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Abstract—The tomato plant has a specific relationship with native pollinators because the form of its flowers is
adapted to buzz pollination carried out by some pollen-gatherer bees that vibrate their indirect flight muscles to
obtain that floral resource. The absence and the low density of these bees in tomato fields can lead to pollination
deficits for crop. The aim of this study is to demonstrate that open tomato flowers, probably visited by native
pollinator, have greater pollen load on their stigma than unvisited flowers. Another objective is to show that this
great pollen load increases fruit production. We selected crops of the Italian tomato cultivar in areas of the State of
Goiés, Brazil. Thirty seven plants of three crops each had one inflorescence bagged in the field. Bagged and non-
bagged flowers had their stigmas collected and the amount of pollen on their surfaces was quantified. For the
comparison of fruit production, we monitored bagged and not-bagged inflorescences and after 40 days, their fruits
were counted, weighed, measured and had their seeds counted. The amount of pollen grains on the stigma of flowers
available to pollinators was higher than that on the stigma of bagged flowers. On average, fruit production was larger
in not-bagged inflorescences than in bagged inflorescences. In addition, not-bagged flowers produced heavier fruits
than did bagged flowers. There was a significant difference in the number of seeds between treatments, with
significantly more seeds in the non-bagged fruit. Our results show that native bees buzz-pollinate tomato flowers,

increasing the pollen load on their stigma and consequently fruit production and quality.
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INTRODUCTION

Pollination is one of the most important ecological
interactions and the first step for the sexual reproduction of
most plant species (Murcia 1996). Pollination carried out by
animals is considered an important ecosystem service with
35% of the plants cultivated in the world benefitting from
this interaction (Klein et al. 2007). Bees are the main
pollinators of most crops pollinated by animals (Free 1993;
Delaplane & Mayer 2000; Klein et al. 2007). Many species
of native bees contribute greatly to the pollination of crops
such as coffee (Coffea spp.) (Klein et al. 2003; De Marco &
Coelho 2004; Vergara & Fonseca-Buendia 2012), melon
(Citrullus lanatus) (Winfree et al. 2007), tomato (Solanum
lycopersicum) (Greenleaf & Kremen 2006a; Macias-Macias
et al. 2009; Vergara & Fonseca-Buendia 2012), sunflower
(Helianthus annuus) (Greenleaf & Kremen 2006b), canola
(Brassica spp.) (Morandin & Winston 2005) and blueberries
( Vaccinium spp.) (Kevan et al. 1983), among others.

The tomato plant belongs to the genus Sofanum of the
family Solanaceae. This plant, formerly in the genus
Lycopersicon, originated from the Andean regions. Today, it
is widely cultivated throughout the world and adapted into
many cultivars (Olmstead & Palmer 1997; Chetelat et al.
2009). Wild tomatoes are self-incompatible and feature a
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close relationship with their pollinators for the formation of
fruits (Chetelat et al. 2009). The cultivated plant is
autogamous. However, one of the features of the genus is the
poricidal opening of its anthers, which requires the agitation
of the flowers by wind and/or the presence of pollinators
that vibrate their indirect flight muscles for the release of
pollen grains, even in cultivated varieties of tomatoes and
especially in the still air of greenhouses (Kevan et al. 1991;
Morandin et al. 2001a). Teppner (2005), while conducting
studies on tomato plants in central Europe, observed that
bees, such as Bombus and Lasioglossum, can be good
pollinators of the flowers by vibrating their anthers easily. In
respect of our study, we note that some families of bees from
Brazil that perform buzz pollination are: Andrenidae, Apidae
(except Apis), Colletidae, Halictidae, and Megachilidae
(Harter et al. 2002).

Even though the importance of pollinators to tomato
crops, especially in greenhouse production, is recognized,
studies which demonstrate the direct relationship of
pollinators to the pollen load on stigma and fruit production
are scarce (Macias-Macias et al. 2009; Vergara & Fonseca-
Buendia 2012). Tomato flowers in field crops in the State of
Goiés, Brazil are visited by native bees, such as Exomalopsis
analis (Apidae), Augochloropsis sp. (Halictidae) and Centris
tarsata (Apidae) (Silva Neto et al., unpublished data). The
visit frequency with which they visit the plants is high and
apparently every flower is visited, sometimes more than once
(Santos & Nascimento 2011; Silva Neto et al., unpublished
data). This can be verified by the bruises on the anthers
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caused by the bees” mandibles as the grip the flower to buzz-
pollinate (Morandin et al. 200Ia; Silva Neto at al,
unpublished data). Thus, native pollinators are assumed to
be important to the pollen doses delivered to tomato flower
stigmas and consequently to fruit production. To test this
assumption, we proposed to quantify the difference between
pollen doses transferred to the stigmas of open tomato
flowers and those found on self-pollinated bagged flowers
and then to quantify and compare fruit production in these
two treatments. Here, we assume that almost all open non-
bagged flowers were visited by native bees at least once as
evidenced by the bruising on the anthers. Further, we
checked for the main pollinator species of the tomato
flowers in the study crops.

MATERIALS AND METHODS

Area of study

The State of Goias is the largest producer of tomato in
Brazil (CEASA/GO 2013) with large crops of industrial
and fresh-market tomato. Qur experiments were made on
field crops located in the municipalities of Nerdpolis and
Goianapolis in Goias (area of study:
https://docs.google.com file /d OByQNaWHmeZI5Ymp
SQk4yv/XZ6bTQ/edit). The study area consisted of
conventional field-grown and irrigated tomato crops (variety

Italian). Trials were made from March to November, 2012.

To determine the main pollinators, we observed and
collected bees that buzz pollinated the flowers. Four rows of
about 120 plants were surveyed in each crop for 30 minutes
and the presence of pollinators was recorded and quantified.
The number of visits per pollinator species was recorded.
Flower visitors were collected for identification. When
collection was not possible, the identification to genus was
made in the field. Those data were collected during two
separate days in each property to make for statistically
applicable sampling results. Our filed studies took place
between 09:00 and 12:00 (UTC/ GMT - 3 hours), which is
when previous data indicated peak floral visitation and
greatest amount of pollen available for pollination in the

anthers (Silva Neto, unpublished data).

Pollen load on stigmas

To compare the amount of pollen grains on stigmas of
pollinated and not pollinated (bagged) flowers, 37 plants
had flower buds from one inflorescence bagged in the field.
After the opening and senescence of these bagged flowers,
three of them were collected. At the same time, another three
senescent but not-bagged flowers were collected. All were
fixed in FAA 80% in the field and taken to the laboratory.
There, the stigmas of these flowers were separated and
softened in a solution of NaOH 9N for one hour, stained
with acetic carmine and observed under an optical
microscope. The pollen grains per stigma were counted in
three visualization fields at 40 x magnification. The fields
consisted of the two opposite ends of the stigma and its
central part (Dafni et al. 2005).

Statistical comparison of pollen doses between bagged
and non-bagged flowers used the Kolmogorov-Smirnov test
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and paired Student's stest with 95% significance (Malagodi-
Braga & Kleinert 2007; Montemor & Souza 2009).

Fruit production

To assess the effect of pollination on tomato production,
the flower buds bagged in the previous experiment and other
buds tagged and not bagged were monitored on 37 different
individual plants. Fruits were collected and taken to the
laboratory forty days after the opening of their flowers. The
fruits were weighed, measured (diagonal diameter) and their
seeds counted in a similar manner to that described by Kevan
et al. (1991). We chose to use only the first fruit produced
by inflorescences because the remaining fruit had not fully
developed over the sampling period.

Statistical comparisons between the number, mass and
amount of seeds developed from bagged and not-bagged
flowers used Kolmogorov-Smirnov test and subsequently
through the paired Student's rtest with 95% significance.
The relationship between mass and seeds was determined by
simple linear regression (Spears 1983; Malagodi-Braga &
Kleinert 2007; Montemor & Souza 2009).

RESULTS

The species of bees observed in the study crops were
Exomalopsis analis Spinola (the most common), Centris
tarsata Smith, Bombus morio Swederus, Eulaema nigrita
Lepeletier and Epicharis sp. In three hours of observations,
those bees were seen 47 times visiting tomato flowers (Table
I). The bees that performed buzz pollination approached
the tomato flowers from the front, landing on the anther
cones. They clung to the cone by their mandibles, vibrated
the anthers and the pollen was expelled and adhered to the
abdomen and other parts of their body. The same bees made
circular motions on the anther, vibrating many times and
over various anthers. When large amounts of pollen were
deposited in their bodies, the bee stopped the vibration and
cleaned themselves by collecting the pollen and putting it in
its pollen basket (Lulaema sp. Complementary material
filmed is available at:

http: // www.youtube.com/ watch?v=ovj17wVdUmo).

On average, the stigma of not-bagged flowers had on
average 114 pollen grains (t = 5.678; P = 0.0001) (Figure
IA and Table 2) more than on the stigma of bagged flowers.

TABLE I.  Species of native bees that visit tomato flowers in
three conventional plantations of the Italian variety in the State of
Goias — Brazil and their total number of visits in three hours of
observation during the flowering peak.

Pollinator Number of flower visits

Exomalopsis analis Spinola 47

Centris tarsata Smith 16
Epicharis sp. 2
Bombus morio Swederus 2

Eulaema nigrita L epeletier 1
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TABLE 2. Gains in tomato plant crops obtained from bagged and not bagged flowers treatments. Compared with paired Student's rtest with
95% significance (N: sample number; t: Student's t test; df: degree of freedom; p: statistical significance; %: Percentage gain of the “not bagged”

treatment in relation to “bagged”)

Flowers Average N t df P %
pouen Ioad NOt bagged 182‘51i86.68
(No. of pollen grains) Bagged 67.83+68.33 37 5.67 36 0.00 168.31
Fruit set Not bagged 0.8210.22
Bagged 0.50+0.22 34 9.55 33 0.00 64.48
Tomato paste (g) Not bagged 70.69120.40
Bagged 47.06226.88 31 491 30 000 5021
Tomato size (mm) Not bagged 51.12%543
Bagged 46.5918.14 27 2.66 26 0.01 9.72
Seeds (No.) Not bagged ~ 183.94%46.34
Bagged 59.63138.54 36 1237 35 0.00 208.46
significantly difference between bagged and not-bagged
300 treatments: Fruit from not-bagged flowers were 9.72% larger
250 A than fruit from bagged flowers (t = 2.66; 2= 0.01).
2 Seed number increased 208.5% between treatments (t =
s BB 12.37; P = 0.000) (Figure IB). The correlation between
'g - fruit mass and number of seeds was high (r> = 0.7047; r =
;D i 0.8395; P=0.00003; y = 28.2011 + 0.3608*x) (Figure 3).
3]
E 100 4 i DISCUSSION
50 4 Our results show that the visits of native pollinators
probably increase pollen doses transferred to the stigma of
0 flowers. The buzz pollination behaviour probably
250 contributed mainly to the deposition of self-pollen because
) the stigma surface is inside the anther cones of cultivated
B tomato varieties. On average, non-bagged flowers had 114 +
200 68 more pollen grains than bagged flowers on the stigma.
= This difference is smaller than that found on greenhouses
Z 150 tomato crops with colonies of Bombus rmpatiens Cresson
8 (Morandin et al. 2001a). Nevertheless, our results showed
{% that the tomatoes from not-bagged flowers and probably
100 visited by pollinators are larger, heavier and with more seeds
compared to those of bagged flowers. The pollen dose added
50 to the stigmas of tomato flowers should lead to an increase
in the number of fertilized eggs and thus, an increase in the
0 production of seeds in the fruits. Studies have shown that the

Not bagged  Bagged

FIGURE I.  (A) Mean number (% SE) of pollen grains on the
stigma of bagged and non bagged flowers. Compared with paired
Student's rtest at 95% significance (t = 5.678; 2= 0.0000). (B)
Mean number (* SE) of seeds in the fruit of bagged and non
bagged flowers. Compared with paired Student's rtest at 95%
significance (t = 12.37; = 0.000).

The fruit set was on average 64.48% (t = 9.55; P = 0.000)
larger from not-bagged inflorescences than from bagged
inflorescences (Table 2). In addition, not-bagged flowers
produced 50.21% (t = 4.91; P = 0.000) heavier fruits than
bagged flowers (Figure 2). The size of the fruits also was

number of seeds in development in tomato fruits influences
the activity of the fw 2.2 gene, which is responsible for the
production of stimuli for the ovary walls growth and fruit

formation (Tanksley 2004; Paran & van der Knaap 2007).

It has been shown that in greenhouses with managed
Melipona quadrifasciata bees, gains in fruit production
reached 15% (Bispo dos Santos et al. 2009). With B
impatiens, gains reached 50% in fruit mass and up to the
double in the number of seeds (Morandin et al. 2001b).
Other studies showed similar results in greenhouses
(Hogendoorn et al. 2006; Palma et al. 2008; Bispo dos
Santos et al. 2009; Vergara & Fonseca-Buendia 2012). In

open air (filed) cultivation in Mexico, Macia-Macia et
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FIGURE 2. Tomatoes in cross (above) and longitudinal sections
(below). The tomatoes on the left are from not bagged flowers and
those on the right are from bagged flowers.
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FIGURE 3. Relationship between seeds and tomato fruits mass
carried out with simple linear regression (r* = 0.7047; r = 0.8395;
P=0.00003; y = 28.20I1 + 0.3608*x).

production gains of 67.91% in mass and up to 208% in the
number of seeds with native bee visits. Thus, the increase in
the production of fruits seems to be greater in field-grown
tomato crops than in greenhouses.

It has been suggested that a practical way to increase
agricultural production of open grown crops (whose
pollinators are native bees) is the conservation of wild or
semi-managed vegetation areas around the perimeter of the
areas of cultivation (Greenleaf & Kremen 2006a; Holzschuh
et al. 2008; Winfree et al. 2007). Those areas of native
vegetation are important sources for feeding and nesting to
native bees (Kevan et al. 1990, Kevan, 1999). The influence
of native areas to bee species may reduce the deficit of
pollination in tomato crops is being analyzed by our research
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team in the State of Goids where we have already identified
29 different native species visiting tomato flowers in 14
different crops in the same of our study reported herein. A
further 17 species of bees were collected there in pan-traps.

Considering the relevance of native bees in nature and
for food production, it is essential to understand their
attributes, such as nesting, social behaviour or not, foraging
behaviour (flight distance, type of food resource) and
pollination (buzz pollination and other behaviours). Such
studies should cover not only social bees, but also solitary
and para-social bees, which have been shown to be important
for pollination of many crops (for example, Exomalopsis in
the case of tomato and pepper) (Raw 2000; Macias-Macias
et al. 2009; Santos and Nascimento 2011; Burkart et al.
2011; Kremen et al. 20I1; Giannini et al. 2012; van der
Valk et al. 2013). Knowledge on the biology of those bees is
of utmost importance in order to propose management and
conservation strategies to the government and also to
implement friendly practices by tomato producers and other
pollinator-dependent crops in the State of Goias and other
areas where these species may occur. The use of pesticides
for conventional tomato production negatively impacts
native pollinators but the extent of that impact is not known
for tomato production in Brazil and is part of our continuing
research program.

ACKNOWLEDGEMENTS

The authors are especially thankful to Conselho Nacional de
Desenvolvimento  Cientifico e Tecnolégico - CNPq (National
Council for Scientific and Technological Development), FAO
(Food and Agriculture Organization), FUNBIO (Brazilian Fund to
Biodiversity), and to the Brazilian Environment Ministry (MMA)
for their funding allocation. The authors also thank Coordenagio
de Aperfeicoamento de Pessoal de Nivel Superior - CAPES (zhe
government agency linked ro the Brazilian Minsstry of Education in
charge of promoting high standards for post-graduate courses in
Brazi) for granting a Master's scholarship to the first author. We
are grateful to two anonymous reviewers and Dr. Peter G. Kevan for
their suggestions and comments that led to considerable
improvements of the paper.

REFERENCES

Bezerra ELS, Machado IC (2003) Biologia floral e sistema de
polinizagio de Solanum stramonifolium Jacq. (Solanaceae) em
remanescente de mata atlintica, Pernambuco. Acta botanica

brasiliense 17(2): 247-257.

Bispo dos Santos SA, Roselino AC, Hrncir M, Bego LR (2009)
Pollination of tomatoes by the stingless bee Melipona
quadrifascrata and the honey bee Apis mellifera (Hymenoptera,
Apidace). Genetics and Molecular Research 8(2): 751-757.

Burkart A, Lunau K, Schlindwein C (20I1) Comparative
bioacoustical studies on flight and buzzing of neotropical bees.
Journal of Pollination Ecology 6:118-124.

Centrais de Abastecimento - CEASA /GO — Histérico de Pregos de
Mercadorias e Produtos. URL: http:/ / Wwww.ceasa.goias.gov.br
(accessed April 2013)

Chetelat RT, Pertuzé RA, Fatndez L, Graham EB, Jones CM
(2009) Distribution, ecology and reproductive biology of wild
tomatoes and related nightshades from the Atacama Desert region

of northern Chile. Euphytica 167:77-93



September 2013

Dafni A, Pacini E, Nepi M (2005) Pollen and stigma biology. In:
Dafni, A., Kevan, P., Husband, B., editors. Practical Pollination
Biology. Ontario: Enviroquest Ltd. pp 83-142.

Delaplane KS, Mayer DF (2000) Crop Pollination by Bees.
Cambridge: Cabi.CABI

De Marco P, Coelho FM (2004) Services performed by the

ecosystem: forest remnants influence agricultural cultures’
pollination and production. Biodiversity and Conservation
13:1245-1255.

Free JB (1993). Insect Pollination of Crops. Academic Press

London.

Giannini TC, Acosta AL, Garéfalo CA, Saraiva AM, Alves dos
Santos I, Imperatriz-Fonseca VL (2012) Pollination services at
risk: bee habitats will decrease owing to climate change in Brazil.

Ecological Modelling 244:127-131.

Greenleaf SS, Kremen C (20006a) Wild bee species increase tomato
production and respond differently to surrounding land use in
Northern California. Biological Conservation 13, 81-87.

Greenleaf SS, Kremen C (2006b) Wild bees enhance honey bees’
pollination of hybrid sunflower. Proceedings of the National
Academy of Sciences 103:13890-13895

Harter B, Leistikow C, Wilms W, Truylio B, Engels W (2002).
Bees collecting pollen from flowers with poricidal anthers in a
south Brazilian Araucaria forest: a community study. Journal of

Apicultural Research 40 (I-2): 9:16.

Hogendoorn K, Gross CL, Sedgley M, Keller MA (2006).
Increased tomato yield through pollination by native Australian
Amegilla chlorocyanea (Hymenoptera: Anthophoridae). Journal
of Economic Entomology 99(3):829-833.

Holzschuh A, Steffan-Dewenter I, Tscharntke T (2008).
Agricultural landscapes with organic crops support higher
pollinator diversity. Oikos 117: 354-361.

Kevan PG, Gadawski RM, Kevan SD, Gadawski SE (1983).
Pollination of cranberries, Vaccinium macrocarpon, on cultivated
marshes in Ontario. Proceedings of the Entomological Society of
Ontario 114:45-53.

Kevan PG, Clark AE, Thomas VG (1990). Insect pollinators and
sustainable  agriculture.  American  Journal of  Alternative
Agriculture 5:13-22

Kevan PG, Straver WA, Offer M, Laverty TM (1991). Pollination
of greenhouse tomatoes by bumblebees in Ontario. Proceedings of

the Entomological Society of Ontario 122:15-19.
Kevan PG (1999). Pollinators as bioindicators of the state of the

environment:  species, activity and  diversity. Agriculture,

Ecosystems & Environment 74: 373-393.

Klein AM, Steffan-Dewenter I, Tscharntke T (2003). Fruit set of
highland coffee increases with the diversity of pollinating bees.
Proceeding Royal Society London B. 270:955-961.

Klein AM, Vaissi¢re B, Cane JH, Steffan-Dewenter I, Cunningham
SA, Kremen C, Tscharntke T (2007). Importance of crop
pollinators in changing landscapes for world crops. Proceeding
Royal Society London B, Biological Sciences 274, 303-313.

Kremen C, Ullman KS, Thorp RW (2011) Evaluating the Quality
of Citizen-Scientist Data on Pollinator ~Communities.

Conservation Biology 25: 607-617.

Macias-Macias O, Chuc ], Ancona-Xiu P, Cauich O, Quezada-
Euan JJG (2009) Contribution of native bees and Africanized
honey bees (Hymenoptera:Apoidea) to Solanaceae crop
pollination in tropical México. Journal of Applied Entomology
133(6).

Malagodi-Braga KS, Kleinert AMP (2007) How bee behavior on

strawberry flower (Fragaria ananassa Duchesne) can influence
Y 10

NATIVE POLLINATORS AND TOMATO PRODUCTION IN BRAZIL 45

fruit development? Bioscience Journal 23(1): 76-81.
Montemor KA, Malerbo-Souza DT (2009) Biodiversidade de

polinizadores e biologia floral em cultura de berinjela (So/anum

melongena). Zootecnia Tropical 27: 97-103.

Morandin LA, Laverty TM, Kevan PG (200Ia) Bumble bee
(Hymenoptera: Apidae) activity and pollination levels in
commercial tomato  greenhouses. Journal of Economic
Entomology 94(2): 462-467.

Morandin LA, Laverty TM, Kevan PG (2001b) Effect of bumble
bee (Hymenoptera: Apidae) pollination intensity on the quality of
greenhouse tomatoes. Journal of Economic Entomology 94(1):

172-179.
Morandin LA, Winston ML (2005) Wild bee abundance and seed

production in conventional, organic, and genetically modified

canola. Ecological Applications 15:871-881.

Murcia C (1996) Forest fragmentation and the pollination of
neotropical plants. In: Schelhas, Greenberg R (Eds). Forest
patches in tropical landscapes. Island Press, Washington, D.C.,
USA

Olmstead RG, Palmer JD (1997) Implications for the phylogeny,
classification and biogeography of Solanum from cpDNA
restriction site variation. Systematic Botany 22:19-29.

Palma G, Quezada-Euén JJG, Reyes-Oregel V, Meléndez V, Moo-
Valle: H (2008) Production of greenhouse tomatoes
(Lycopersicon esculentum) using Nannotrigona perilampoides,

Bombus impatiens and mechanical vibration (Hymenoptera:
Apoidea). Journal of Applied Entomology 132: 79-85.

Paran I, van der Knaap E (2007) Genetic and molecular regulation
of fruit and plant domestication traits in tomato and pepper.

Journal of Experimental Botany 58:3841-3852
Raw A (2000) Foraging behaviour of wild bees at hot pepper

flowers (Capsicum annuum) and its possible infuence on cross

pollination. Annals of Botany 85: 487-492.

Santos AB, Nascimento F S (2011) Diversidade de visitantes florais
e potenciais polinizadores de Solanum lycopersicum (Linnaeus)
(Solanales: Solanaceae) em cultivos orginicos e convencionais.
Neotropical Biology and Conservation 6(3):162-169.

Spears EE (1983) A direct measure of pollinator effectiveness.
QOecologia 57: 196-199.

Tanksley SD (2004) The genetic, developmental, and molecular
basis of fruit size and shape variation in tomato. The Plant Cell

16:181-189.

Teppner H (2005) Pollinators of tomato, Solanum lycopersicum
(Solanaceae), in. Central Europe. Phyton 45(2): 217.

Van der Valk H, Koomen I, Nocelli RCF, Ribeiro MF, Freitas
BM, Carvalho SM, Kasina, Martins DJ, Maina G, Ngaruiya P,
Gikungu M, Mutiso MN, Odhiambo C, Kinuthia W, Kipyab P,
Blacquiera T, van der Steen J, Roessink I, Wassenberg ],
Gemmill-Herren B (2013). Aspect determining the risk of
pesticides to wild bees: Risk profiles for focal crops on three
continents. Food and Agriculture Organization of the United
Nations, Romes.

Vergara CH, Fonseca-Buendia P (2012) Pollination of greenhouse
tomatoes by the Mexican bumblebee Bombus ephippiatus
(Hymenoptera: Apidae). Journal Pollination Ecology 7:27-30.

Winfree R, Williams NM, Dushoff ], Kremen C (2007) Native
bees provide insurance against ongoing honey bee losses. Ecology
Letters 10 (IT):1T05-1113.

Winfree R, Williams NM, Gaines H, Ascher ]S, Kremen C (2007)
Wild bee pollinators provide the majority of crop visitation across

land-use gradients in New Jersey and Pennsylvania, USA. Journal

of Applied Ecology 45:793-802.



