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Plant-pollinator interactions are often considered as tightly coevolved, mutualistic relationships. The present study aimed at
determining the flower visiting bees of the vegetable crop, Solanum violaceum, and the efficiency of buzz pollination by bees on
fruit and seed production in Sri Lanka. Seven bee species: Hoplonomia westwoodi, Amegilla comberi, Patellapis kaluterae, Xylocopa
tenuiscapa, Apis dorsata, Trigona iridipennis, and Ceratina hieroglyphica visited the flowers of S. violaceum, and the first four species
were buzzing bees. Buzzing bees were the first to visit Solanum flowers and were followed by nonbuzzing bees. Handling time of
H. westwoodi and P. kaluterae varied with the availability of pollen in anthers that deplete with the age of flower and stayed longer
at new flowers than at old flowers. Handling time of the larger buzzing bee, H. westwoodi, was higher than that of the smaller P
kaluterae. The fruit set, seed set, and seed germinability in flowers visited by buzzing bees were significantly higher than those of

the flowers bagged to exclude pollinators.

1. Introduction

Plant-pollinator interactions are very complex [1] and
nearly three-quarters of Angiosperms rely on animal vectors
to move pollen among flowers [2]. Colour, shape, and
odour are well-known characteristics of flowers which partly
determine the types of animal pollinators that visit them [3].
Unlike the majority of flowering plants in which the anthers
open by splitting along the entire locule, many unrelated
plants displays an unusual anther rupture mechanism in
which certain anthers are poricidally dehiscent [4]. Anthers
of 72 families and 574 genera of the flowering plants species
dehisce via pores and of them 54 families and 357 genera
restrict pollen removal by buzzing bees [5]. Pollen removal
requires bees that land on the flowers [6], curl around the
“anther cone” [4], and vibrate their indirect flight muscles
at high frequency in contact with anthers and thereby induce
rapid pollen liberation [7]. This produces an audible buzzing
sound and is a unique form of pollination termed “buzz
pollination” [5].

Many bees including solitary and social species, and
both generalists and specialists routinely use sonication to

harvest pollen [8]. Sonicating bees are found in most of the
major bee families in the world, in at least seven families
and over 50 genera [9]. Buchmann and Cane [8] further
stated that the two genera, Apis and Trigona have never
been observed to sonicate poricidal flowers. Bees belonging
to the genera Hoplonomia, Lasioglossum, Patellapis (family
Halictidae), and Amegilla and Xylocopa (family Apidae) have
been observed to buzz at flowers with poricidal anthers in Sri
Lanka [10].

Buzzing bees are usually active in early morning because
anther dehiscence of most buzz flowers occurs during this
period. The total time of vibration of anthers of a given
flower by a buzzing bee is termed the handling time of the
bee [5]. The handling time differs from one bee species to
another [11]. Buchmann and Cane [8] found a positive rela-
tionship between pollen availability and handling time for
individual floral visits, indicating immediate assessment of
pollen returns by bees in flowers of Solanum elaeagnifolium.
Furthermore, they have observed bees selectively visiting
younger pollen-rich flowers than older flowers spending
more time on younger flowers. Solanaceae, Melastomataceae,
Bixaceae, Cochlospermaceae, Fabaceae, and Dilleniaceae are



few examples of plant families that are pollinated by buzzing
bees [12].

The dehiscence of anthers through two small apical
pores is a feature found in many species of Solanaceae
and especially in the genus Solanum [13]. Solanum flowers
provide a relatively rich pollen source for bees that visit them
[14]. Although they lack nectar and restrict access to pollen
(having only terminal anther pores), they are heavily visited
by a large number of individuals of at least a few species of
bees [15]. Solanum is a cosmopolitan genus of more than
2000 species and is the second largest genus of flowering
plants [8]. The genus Solanum is of worldwide economic
importance, including major crop species such as Solanum
melongena (eggplant) and S. tuberosum (potato). Even if the
general syndrome of Solanum pollination is well known,
there is little information [11, 16] about specific pollinators
and pollination of Solanum species [15]. Solanum violaceum
is a delicate perennial species often cultivated as an annual
shrub. Solanum violaceum is considered as a wild plant in
most of the world, but is a vegetable crop in Sri Lanka.
However, the fruits are mostly collected from wildly grown
shrubs and are very expensive in the local market. No studies
have been conducted so far to identify the wild pollinators
of S. violaceum and their importance in fruit and seed set.
Therefore, the present study was designed to (i) determine
the time of stigma receptivity and anther dehiscence in S.
violaceum flowers, (ii) identify the bees that collect and
carry pollen of S. violaceum and record their activity period,
(iii) investigate the handling time of different bee species at
S. violaceum flowers at different age (during peak activity
period of bees), and to (iv) assess the fruit set and seed set
in bagged flowers to prevent insect visits and open flowers
that receive insect visitors.

2. Materials and Methods

The study was conducted in two sites: one located in
Meewatura; Agriculture Research Field 7°15'N, 80°45'E) in
the Peradeniya University Park in the Kandy district and
the other in a home garden (7°15"11"”N, 80°21'2"E) in the
Kegalle district. Pollination trials were conducted only in the
field at Kegalle where 25 seedlings were cultivated for the
experiment.

2.1. Determination of the Time of Stigma Receptivity and
Anther Dehiscence. Time of stigma receptivity and anther
dehiscence was observed in freshly opened five flowers of S.
violaceum. The time of stigma receptivity was investigated by
observing the stigma through a hand lens at every 10 minutes
from 6.30 a.m. to 2.00 p.m. The stigma was touched by a
needle tip to observe the stickiness and was considered as
the time of stigma receptivity. The time of anther dehiscence
was observed by shaking the flower onto a white paper every
10 minutes from 6.30 a.m. The time at which pollen was
released and collected onto the white paper was considered
as the time of anther dehiscence.
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2.2. Determining the Number of Pollen Grains in Anthers of
Flowers at Different Age. Flowers at different age, new, 1-
day-old, 2-day-old and >2-day-old flowers were selected.
From each flower, one anther was removed and placed in
a solid watch glass. The anther was dissected longitudinally
and the pollen grains were removed into the watch glass.
One milliliter of 50% alcohol was added into the solid
watch glass containing the pollen grains. From this mixture,
1.00 ml volume was transferred on to a Sedgewick-Rafter Cell
(a hemocytometer). Five cells with high amount of pollen
grains were counted and the average number of pollen grains
in the chamber was estimated. This was repeated for flowers
at different age using five anthers at each age category.

2.3. Collection and Identification of Bees Visiting S. violaceum
Flowers. Bees visiting flowers of S. violaceum were collected
using a sweep net. At the Kegalle site, flower visiting bees
were observed for ten sunny days until no new species were
recorded. Buzzing bees were identified by the audible buzzing
sound they produce at anthers during pollen gathering
from anthers. Bees that do not produce an audible sound
at anthers were grouped as nonbuzzing bees. Bees were
collected from May 2009 at Meewature site where the prelim-
inary survey was conducted and from August to November
2009 at Kegalle site. Bees were identified using keys to identify
bees of Sri Lanka [17] and reference collection of bees lodged
at the invertebrates systematics and diversity facility (ISDF)
in the Department of Zoology, University of Peradeniya.

2.4. Recording of Activity Time of Buzzing and Nonbuzzing
Bees Visiting Solanum Flowers. The activity time of both
buzzing and non-buzzing bee species were observed at the
Kegalle site. The activity time of bees were determined by
their visits to flowers between 7.00 a.m. to 4.00 p.m. on four
sunny days. The abundance of each bee species was not
determined.

2.5. Determining the Handling Time of Two Common Buzzing
Bees on Flowers at Different Age. The most common two
buzzing bees that visit S. violaceum flowers were selected
to study their handling time. Twenty flower buds ready to
open were selected at the Kegalle site. The total time that a
particular bee species buzzed at each of the selected flowers
was recorded on 30/11/2009. On the following day, these
flowers were considered 1-day old and the total handling
time of each bee species at these anthers was recorded. On
the third day, these flowers were considered 2-days old and
the total handling time of each bee species was recorded. On
the fourth day, these 20 flowers were considered >2-days old
and the total handling time of each bee species at flowers were
recorded. Accordingly, the total handling time of the two bee
species on five new, 1-day-, 2-day- and >2-day-old flowers
was observed only on sunny days (to minimize the effects
from changing environmental conditions) from 30/11/2009
to 03/12/2009 for H. westwoodi, and from 04/12/2009 to
07/12/2009 for P. kaluterae. Ten specimens of each of the two
common female (male bees do not buzz at flowers to collect
pollen) buzzing bee species were measured for body length
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to investigate the difference between the body length of the
two buzzing bee species.

2.6. Study of the Efficiency of Buzz Pollination by Bees for Fruit
Set and Seed Set of S. violaceum. The pollination trials were
conducted from August 2009 to December 2009 in the site at
Kegalle to study the efficiency of buzz pollination by bees for
fruit set and the seed set of S. violaceum. Fifteen bunches of
flower buds were randomly selected and covered by fine mesh
bags to prevent visits of bees to flowers. Another randomly
selected fifteen bunches of flower buds were tagged and kept
open for bees to visit. Average number of fruits produced,
and the number of seeds in each fruit in the two treatments
were counted. Seeds obtained from each fruit from the two
treatments were counted and allowed to germinate on wet
tissues in Petri dishes. The number of germinated and un-
germinated seeds produced from the two treatments (bagged
and open) was counted.

2.7. Data Analysis. Data obtained from the study were
analyzed using Minitab 14.0 and MS Excel-2007. MS Excel-
2007 was used to compare the difference in the number
of pollen grains in anthers of flowers at different age and
the variation in handling time of the two common buzzing
bee species at different age of flowers. A nonparametric test
(Kruskal-Wallis test) was conducted to determine whether
there is a significant relationship between the number of
pollen grains per anther in flowers at different age. Two-
sample ¢-test was carried out using Minitab 14 to determine
whether there is a significant difference between handling
time of the two common buzzing bees at flowers of each age
category and the difference between the body length of the
two common buzzing bee species at 95% confidence interval.
The same analysis was conducted to test the difference in
start of activity and end of activity between the non-buzzing
bees and buzzing bees on S. violaceum flowers. The number
of fruits, seeds per fruit, and the number of germinated
seeds per fruit produced from the two treatments (open and
bagged flowers) were also analyzed using two-sample ¢-test.

3. Results

In the nursery, seedlings appeared within 20 to 30 days
after planting of seeds of S. violaceum. Seedlings took 15
days to reach the planting stage and 120-130 days to reach
the reproductive stage. Upon maturity, the plants produced
flower buds within five to eight days and they developed into
flowers within one week. Fruits were produced within 65—
70 days. On average, the plants took nearly seven months
to produce mature fruits starting from the seedling stage.
Flower buds took nearly one week to develop into flowers.
New flowers opened around 7.30 a.m. and the lifespan of a
flower was three to four days. Stigma of flowers remained
receptive between 8.00 and 11.30 a.m. after blooming of
flowers. Anthers dehisced between 7.30 and 8.00 a.m. Pollen
grains of S. violaceum are yellowish-white, dry, and nonsticky
with 0.02 mm of length and breadth.
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FIGURE 1: Variation in the mean number of pollen grains in an
anther of Solanum violaceum as a function of the age of the flower.

3.1. Number of Pollen Grains in Anthers with Flower Age.
Figure 1 shows the variation in the mean number of pollen
grains in anthers with the age of the flower. The highest
amount of pollen grains was found in new anthers. The
lowest amount of pollen was found in anthers more than
two days old. The results of the Kruskal-Wallis test were
significant (H = 17.97, 3 d.f., P = 0.000) indicating that the
mean number of pollen grains in anthers was significantly
different among the different age categories of flowers.

3.2. Bees Visiting Flowers of S. violaceum. The preliminary
survey conducted at Meewatura recorded four species of
bees visiting flowers of S. violaceum of which, Hoplonomia
westwoodi and Patellapis kaluterae (family Halictidae) were
the buzzing bees and Trigona iridipennis and Apis dorsata
(family Apidae) were the non-buzzing bees.

At the Kegalle site, S. violaceum flowers were visited
by four species of buzzing bees namely; Amegilla comberi,
Xylocopa tenuiscapa (family Apidae), H. westwoodi and P.
kaluterae (family Halictidae), of which the latter two species
were the most common. Xylocopa tenuiscapa was the rarest
species and was mostly found hovering above the crop field.
Ceratina hieroglyphica, T. iridipennis and A. dorsata (family
Apidae) were the non-buzzing bees at this site. The non-
buzzing bees were found collecting pollen spread over the
flower petals that released due to the activities of the vibratile
pollinators and they were found foraging on stigmae as well.

3.3. Activity Time of Pollen Carrying Bees on Flowers of S.
violaceum. The pollen carrying bees were observed to study
their activity time in flowers of S. violaceum on five sunny
days. Activity time of buzzing and non-buzzing bees that
visited S. violaceum flowers is given in Figure 3.



The first to visit flowers of S. violaceum were the buzzing
bees and were followed by the honeybees. The starting time
of activity between non-buzzing bees and buzzing bees was
significantly different (P-value = 0.000, T-value = 4.79, DF =
25). However, the end of activity between non-buzzing bees
and buzzing bees was not significantly different (P-value =
0.162, T-value = 1.45, DF = 23). The non-buzzing bees;
A. dorsata, T. iridipennis and C. hieroglyphica were observed
mostly after 9.30 a.m. The peak activity period during which
most of the bee species were active on flowers in the Kegalle
site was from 9.30 a.m. to 11.00 a.m.

3.4. Handling Time of the Two Common Buzzing Bee Species in
Flowers at Different Age. Hoplonomia westwoodi (mean body
length = 8.49mm) and P. kaluterae (mean body length =
6.74 mm), of which the former bee is comparatively larger in
size, were the most common buzzing bee species in the site
at Kegalle. The body length of the two buzzing bee species
were also significantly different (T-value = 54.44, P-value
= 0.000, DF = 15). Figure 2 compares the mean handling
time of the two buzzing bee species on newly opened, 1-day-
old, 2-day-old and > 2-day-old flowers. The longest handling
time of the two bee species was observed at new flowers while
the shortest handling time was at flowers >2-days-old. There
was a significant difference between the age of flower and
handling time of H. westwoodi (H = 70.85, 3 d.f., P = 0.000)
and P. kaluterae (H = 73.61, 3 d.f., P = 0.000).

There was a significant difference between the handling
time of H. westwoodi and P. kaluterae on newly opened
flowers (T-value = —7.38, P-value = 0.000, DF = 35), 1-day-
old flowers (T-value = —5.23, P-value = 0.000, DF = 33),
2-day-old flowers (T-value = —4.83, P-value = 0.000, DF =
36) and more than 2-day-old flowers (T-value = —2.85, P-
value = 0.009, DF = 35) at 95% confidence interval. Close
observations revealed that, P. kaluterae vibrates each anther
cone of a single flower separately, spending more time at
a flower compared to H. westwoodi that vibrates all anther
cones of a single flowers together at once.

3.5. Efficiency of Buzz Pollination in Fruit Set and Seed Set of
S. violaceum

3.5.1. Fruit Set. Of the 15 flower bunches that contained
about 230 flowers of S. violaceum kept open to facilitate
bee visits, 95 fruits were formed representing 41.31% of the
total flowers. The highest number of fruits (10 fruits) was
obtained from one of the opened bunches which had 18
flowers (55.55%) while the lowest number of fruits (4 fruits)
was obtained from the opened bunch which had 12 flowers
(33.33%).

Of the other 15 flower bunches that contained about 230
flowers of S. violaceum kept closed by fine mesh bags to
prevent bee visits, only 38 fruits were formed representing
16.52% of the total flowers. The highest number of fruits
(4 fruits) was obtained from the closed bunch which had
18 flowers (22.22%) and lowest number of fruits (1 fruit)
was from the closed bunch which had 14 flowers (7.14%).
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FIGURE 2: Mean handling time of Hoplonomia westwoodi and
Patellapis  kaluterae in Solanum violaceum flowers of differ-
ent age in the site at Kegalle. (Mean temperature (°C), rain
fall (mm), and relative humidity during the time of obser-
vations for the eight days: 30.11.2009—27.20°C, 0.0 mm, 90;
01.12.2009—26.8°C, 0.0 mm, 94; 02.12.2009—26.9°C, 0.0 mm, 88;
3.12.2009—27.0°C, 0.0 mm, 85; 04.12.2009—26.8°C, 0.00 mm, 78;
05.12.2009—26.4°C, 0.00 mm, 80; 06.12.2009—25.9°C, 0.0 mm,
79; 07.12.2009—26.1°C, 0.0 mm, 79).

Statistical analysis indicated that there is a significant differ-
ence between the number of fruits formed from open flowers
and bagged flowers (T-value = —7.29, P-value = 0.000,
DF = 22).

3.5.2. Seed Set. The two-Sample t-test for number of seeds
formed from open flowers versus bagged flowers indicated
that there is a significant difference between the number of
seeds produced from open flowers and bagged flowers (T-
value = 12.06; P-value = 0.000, DF = 108). Of the fruits
formed from open flower bunches, 96% of the total number
of 248 seeds were germinated. In fruits formed from bagged
flower bunches, 92% of the total number of 208 seeds were
germinated. Statistical analysis indicated that the number
of germinated seeds produced from the open flowers were
significantly different from that of bagged flowers (T-value
= 6.34, P-value = 0.000, DF = 12).

4. Discussion

4.1. Bee Visitors of S. violaceum. As floral nectar is absent
in flowers of Solanum [18], all the bees visited S. violaceum
for pollen. The most common bees visiting S. violaceum
flowers were buzzing bees belong to the family Halictidae
that contains the highest number of bee species recorded for
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FIGURE 3: Activity time of seven species of bees (Hoplonomia westwoodi, Amegilla comberi, Patellapis kaluterae, Xylocopa tenuiscapa, Apis
dorsata, Trigona iridipennis, and Ceratina hieroglyphica; — pollen bees, — — —honeybees) visiting flowers of Solanum violaceum from 7.30

a.m. to 2.30 p.m. during 5 sunny days in the site at Kegalle.

Sri Lanka [19]. The difference in the species composition of
bees between the Kegalle site and the Kandy site indicates
the site specificity of bee species visiting the same crop in
different parts of the country. Hoplonomia, Patellapis, and
Amegilla species are ground nesting bees [20] that cannot
be reared by providing nesting places as for domesticated
honeybees, leafcutter bees, and other stem nesting bees for
crop pollination. This finding highlights the importance
of conserving this wild bee fauna in an around crop
fields even during the off season of crops. The three non-
buzzing bees Apis dorsata, Trigona iridipennis, and Ceratina
hieroglyphica may contribute to pollinate the tiny flowers
of S. violaceum as they were found sometimes on stigmae
of flowers. Anderson and Symon [15] report that Trigona
species are very abundant on Solanum flowers with 99%
floral fidelity and hence are significant pollinators. A similar
study conducted in the Kandy site recorded A. cerana, the
most common honeybee in Sri Lanka visiting flowers of S.
melongena [21]. The absence of this species in S. violaceum

flowers needs to be invesigated. An islandwide survey of
insects visiting S. violaceurn would document the different
species of buzzing and non-buzzing bees in different parts of
the country to reduce the biasness in results of the present
study.

The buzzing bees observed during the present study
are generalists that visit a wide range of flowers for pollen
and nectar [10]. In flowers of S. violaceum, these generalist
bees have become specialists to collect pollen, indicating
that S. violaceum has restricted its pollen availability to a
particular group of bees that can vibrate their anther cones
to release pollen. The significant difference in the starting
time of activity of buzzing and non-buzzing bees indicates
the importance of the buzz pollinators to initiate pollen
release that benefit the other non-buzzing bees visiting S.
violaceum. Buzzing bees visited newly opened flowers more
frequently than senescent ones with faded white petals and
brown colour anthers [22, 23] and with no contrast that
might provide the long-distance cue to identify the depletion



of pollen in anthers with flower age [11, 24, 25]. These signals
may help the bees to spend their energy only for successful
floral visits.

4.2. Age of Flower, Pollen Availability, and Handling Time
of Buzz Pollinators. The release of large amounts of pollen
during initial vibrations of new flowers by bees [26] decreases
the amount of pollen with its age. The depletion in the
number of pollen grains per anther with age of the flowers is
correlated to the handling time [8, 11, 27, 28] of H. westwoodi
and P. kaluterae. Harder and Barclay [12] suggested similar
finding for Solanum flowers. The decreased handling time of
the two buzzing bees, H. westwoodi and P. kaluterae, with the
age of the flower might be due to the low availability of pollen
which is evident from the age-dependant changes in flowers.
Buchmann [5] stated an opposite finding to the present
study, where the handling time is shorter at new flowers
than at older flowers, as bees tend to buzz longer times in
flowers with low pollen amounts. This might be possible in
systems with low pollen availability, if the emerging of the
buzz pollinators is seasonal and also to reduce competition
among the buzzing bees active at the same time which is not
similar to the present study system.

The body size of H. westwoodi and P. kaluteare inversely
correlated with their handling time [15]. The difference in
handling time between the two species is most likely due to
their behavior in vibrating the anther cones, either singly or
collectively depending on their body size. This finding is also
supported by Buchmann [5] and Shelly and Villalobos [11].
According to Symon [9], only large insects are capable of
buzzing and removing pollen from the anthers and function
as pollen vectors. The two common bee species recorded
during the present study are comparatively smaller bees.
However, the largest bee in Sri Lanka, X. tenuiscapa that
visited the flowers of S. violaceum that are smaller, could not
handle the anther cones efficiently.

4.3. Buzz Pollination for Fruit Set and Seed Set in Solanum
violaceum. The significant difference in fruit set and seed
set between the two treatments may be mostly due to bee
visits that facilitate removal and transport of pollen in open
flowers. Buzzing bees visiting open flowers might have either
cross-pollinated, self-pollinated, or might have pollinated
by both methods efficiently than the closed flowers that
might have self-pollinated in the absence of buzzing bees.
The pollen from the cloud due to vibration by bees may
directly land on stigma of the same flower facilitating self-
pollination. If the bee has pollen on its body collected during
previous visits from other plants, it may land on the stigma
facilitating cross-pollination. Pollen from anthers of bagged
flowers may release due to wind vibrations. Therefore, it
seems that S. violaceum flowers are using both the biotic
and abiotic pollinating agents for its pollination [29-32].
Close observations should be carried out to monitor bee
visits to investigate the contribution of cross-pollination by
bees to enhance seed set and fruit set versus self-pollination
in S. violaceum. Kakizaki [33], Jones and Rosa [34] and Pal
and Taller [35] report that Solanum plants grown in cages
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without bees produced no fruits. Baily [36] and Aizen et al.
[37] report that a large number of seeds were produced by
cross-pollination by bees compared to artificial pollination
which resulted in fewer seeds in S. melongena. Fandino [24]
reported that the mean number of seeds obtained from self-
pollination was lower than from pollination experiments
with bumblebees, showing that buzz pollination is more
suitable for reaching a higher seed formation. The significant
difference between the number of germinated seeds obtained
per fruit produced from bagged flowers and open flowers
may be due to bee pollination of open flowers that facilitates
cross-pollination. In the presence of bees, germinability of
Brassica napus has increased from 83% to 96% [38], which
is also evident from the present study. The findings of the
present study emphasize the importance of natural wild bees
in pollinating the local naturalized exotic crops under natural
conditions.
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