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† Background and Aims The mutualistic interaction between insects and flowers is considered to be a major factor
in the early evolution of flowering plants. The Schisandraceae were, until now, the only family in the ANITA
group lacking information on pollination biology in natural ecosystems. Thus, the objective of this research was to
document the pollination biology and breeding system of Schisandra henryi.
† Methods Field observations were conducted in three populations of S. henryi and the floral phenology, floral
characters and insect activities were recorded. Floral fragrances were sampled in the field and analysed using
TCT-GC-MS. Floral thermogenesis was measured with a TR-71U Thermo Recorder. Pollen loads and location of
pollen grains on insect bodies (including the gut) were checked with a scanning electron microscope and under a
light microscope.
† Key Results Schisandra henryi is strictly dioecious. Male flowers are similar to female flowers in colour, shape,
and size, but more abundant than female flowers. The distance between tepals and the androecium or gynoecium
is narrow. Neither male nor female flowers are fragrant or thermogenic. Schisandra henryi is pollinated only by
adult female Megommata sp. (Cecidomyiidae, Diptera) that eat the pollen grains as extra nutrition for ovary matu-
ration and ovipositing. Both male and female flowers attract the pollinators using similar visual cues and thus the
female flowers use deceit as they offer no food.
† Conclusions Schisandra henryi exhibits a specialized pollination system, which differs from the generalized pol-
lination system documented in other ANITA members. Pollen is the sole food resource for Megommata sp. and
the female flowers of S. henryi attract pollinators by deceit. This is the first report of predacious gall midges utiliz-
ing pollen grains as a food source. The lack of floral thermogenesis and floral odours further enforces the visual
cues by reducing attractants for other potential pollinators.

Key words: Schisandra henryi, Schisandraceae, ANITA group, Megommata sp., Cecidomyiidae, specialized pollination
system, pollination by deceit.

INTRODUCTION

The Austrobaileyales contain the families, Austrobaileyaceae,
Trimeniaceae, Illiciaceae and Schisandraceae, in the ANITA
grade, a paraphyletic group of plants that form the first three
branches of the angiosperm phylogenetic tree (Qiu et al.,
1999, 2000; Renner, 1999; Soltis et al., 1999, 2000;
Williams and Friedman, 2002, 2004; Zanis et al., 2002).
The position of the Austrobaileyales in the phylogenetic tree
is crucial for understanding the early evolution of the flower-
ing plants and the order is sister to 99.9 % of all extant
flowering plants (Williams and Friedman, 2002, 2004).

It is generally acknowledged that the mutualistic inter-
action of insects and flowers played a major role in
the evolution of plants (Baker and Hurd, 1968; Regal,
1977; Crepet and Friis, 1987; Labandeira, 1998a, b; Thien
et al., 2000). The Schisandraceae is the only family in
the ANITA group lacking information on pollinators
and breeding systems in natural ecosystems (incomplete
reports including: Kozo-Poljanski, 1946; Smith, 1947;

Okada, 1971; Willemstein, 1987; Ueda, 1988; Saunders,
1998, 2000; Endress, 2001).

Schisandraceae contains two genera of scandent shrubs
and vines, Kadsura (22 species) and Schisandra
(25 species), distributed in tropical and warm temperate
regions of east and south-east Asia (Smith, 1947; Law,
1996; Saunders, 1998, 2000). One species, S. glabra
occurs in the south-eastern United States and the Sierra
Madre of Mexico (Panero and Aranda, 1998). The two
genera are paraphyletic to each other (Liu et al., 2000;
Hao et al., 2001). The flowers of Schisandraceae are
unisexual, dioecious or monoecious. The morphology of
the gynoecium (female flowers) is consistent except for
the shape of the torus, whereas the androecium (male
flowers) is highly variable in the family and has been used
to delimit supraspecific classification and phylogenetic
relationships based on morphology. Fruit characteristics
have been traditionally used as characters to distinguish the
genera (Smith, 1947; Law, 1996; Saunders, 1998, 2000).

The purpose of this study is to provide observations
on the pollination biology and breeding systems of*For Correspondence. E-mail luoyb@ibcas.ac.cn
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Schisandra henryi. The focus will be on the following.
(a) Are the plants dioecious or monoecious? (b) Are the
flowers pollinated by wind or insects (or both)? (c) If the
plants are insect pollinated, which insects are involved and
does the breeding system involve a generalist or specific
insect-pollination system? (d ) What are the rewards for
insects and specifically how do female flowers attract
insects?

MATERIALS AND METHODS

Schisandra henryi Clarke is a woody vine, widely distri-
buted throughout south-central China (Saunders, 2000). It
occurs in a variety of habitats, e.g. thickets, forests and
rocky or open slopes at elevations between 500 m
and 1500 m. The plants are dioecious with solitary flowers
(1–2 cm diameter) in the axils of fugacious bracts or
foliage leaves near the base of the shoots. The flowers are
yellow or orange in colour with green ovaries. Floral parts
are variable (common in basal angiosperms), with a spiral
phyllotaxis in both male and female flowers. Male flowers
have six to ten petals and 14–40 free stamens, whereas
female flowers have at least eight tepals and 50–60
carpels. The anthers have two bisporangiate thecae that
open via a longitudinal slit. The slightly stipitate carpels
are ascidiate and stigmatic crests are obvious (Smith,
1947; Saunders, 2000).

Studies were conducted in three populations near the
Shunhuang Mountain Forestry Farm in Xinning County
(268150N, 1108310E), Hunan Province, China from 2004 to
2006. Population I was located about 1 km north of the
Forestry Farm station, a secondary thicket on an open
slope at 1000 m. It contained five individuals, three male
and two female plants. Population II was located in a
mixed forest, 1.5 km north-east of population I at 1100 m.
The population contained ten individuals (six male and
four female plants). Population III was located 1 km south-
east of population II at an altitude of 1100 m in a sub-
tropical evergreen broad-leaved forest and contained eight
plants (five male and three female). Distribution of the
plants in the three populations is shown in Fig. 1. The

individual plants of S. henryi are distributed randomly and
the distance between any two individuals exceeds 10 m
(for males and females).

Field observations were conducted from 28 April to 1
June 2004. Ten individuals with at least 100 flowers were
selected at random in the three populations to determine
the flowering phenology. The flowers were observed with
a �10 hand lens and the following traits recorded: tepal
movement, presence or absence of floral odour, stamen
and stigma secretions, and anther dehiscence and time
of stigma secretion. Stigma receptivity was observed by
the presence of a white, glassy, moist appearance. The dur-
ation of anthesis for a single flower commenced with the
unfolding of the first tepal and ends with dehiscence of the
flower from the plant (for males) or last tepal (females).
For the individual plant and the population, the flowering
season is defined from anthesis of the first flower to
anthesis of the last flower in the population.

To record floral parameters, 40 male and 40 female
mature flowers were picked at random in the three popu-
lations. The following floral characters were recorded: the
length of the flower stalk, anther, filament and style,
the length and width of tepals, the diameter of the floral
orifice of male and female flowers plus the inside dimen-
sions of the flowers measured in relation to the repro-
ductive parts, and the numbers of stamens and carpels.
The differences in the diameter of the floral orifices, and
the average length, width and area of all tepals that com-
prise the diameter of the floral orifice were analysed using
one-way ANOVA. All flower buds and open flowers per
individual were counted before the male flowers dehisced
from the plants. The ratio of male to female flowers in
each population was calculated.

Floral and ambient temperatures were recorded from 20
to 26 May 2006 with a TR-71U Thermo Recorder (T&D
Corporation), accurate to +0.1 8C. In all experiments, one
of the two temperature sensors (2 mm in diameter, 0.6 m
in length) connected to the Thermo Recorder was inserted
between the inner tepals and the base of the torus and the
second sensor was placed in the air, about 1 cm from the
flower. For the three flowers that belong to three different
plants, temperatures were measured for both male and
female flowers. Floral and ambient temperatures were
recorded every 2 min from the time the flowers opened for
24 h (1800–1800 h for male and 1900–1900 h for female
flowers). Differences between flowers and ambient temp-
erature were tested by ANOVA.

Samples of floral fragrance were collected at 1-h inter-
vals after anthesis for several days (20–24 May 2006).
Individual flowers were enclosed in a polyethylene bag
for 30 min prior to sampling. Blanks were simultaneously
collected from an empty polyethylene bag as a control.
The air was pumped through a glass cartridge containing
the adsorbent Tenax TA (50 mg) with a battery-operated
pump for 1 h at a flow rate of 100 mL min21. The volatiles
were removed from the adsorbent by heating in a CP-4010
thermal-desorption-cold trap device (TCT, Chrompack,
The Netherlands) at 250 8C for 10 min, and then cryo-
focused in a cold trap at –100 8C. The cold trap was then
quickly heated to 200 8C for 1 min to transfer the volatile
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FI G. 1. The distribution of Schisandra henryi in three populations. The
station of Shunhuang Mountain Forest Farm is indicated by the black

circle.
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compounds into a gas chromatography-mass spectrometry
(GC-MS; Trace 2000-Voyager, Finnigan, Thermo-Quest).
Floral volatiles were identified using the Finnigan
Xcalibur data system for comparison with mass spectra
data in the NIST computer library.

To determine if the plants were wind pollinated, one
male plant was chosen at random and microscope slides
covered with petroleum jelly were placed downwind from
this individual at 2-m intervals, 1–3 m above the ground
for 30 m. The slides were removed after 2 d, and pollen
grains counted with a compound light microscope.

Observations of insect foraging on the flowers were
recorded over 40 h in the three populations, especially to
note if insect remained inside the flowers. Two male and
two female flowers were selected for continuous obser-
vations from 0700 h to 1900 h for 2 d, and the frequency
of insect visits noted. Similar observations of insect–
flower interactions were also made on a clear night begin-
ning at sunset for 3 h. Insects that foraged on the flowers
or remained in the flowers were collected and killed in jars
with ethyl acetate. Some of the captured insects were
observed with a Hitachi S-800 scanning electron micro-
scope (SEM), and dissected under a microscope to deter-
mine pollen loads and location of pollen on their bodies.
Pollen grains attached to the various parts of the insect
bodies or in the digestive tract were compared with pollen
collected from the anthers of S. henryi for identification.
Vouchers were deposited at China Agricultural University,
Beijing. Complementary observation of insect activities
was also conducted over 20 h by an entomologist (Dr Xu
Huanli) from 15 to 20 May 2005.

Eighty female flower buds were selected at random in
populations I and II, and enclosed for 1 d prior to anthesis
with nylon mesh bags. The buds were then divided
equally into four groups, and hand pollinated at 12, 36 and
60 h, respectively, with pollen from the same population
to determine the receptive phases of the stigma. The
fourth group was used to test for apomixis. As a control,
20 open-pollinated female flowers were marked. The hand
pollination was carried out by gently tapping the male
flowers (with tepals removed) above the stigmas, to accu-
rately place the pollen on the stigmas and avoid any possi-
bility of the effects of the presence of an extragynoecial
compitum (Endress and Igersheim, 2000). After pollina-
tion, the flowers were re-bagged for several days and the
ripe fruits were collected in early August and fruit set
calculated.

RESULTS

Phenology

All plants of S. henryi in the three populations flowered
from 8 to 30 May. In this short flowering period, individ-
ual male plants completed flowering in 14 + 1 d (n ¼ 6)
and female plants in 11 d (n ¼ 4). All plants in the three
populations produced either male or female flowers, based
on observations of 1000 flowers on 23 plants. Male and
female flowers on the various plants opened at sunset at
various positions on the plants. During the entire flowering

period no floral scent could be detected in male or female
flowers.

In the three populations of S. henryi, the sex ratio
(number of male to female individuals) was male biased
(1.5 : 1, 1.5 : 1 and 1.67 : 1, respectively; Fig. 2). The
male and female flowers produced per population are
listed in Fig. 2, and show a male bias (average ratio
3.16 : 1; Fig. 2). Data collected in population II show that
male flowers opened first on 8 May and the ratio of male
to female flowers was also male biased throughout the
flowering season, with only male flowers present on the
first day and the last 3 d of the flowering season (Fig. 3).
This pattern was similar in all populations.

Approximately 1 h after male flowers (buds) unfolded
their tepals, the anthers dehisced and the pollen accumu-
lated on the edge of the anther slits. After 3 d the anthers
withered and on the 5th day the flower fell from the plant.
The average life of an individual male flower was 4.5 d
(n ¼ 58). In female flowers, the stigmas were receptive
for 2.5 d after anthesis and the tepals fell from the plant
after approx. 5 d.

Floral morphology

The flowers of S. henryi are pendulous and the slender
pedicels of male flowers are 5.2 + 1 mm (n ¼ 40) and in
female flowers 8.6 + 1.9 mm in length (Fig. 4A, B). The
green or yellow tepals (seven to nine) of male and female
flowers are similar in shape and two seriate with the outer
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FI G. 2. The number of flowers and ratio of male to female flowers in
three populations of Schisandra henryi. The line denotes the ratio of male
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tepal suborbicular to elliptic and curved forward. The
tepals form an open drum-shaped chamber around the
gynoecium or androecium (Fig. 4D–H). In male flowers
the androecium may project out of the orifice (1–5 mm)
of the drum and the space inside between the tepals (drum
wall) and the male structure inside is very narrow
(1.3 + 0.3 mm, n ¼ 40; Fig. 4D–F). These floral features
play an important role in limiting insect visitors.

The androecium is 4.6 + 0.5 mm in diameter (n ¼ 40)
and consists of 36 + 4 (n ¼ 40) free stamens, spirally
arranged around a clavate-column (torus). The top of the
torus forms an irregular shield (Fig. 4D–F). The anthers
(with longitudinal slits) have a thick-carnose, truncate to
rounded apex that extends above the anther. The filaments
at the base are 1–2 mm long but near the apex of the
androecium become sessile (Fig. 4I).

In female flowers, the space between the tepals and the
gynoecium is also narrow (Fig. 4G and H). The gynoe-
cium is 5.1 + 0.5 cm in diameter (n ¼ 40), with 53 + 4
(n ¼ 40) spirally arranged apocarpus carpels. The stigmas
secrete a minute amount of liquid that coats the surface

of the papillae (Fig. 4J); however, the secretions do not
function as a food resource for visiting insects.

The diameter of the floral orifice and the average
length, width and area of the tepals of male and female
flowers were measured and analysed with one-way
ANOVA (Table 1). The male flowers have a larger
opening, 0.71 cm vs. 0.46 cm in female flowers of
S. henryi, and the difference is significant (F ¼ 93.4,
P , 0.00; Table 1). No significant differences were found
in the size and other dimensions of the tepals between the
two sexes (Table 1). The tepals function like a camera iris
and determine the diameter of the floral orifice in mature
male and female flowers and therefore play a role in
denying larger insects access to the interior of the flowers.

Fragrance and floral heat

Neither male nor female flowers of S. henryi are ther-
mogenic. During the first day (24 h) of the lifespan of
the flowers, no significant differences were detected
between the ambient temperature and the temperature of
male flowers (F ¼ 1.34, P ¼ 0.25; Fig. 5A), or between
ambient temperature and the temperature of female flowers
(F ¼ 1.69, P ¼ 0.19; Fig. 5B).

Throughout the entire flowering period no floral scent
could be detected in male or female flowers using GC-MS
or by smell (Fig. 6).

Wind pollination

Glass microscope slides (14 cm2 in area), coated with
petroleum jelly and placed downwind at various distances
from male plants of S. henryi, captured dispersed pollen
grains (Fig. 7). The average number of pollen grains of
S. henryi per slide ranged from 30 to 40 on slides placed
2 m from the plants to ,10 grains per slide beyond 10 m
(Fig. 1). It should be noted, however, that the drum-
shaped, pendulous flowers have a small orifice (Fig. 4A,
B) limiting wind pollination (if any).

Insect pollination

Insects captured and observed on male and female
flowers of S. henryi in all three populations are listed
in Table 2. Megommata sp. (Cecidomyiidae; Diptera), a
small fly 1.1 + 0.2 mm in length (n ¼ 20), was the most
common visitor to both male and female flowers of
S. henryi. Another species of Diptera, Baccha sp.
(Syrphidae, 7.1 + 0.5 mm in length, n ¼ 3) was occasion-
ally observed on the tepals or shield of the torus of male
flowers. These flies superficially resemble a small bee
with a yellow and black striped abdomen. A chalcidoid
parasitoid wasp (Hymenoptera, Mymaridae) Gonotocerus
nees (0.9 + 0.1 mm long, n ¼ 3), also visited only
male flowers. In addition, one species of Hemiptera
(sucking insects), 17 cm long and 5 cm wide, a species of
moth (Lepidoptera), approx. 3.2 cm long, and an ant
(Formicidae), 2.4 mm long (n ¼ 3), visited the vegetative
parts of the plants or tepals of flowers (Table 2).
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FI G. 4. Floral morphology (A–J) and the pollinator Megommata sp. on
male and female flowers (C–H) of Schisandra henryi: (A, B) pendulous
male and female flowers; (C) two individuals of Megommata sp. on
tepals (arrows) of an open male flower; (D) Megommata sp. (arrow) on a
male flower; (E) Megommata sp. (arrow) on appendage of the androe-
cium; (F) Megommata sp. (arrow) on androecium; (G, H) Megommata sp.
(arrows) in female flowers; (I) dorsal and ventral views of stamens
showing anthers (A), the connective (F) and the filament (C); (J) carpel
with stigma (S). Scale bars: A, B ¼ 2 cm; C–H ¼ 3 mm; I ¼ 1.5 mm;

J ¼ 0.6 mm.
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The small diameter of the floral orifice and narrow
space between tepals and the androecium or gynoecium in
male and female flowers, only permitted small insects to
enter the flowers and interact with the stamens and carpels.
Of the six species of insects captured and observed on the
flowers, only Megommata sp. and Gonatocerus nees could
enter the flowers; however, Gonatocerus nees visited only
male flowers. The primary pollinators of S. henryi are
adult female Megommata sp., a consistent visitor to male
and female flowers. No male Megommata sp. was captured
in either male or female flowers of S. henryi. Another

species, Kadsura longipedunculata (Schisandraceae), is
also pollinated by female Megommata sp. but the flowers
are thermogenic (Liu et al., 2006; L.-C. Yuan et al.,
unpubl. res.).

The first visitors to floral buds and newly opened male
and female flowers of S. henryi on sunny as well as on
cool or rainy days throughout the flowering season, were
Megommata sp. (Fig. 4C). When visiting male flowers,
they landed directly on the tepals (Fig. 4D) or the shield
(Fig. 4E) and after a few seconds crawled into the interior
of the flower. As the insects probe between the stamens,
pollen on the edges of the anther slits sticks to their head
and thorax. Walking on the stamens adds additional pollen
to the legs and other regions of their body (Fig. 4F).
Pollen grains of S. henryi covered all body parts of
Megommata sp. (SEM; Fig. 8A–I). These insects also
consume the pollen of S. henryi as indicated by the numer-
ous grains found in their digestive tracts. At times, four or
five Megommata sp. simultaneously visited a flower with
no apparent interaction between the insects. Similar visits
to female flowers transferred pollen grains to the stigmas
(Fig. 4G, H). The time an individual insect spends on
a flower varied from a few seconds to as long as several
hours, with some insects remaining overnight in the
flowers. The pollinating insects visit the flowers through-
out the day; however, visits to male flowers peak between
0800 h and 0900 h, and to female flowers in the afternoon
after 1500 h (Fig. 9).

Bagging experiments

Fruit set of individual female plants of S. henryi ranged
from 22 to 81 % (average 59 %; Table 3). Flowers covered
with nylon mesh did not form fruits (Table 3), indicating
pollination is necessary for fruit set. Flowers on a single
plant were hand pollinated at 12, 36 and 60 h after anthesis
to determine percentage of fruit set in comparison with
natural (open) insect-pollinated flowers. In this trial, 66 %
of the hand-pollinated flowers set fruit whereas 64 % of

TABLE 1. Measurements of tepal length, width, area and size of the floral opening (width of orifice) of male and female
flowers (one-way ANOVA) of Schisandra henryi

n Mean + s.d. (cm or cm2) Min (cm or cm2) Max (cm or cm2) Sum of squares d.f. F Significance

Al* M† 40 0.99 + 0.04 0.92 1.10 7.8 � 1024 1 0.75 0.39
F 40 1.00 + 0.03 0.96 1.06 1

Aw M 40 0.91 + 0.04 0.79 0.98 4.1 � 1024 1 0.29 0.60
F 40 0.91 + 0.03 0.85 0.98 1

Aa M 40 0.89 + 0.08 0.71 1.08 4.8 � 1023 1 1.12 0.29
F 40 0.91 + 0.05 0.82 1.04 1

Ali M 40 1.00 + 0.04 0.90 1.12 1.3 � 1024 1 0.73 0.79
F 40 1.00 + 0.04 0.92 1.10 1

Awi M 40 0.92 + 0.05 0.78 1.02 3.2 � 1024 1 0.14 0.71
F 40 0.93 + 0.04 0.84 1.02 1

Aai M 40 0.93 + 0.08 0.70 1.14 1.0 � 1022 1 0.67 0.42
F 40 0.93 + 0.07 0.77 1.10 1

Do F 40 0.71 + 0.12 0.50 1.00 1.24 1 93.4 0.00
F 40 0.46 + 0.11 0.30 0.70 1

* Al, Average length of the tepals; Aw, average width of the tepals; Aa, average area of the tepals; Ali, average length of the five in-between tepals;
Awi, average width of the five in-between tepals; Aai, average area of the five in-between tepals; Do, diameter of orifice.

† M, male flowers; F, female flowers.

30

25

20

15

10

Te
m

pe
ra

tu
re

 (
˚C

)

1800

Local time

A

B

2200 0200 0600 1000 1100 1800

Air
Male flower

30

25

20

15

10

Te
m

pe
ra

tu
re

 (
˚C

)

1900

Local time

2300 0300 0700 1100 1500 1900

Air
Female flower

FI G. 5. Ambient plus male (A) and female (B) flower temperatures (first
day) of Schisandra henryi.
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the naturally pollinated flowers fruited. However, if
flowers were hand pollinated after 60 h after anthesis,
average fruit set decreased 19 % (Table 3). The hand polli-
nations indicate that the stigmas are receptive for 2–3 d
after floral opening.

DISCUSSION

Schisandraceae: pollination

Extant basal angiosperms usually have generalized
pollination systems and their primary pollinators are
Coleoptera and Diptera (Bernhardt and Thien, 1987;

Endress, 1990; Grimaldi, 1999; Bernhardt, 2000; Thien
et al., 2000; Labandeira, 2005). It has been established
that most members of the ANITA grade are pollinated by
a wide variety of insects (Thien et al., 1983; White and
Thien, 1985; Bernhardt et al., 2003; Thien et al., 2003;
Labandeira, 2005). The breeding systems of Amborella
trichopoda (Amborellaceae) and Trimenia moorei
(Trimeniaceae), combine insect and wind pollination
(Bernhardt et al., 2003; Thien et al., 2003). In a phyloge-
netic study of Schisandraceae, Liu et al. (2006) reported
Schisandra glabra was pollinated by a variety of insects
including flies and beetles in a breeding system in which
theromogenic male and female flowers functioned as host
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FI G. 7. Number of pollen grains of Schisandra henryi captured on
14 cm2 glass slides stationed at various distances from a male plant.

TABLE 2. Insect visitors captured or observed on flowers of
Schisandra henryi

Taxon
Mean length +

s.d. (mm)
Male
flower

Female
flower

Diptera
Cecidomyiidae
Megommata sp.

1.1 + 0.2 (n ¼ 20) .500 .200

Syrphidae Baccha sp. 7.1 + 0.5 (n ¼ 3) 8
Hymenoptera

Formicidae 2.4 + 0.1 (n ¼ 3) 6
Mymaridae
Gonatocerus nees

0.9 + 0.1 (n ¼ 3) 5

Lepidoptera 3.2 (n ¼ 1) 3
Hemiptera 17 � 5 (n ¼ 1) 2
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sites for the insect pollinators, primarily Diptera and small
Coleoptera. In contrast, S. henryi is pollinated only by
female pollen-eating Megommata sp. (Cecidomyiidae),
suggesting a specialized pollination system in which visual
cues are used to attract the pollinators.

Cecidomyiidae, or gall midges, are found worldwide
and comprise .4600 species. Members of the family
contain not only gall makers, but also mycophagous,

predaceous or parasitic forms (Gagné, 2004). Many
species of basal angiosperms are pollinated by Diptera
(Bernhardt and Thien, 1987; Thien et al., 2000; Tosaki
et al., 2001); however, reports of Cecidomyiidae serving
as regular pollinators are sporadic. Feil and Renner (1991)
and Feil (1992) found that gall midges pollinate members
of the dioecious genus Siparuna (Monimiaceae), in which
eggs are laid in the flowers. Another case of pollination by
gall midges is the monoecious tree Artocarpus integer
(Moraceae) (Sakai et al., 2000), in which female gall
midges oviposit and feed on mycelia of the fungus
Choanephora produced on male flowers (the male gall
midges possibly visit the inflorescences for mating). The
female flowers are not infected with the fungus and the
gall midges apparently are attracted to the male and
female flowers by floral odour.

In S. henryi, however, the flowers do not serve as a
brooding or mating site for Megommata sp. Female adults
visit the flowers to eat pollen instead of laying eggs or
sucking nectar and no male midges were found in flowers.
Megommata is an undiverse genus in Cecidomyiidae, with
only six known species (Gagné, 2004). Species of the
genus are predators feeding on scale insects (Harris,
1968). The species found in S. henryi is a new species in
the genus. Presumably the adult female Megommata ingest
pollen for extra nutrition in their reproduction (ovary
maturation, ovipositing, etc.). They could also suck honey-
dew or even water for supplemental energy (Harris, 1968).
This is the first report of pollen consumption in predacious
gall midges. Another plant species, Kadsura longipedun-
culata (Schisandraceae) is also pollinated by a species of
Megommata (L.-C. Yuan et al., unpubl. res.).

Floral rewards

Insect pollination in basal angiosperms, as well as
other seed plants, is closely related to the evolution of
attractants and rewards produced by the plant for the
insect (Thien et al., 2000). Within the basal angiosperms,
attractants include flower colour and odours, and rewards
often combine physical warmth, breeding sites, pollen,
nectar, food bodies and other secreted metabolites (Thien
et al., 2000).

A

D E F

IHG

B C

FI G. 8. Scanning electron micrographs of pollen grains of Schisandra
henryi (A–C) and attached pollen on the body parts of Megommata sp.
(D–I). Pollen grains of S. henryi showing (A) proximal, (B) distal and
(C) lateral views. (D) Pollen grains attached to the entire body of
Megommata sp. captured on a male flower. (E) Pollen grains on the body
of Megommata sp. captured on a female flower. (F–I) Pollen grains of
S. henryi on the head (F), wing (G), leg (H) and abdomen (I) of
Megommata sp. Scale bars: A–C, E ¼ 4 mm; D ¼ 200 mm; F,

G ¼ 30 mm; H ¼ 20 mm; I ¼ 15 mm.

FI G. 9. Insect visits to flowers of Schisandra henryi. The black bars indi-
cate all other insect visitors combined on male flowers.

TABLE 3. Percentage fruit-set of Schisandra henryi after
different treatments

Pollination
treatments

Flowers
(n)

Percent fruit-set

Minimum Maximum Mean s.d.

Open pollination 20 0.22 0.81 0.59 0.17
Hand pollination

12 h after anthesis
20 0.35 0.83 0.66 0.14

Hand pollination
36 h after anthesis

20 0.45 0.88 0.64 0.12

Hand pollination
60 h after anthesis

20 0.00 0.49 0.13 0.13

Flowers covered by
nylon mesh bags

20 0.00 0.00 0.00 0.00
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Floral odour is undoubtedly one of the chief attractants
in a wide variety of insect–flower interactions (Knudsen
et al., 1993). In the cases of gall midge pollination, floral
odours functioned as cues to gall midges visiting the
flowers of Artocarpus integer (Moraceae) (Sakai et al.,
2000) and Siparuna spp. (Monimiaceae) (Feil and Renner,
1991; Feil, 1992). In Illicium floridanum (Illiciaceae), the
flowers produce a scent smelling like wine (Smith, 1947)
or freshly caught fish (Thien et al., 1983), so it is sup-
posed that floral odour may also play a role in attracting
gall midges to flowers. However, no scent was detected in
the flowers of S. henryi.

Secretion of nectar in flowers has been recorded for
some representatives of the ANITA grade, although
there are no highly differentiated nectaries in this group
(Endress, 2001). The petals have two lateral nectariferous
auricles in Cabomba (Vogel, 1998), and are nectariferous
on their dorsal side in Nuphar (Lippok and Renner, 1997).
In Illicium, very small quantities of nectar were found at
the base of tepals and stamens (Thien et al., 1983; White
and Thien, 1985; Thien et al., 2000). Nectar is secreted on
the surface of the inner tepals in Kadsura japonica
(Schisandraceae) (Saunders, 1998). In S. henryi, however,
no floral nectar was produced.

Floral thermogenesis is a floral resource widely dis-
tributed throughout the extant basal angiosperms and is
hypothesized to be a direct energy reward to insects
(Thien et al., 2000; Seymour et al., 2003). Liu et al.
(2006) hypothesized that the male and female flowers of
Schisandraceae are thermogenic, based on measurements
in S. glabra. The present results, however, indicate neither
male nor female flowers of S. henryi are thermogenic.

Floral deception is a common strategy in gall midge
pollination systems involving unisexual flowers with male
flowers offering rewards (resources) and female flowers
deceit. Olfactory and visual cues are important attractants
for gall midges in a floral mimicry system. With no detect-
able volatiles, free-flowing secretions or floral heat, pollen
becomes the primary attractant and reward for insects
visiting male flowers of S. henryi and is the only floral
component utilized by Megommata sp. (Cecidomyiidae).
In contrast to pollen as a reward in male flowers, the
female flowers contain no edible rewards such as protonec-
tar, or starch food bodies that occur in some basal
angiosperms (Bernhardt, 1996; Vogel, 1998). The female
flowers of S. henryi are similar to the males in colour,
shape as well as size and they are visually the same as
male flowers. In addition, male flowers are more abundant
than females in populations of S. henryi, with the ratio of
male to female flowers 3.1:1.

The floral orifice formed by the tepals regulates the size
of insects that may enter the flowers of S. henryi, and the
small internal dimensions of the male and female flowers
force the small insects that gain entry against the reproduc-
tive organs. The adaptation appears to exclude entry to the
flowers of large insects and to increase pollen loads and
pollination by small insects. In addition, the breeding
system of S. henryi is also specialized in that the flowers
are not thermogenic and do not produce any apparent
floral odour, thus re-enforcing the visual cues.

Based upon the similarity of male and female flowers
and the low frequency of non-rewarding female flowers, it
is suggested that deceit is involved in attracting insects to
female flowers of S. henryi. Floral deception mechanisms
exist in both bisexual and small unisexual flowers within
the ANITA group (Bernhardt and Thien, 1987; Bernhardt,
2000). The present study of S. henryi supports the specu-
lation that floral deceptive mechanisms in members of the
ANITA group and other basal angiosperms, may have
played an important role in the evolution of early angios-
perms (Thien et al., 2003).

Implications for early angiosperm pollination

The pollination of S. henryi by Megommata sp. is the
first report of pollinivory in nematoceran dipterans and is
also important because the plant is a member of the
ANITA grade (basal angiosperms). All plant families in
Austrobaileyales have species pollinated by flies, but no
pollen was found in the gut of these insects (Thien et al.,
1983; White and Thien, 1985; Bernhardt et al., 2003).
Pollen has been found in the gut of modern dipterans;
however, it has not been recorded in the intestines of fossil
taxa (Labandeira, 2005). Studies of pollen in the gut of
extant flies are almost entirely of Syrphidae (hover flies)
and Bombyliidae (bee flies) (Labandeira, 2005). In
Trimeniaceae (Austrobaileyales), Bernhardt et al. (2003)
reported Melangyna spp. and Triglyphus fulvicornis (both
hover flies) to be major pollinators of Trimenia moorei.
Other examples of pollinivory in insects include sawflies
(Xyelidae), grasshoppers (Prophlangiopsidae) and stick
insects (Phasmomimidae), and Classopollis on the head of
labellate brachyceran flies (Labandeira, 2005).

The Cecidomyiidae belong to the lower Diptera
(Nematocera) (Yeates and Wiegmann, 1999). They diver-
sified with the angiosperms, and have a fossil record
extending back to the Cretaceous (Gagne, 2004; Grimaldi
and Engel, 2005). Megommata is an advanced group
in the family (J. Yukawa, pers. comm.), members of
which are predaceous on Coccoidea (scale insects) (Harris,
1968). The monophyletic neococcoids arose in the
mid-Cretaceous, at the time of the major flowering-plant
radiation (Grimaldi and Engel, 2005).

Labandeira (2005) described a ‘fungus gnat pollination
syndrome’ consisting of fungus gnats (Mycetophilidae),
gall midges (Cecidomyiidae) and other nematoceran dip-
terans. In this syndrome small-sized dipterans, with similar
modestly protrusable labellate mouthparts, are nectarivores
or pollinivores of small, radially symmetrical, odourless
ANITA-grade flowers (Labandeira, 2005). These light-
coloured, clumped flowers produce modest amounts of
nectar (Labandeira, 2005). The appearance of this pollina-
tion syndrome occurred early in angiosperm evolution in
mid- to late Early Cretaceous (Labandeira, 2005). Families
in Austrobaileyales and in the early Nymphaeaceae
(Yoo et al., 2005) fit the above proposed pollination
syndrome, e.g. Cabomba caroliniana (Nymphaeales)
(Schneider and Jeter, 1982) and Trimenia moorei
(Trimeniaceae) (Bernhardt et al., 2003).
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