 528410 W). The area lies in the tropi-
cal wet climatic region (2990 mm mean annual rainfall,
26.3 8C mean annual temperature). Rainfall reaches its
peak in May (407 mm) and a dry period occurs between
August and November (minimum monthly rainfall 88 mm;
Grimaldi and Riéra, 2001). The inselberg rises 410 m
above sea level and its microclimate is characterized by
wide daily variation in temperature (18–55 8C) and humidity
(20–100 %; Sarthou, 1992). The surface mostly consists of
exposed rock, with shallow soil confined to rock depressions
(Barthlott and Porembski, 2000; Porembski, 2005). Major
floristic research has been carried out in the area during the
past 30 years (Granville and Sastre, 1974; Sarthou and
Villiers, 1998; Sarthou, 2001; Sarthou et al., 2003).

Species description

Clusia aff. sellowiana (Clusiaceae, sect. Oedematopus) is
a dioecious shrub, usually 2–10 m tall. Leaves are obovate
to elliptic, 8.5–14.0 � 4.0–7.5 cm, with attenuate base and
petioles 1.0–1.2 cm long. Latex is white, oxidizing yellow.
On the Nouragues inselberg, this species was originally
misidentified as Clusia minor L. (sect. Retinostemon), a dis-
tantly related, apomictic species. Recent phylogenetic
analysis based on internal transcribed spacer (ITS)
sequences (M. H. G. Gustafsson, unpubl. res.) demonstrates

that it is most closely related to C. sellowiana Schltdl. (sect.
Oedematopus), but apparently represents a species new to
science. Many other herbarium collections of C. minor
from French Guiana may in fact belong to this new
species. Clusia aff. sellowiana dominates the shrub veg-
etation of the inselberg, which mainly occurs in soil-filled
depressions. Locally, the plants expand vegetatively by pro-
ducing adventive roots from branches.

General description, floral morphology and scent analysis

To provide the material needed for the morphological
descriptions, flowers were collected early in the morning
and fixed in FAA (70 % ethanol, glacial acetic acid and
37 % formaldehyde in the proportions 7 : 1 : 2). For light
microscopy examination, buds and open flowers were dehy-
drated in an ethanol–tertiary butyl alcohol (TBA) series to
pure TBA, and via a 1:1 TBA–paraffin oil mixture to pure
paraffin oil. The material was transferred to a 1 : 1 paraffin
oil–paraffin mix at 60 8C, and finally to pure melted paraf-
fin. Microtome sections were stained with safranin (in 50 %
ethanol) and counter-stained with Astra Blue (in aqueous
solution).

To localize scent secretory tissues, a 0.01 % solution of
Neutral Red was used (Vogel, 1963; Effmert et al., 2005).
Fresh pistillate and staminate flowers were immersed in
the solution and left for 20 min. The flowers were then
inspected under a stereomicroscope and photographed.

To determine floral scent composition, floral volatiles were
trapped by the dynamic headspace method (Raguso and
Pellmyr, 1998). Flowers were first enclosed in a headspace
chamber made from baking foil lightly wrapped around
them. One hour later, a battery-operated pump was turned
on, drawing the air enriched by flower volatiles from the
headspace chamber through a filter made from a 0.5-mm
glass tube containing an adsorbent consisting of a mixture of
Tenax TA 60/80 (25 mg) and Carbopack B 60/80a (40 mg).
The air was drawn through the tube for 2 h. The volatiles
adsorbed on the filter were recovered in a two-step elution
using 0.3 and 0.2 mL of high-grade acetone, respectively.
The samples were analysed by gas chromatography–mass
spectrometry (GC-MS) by Dr Roman Kaiser (Givaudan
Schweiz AG, Switzerland) on a Thermo Finnigen Voyager
Mass Spectrometer combined with a Trace GC 2000 Series
and the Xcalibur software (Thermo Electron Corporation). A
DB-WAX column 30 m � 0.32 mm i.d., film thickness
0.25 mm (J&W Scientific) and splitless injection mode was
used. The temperature regime was 50 8C – 20 iso – 2.5 8C
min21 – 230 8C – 400 iso. The compounds were identified
by comparison of their mass spectra and retention times
with those of authentic reference samples generated from
reference compounds.

Specimens were deposited in the herbarium of the
Natural History Museum, Czech Republic (PR 720199).

Flowering phenology of the population and events
in a single flower

The flowering phenology was studied from late-September
to November in 2005 and late-July to mid-September in
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2006. In total, 81 plants were included in the study (41 male
and 40 female). Plants were checked every 2 weeks for the
presence of remnants of flowers and inflorescences (pedun-
cles and scars from fallen inflorescences). The phenological
phase was expressed as the cumulative percentage of wilted
flowers. Because inflorescences of a single individual are
formed at approximately the same time, this method gives
an accurate estimate of a plant’s phenological phase.

In 19 inflorescences, individual flowers were examined
daily for a period of 50 d in order to follow the development
of the inflorescence and individual buds. The course of
anthesis was observed during numerous day and night
observations.

Reproduction

The possibility of asexual reproduction by apomixis (aga-
mospermy) was examined by covering 16 inflorescences on
four pistillate plants by nylon bags (four inflorescences on
each plant). Prior to bagging, the buds were counted. At the
end of the flowering season the inflorescences were exami-
ned for the presence of fruits.

Another 22 female inflorescences (120 buds) were
inspected weekly in order to determine the fruit set, i.e.
how many buds actually produced fruits. To estimate the
number of seeds, 24 fruits were dissected. Mean seed set
was calculated by relating the average number of seeds
per fruit to the average number of ovules per flower.

Pollination by wind was investigated using pollen traps
(Dafni, 1992). These consisted of a microscope slide
covered by a thin layer (+1 mm) of gelatin–fuchsin.
Each slide was placed in a bag made of fine mesh (1 �
1 mm), which prevented insect contact. The traps were
then attached in a horizontal position among branches of
flowering individuals in the vicinity of an inflorescence or
infructescence. In total, 30 traps were exposed in five
plants for 43 h between 1700 h of the first day to 1200 h
of the day after the next day, corresponding to the length
of anthesis of an individual flower. The slides were exami-
ned for pollen grains under a light microscope. The number
of pollen grains was related to the area based on the size of
the gelatine–fuchsin layer.

Flower visitors

A preliminary screening of insect visitors and their beha-
viour was carried out during numerous days and nights from
September to November 2005. Flower visitors were col-
lected for later identification. Because no day visitors
were observed in this screening, subsequent quantified
observations were made only at night, specifically during
eight nights in August and September 2006. The total
observation time was 42 h; 10.5 h for staminate and
31.5 h for pistillate flowers. The flowers were inspected
every 15 min using a red light to avoid disturbing the
insects. Visitors were noted when they were in contact or
within 5 cm of the reproductive parts of a flower. The
number of inspections where a visitor was encountered
was estimated. Visitation rate differences between sexes
were compared using a Chi-square test on the contingency

table. The analyses were run in S-PLUS ver. 6.2 (Insightful
Corp., Seattle, WA, USA).

In September 2006, 11 cockroaches were captured after
they had contacted staminate flowers and these were used
to determine pollen load (Dafni, 1992). The animals were
immobilized with ethyl acetate and washed with few
drops of 96 % ethanol. The drops were spread on a small
area of a Petri dish covered with a thin layer of gelatin–
fuchsin and the ethanol was allowed to evaporate. In the
laboratory, the layer of gelatin–fuchsin was excised,
melted on a microscope slide and examined under a light
microscope for the presence of pollen grains.

Role of acetoin in attraction of insect visitors
to flowers: field experiments

The GC-MS analysis of the scent sample trapped in 2005
showed that 50 % of the scent is composed of acetoin (see
Table 1). In 2006, two field experiments were run to
examine the potential role of this compound in insect attrac-
tion. In the first experiment, a paper model of a flower
soaked with pure acetoin (Fluka Analytical/Sigma-
Aldrich) was hung in a Clusia plant 2 m away from the
nearest flower. In this way, we excluded the possibility
that cockroaches were attracted to the real flowers and

TABLE 1. Chemical composition (in relative amounts) of the
floral scent of Clusia aff. sellowiana

Constituent Relative amount (%)

Benzenoids
Benzaldehyde 0.10
Benzoic acid 0.09
Phenol 0.07
Fatty acids derivates
2-Methylbutyric acid 0.06
2,3-Butandiol 0.10
3-Octanone 0.10
5(Z)-Dodecenal 19.00
Acetic acid 1.00
Acetoin 50.00
Butyric acid 0.80
Caproic acid 0.20
Caprylic acid 0.40
Decanal 1.00
Dodecanal 0.10
Heptan-3-one 0.20
Heptanal 0.20
Heptanoic acid 0.20
Hexanol 0.05
Nonanal 0.60
Nonanoic acid 0.50
Octanal 0.40
Octanol 0.10
Propionic acid 0.40
Undecanal 0.10
Isoprenoids
6-Methyl-5-hepten-2-one 1.00
a-Pinene 0.07
(E)-9(10)-Epoxy-6,10-dimethyl
-5-undecen-2-one

0.05

(E)-Geranylacetone 2.00
Limonene 0.10
Menthol 0.20
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contacted the model by chance. The model was inspected
every 15 min for the presence of any animal on it or in
its vicinity. The experiment was performed over three eve-
nings for 10.5 h in total. In the second experiment, a vial
containing 1 mL of acetoin was exposed in the vicinity of
a male flowering plant. The vial was illuminated by red
light. A digital camera was set to take pictures every 15 s
without flash. This experiment lasted for 2 h from 1930 h
to 2130 h. The differences between visitation rates of the
paper model, vial and real flowers of both sexes were eval-
uated using a Chi-square test on the contingency table using
the S-PLUS software.

Electroantennographic (EAG) recordings

In order to test whether headspace volatiles and acetoin
are perceived by cockroaches, electroantennographic
recordings (EAG) were performed on adults. A series of
solutions containing 1 ng to 10 mg of acetoin was prepared
in hexane. From each respective solution, 1 mL was loaded
on a filter paper disc placed in a Pasteur pipette. After
solvent evaporation, the Pasteur pipette was sealed using
Parafilm and stored in a freezer until use. In addition,
10 mL of headspace samples obtained from flowers were
applied into Pasteur odour cartridges and treated similarly
as described for acetoin odour cartridges. Prior to each
experiment, the Pasteur pipettes were taken from the
freezer and allowed to equilibrate with the laboratory temp-
erature. Isolated cockroach antennae, the tips of which were
cut off, were used for EAG recordings. The cut tip was con-
nected to a glass Ag/AgCl microelectrode filled with Ringer
solution. The reference electrode was slipped over the base
of the antenna. The electrical signal from the antenna was
amplified using a high-impedance amplifier (1014 ohms,
Syntech). Signals were then fed into a computer.
Antennae connected to the electrodes were placed in a
stream of clean air delivered to the antenna through a
glass tube (8 mm inner diameter). Stimuli (1 mL of air
injected within 1 s into the stream through the Pasteur pip-
ettes loaded with the odour sample) were delivered via a
small aperture (3 mm in diameter) located 3 cm from the
glass tube outlet. Hexane was used as a control stimulus.
An active stimulus changes the electrical potential
between the base and tip of the antenna. The amplitude
of the EAG potential reflects the activation of olfactory
sensory neurons within the antenna; therefore, the EAG
amplitudes were evaluated with respect to different
stimuli. The EAG responses were recorded and analysed
using the Syntech EAG software. After log-normal trans-
formation the data were tested by analysis of variance
using the S-PLUS software.

RESULTS

Floral morphology

Inflorescences are dichasial cymes, with 2–16 actino-
morphic flowers. Like other species of the section
Oedematopus the flowers do not produce resin. Pistillate
and staminate flowers do not differ in the character of

non-reproductive floral parts. Each flower is subtended by
two pairs of bracteoles, which are thick, yellow-green,
convex and up to 4 mm in diameter. The calyx is formed
by two pairs of sepals resembling the bracteoles in colour
and shape. They are free, circular-to-elliptic, convex, 3–
4 mm wide and 4–5 mm long. The inner sepals have a scar-
ious margin. Petals are four in number, oblong-to-ovate,
4 mm wide, 7 mm long, decussate, coriaceous and pale
yellow.

Staminate flowers are approx. 10 mm in diameter and
contain 6–16 stamens dehiscing by two lateral slits.
Pollen is tricolpate, approx. 13 mm in diameter. A pistillode
is absent. Pistillate flowers are only 8 mm in diameter as the
petals are erect, tightly surrounding the gynoeceum. The
gynoeceum consists of 4–6 flap-like stigmas (1 mm in
diameter), on short styles (1 mm), on top of the superior
ovary. The ovary is square in cross-section, 4- or
6-locular and 4 mm in diameter. A single locule contains
4.79+ 1.50 (mean+ s.d.) ovules. Pistillate flowers always
have four, stamen-like staminodes opposite the petals
(Figs 1, 2). Fruits are fleshy, green-yellow, globose, septi-
fragal capsules, 1.1– 1.7 cm in diameter. Seeds are sur-
rounded by a bright orange aril.

Flowers of both sexes produce a liquid secretion. In sta-
minate flowers, there is a distinct secretory organ at the
floral apex (Fig. 1A), while in pistillate flowers the secretion
is apparently released from tissue at the base of the ovary.
The secretory tissues act as a sponge that releases the
secretion when pressed upon. According to a preliminary
HPLC analysis (B. Vlasáková, unpubl. res.) the secretion
contains no sugars.

The Neutral Red test indicated that volatiles are possibly
produced by several flower parts; the dye stained areas on
petals, stigmas, stamens and staminodes. The petals exhib-
ited colouring in a diffuse pattern where the majority of
staining occurred on their adaxial side in the central-upper
part. Abaxial parts were stained only along the edge of the
petal.

The scent consists of 30 compounds (Table 1), most of
which are fatty-acid derivates. Acetoin was the main con-
stituent (50 %) and gives the scent a buttery note.
Isoprenoids are represented by only six compounds. Three
of them (limonene, a-pinene and 6-methyl-5-hepten-2-one)
are among the most common floral volatiles, occurring in
more than 50 % of the families of seed plants (Knudsen
et al., 2006).

Flowering phenology of the population and events
in a single flower

The development of a single flower from bud emergence
to anthesis takes 2 months. Inflorescences of a single individ-
ual are formed simultaneously. Although all the plants of the
population do not initiate buds at the same time, most appear
during a 1.5-month period from July to mid-August. This
variation among individuals is evident in Fig. 3 as a high
standard deviation from the mean phenological phase from
late-July to early September (time 1 through to time 5 in
Fig. 3). On average, only 3.43+5.76 (mean+ s.d.)
flowers opened per day per plant.
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The proportion of flowering male to female plants during
the main flowering season seems to be close to 1. Apart
from the main flowering season, flowers also appear spora-
dically throughout the rest of the year. However, most
individuals on the Nouragues inselberg do not flower at
all (B. Vlasáková pers. obs.).

Flowers of C. aff. sellowiana are nocturnal. The character
of anthesis differs between the sexes. Staminate flowers
open earlier than pistillate flowers, beginning late in the
morning but not reaching full anthesis until 1800 h.
Anthers are not visible before 1700 h and do not open
until the flower is fully expanded. Pollen is released
via lateral slits. The production of scent starts between
1700–1800 h. The flowers remain open throughout the
night and wither during the morning of the following day.
In contrast, pistillate flowers do not reach full anthesis
until 1900 h. They remain open for two consecutive
nights and the day in between.

Reproduction

Seeds are produced sexually and apomixis does not occur
in this species. Only three fruits were produced from the 89
buds in the 16 inflorescences covered by nylon bags; all
three occurred on one plant. Most probably, these fruits
were the result of violation of the bag’s integrity.
Pollination by wind is highly improbable. Only 12 grains
of C. aff. sellowiana were found on the 30 pollen traps.
This corresponds to a density of 11.24 pollen grains m22

and suggests that the plant is pollinated by animals. Both
fruit set and seed set of open-pollinated flowers were
rather low: 51 out of 120 buds (42.5 %) produced fruit.
Taking into account that a single ovary contains

A B

FI G. 2. The cockroach Amazonina platystylata visiting flowers of Clusia
aff. sellowiana. (A) A nymph on a pistillate flower; and (B) an adult on a

staminate flower. Scale bars ¼ 5 mm.
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FI G. 3. Flowering phenology of Clusia aff. sellowiana on an inselberg in
French Guiana. Readings were taken every 2 weeks from late-July to early
September in 2006 (time 1–5) and from mid-September to early
November in 2005 (time 6–10). Columns indicate the mean percentage
of wilted flowers,+ s.d. Casual observations made at other times of the
year indicated that flowers occur sporadically throughout the whole year,

but the main flowering season lasts from July to November.
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FI G. 1. Clusia aff. sellowiana. Sections of floral buds. (A) A staminate floral bud, near-median longitudinal section; and (B) a pistillate floral bud,
median longitudinal section. Abbreviations: A, anthers; F, staminal filaments; O, ovary; P, petals; Sa, stigma; Sd, staminodes; SO, secretory organ;

Sp, sepals. Scale bars ¼ 1 mm.
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22.60 + 5.68 ovules and one capsule contains 19.00+
3.66 (means+ s.d.) seeds, we calculate that 35.73 % of
the ovules produce seeds.

Flower visitors and their behaviour

Both staminate and pistillate flowers were visited by the
same array of insect species: cockroaches (Blattodea),
crickets (Gryllidae), ants (Formicidae) and small moths
(Lepidoptera). All visits occurred during the night.
Although pistillate flowers remained open during the day,
they were never visited by any animal in this period. Both
adults and nymphs of the cockroach Amazonina platystylata
Hebard (Blattellidae, Pseudophyllodromiinae) were the
most frequent visitors to the flowers of both sexes (Fig. 2,
Table 2). Their contact with reproductive parts was noted
in 20.33 % of all observations. Staminate flowers were con-
tacted more frequently than pistillate flowers at 46.34 % and
14.18 %, respectively (x2 ¼ 27.67, d.f. ¼ 1, P , 0.001).

The first individuals of A. platystylata appeared shortly
after dusk at around 1930 h and visits occurred throughout
the entire night. The cockroaches were apparently rewarded
for their visits by the liquid secretion produced by the
flowers that accumulated at the base of stamens or stami-
nodes; it appeared that they were feeding on it. During
this behaviour the animals came in contact with opened
anthers and their head and lower side were dusted with
pollen. In pistillate flowers, the secretion was more difficult
to access because it was released at the base of the stami-
nodes, which is enclosed by the petals. Cockroaches that
tried to reach these parts remained in contact with the
stigmas for a considerable time. A single visit lasted
2.09+ 3.00 min (mean+ s.d.). Maximum observed time
at one flower was 12 min. The pollen load estimated per
cockroach was 23.40+ 15.80 grains (mean+ s.d.).
However, we noted that our extraction method considerably
under-estimated the pollen load. Two of the examined
cockroaches were later investigated under a scanning
electron microscope. In spite of the prolonged handling
(transport to the laboratory and preparation for the SEM),
there were still numerous pollen gra
ins attached to the cockroaches’ bodies (B. Vlasáková pers.
obs.).

Visits of insects belonging to other taxa were so rare that
they were not encountered during the established obser-
vation periods. Crickets (Gryllidae) were the most

common during preliminary screening; in staminate
flowers, these fed on anthers and pollen. After reaching
the flower they destroyed a large portion of the androeceum.
By feeding on anthers their head and their lower side were
dusted with pollen. In spite of this, their role as pollinators
seems to be very limited because their visits to receptive
pistillate flowers were very rare. In female plants as well
as in male plants they also fed on petals of freshly wilted
flowers. Cockroaches belonging to the species Epilampra
sodalis (Blaberidae, Epilamprinae) visited only staminate
flowers, where they fed on anthers in a similar fashion to
that of the crickets; we never observed them in contact
with pistillate flowers. Ants (Pheidole sp., Crematogaster
sp. and Campanotus sp.) visited both pistillate and stami-
nate flowers, where they seemed to feed on the floral
secretion. Thus, they were in contact with both stigma
and pollen. However, it is not likely that individual ants
cover an area large enough to get in contact with both
male and female flowers with a frequency sufficient to
affect the reproductive success because the flower
density is low in both space and time. Small nocturnal
Lepidoptera visited flowers on occasion, but the contact
appeared to be solely accidental as they never showed any
behaviour that indicated they were acting as pollinators.

Role of acetoin in attraction of insect visitors
to flowers: field experiments

In the 42 inspections during the experiment when a
model flower soaked in acetoin was used, a cockroach
was observed only once to be in contact with the model
and once in its vicinity. In the second experiment, where
a vial with acetoin was used, cockroaches were recorded
in 87 (19.25 %) of the 452 inspections. In 50 inspections
(11.06 %) they were directly in contact with the vial,
where they were mostly observed examining its mouth
but they never tried to enter the vial (Table 2). The visita-
tion rate (the number of contacts) differed statistically
among staminate flowers, pistillate flowers, the vial and
the model (x2 ¼ 42.21, d.f. ¼ 2, P , 0.001).

EAG experiments

Headspace volatiles from both male and female Clusia
flowers elicited higher responses in cockroach antennae
than the hexane control. EAG reactions to volatiles that

TABLE 2. Observed number of Amazonina platystylata visits to flowers, to paper models soaked with acetoin, and to vials
containing acetoin. Percentages are derived from the total number of inspections made during observation of the particular object

Contacts with object
Appearance in the

vicinity Total

Observed object Total no. of records No. % No. % No. %

Staminate flower 41 19 46.3 0 0 19 46.3
Pistillate flower 141 20 14.2 25 17.7 45 31.9
Flowers in total 182 37 20.3 21 11.5 64 35.2
Paper model 42 1 2.4 1 2.4 2 4.8
Vial with acetoin 452 50 11.1 37 8.2 87 19.3
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emanated from both flower sexes were almost equipotent
(Fig. 4). Both male and female cockroaches responded to
flower stimuli (data not shown), suggesting that both
sexes of A. platystylata might play a role in pollination.
EAG experiments with acetoin were performed only on
males. Acetoin, the major compound in the headspace vola-
tiles of both staminate and pistillate flowers, was highly
effective in eliciting EAG responses in cockroach antennae
(F ¼ 23.42, d.f. ¼ 4, P , 0.001). Increased doses of
acetoin elicited increased EAG responses (Fig. 5). The
threshold for EAG responses, i.e. responses significantly
higher than the hexane control, was observed to be at
100 ng. Saturation of the EAG response with increased
dose of acetoin (the concentration at which there was no
further increase in amplitude) was not observed up to
10 mg. Higher doses of acetoin were not tested in order

to avoid contamination of the apparatus. The data are con-
sistent with the hypothesis that A. platystylata cockroaches
have receptors for Clusia flower volatiles and for acetoin on
their antennae.

DISCUSSION

Although apomixis occurs in the genus Clusia, it has been
recorded in only three species (Maguire, 1976; M. H. G.
Gustafsson, unpubl. res.) and we found no indication of
such asexual seed production in C. aff. sellowiana. Our
data demonstrate that pollination is carried out by insects,
not by wind, and that the principal pollinator on the
Nouragues inselberg is the cockroach Amazonina platysty-
lata. Cockroach pollination has previously been documen-
ted only once: Nagamitsu and Inoue (1997) described the
case of Uvaria elmeri (Annonaceae), a hermaphroditic
and self-incompatible plant species with protogynous
flowers that is pollinated by cockroaches and drosophilid
flies and provides pollen as the floral reward.

Adults and nymphs of A. platystylata visit both staminate
and pistillate flowers, where they exploit a floral exudate
and have prolonged contact with the reproductive floral
parts. Although this cockroach species has no specialized
structures for transferring the pollen, it was demonstrated
that the body surface of this insect retains pollen grains.
In general, cockroaches can be very mobile (Schal et al.,
1984) and this is also true for A. platystylata. Adults fly,
while wingless nymphs move by long jumps. We assume
that they can easily cover the distances between flowering
individuals, which are usually between 2–15 m apart.

Fruit set has been studied for very few species of Clusia.
For beetle-pollinated C. criuva, fruit set was found to be
90 % (Correia et al., 1993) but only 22 % was documented
for C. hilariana (de Faria et al., 2006); Clusia aff. sellowi-
ana falls near the lower end of this range. We infer that the
other insect visitors observed visiting the flowers of this
species of Clusia cannot mediate pollen transfer to the
extent that would be needed to explain the fruit production
observed. More likely some of them (Epilampra sodalis and
crickets) have a negative impact on reproduction success
because they consume anthers and pollen.

Floral reward

The nature of the floral secretion is unknown but accord-
ing to preliminary HPLC analysis it contains no sugars.
Indirect evidence based on staining with Neutral Red
suggests that the secretion may contain non-volatile oils.
Central parts of the flowers, where the secretion is released,
were intensively stained. Apart from osmophores, Neutral
Red also reveals nectaries and oil bodies (Stern et al.,
1986). The occurrence of non-volatile oils as reward is
known from several angiosperm families (Simpson and
Neff, 1981) including Clusiaceae (Nogueira et al., 1998).
In the genus Tovomita, which is closely related to Clusia,
droplets of fragrant oil are produced by filaments or
staminodes. In general, oil production in flowers has
always been associated with bee pollination (Simpson
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et al., 1977; Steiner and Whitehead, 1991; Nogueira et al.,
1998; Sersic and Cocucci, 1999).

Floral resources are of particular importance in a dioe-
cious animal-pollinated species where plants must ensure
pollen transport between males and females. Perhaps this
is one of the reasons why dioecy is rare among angiosperms
(Renner and Ricklefs, 1995; Heilbuth, 2000), and the fact
that this breeding system prevails in Clusia is another
exceptional characteristic of the genus. Knowledge of
floral rewards in Clusia is strongly biased towards the role
of resins (Martins et al., 2007). However, other rare adap-
tations associated with floral rewards have also been docu-
mented, including floral automimetism in species where
pollen is offered to pollinators (e.g. C. criuva; Correia
et al., 1993). As floral morphological diversity is exception-
ally high in Clusia (Gustafsson and Bittrich, 2002), many
unusual plant–pollinator interactions are probably still to
be discovered among the species of this genus.

The closest relatives of C. aff. sellowiana belong to sections
Oedematopus, Criuvopsis and Criuva, which form a mono-
phyletic group in the phylogenetic trees presented by
Gustafsson and Bittrich (2002) and Gustafsson et al. (2007).
Among the pollinator rewards commonly seen in Clusia,
resin appears to be completely absent in this group, and
nectar, if it occurs at all, is certainly very sparse. Pollen has
been found or assumed to be the reward in several species
(e.g. C. criuva and C. amazonica; Correia et al., 1993;
M. H. G. Gustafsson, pers. obs). The small, bud-like flowers
of most species of sect. Oedematopus have no obvious
floral reward, and although several species are widespread
and common in Neotropical rainforests, the pollination
biology is completely unknown. The limited information
on pollination biology of this group of plants makes it very
difficult to reconstruct the ancestral condition in this respect,
which is necessary in order to elucidate how cockroach
pollination evolved in C. aff. sellowiana or its ancestors.

The role of scent in attracting pollinators

EAG reactions of A. platystylata to floral volatiles
demonstrated that flowers of both sexes emit olfactorily
active compounds. Both male and female cockroaches
responded to flower stimuli, suggesting that both sexes of
A. platystylata might be attracted by the scent and sub-
sequently carry out pollination.

Information on scent composition in Clusia is limited. The
chemical profiles of floral scents in different species can be
the result of taxonomic affinities, adaptation to pollinators
or both. Sixteen species of Clusia from different sections
were analysed for floral scent composition by Nogueira
et al. (2001). Of these, Clusia criuva (sect. Criuvopsis),
which is beetle-pollinated (Correia et al., 1993), is the one
most closely related to the species in this study, but the two
have no scent constituents in common.

The scent of C. aff. sellowiana contains a large pro-
portion of acetoin. This compound does not occur in the
scent of any species of Clusia analysed to date (Nogueira
et al., 2001). Acetoin is involved in sexual chemical signal-
ling of several cockroach species (Sreng, 1993; Nojima
et al., 1999). It seems to be a common male pheromonal

substance of many species in subfamily Oxyhaloinae
(Blaberidae). In this cockroach group, acetoin is secreted
by male abdominal glands and attracts receptive females
for mating. However, the gland secretion may have
additional functions. In Nauphoeta cinerea it also attracts
males and larvae, suggesting a dual role as stimulant for
receptive females and as feeding stimulant for larvae and
males (L. Sreng, CNRS-Université de Provence, France,
pers. comm.).

The EAG data are also consistent with the hypothesis
that A. platystylata cockroaches probably possess specific
receptors for acetoin on their antennae. The field exper-
iments with synthetic acetoin do not give unequivocal evi-
dence, but the lower visitation rates might be the result of
the experimental conditions. Cockroaches might be
attracted by the acetoin but quickly leave the model as
they find no reward, and are therefore difficult to
observe at the model flower. The relatively low numbers
of cockroaches that were observed visiting the model
might also be the result of non-optimal concentrations.
In many Lepidopteran species, a high concentration of
sex pheromones repels rather than attracts the insects
(Carde and Elkinton, 1984). Furthermore, acetoin may
not be the only compound that attracts cockroaches to
the flowers.

There is no published information about chemical signal-
ling in A. platystylata and therefore it is not possible to say
without further evidence whether the plant does, in fact,
release and possibly mimic a compound that is involved
in the intraspecific chemical signalling of its pollinator.
The floral scent composition could have simply evolved
as a reflection of the sensitivity of the pollinator to this
chemical signal and not as a pheromone mimic. It is well
known that preferences of pollinators are a strong force in
the evolution of the floral scents and often result in rapid
and independent evolution of similar scents in very dis-
tantly related families (Whitten et al., 1986; Teichert
et al., 2008).

Specialization in the plant–cockroach relationship

Plants often specialize in a narrow array of pollinators
(Bawa, 1990), but because there are no previous reports
on pollinators of C. aff. sellowiana from other localities
we cannot evaluate the degree of dependence at the
species scale. However, on the local scale of the
Nouragues inselberg, C. aff. sellowiana seems to be depen-
dent on cockroaches for pollination.

The geographic distribution of C. aff. sellowiana is cer-
tainly much smaller than that of A. platystylata, which
covers a large part of South America (including Venezuela,
Guyana, Suriname, French Guiana, Brazil, Peru and
Argentina; Hebard, 1929; Grandcolas, 1994; Beccaloni and
Eades, 2007). Therefore it is not probable that the survival
of this cockroach species is completely dependent on the
Clusia under study. However, A. platystylata does not feed
on pollen, a rich source of energy that is often exploited by
insect pollinators (Roulston et al., 2000; Lopes and
Machado, 1998). This suggests that the floral secretion may
be of particular importance to the cockroaches and the
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plant–pollinator relationship may be specialized at least to
some degree.
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